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mineralcyl7ical, crystallo,-ra:nhic and Leochemical study 1-1?:,s 'been =dc, 

of several authieenic calcium sulphate and carbonate minerals from. the 

Recent sabkha, at Abu Dhabi. 

X-ray powder data indicate that the vnrieties of calcite are 

to those found in other Recent sediments whereas aragonite exhibits Pla=o?ouz 

features. Recent dolomites from the sabhha are disordered and calcium rich. 

They are not of true protodolomite type but are disordered alone all 

crystallocrop'oic planes. This is evidenced by sienificant reductions in t:-20 

X-ray intensity of all reflections even those whose intensity nrinci-r=117 

results from scatterinns by, ovgen. These anomalies are theuEht to arise 

from incorporation of (OH) croups into the structure and probably refloct 

the unusual conditions of formation. 

Powder diffraction studies upon several varieties of Recent eypsum 

crystals show that some possess structural features consistent with loss of 

bonded water. 

The X-ray powderpattern and infrared. spectrum of Recent nhydrit(,  

are also anomalous. The unusual features in the T.R. spectrum ori,inrte 

- 
from perturbations of the (S0

4
)2  molecule and accompanying lose of site sy,7a- 

metry and 'Tram the presence of (OH}"' eroups. 

Single-crystal studies upon the Recent anhydrite indicate it is114. 1y 

defective compared with a standard anhydrite. Some disorders are inter-- 

Dreted as stacking irreuularities whereas other unusual, observed, diffraction 

":facts are rot easily oxplicnble. In additional phase, present T?i1-1-2.1r so-: 

es 
crystals, is identified as gynsum and nossessx a consistent crystallo,7;Taphic 

relationship with the host anhydrite. 
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Experimental studies demonstrate cyosum transforms to anhydrite at 

450C. in 0.25 molal NaCI solutions. This anhydrite morphologically 

resembles that from the Trucial Coast. 

From the experimental and crystallographic studies it is concluded 

some of the Recent anhydrite originates from gypsum dehydration. 

Strontium analyses of several evaporite minerals from a Recent isab'thr, 

cycle and a Thrbeckien analogue are compared and indicate Sr2+  loss during 

diagenesis. 
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CHAPTER 1 

HISTORY OF PREVIOUS RESEARCH UPON  

THE RECENT EVAPORITE SEDIMENTS OF ABU DHABIL  ARABIAN GULF 

1.0 Introduction  

The Recent evaporite sediments of the Trucial Coast 

have lately been the subject of extensive investigation and the 

region is the only one known where marine evaporite minerals 

are forming at the present day on an areally significant scale. 

The genesis of these minerals has been studied by various 

people in the field and, to a certain extent in the laboratory. 

This present work investigates,in detail, the mineralogy of 

certain of the evaporite minerals found in this environment 

and attempts to trace possible changes occurring during the 

diagenesis of such minerals. 

In 1961 Evans and Kinsman, from Imperial College visited 

the Sheikdom of Abu Dhabi, Trucial Coast, to be followed by 

Kendall and Skipwith the following year. Butler joined the 

group in 1963 with the purpose of extending Kinsman's work on 

the chemistry of the groundwaters within the coastal plain 

(sabkha). Recently, Bush, of the Imperial College group, has 

made more detailed investigations into major and minor cations 

in the groundwaters and the relationship between solution 

chemistry and bulk mineralogy. This work is intimately bound 

with that of this author. 

Both Kinsman, at the University of Princeton, and Butler, at the 
University of California at Riverside, have continued their 

investigations into the chemistry of the ground.waters and have 

recently published papers upon their researches. 

1,1 Review of Previous Work 

The occurrence of anhydrite, in the capillary zone, of 

the Recent supratidal sediments of the sabkha at Abu Dhabi, 

was the' first recorded natural occurrence of Recent anhydrite. 



In a brief report, Curtis, Evans, Kinsman and Shearman (1963) 

demonstrated the occurrence of both dolomite and anhydrite in 

the sabkha and concluded that reaction between groundwater 

brines, of marine origin, and calcium carbonate sediments was 

responsible for the genesis of these minerals. 

Evans and Shearman (1964) showed that celestite occurred 

as anaccessory mineral within the sabkha sediments and deduced 

that the mineral formed from the dolomitization of original 

aragonite was rich in strontium. The celestite is associated 

with gypsum throughout the sabka sediments but is more prominent 

beneath the algal mats. 

Kinsman (1967) has reported the occurrence of small 

amounts of diagenetic magnesite and diagenetic huntite within 

the sabkha sediment. This occurrence of huntite is unusual 

and is a product of the magnesium-rich pure solutions. The 

huntite occurs as irregular segregations in the upper 16 inches 

of the sabkha sediments ( i.e. 	the capillary zone) and is 

associated with corroded grains of anhydrite and detrital quartz, 

feldspar, carbonates, gypsum and celestite. 

Earlier,"Kinsman (1964) had sampled both sediments and 

waters from the shelf area and lagoons of Abu Dhabi Island and 

had taken a few samples from the sabkha itself. These samples 

were of the permanent groundwater, and from the samples he 

deduced that; 

(1) The concentration of sabkha groundwaters derived from 

the lagoon increased with distance from the shore line. Gypsum 

precipitated when the concentration was about 3.3 times that of 
standard sea-water and anhydrite formed as a direct precipitate 

at concentrations six times that of standard sea-water. 

(2) Dolomitization of aragonite began when the Mg:Ca ratio 

exceeded 11. This high ratio was associated with the loss of 

calcium i.i the form of calcium sulphates. The dolomitization 

proceeded according to the equation. 

2CaC0
3 
+ Mg++  ;Mk CaMg(CO3)2 Ca4-4- 

The calcium yielded by this reaction completed the loss 
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of sulphate from the brines by precipitation as calcium sulphates. 

Butler (1965) extended the work of Kinsman and investi-

gated " the charges in brine chemistry in relation to the 

diagenetic evolution of a series of evaporite minerals." 

It is useful to quote Butler's conclusions at some length, 

especially regarding the precipitation of calcium sulphates 

in the sabkha. 

Concerning the precipitation of gypsum, Butler concluded 

that it was primary, precipitating at 3.4 times the concentra-

tion of standard sea-water. Precipitation ceased at a concentra-

tion of 7.5 times that of standard sea-water when further loss 
of sulphate and calcium ions occurred in the form of anhydrite. 

He suggested that field relationships permitted the 

solution of some of the gypsum crystals in the high intertidal 

and low sabkha area, and in the low sabkha area the calcium 

and sulphate ions reprecipitated as anhydrite. 

Also, he stated that gypsum might form by the reaction 

between brines and anhydrite, the brines moving into the back 

of the sabkha from the Tertiary rocks inland. These brines also 

precipitate gypsum directly with increasing concentration. 

He concluded that the anhydrite was also a primary 

precipitate when brines reach a concentration in excess of 7.5 

times that of standard sea-water. Below this concentration, 

anhydrite passed into solution and reprecipitated as gypsum. 

Butler quoted the arguments in favour of a primary 

origin of the anhydrite as; 

(1) " In some areas of the sabkha, the amount of anhydrite 

greatly exceeds that of gypsum and chemical analyses of the 

brines show the loss of sulphate from the brine correlates with 

the presence of anhydrite. If all the anhydrite was formed as 

a result of the solution of previously formed gypsum, then the 

brines would not show as pronounced a sulphate loss, as dissolu-

tion of gypsum and re-precipitation of anhydrite would utilize 

equivalent numbers of respective ions." 



(2) " In the field there is no convincing evidence of 

intermediate stages which suggest that gypsum is converting to 

anhydrite. The occasional patches of corroded gypsum crystals 

do indicate solution of gypsum, in which case the ions could 

reprecipitate as anhydrite if the brine concentration exceeds 

7.5 times that of sea-water." 
The observations and conclusions of Butler are of great 

importance for he was the first worker of the Imperial College 

group to consider that some of the anhydrite might not be 

primary. 

The initial purpose of the present research was to 

follow the incorporation and subsequent history of the major 

trace element, strontium, in the course of genesis and diagenesis 

of evaporites of sabkha type. Early in the research it was 

found that the Recent evaporite minerals showed extensive lattice 

disorders. Therefore, the emphasis of this research was altered 

so that the origin of these crystallographic disorders might 

be elucidated and so that an explanation might be made as to 

why these disorders are not found in ancient, sabkha-type evaporites. 

The anhydrite found in the sabkha at Abu Dhabi was the 

first recorded. Recent occurrence of this mineral and evidence 

of crystallographic disorders were most pronounced in the 

Recent anhydrite. Therefore, the research was mainly concen-

trated upon an investigation into the crystalline disorders in 

this particular mineral. However, less detailed mineralogical 

and crystallographic investigations were carried out upon some 

of the other Recent evaporite minerals of the sabkha and these 
are reported in the sections dealing with general mineralogy. 

The study also included a preliminary investigation into 

the solubilities of two calcium sulphate hydrates in aqueous 
solutions and aqueous electrolyte solutions. Using thesedata it 

was hoped to study the crystallization of gypsum (CaSO4.2H20) 

and anhydrite (CaSOk) from solutions resembling sabkha brines 
in composition. However, whilst the studies of the crystalli-

zation of gypsum from these saline solutions have been successful, 

most attempts to study the crystallization of anhydrite have 



been unsuccessful due to an inability to precipitate, from 

solution, the phase anhydrite. 

The major techniques used in this study have been those of 

X-ray diffraction coupled with many associated computing aids. 

Other techniques used have included classical chemical analysis, 

electron-probe micro-analysis, electron-microscopy, x-ray fluores-

cence micro-analysisl atomic absorption anclsis and infra-red 

spectrophotometry. Also, a preliminary electron-spin resonance 

study has been carried out in an attempt to investigate 

vacancies and chemical substitutions in t',.) Recent anhydrite. 
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Mineralogy  of the sabkha. 

Iatroduction. 

The following chapters will describe and discuss the 

structural features exhibited by some of the Recent evaporite 

minerals found in the sabkha at Abu Dhabi. In these chapters 

only the results obtained from the powder diffraction methods 

will be given. 

Many of the phases were, however, subjected only to 

superficial examination due to the difficulty in obtaining 

pure samples but some, of the phases were subjected to more 

detailed examination. The details will be given in two chapters. 

Chapter 2 deals with the rhombohedral carbonates and orthorhombic 

aragonite and Chapter 3 is concerned with gypsum and anhydrite. 

In order to quantify the mineralogy of the sabkha 

sediments an X-ray diffraction method of quantitative mineralo-

gical analysis was devised so that relative percentages and, 

in the cases of dolomite, high magnesian calcite and calcite, 

molar compositions of the mineral phases could be obtained. 

Full details of this method are given in Appendix (1) and 

analyses obtained using this technique are given in Bush (1972). 

General results and conclusions regarding the quantitative 

mineralogy of the sabkha sediments are given only where they 

supplement this author's work. 

The main method of study of the evaporite mineral phases 

has been the x-ray powder diffraction step-scanning technique 

described in Appendix (2). 

Where possible the minerals from the Recent sabkha, 

Abu Dhabi are compared with similar minerals from a Purbeckian 

sabkha cycle from the Geological Survey borehole at Warlingham, 

S. London. 
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CHAPTER 2 

THE RHOMBOHEDRAL CARBONATES AND ARAGONITE 

2.1 Calcite  

The lattice structure, possessed by the minerals 

calcite (both low and high magnesian varities) and manesite, 

was first examined by W.L. Bragg in 1914. The original descrip-

tion was in terms of a rhombohedral unit cell either as an 

elongated true unit-cell with a rhombohedral angle (c of 

46°  6' and an axial dimension of o = 6.36A 4r as a cleavage 

rhombohedron unit-cell with a rhombohedral angle (m 1) of 

101°  55' and an axial dimension of a'o = 6.412A. The relation-
ship between the two rhombohedral cells is shown in figure (1). 

(After Deer, Howie, and Zussman, 1962). 

More recently, however, the description has been in 

terms of a hexagonal pseudo-cell containing six molecules 

compared with the bi-molecular rhombohedral true unit-cell. 

The relationship between the hexagonal pseudo-cell and the 

rhombohedral true cell is shown in figure (2). 	(After Deer, 

Howie and Zussman, 1962). 

Throughout this chapter crystallographic indices will 

be given in terms of the hexagonal pseudo-cell of the rhombohedral 

carbonates. Using these indices the planes of entirely similar 

ions (i.e. either all Ca or all CO
3 
in the case of calcite) 

will have indices of the type (00.1) and may be referred: to as 

basal planes. On the rhombohedral true unit-cell, these planes 

have indices of the type (h h h). However, the actual 

description of the calcite structure will be related to the 

cleavage rhombohedron unit-cell as this is the one conventionally 

described and is the one most easily derived from the NaC1 

structure. 

In a NaC1 structure the sodium atoms lie on a face-

centred cubic lattice with the chlorine atoms lying half-way 

between the sodium atoms at the centre of the cube and centres 
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Figure 1  

The structure of calcite. The elongated cell is the true rhombohedral 

unit cell (z . 2): the cleavage rhombohedron cell corresponding to a face 

• centred rhombohedron is also shown. (Modified after Deer, Howie and Zussman, 

1962). 
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Figure 2  

The structure of calcite; the relationships between the true rhombohedral 

cell, the face centred cleavage rhombohedron cell and the hexagonal pseudo—

cell are shown. (Modified after Deer, Howie and Zussman, 1962). 



Figure 2. 

.01 
• 

The structure of calcite; the relationships 
between the true rhombohedral cell, the face centred 
cleavage rhombohedron and the hexagonal pseudo-cell. , 

• (After Deer, Howie and Zussman, 1962.) 
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of the cube edges. The calcite structure may be derived from 

this by first replacing each chlorine atom by a carbonate group 

and each sodium atom by a calcium atom, then setting one of 

the threefold axes of the cubic sodium chloride structure to 

a vertical position and finally compressing along the vertical 

threefcld axis until the edges meeting it make an angle of 

101°  55'. (Not the 90°  of a cube). 

Thus, the calcite structure may be thought of as a 

distortion of the Neel structure. The CO
3 
group, which replaces 

the 'spherical' Cl atom, consists of a central carbon atom 

surrounded by three oxygen atoms at the corners of an equi-

lateral triangle and the whole group lies in a plane perpendi-

cular to the three fold axis. This replacement causes the 

structure to be rhombohedral rather than cubic. 

This unit cell, based upon the cleavage rhombohedron, 

contains four molecules of calcium carbonate. As mentioned 

above, the most simple thombohedral true unit-cell,, contains 

only two molecules with calcium atoms lying at its corners 

and centres and two carbonate groups, inversely related to 

each other, lying on the central, threefold axis. 

2.1.1 Low Magnesian Calcite  

Low Magnesian Calcite has been defined by Graf (1960) 

as having less than 3 mol.% MgCO
3 
contained within the calcite 

lattice. The low magnesian calcite found in the sediments of 

the sabkha is shown, using the method of Graf and Goldsmith 

(1956) [See Appendix 4], generally to contain less than 2 mol.% 

MgC0
3 
although some samples show substitution to the extent of 

3-4 mol.% MgCO3. 'The x-ray diffraction peak profiles of the 

low magnesian calcites of the sabkha are sharp and well defined 

thus indicating a well ordered crystalline phase. No irregulari-

ties are seen in peak profiles even using the step-scanning 

method. 

The powder work shows that a 'typical' low magnesian 

calcite from the sabkha has interplanar spacings and relative 

intensities very similar to those giver on the A.S.T.M. card 

for calcite (No 5-0586). 



TABLE 1. 

Interplanar spacings and relative intensities of  

a 'typical' low magnesian calcite from the sabkha, 

ABU DHABI compared with A.S.T.M. Calcite (No 5-086). 

[Silicon internal standard].  [Hexagonal indices]. [CoKa] 

Abu Dhabi 	 A.S.T.M. 

Analysis: 1.1%Mg, 0.05%Sr 
	

(Analysis: - see card 

0.01%Ba, 	no. 5-0586) 

<0.005%Fe, Mn, Cd 
o 
d 	Relative   h k 1 	 dA 	Relative  

intensity 	intensity  

0 1 2 3.85 14 3.86 12 

1 0 4 3.033 100 3.035 100 

C 0 6 2.841 4 2.845 3 

1 1 0 2.490 13 2.495 14 

1 1 3 2.283 16 2.285 18 

2 C 2 2.092 19 2.095 18 

0 2 4 1.924 6 1.927 5 

0 1 8 1.912 16 1.913  17 

1 1 6 1.870 17 1.875 17 

2 1 1 1.624 3 1.626 4 

1 2 2 1.607 10 1.604 8 

1 0 10 1.584 1 1.587 2 

2 1 4 1.522 6 1.525 5 
2 0 8 1.516 6 1.518 4 

1 1 9 1.507 3 1.510 , 	3 

13. 



14. 

Amounts of low magnesian calcite present in the sabkha 

sediments range from 0-75% with an average close to 50%. The 

low magnesian calcite in these sediments could results from 

either organic skeletal remains, or direct precipitation, or 

reworking of pre-existing carbonate deposits. Kinsman (1964) 

stated that mineralogical analyses of a few samples show 

slightly higher percentages of calcite than would be expected 

if it were all derived from the initial marine sediments. Thus, 

it is probable that both organic and primary and derived 

inorganic low magnesian calcite are present. 

2.1.2 High magnesian calcite 

High magnesian calcite has been defined by Graf (1960) 

as having greater than 7 mol.% MgC 3  contained in the calcite ct 
lattice. The compositions of the high magnesian calcites of the 

sabkha , using the method of Graf and Goldsmith (1956), are 

found to vary between 8 and 25 mol.% MgC0
3 

with a mean of 

12-14 mol.% MgCO3  substitution. In any one sample there is 

generally a range of composition of high magnesian calcites 

present, extending , most commonly, across the range 10-20 mol.%ri9CO3 

substitution. 

It is considered that most of the high magnesian calcite 

found in the sabkha sediments is derived from organic, skeletal 

debris. However,Kitano and Hood (1966) have shown that certain 

organic materials, such as organic acids, found in the bodies 

of carbonate secreting organisms, are able to complex calcium 

ions, reduce the rate of precipitation of the carbonate, 

giving a stable calcitic lattice configuration and causing 

capture of magnesium in the calcite lattice. Thus, high 

magnesian calcite may be formed at low temperatures and pressures. 

Some of the high magnesian calcite present in the sabkha 

sediments may have an origin in a similar process to that 

described by Kitano and Hood (op city, but no data are yet 

available on the presence or absence of organic acids in the 

ground waters of the sabkha. 

Since, in any one sample, there is present a whole 

plexus of high magnesian calcite compositions, separation into 
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individual components is not easily possible. Therefore, 

more detailed x-ray diffraction work was not done. 

2.2 Aragonite  

A structure for aragonite was first proposed by W.L. Bragg 

in 1924. The unit cell of this structure is tetramolecular 

and, although pseudo hexagonal possesses orthorhombic symmetry. 

The calcium atoms are in a deformed hexagonal close-packed 

lattice, the deformation being compression along the hexagonal 

axis. The carbonate anions are planar equilateral triangles, 

each anion surrounded by six calcium atoms. A projection of 

the aragonite structure is shown in figure (3) (After Deer, 

Howie and ZUssman 1962) 

2.2.1 Relationship between the calcite and aragonite structures  

[After Bragg (1937)] 

In calcite the calcium atoms lie in a cubic close-packed 

lattice whereas in aragonite they are hexagonally close-packed. 

The carbonate anion groups are surrounded by six calcium 

atoms in both structures but in each structure their spatial 

arrangement is different. In calcite each oxygen, of the anion 

group, is in contact with two calcium atoms and lies half-way 

between the upper and lower sets of three calcium atoms. In 

aragonite three calcium atoms are in contact with each oxygen 

which thus lies nearer the upper set of calcium atoms than the 

lower. 

These relationships are shown in figure (4) [After 
Bragg (1937)] 

2.2.2 The Aragonite from Abu Dhabi 

Aragonite is found in the sediments of the region both 

as a primary mineral associated with phases of marine sedimenta-

tion and as a diagenetic mineral precipitated interstitially 

withiAkhe algal flat sediments. The aragonite is present as 

needles or equant grains, the size always being less than 1011. 
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Firure 3  

The structure of aragonite; upper figure shows projection on (100) 

with the superimposed oxygens displaced for the sake of clarity and the 

lower figure a projection on (001). (Modified after Deer, Howie and 

Zusaman, 1962). 





Figure 4  

Comparison of the arrangement of the CO
3 

groups, (a) in calcite and 

(b) in eragonite. The upper layer of Ca atoms has the indexo100, the 

lower layer the index 0. Each oxygen atom is linked to two calcium atoms 

in calcite and to three calcium atoms in aragonite. (After Bragg, 1937). 





2.2.21. Experimental methods 

The aragonite used in this study was taken from the 

older intertidal and lagoonal sediments at the bottom of the 

sabkha core shown [figure (5)]. The sample was purified by 

several washings in distilled water to dissolve out halite 

(the presence of chloride in the washing water being detected 

by AgNO
3 

solution), treated with hydrogen peroxide ('100 vol') 

to remove organic matter and repeated centrifuging alternately 

through heavy liquids of densities 2.90 and 2.95. These liquids 

were tetrabromoethane diluted with either acetone or ethyl 

alcohol to the required density. 

Between each centrifuging, during filtration, the fraction 

denser than 2.90 in one case and less dense than 2.95 in the 

other was washed in ethyl alcohol and gently dried at 35°C. 

This was the fraction repeatedly treated. The use of heavy 

liquids and centrifuging effectively removed the phPues more 

and less dense than about 2.925. Thus calcite(S.G. 2.711), 

dolomite (S.G. 2.85), gypsum (S.G. 2.32), quartz (S.G. 2.65) 

and feldspar (S.G.
of 
 2.56 - 2.76) were removed by centrifuging 

through the liquid density 2.90 and anhydrite (S.G. 2.963), 

celestite (S.G. 3.971) and magnesite S.G. 3.009) were removed 

by centrifuging through the liquid of density 2.95. 

A previous x-ray diffraction scan on the untreated 

sample had shown that little or no anhydrite was present. 

However, if some had been present it would have been difficult 

to remove by centrifuging as its density is close to that of one 

of the liquids used (2.95). 

Finally, a residue of reasonably pure aragonite (S.G. 

2.930) was obtained and further examination by X-ray diffraction 

showed no evidence of the presence of other phases. 

The purified sample was then examined by the x-ray 

diffraction step-scanning technique using repeat loadings on 

different samples. However, instead of only using back-loaded 

cavity mounts both these and 'smear mountings were used. 
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A core through the type sequence of the Recent eahkha, Abu Dhabi. 

The 1eneth of the core is about 1 metre. 
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TABLE 2. 
Inte •inner s 	s and relativ intensities of interti• 

lavonal aragonite, Abu Dhabi and aragonite from Buccinum 
undatum compared with A.S.T.M. aragonite ( No. 5-040).  
Gas. . Si internal standard . Relative intensities from 
smear mountings except those quoted for A.S.T.M. aragonite.) 

Abu Dhabi. 	B.undatum. 
Analysis: 0.72% Sr,0.02% Bel  No analysis. 	For analysis see 

0.01% Mg. 	A.S.T.M card no. 

0.003% FepllopK. 	5-0453. 

h k 1 	di 	ki-Di 	cia 	V.-IM 	di 	k-TM 
1 1 0 4.216 4 4.214 4 4.212 2 

1 1 1 3.397 100 3.395 100 3.396 100 

0 2 1 3.271 41 3.269 47 3.273 52 

0 0 2 2.869 2 2.872 1 2.871 4 

1 2 1 2.736 14 2.734 12 2.730 9 
0 1 2 2.698 76 2.696 42 2.700 46 

2 0 0 2.490 36 2.484 31 2.481 33 

0 3 1 2,414 43 2.412 2.409 14 

11 2 2.376 41 2.373 40 2.372 38 

1 3 0 2.337 37 2.340 32 2.341 31 

0 2 2 2.323 4 2.326 8 2.328 6 
2 1 1 2.196 16 2.193 14 2.188 11 

2 2 0 2.102 23 2.107 19 2.106 23 

2 2 1 1.982 67 1.978 72 1.977 65 

0 4 1 1.886 30 1.883 35 1.882 32 

2 0 2 1.879 28 1.876 29 1.877 25 

1 3 2i...  
2 3 0 1.808 19 1.812 28 1.814 23 

1 4 1 1.760 1 1.762 2 1.759 4 

1 1 3 1.748 23 1.744 19 1.742 25 

2 3 1 1.733 15 1.729 18 1.728 15 
2 2 2 1;196 6 1.696 2 1.698 3 
3 1 1 1.562 5 1.560 6 1.557 4 

2 3 2 1.530 1 1.535 1 1.535 2 

2 4 1 1.490 4 1.496 5 1.499 4 

3 2 1 1.476 2 1.473 1 1.475 3 
1 5 1 1 470 7 1.468 6 1.466 5 
3 12 l.46 05V 2 1.413 3 1.411 5 
3 3''0 1.397. 3 1.401 2 1.404 3 



24. 

TABLE 	2 (continued) • 
3L.. di di 

1.362 
1.360 
1.333 
1.257 
1.241 
1.223 

1.206 
1.1899 
1.1706 
1.1590 

k_Im  

3 
4 
1 
8 
5 
5 

3 
4 

9 
1 

di 

1.365 
1.358 
1.328 
1.261 
1.240 
1.224 

1.205 
1.1892 
1.1712 

1.1599 

AtIm  
3 
3 
2 
6 
7 
5 

6 
5 
6 
3 

h k 1 	di 
32 34 23_ 1.363 
1 1 4 	1.361 
0 6 0 	1.337 
3 3 2 	1.254 
4 0 0 	1.238 
1 3 41_ 1.226 
4 1 Or 
2 4 3 	flpt 
062   -- ' 1 ' ''' 
1 5 3 	1.1903 
1 6 2i... 1.1709 
2 6 0 
4 2 1 	1.1587 

3 
3 

N.O. 
3 
6 
7 

2 

3 
10 
1 

N.0.= Not observed. 



A specimen of organic aragonite (From Buccinum undatum) 

was ground to below 20111  treated with '100 vol.' hydrogen 

peroxide to remove organic matter, dried and gently ground to 

decrease the grain size to below 1511. After grinding, this 

aragonite had the same needle-even habit as the Abu Dhabi sample. 

The organic aragonite was then examined by the x-ray 

diffraction step-scanning technique using repeat loadings and 

both cavity and 'smear' mountings. It was also examined using 

a Guinier de Wolfe camera and CvKa radiation. 

The interplanar spacings and, where possible, the 

relative intensities of both the aragonite from the intertidal/ 

lagoonal sediments of Abu Dhabi, and the aragonite from Buccinuj 

undatum are shown in table (2). These aragonites are compared 

with A.S.T.M. Aragonite (card No 5-0453). The comparison with 

this A.S.T.M. aragonite, is perhaps particularly apt since this 

aragonite was prepared by rapid precipitation using potassium 

carbonate and calcium chloride, the resulting crystals being 

acicular. 

2.2.22 Discussion 

As can be seen from values of interplanar spacings and 

relative intensities, there is a close correlation between the 

A.S.T.M. aragonite and the Buccinum undatum aragonite. Thus, 

the B. undatum aragonite, when ground to less than l51.1 may be 

regarded as a secondary standard. 

The Abu Dhabi intertidal/lagoonal aragonite sample 

whilst showing similar values for interplanar spacings to the 

other two samples does not show similar relative intensities. 

Since the B. undatum aragonite, of similar crystalline habit to 

the Abu Dhabi aragonite, does not exhibit obvious preferential 

orientation effects when 'smear'-mounted, it is thought that 

any differences of relative intensity shown by the aragonites 

are not due to preferential orientation effects produced by 

the mounting technique. (Cavity loading does induce preferential 

orientation effects. See Appendix 1). Thus, differences in 

relative intensity are due to some property of the aragonite 

itself. 



The reflections exhibiting the greatest degree of 

departure from the normal relative intensity values are (012) 

and (031), both of which show considerable enhancement. 

It would seem that there is some preferential orientation 

effect existing along these directions within the crystal that 

causes the enhancement of relative (and absolute) intensity. 

Preferential orientation effects are found in other evaporite 

minerals of the Trucial Coast suite and may be an indicator of 

the anomalous conditions under which these minerals are 

precipitating, if, indeed, the aragonite is or chemical and not 
oforganic origin. 

It was hoped that further work could be done upon the 

intertidal/lagoonal aragonite from Abu Dhabi using single 

crystal x-ray diffraction methods. However, the small size of 

the crystals made them nearly impossible to mount on goniometer 

arcs. 

Table (3) shows the fourth cycle of the least squares 

refinement of the Abu Dhabi aragonite cell parameters. The 

interplanar spacings were taken from table (2) but these 

spacings were converted to 28 values using CoKm 	= 1.7902). 

This was merely to make these data sett compatible with several 

other data sets in the same batch. 

2.3 Dolomite  

The structure of dolomite was first briefly dealt with 

by Bragg in 1914 and then more completely by Wyckoff and Mervin 

in 1924. A refinement of the structure has been carried out by 

Steinfink and Sans (1959). 

Although the structure is similar to that of calcite, 

there are some differences which make the symmetry less than 

holohedral and cause the space-group to be R 3. Atoms along 

the three fold axes are alternately Ca and Mg but the presence 

of cations of two different sizes causes a small displacement 

of the oxygen atoms compared with the calcite structure. This 

lowers the symmetry. 
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FACsT iliJR1  
080S-CALC) 

SORT( SUM114*(OBS-CALC )**2)/(1-N) 	3.12208E-32 

IOAX4-•FIR  

aISCREP A Y E- AC.TORS 'BASED ONIRL'Fi1NED -PARAMEr-EIRS77A0- E-RICiCLE 	T 	 - 

NUMBER OF CB 	R VA T I 	S ( 	 '' 	 - 	 -- 
NUMB ER OF VARIED P ARAM:- TE RS ( N) = 3 

• 

- 	- 	- 	- 
FACTORS FOR 

Sul (1,;# :)3S-C L.)  A 
SQR -Ft SUM( W*(005-CALC)**2)/M-N) = 02.12221E-02 

90400000--  - 

-0.00033 5.75312 	0.00484 

L 
4.95799  
-7.97192 

	

5.75012 	 
ALHA--- ,IDEG4T.-....- 	 :90.0oop3 
BETA (DEG.) 
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90.00000 
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90.00300_  
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PARAMETE 
A ( ANS ) 
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(ANC,. 	- 
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- 1 	0-- 	24.16 -- 	--- - 24.550 :-_.- -0.334:-  1.79020 
1 1 I 	30.555 	30.556 -0.031 1.79'32_3_ 
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1 	2 	1 	- 38.193 - 	- 	3-'5.2-34 -7; ..-.0.041 -__ 1.79020: 
0 	1 	2 	 3.6.54 
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_ 	, .. 	... 

4.21592.-u..04508 
3.39_7040_.06943 
3.27093 	0071+98 
2_086903., 0.39734 
2.73597 =3.107403. 
2.69799 _ 0.1_1C 07 

0.518 
0.635 
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0.740 
0.772 
,781 

F=-777,7-7-  
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- 	K 	L 	i3 “)85) 	0( CALC 
1 1 0 4.21592 4.21016-0.317 
1 	1 	1 	3.39/04 : 309695-0. _ 

2 1 3.27)'7)8 3.27586 - 
I 	' 

	

__ , '` _Y_.  . ' .' '? r. ,, 	-., * ..., , , ,, - 7 8 73 ‘-, , 'I" ...., 	 3 '..., ...., .., 

31.763 -_--_-.- - _ .-31.714- - 	 1.7.9023-. ::,_ 3.2709 ,3 - 	07488:: 	0.657 .,...   
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• 42.1-36. 	42.33/ - -7-0.196 -_ -_ 11,19023 ----- 2.4901...'2 	0..12922 ---,j1-'- c4.837 
43.529 	_ 43.564 . 	-0.035 1.79322_ 2141402 	0..137.49 	0.860 
44.262::':: - j -. 	-.44.296 ..-. 	0.334.  ".- 1. .7932.0 ---r- .2.37600 - 	:0.1.4192 ,-, 	',. 871- .-- :_±.-: 

_45._041 _ 	44.937  , _ ,.._ 	 _, . _9 	_ 2._ , 9 	3.14670 
.45.147:-:- 	.183 -" - 	79320:.-- 2.32301 -.- 0.14847...L _0.888- -- -  
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50.4 -37-:::--. 	3.-32 	- =.0.79±-1'.: 1.79;.23, 	2.10199 " 	. 18.134 --- ' f.), 962 --' - 
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1 	3 
3 1 
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61 
- ' 624364' 

63.606  

-0.1_39 1,79023 ___1.74799 	0.26222 	1.098 
0.168 1:.79320 .._73300 0.26678 
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0.54904_ 
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1-.3_9320L.  . 46999 
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1.79020::7-1.- 23800.-- -,z:_. 
1.22600 

1.23800 
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1_ 23833 ' 
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rr_____ 	 1. 17090_ 
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	 FACT11,S FOR 0 
S 	(144' 3[3 S-C ALL ) 	)  
SQT(SLY•1( 	0i3S-CALC)**2)/M-N) = 0.11741E-02 

FACTORS FUR O 
St.)-1 	t,:*- (313S-CALC)**21-___.= - f.;;.5355E  

SU'ICW*(33S-CALC) 44 2)/11-N) =  0.11729E-02  

r 	 t: 
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In calcite, at every calcium atom, there are symmetry 

centres and triad axes both of which are retained in dolomite. 

However, calcite also has triad axes on which the oxygen atoms 

lie and which intersect at the carbon atoms. Since the oxygen 

atoms are displaced in dolomite due to the alternation of 

calcium and magnesium atoms these axes disappear in the dolomite 

structure and thus the symmetry is lowered. Also, as a result 

of the alternating cations, the glide planes parallel to (101) 

[Rhombohedral indices] (110) [Hexagonal indices] disappear, 

and thus the symmetry is a threefold axis and a symmetry centre 

only. 

The structure described above is in terms o;m
4  
unimolecular 

rhombohedral cell with dimensions ao 
= 6.0154 A and a = 47°7'. 

However, Steinfink and Sans describe their refined structure 
1 

in terms of the trimolecular hexagonal unit coil with a = 

4.8079 A and c'o 
= 16.010 A. The cell referred to in all of 

the subsequent data is the hexagonal one as using this cell 

the planes of calcium and magnesium atoms have indices of the 

form (00.2) and thus the dolomites may be considered as layered-

lattices. 

2.3.1 Abu Dhabi Dolomite  

The dolomite found in the sabkha sediments at Abu 

Dhabi occurs as a diagenetic mineral. Kinsman (1964) thought 

that there was dolomitization of aragonite, the process beginning 

when the Mg:Ca ratio in the groundwater solutions exceeded 11 

and proceeding according to the reaction; 

2 CaCO3  Mg++ 	CaMg(CO3)2  Ce+  

Aragonite 	Dolomite 

Butler (1965) supported this mechanism. 

This dolomite occurs as small rhombs and equant grains of 

grain-size less than 64. The mineral first appears in the upper 

few centimetres of sediment (i.e. the capillary zone) at the 

front of the sabkha. Inland, the dolomite occurs at increasing 

depths to below the permanent water table. 
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Many workers, including Wells (1962) and Kurnakov (1917) 

have described occurrences of Pleistocene/Recent dolomites, 

but only an Australian example (Skinner 1963) is indisputably 

primary and this dolomite is a disordered, calcium-rich variety 

of the proto-dolomite type of Graf and Goldsmith (1956). Also 

of interest is the fact that this dolomite, with an initial 

composition of (Ca.506Mg.50-.44)  CO3 
orders to a stoichio-

metric dolomite with time. 

The dolomite from the Qatar Peninsular, Arabian Gulf, 

described by Wells (1962) and Wells and llling (1964) is 

similar to that from Abu Dhabi. It occurs as rhombs 1 - 511 in 

size and x-ray powder photographs show the dolomite to have 

weak ordering reflections, an expanded c-axis dimension and 

a deduced composition of (Ca.54 mg.46)c036 

In nearly all cases reported in the literature, the 

Pleistocene/Recent dolomites are, initially, of a poorly-ordered 

calcium rich variety with expanded c-axis dimensions. Graf 

and Goldsmith (1956) show that poor-ordering of Ca and Mg atoms 

is indicated by very weak ordering reflections (101), (015) 

and (021) and that some degree of quantification of the disorder 

may be obtained by relating the intensity of the ordering 

reflections to the intensity of other reflections, generally, 

the (104). 

However, as Graf suggests (in Kinsman (19641tquantifi-

cation is complicated by there being both point defects and 

mixed layering effects. As Kinsman states (Kinsman 1964) there 

is an assumption in the method that ".... the degree of ordering 

is accompanied by equivalent development in the intensity of the 

ordering reflections ". 

In a later and very important work, Graf, Blyth and 

Stemmler (1967) have demonstrated that there is unambiguous 

evidence for calcium/magnesium carbonate mixed-layering. 

The non-ideality of the basal cation planes (of typet00. 1 )) 

involves the distribution of pure magnesium layers and calcium 

substituted magnesium layers rather than the insertion of 

extra calcium layers. They also suggest that 'packets' of 
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pairs of cation planes exist of the type (Car  Mgt-X) - (Mgz Cal-z) 

There are many difficulties surrounding the formation 

of dolomite and, perhaps, as suggested by Graf and Goldsmith 

(1956), a disordered nucleus, with disorder in both calcium and 

magnesium proto-layers is probably easier to form, in the case 

of mixed cation crystals, than an ordered nucleus. The ordering 

requirement of the structure reduces rates of nucleation and 

growth and in environments of rapid growth it is expected that 

mixed cation crystals would be highly disordered. In fact, 

in the' only reported low temperature synthesis of dolomite 

(Liebermann7 1967), the phase precipitated is highly disordered 

with an almost complete lack of ordering reflections. 

2.3.2 Experimental methods  

Examination of the (104) reflection from about 450 

Recent dolomites from Abu Dhabi showed a bi or even tri-modal 

distribution of peak position. One major group had an inter-

planar spacing, for (104), of 2.8959 A [corresponding to a 

calcium to magnesium ratio of .56:.44 - For method see Appendix 1] 
0 

Another major group had an interplanar spacing of 2.8837 A 

for the (104) reflection. [corresponding to a calcium to magnesium 

ratio of .50:.50]. Some samples showed development of only one 

of the two major-group peak positions, in others both positions 

were seen and in others, even further maxima were developed 

with or without one of the major-group peak positions being 

present. 

Two of the sabkha dolomites were concentrated by repeatedly 

centrifuging alternately through heavy liquids of densities 

2.80 and 2.89 having previously been washed several times in 

distilled water to dissolve out halite. The presence of chloride 

in the washing water was detected by AgNO
3 
and the sample was 

previously treated with '100 volume' hydrogen peroxide to remove 

organic matter. The heavy liquids used were bromoform diluted 

to the required densities with either acetone or ethyl alcohol. 

Between each centrifuging,.during filtration, the sample 

more dense than 2.80, in one case, and less dense than 2.89, 

in the other was washed in ethyl alcohol and gently dried at 
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35°C. This was the fraction repeatedly treated. Thus, all that 

finally remained was a dolomite phase of approximate density 2.85, 

nearly all of the other phases having been removed by the separation. 

In this way a 94% pure dolomite sample was achieved. The degree of 

purity of the sample is represented in Figure (6). 

So that any peak or line broadening seen in the X-ray diffrac-

tion analysis of the dolomites could not be attributed to the grain-

size being less than 0.5,., the concentrated dolomite sample was 

filtered through a Whatman 542 filter paper several times. In this 

way, all particles less than 2s were left in suspension and only the 

size fraction 2-604 subjected to later diffraction analysis. 

The U.S. National Bureau of Standards dolomite No.88 was ground 

to a particle size of less than 150a (see Appendix I) and any parti-

cles less than 244 removed by filtration as before. 

Unfortunately, there was too small an amount of one of the 

purified sabkha dolomites for it to be used in the step-scan technique, 

therefore, this small amount of sample was mounted in the third holder 

of the casette of a Guinier de Wolfe camera, with halite mounted in 

holders two and four, The halite thus acted as a standard for calib-

ration purposes. 

The other sabkha dolomite and dolomite No.88 were each thorou-

ghly mixed with 4N. silicon powder which had previously been ground 

to less than 150. and filtered in a.similar manner to both the dolo-

mites. The ratio of dolomite to silicon was 60:40. The silicon 

acted as an internal standard enabling peak positions and intensities 

to be accurately compared. Both of the samples were back-loaded into 

a Standard Phillips Cavity and run as for the step-scanning technique 

using CoKe. In order to achieve good counting statistics, each 

interval was counted for 4.0 seconds and each sample scanned twice 

upwaxliand twice downwards over the entire range 10 - 155°  2 in 

order to check reproducibility. 

The counts for each sample at any one point over the four runs 

were summed and an average count at that point obtained. The average 

counts were then used to determine both peak position (using one of 

the B.C. programs described in Appendix (2) ) and relative intensity 

by a summation of the total counts 	over the total range of the 

peak. The counts obtained from the silicon internal standard peaks 
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were used not only to obtain correction factors for peak position but 

also to compare intensities between samples. 

Since equal weights of silicon and dolomite were used in each 

case then, if mixing were thorough, the counts obtained from silicon 

peaks from each sample should be similar as the less than 15AA grain-

size is consistent with good reproducibility. In fact, the repro-

ducibility of silicon peaks during different scans of the sage sample 

and between samples was excellant, being of the order of t 2.5%. 

This was as good as can be expected and variations in reproducibility 

were probably all due to instrumental causes. This, the intensity 

of an individual silicon peak was calculated by a summation of counts 

over the peak from all four runs and taking an average. This average 

was then used to compare the intensity of similar dolomite reflections 

between the two samples the running conditions in both cases being 

' identical. 

2,3.3 Discussion 

The data in tables (i-6) show respectively, interplanar 

spacings and relative intensities for the A.S.T,N4 dolomite (ex 
Howie and Broadhurst (1958) ), U.S. National Bureau of Standartdolo-
mite No.88 and a Persian Gulf dolomite of interplanar spacing for 
(104.) of 2.8904 R at the peak tip. (Corresponding to a calcium to 
magnesium ratio of .53:.47.) The measured intensities from the 

Persian Gulf sample have been increased in the ratio 100:94 to allow 
for the 94% purity of the sample. Also included (table (7) ) are 
the interplanar spacings, measured from a Guinier photograph, of a 

Persian Gulf dolomite with a very high calcium content and an inter-
planar spacing for (104) of 2.906 A. 

Plots of average counts versus 20 for several reflections show 

that the peak profiles of the Recent dolomite are complex, each reflec-
tion being drawn out over a wide range of 29, whereas those from the 

dolomite standard No.88 are those expected from a well ordered mineral. 

Also, the peak position of the (104) reflection of 36.130°  29 for 
the standard (d = 2.8865 A) is consistent with that of a dolomite of 
analysed composition (Ca.504.9 Mg.4951)003. 
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TABLE (4) 

Int=120sAuslaga_anaj.01ative  Intensities of Standard 
.... ....S:1211.CarDolorniteFr .-8ExHeowiee 
13ruraioadhstlielagonall) 

	

0 	0 

	

10....-.. A. 	Co = 16.02 A. 	For analysis see card 
o 

4.-L1 	
d A 

1 0 1 4.03 3 

0 1 2 3.69 5 

1 0 4 2.886 100 

0 0 6 2.670 10 

0 1 5 2.540 8 

1 1 0 2.405 10 

1 1 3 2.192 30 

0 2 1 2.066 5 

2 0 2 2.015 15 

0 2 4 1.848 5 

0 1 8 1.804 20 

1 

0 

1 

0 

6 

9 

) 
) 

1.786 

1.781 

) 
)  

30 

1 1 1.567 8 

1 2 2 1.545 10 

1 0 10 1.496 1 

2 1 4 1.465 5 

0 2 8 1.445 4 

1 1 9 1.431 10 

1 2 5 1.413 4. 
0 3 0 1.389 15 

0 0 12 1.335 8 

2 1 7 1.297 a 

0 2 10 1.269 2 

1 2 8 1.238 5 

2 2 0 1.202 3 
1 1 12 1.168 4 

3 1 2 1.14/1 2 

2 1 10 1.123 5 

2 2 6 1.096 3 
3 0 9 

0 0 15 1.068 g 1 
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TABLE (4.) 	Contimed 

h id 1 
. 	o 

d A. I/ Im 
----47 

5 
4. 	0 	4. 
3 	1 	8 

1.008 
1.001 

1 016 0.973 3 
3 0 12 0.962 5 
3 2 	2 0.949 < 1 
3 2 	4. 0.930 i 1 
2 1 14. 0.926 3 
4. 0 	8 0.923 3 
3 2 	5 0.913 1 
4 . 1 0 0.909 2 
2 0 16 0.903 1 
3 1 11 
2 2 12 0.894 a 
2 1 16 0.84.5 3 
1 1 18 0.835 4- 
3 2 10 0.821 1 



TABLE (5) 

Interplanar Spacings and Relative Intensities of U.S. 
National Bureau of Standards Dolomite No. 88 Hexa- 
gonal Indices) (Si Internal Standard) (30Ka  ) 

0 
h k 1 
	

d L 	2$ 	1./Iii  

1 0 1 4.03 25.666 2 

0 1 2 3.69 28.077 6 

1 0 4. 2.887 36.124. 100 

0 0 6 2.669 39.190 11 

0 1 5 2.538 41.303 9 

1 1 0 2.405 0.701 12 

1 1 3 2.192 48.202 34 

0 2 1 2.064. 51.402 4. 

2 0 2 2.015 52.747 18 

1 0 7 2.005 53.0 0 1 

0 2 4 1.847 57.976 6 

0 1 8 1.805 59.458 25 

1 1 6 1.786 60.156 . 
) 34. 

0 0 9 2:179 60.417 ) 

2 0 5 1.746 61.682 1 

2 1 1 1.566 69.722 6 

1 

0 
2 

2 

2 

7 

1.544 

1.540 

70.863 

71.075 

) 
) 

12 
1 

1 0 10 1.494 73.615 1 

2 1 4 1.465 75.322  7 
2 0 8 1.443 76.677 3 
1 1 9 1.430 77.503 12 
1 2 5 1.413 

70.6313JI: 88  
3 

0 3 0 1.388 18 

0 1 11 1.374 81.303 1 

3 0 3 1.343 83.594 1 
0 5 3 

0 0 12 1.334- 84.287 10 

2 1 7 1.297 87.281 1 

o 2 10 1.270 89.627 3 

1 2 8 1.237 92.706 6 

3 0 6 1.231 93.293 1 
0 3 6 
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Analysis: M& 21.481,  Ca0 30.49%, SIO2  .31%, Fe2O3  0.084%, 002  47.20 

TABLE (5) 	Continued 
o 

h k 1 	 di 	 213 

2 	2 0 	1.202 	96.263 

2 	0 11 	 1.1934 	97.188 

11 	0 13 	 1.1813 	98.528 

2 	2 	3 	 1.3730 	99.474 

1 	1 12 	 1..it6 	10%243 

1 	3 	1 	 1.1520 	' 101.973 

3 	1 	2 	1,1431 	103.081 

2 	1 10 	1.1223 	105.795 

1 	3 	4. 	1,1057 	137,533 

0 	1 14 	1.102 	10"iY,46 

2 	2 	6 	 i,C::::,/ 	109.555 

0 3 9 

3 	0 9 

) 
) 	

1.0940 	109.808 

3 	1 	5 	 1.0864 	110.957 

1 	2 11 	 1.0684 	113.816 
 0 	015 	 1.0672 	114-.014 

0 	2 13 	 1.0601 	115.205 

4 	0 	1 	1.0388 	119.008 

0 	4. 	2 	1.0324 	120.225 

1 3 7 	 10308 	120.536 

4 	0 	4 	1.0076 	125.333 

2 	014 	1,0024 	126-4;15 

3 	1 	8 	1.0001 	127.019 

2 	2 	9 	 .99594 	127.788 

0 	4. 	5 	 .98995 	129.420 

1 	115 	 .97551 	133.145 
/ 1 	0 16 	 .97293 	133.860 

2 	1 13 	 .96986 	134.705 

3 	0 12 	) 	.96186 	137.050 
0 	3 12 	) 

3 	2 	1 	 .95348 	139.700 

2 	3 	2 	 .94852 	141,360 
4. 	0 	7 	 .94747 	141.710 

1 	3 10 	 .93662 	145.750 

3 	2 	4. 	 .92908 	148.915 

1 	2 314. 	 .92516 	150.710 

0 	k 	8 	 .92350 	151.510 

0 	1 17 	 .91858 	154.033 
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TABLE (6) 

Interplanar SpaoiNs and. Relative Intensities of 
Persian Gulf Dolomite N,.k.,5.a.. 1.(iawonal  Indices) 

h 

1 
o 
3. 
0 
o 
1 
1 
0 
2 
0 
0 
1 
o 
2 
1 
2 
2 
1 
1 
0 
0 
1 
2 
1 

3 
2 
2 
0 
3 
4 
.2 

1 
1 

k 

0 
1 

0 
0 
1 
1 
1 
2 
0 
2 
1 
1 
0 
1 
2 
1 
0 
I 
2 
3 
0 
2 
2 
1 
1 

I 
2 
3 
0 
0 

0 
1 
0 

(Si Internal Standard) (Coli.40 

I/T-m  

1 
2 
46 

5 
3 
4 
11 
1 

7 
2 
8 

34 

2 

4. 
2  

1 

4. 
1 
6 
2 

3 
1 
2 
1 
1 

1 

1 
2 

1 

o 

	

1 	d A 

	

1 	4_ 0L 

	

2 	3.''' 

	

4. 	2.8904 

	

6 	2.682 

	

5 	2.551 
0 

	

3 	2,J5,  

	

1 	2.:, 	' 

	

2 	2.020 

	

4. 	1.851 

	

8 	1.810 

	

6 	) 

	

9 	) 	
1.789 

	

1 	1.5700 

	

2 	1.5496 

	

4 	1.468 

	

8 	1.447 

	

9 	1.428 

	

5 	1.4. 

	

0 	1.395 

	

12 	1.342 

	

8 	1.244- 

	

0 	1.210 

	

12 	1.16c: 

	

2 	2.1;3.! 

	

10 	1.1206 
6 

	

9 	 1.0973 
9 

	

4, 	1.01: 

	

14. 	1.0086 

	

15 	) 	.97697 

	

16 	) 

29 

25-537 
2.,8!„6 
36.080 
38.992 
41.083 

) 	' 	_ 	, 
51.322 
52.606 

57.873 
59.278 

60.044 
69.518 
70.568 
75.141 
76./.,26 

77‘.62  
79 1,2 

79.8'50 
83.6:-  

91.:42. 
95 	21 

90  1 
106.025 

109.319 
109..:319 

122.T58 
125.114 

132.750 
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TAW  (6) Continued 

h k 1 d A. 2e 2/IM  

3 
0 

0 12 
3 12 .961+72 136.200 2 

1 2 14. .92723 149.750 < 1 
0 4. 	8 .92567 150.475 t 1 

Relative intensities obtained by comparison. with (104.) reflection 

of U.S. Dolomite No. 83 and adjustment of intensities using 

intensity of Si-Internal Ztandard Pe.,tk,,4 and allowing for approx-
imate 94% purity of the sample. 

No accurate complete analysis. 



TABLE (7) 

Interj?lanar Spacings of a Persian Gulf. High Calcium 
Dolomite. (Guinier Camera. Calts.ISHalite Sta.ndaxd) 

h k 

(Hexagonal Indices) 
0 

d A 21":t 1 

0 1 2 3.710 27.923 
1 0 4. 2.906 35.880 
0 0 6 2.695 38.797 
1 1 0 2.416 43.491 
1 1 3 2,202 47.970 
2 0 2 2.025 52.4.66 
I. 0 7 2.000 53.173 
0 1 8 1.801 59.604 
2 1 1 1.574 69.321 
1 2 2 1.552 70.453 
2 1 4 1.472 74.902 
0 3 0 1.393 79.968 



The fourth cycle least squares refinement data of the cell 

parameters of U.S. National Bureau of Standards dolomite No. 88, 

Persian Gulf dolomite No. 459 and a Persian Gulf high calcium dolo-
mite are given in Tables (8-10). 

Comparison of the intensities of the standard dolomite No.88 

and the disordered dolomite No.459 with the intensity of the silicon 

peak at 3.1378 A.)  shows that The intensities of all reflections are 

much reduced in the Recent -1-1]-.Ti'e when compared with the standard 

dolomite. 

In an ideal dolomite, planes of basal carbonate anions alternate 

with segregated cation planes of calcium and magnesium, the cation 

planes themselves alternating. It has been stated by Graf et. al. 

(1967) that intensity relations for the disordered dolomites appear to 

be normal for those reflections with no basal plane components and those 

reflections whose intensity principally results from scattering by 

oxygen atoms. 	They have used this as evidence to there being no 

significant departure in the positions at orientations of anion groups 

to those in well ordered dolomite and that the anion arrangement of 

huntite, where one carbonate group lies in the basal plane and the 

other three are tilted slightly 	inspect to it and which makes 	pos- 

sible the 'localized in basal plare cation ordering of the huntite type' 

(Graf and Bradley (1962) ), is not found. 

The anomalies in the basal plane reflections are thus attributed 

to disorder in the cation planes and, in any treatment of cation basal 

plane disorder in calcium/Magnesium carbonates, the (00.12) interplanar 

spacing is of prime importance. In Ca 003 
and MgCO

3 
this spacing is 

the distance between adjoining basal calcium and adjoining basal mag-

nesium planes and is 1.422 A for CaCO3 
and 1.251 A for MgC0

3 
(Graf (1961) ) 

However, Graf, Eardley and Fait= (1961) were of the opinion that very 

fine grained carbonate precipitates formed at, or near, room temper-

ature have enlarged unit col a..v en:argement tentatively attributed 

to hydration occurring in 	(For example, the (00.12) inter- 
0 

planar spacing of the mas.aose fc„ro. Macial Take  Bonnevile is 1.268 A. 
Table VI shows that the (00.,14:r 1,-,.terplanar spacing for the Recent 

0 
dolomite 459 is 1.3402A 	table i',7) indicates that the computed 

value of (00.12) is about 1,3475 A for the high calcium dolomite. 
These values compare with 	A ior U,S. dolomite No.88 and 1.3350 A 

for the A.S.T.11. data. 
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2 3 2 0.94852 0.94850-0.302 

	
0.33)01 

	

.---.. 	9475 
1 	3 10 	0.93663 0.93660-3.005  	• 3Z2.1. 

 4 0.92907  
1 	2 14 	0. 92516 _  	_ 

92350 0.92349-0.. 00" 
0.92513-0.305 

	0 	1 	17 	C. 91 353 0.91358-0. 'ODD 	 
DATA -F0 k tJS.DOLJ1ITE NOsS.  HEXAG -COISA 

_ 	 - 

3.03303 
- - - - 	 - 	 

-0 ODDOS 	-0.00322_ 
0.00334 
0.000 22 
0.00009 

00025 
0. 00009 
0. 0. 

	

0.00001 	 

-0.03314 	-0.00027 

3.00)32 

0.0C-013 	-0400013 	•-• 

	

0.00027 	0.30327 

	

C. 00001 	0.00001 
-0.00008 	-0.0(338 

	

0000 1 	'0;00002 . 	- 	. 

	

0.00009 	0.00313 
00000- 

	

-0. 00005 	• -0.00306 

	

- 0. 0001 8 	--. 	0.00022 

	

-0. 00003 	-0. 00004 
conj.; 

-0.00006 	-C.00009 

	

0.00o-16 	,0.00.325 

	

-0.00006 	-0.30009 

	

7 0• C 9 0 2 	--- 	-C.00033  . 	. 
-0.00000 _ 	-.7---0.00001  

-C TOR S A SED_-:131\1,--_REF. I NE D.L.PAR  AME TERS-  A FT.ER_CYC 

NUMB ER OF OB SERVA TIONS.:  
NUMBER OF VARIED P R VIETE RS (N) = 0 

.......... 	 ' 	 - 
	 FACTOIS FOR 0   - 	 

:"-:-- ----,=-7  - - S U \i ( IP.= ( OBS- C A LC ) * *2 ) -- -= .0. 77768E -n 5:- - -----   

FACTORS F-114 0 
.r- _- 	Su 	41,1* ( j.i..i SL GA LC )* * 2) _ = 0 . 7742-8 E.---°. 35     _ . 

., 

SQ T ( St,r1 ( ).1* ( Oil S - : A LC ) * *2 ) i ti- N) = :-.) .33995E-03 

	

 _      	__...    . __ .. _..... 	. 	.. 



DATA FU 	P GOLF DOLOMITE NO 459 HEXAG:_COkA -  7  • 	 :-_-_-.• 4 	• 	 • • _ 	- : 	 , . 
• _ 	. 

 

     

• 

i  

.
1
1  

    	N 	 .  	 - IRECT LATTICE C,1NSTATS AFTER LEAST -SUARES.2;YCL -.._. 	- 
	
,
-

'h 
" 

"-
.

2-
.. 

1
.- 

 	-.„•:-„:„„„,..-1_:, 

 

.-,..:-  

1 	 i 

0 	t '7-" - 1----  17 . '-' 	P A R A r E TI---  P 	' - 	 :- 	....:'- 	6iA ------ -------:----:-- 	 CH ANG E-_-' 7-±...11,±- -.--:---7:--I''' i-:1---E1.4-- 7:---:-:- --, ----- , ---- - :.'  	ER'  R DR 	--r  --'  7---'"--------:  .....- ...     	-  

( ANG. ) . 3 4.82074 	 3 .0333 ) 	4 . d 2074 	 0.00153  

' -"' -- --- '-- - 	- 	- 	3 . ( ANC . ) - - 	. - . 	4.82074 ---._. --- "----:-------:- - -----: -" ---- .---- "--;---7 . --._:-.4...„--.--:"---..."-7- 4..82374 --  - - 	- - - - -- 	- - - - - 	, ..  ...... 	. 	.. 	. _ ___ 	. 

	

.. 	 -_-- 	- 	- 	- - 	- 	- 	' 	- 	. .-.- -___ 	. 	. 	. 	. 	.. 	_ 	.. 	. 	_ _ __... 	. 	... 	.. . 	..._ 
. 	.: 

 

(1G. ) 	 16.044_83 	 0.00333 • 	16.04483 	---- 0.03580  
-_,-,-. AL.' HA 	( DE G. )  - . - - 	:' 90* (.• :-1'  r,  D. :.9-.C.) .•..0.000 Cy.:,-, 

() 

	

BETA (DEG. ) 	 90000D 

	

(DEG.) 	120.00000 	 - 

DATA Fti -t P GULF DOLOMITE Nil 4591ENAS COKA 

O OBSERVED AID CALCULATED INTERPLANAR SPACINGS, 0, BASED ON REFINED PARAMETERS AFTER CYCLE 3 

90.3(333 

3  ."33 	- 	 _ 	 . 	 • 	-„ 	• 

4-ESIDUALS OF 0 	 RESIDUALS OF Q 

O H 	K 	L 	 p 0 	 D CALCIri: 	 C) ,:„(.06S.-70 AL C )i_S 	 ( -06 S-C AL C ) 	08S:-C A LC S IG _ 	 - 	 - 
1 	0 	1 	4.053( 0 4.04035-3.031 	 3.03965 	 0.33054 

 C. 	--- • 1., -r--  2 	" 3.72001-, 	3.70342. -.;0.064--3,1.-.7,---J-f-.Z.;„:.-:::::--- 0.0.1659-.:1_-.; -_-_;,-_--,---- --:11-,  0.0011.1-1 17_ 

O 1 	0 	4 	2.89039 2.89248 0.313 	 -0.33209 	 -0.00024 

.- 0.00104  

('.Q0099_____________ 

0.00011:- 
0.00010 

-0.00004 

-0.03051 _- _ 

0.(0368 

-0.00045 	 "- 

0.00202 

. 

O 1 5 2.55097 2.54423-0.057 	 3.33674 

0 

1 	1 	3 	2.19802 2.19751-0.005  	 0.00)51 

--_- 	 - 2 

O 2 	C 	2 	2. (7:2)o0 2.02018 0.002 	 -0.0031.7 

------------------------------- 

O 1 	8 	1.80999 1.80782-0.339   3.00217 

O - 1 	 1.76901 1,7040 
C 0 9 1.78901 1.78276-3.116 	 3.00625-  

- 0.03029 

- -O. 00065 
0.00r,'17 

-0.00t:82 

- 00082 

n0009 

• '33310 

0.00068-- _ _ 

0.00004 

0.03054 

-0.00073 

0.00048 	- 

-0.00220  

0C:001154  0 	1 	-= 	 - 

0.00024 

• . .r0.00105 

UL- 

-0.00010 

0.0006e,-- 	
- 

0.00051 

-0.00068 

0.00045 

-0.00203 

C 
2 :1:- 	 - 	_ -0.00017 

	 o 00020 o.000ii  

Fifir 	 - 1. 45301-  1.46842 0.312, 	 -;-:0.00022 

 0.00342 

 1 2 2 1..54961 1.54829-0.034   	3.30132 	 _ 0.03060 

2 	0 	8 	1.44701 1.44624-0.324   	0.00)77 

77.-.:-T HE NEXT REFLECTION  

	 1 	1 	9 	1.4280'3 1.43332 0.171 

- 

O 3 0 1.39500 	1.39163-0.115 

1;1T THET NEXT - P._ EFLE C- TI ON I S REJEC-TE 

_ 	____ -P..0_P.33,1__.'t'__._.______,______ 

	

-3.30532 	 -0.03303 

- 	 0.03228 -  

	

3.30337 	 0.03202 

	

-0.00051 	 00042 
- - 	 , 	- 	 - 

	

0.00363 	 3.00298 * 

L0•CO229  

	

-0.00249 	 -0.00203 

O 0 12 1.34200 1.33707-0.193 	 0.00494 	 0.00329 	 -0.00411  
- --_-4- 	- .1-1E7t1P Xr- R EFLECTION -  I S -REJECT 

1 2 8 1.24600 1.24014-0.283 	 3.00586 	 0.00485 	 -0.00610 	-O.60489  
THE NEXT P. E F L : " C T I ON IS"  RE JECTE '''''f"--  _ 	. 

2 	2 	0 	1.210(3 	1.20519-0.252 

1 	1 	12 	1.16970 -% 1 .1&922-0.028 -   _. 
. 	 3.00481 	 0.00437 	 . -0.00546 	 -0.00443 	 . 

	

-3.00343 	' , ' 0. C,3349 - - H.-------. . 	--. -0.03060- 	---.7 .--:  
, 

2 1 10 __ .1.12C)60 1.12535 - 0.299 _.--,..--- 
2  ?.._ 5  1 ,,, t,--_,, ,9 7 3 0 1.. 09875 	0.1)7 

1... 	C.-'.17 "3 r..) :  ---c 9 fi: 	- 	-, -:24. -:-. - 	' 

0.03528 

P.C3220 

_ 	. 	. 
0.30523* 

Co .. 00186 

„ 2. 

THE NEXT REFLECTION IS REJECTED 
„-:-........ -. 

3 	- 1 	- 2 - 	1.15320 - 	1.14-653r-0.259:-± .--. - ---...- - 	 - - 	D.3'417 	:•.---:::-- -:..- 0.,00450 - - - , :: 	.. -...._ 	 _--C.00552:i.,::, _..„ .... _ , 	 .. , . 	 .00452 _--t--- 	--,- - -...------ 
THE  tIF.. X T R LEI_ ECT ION IS  RE JE QTED 	 - -- 

-,-).30444_,  

	-D...C. :3 1 45, 

_ _ 

- 	-- - 	 0. .__:- % :341 



0.03449 
0..G0143: -- 

-0 ...'328 
'082--  

-0. 
- C3124 

0. 00018 
33 50 

TOR .S-.:_1-OR --= -1-) 
S l ( 	F3S:C A LC) **2) = C. 2.873.3E704 
SrT 	LV-11 -:4 	Of1-S=.0 A -If -C 
FOZ  P GliLF DOLOMITE NO 459 I-1E_XAG COKA 

C CONSTAN-TS_ AFTER.-LEAS F-SQUAl-,1F.S D IFtECT SAT 
0 

1.1-1E NE !;T 	 11. 	TED__:.„.  
3 -1 	2 	.15.022 .1, 1. 1.._4(.)0 3 --3. 259 

TiE 11EXT cz.Irt-:1:-.. (.11i1N IS _ REJECTED ..  
2 1 1 -1.12 -0C-  1.1253.5 

	

1,. ( ;7:50 	'1.107 

t I;+`-; I S 

S 	„I:1 cl 
j':6 -1  1.'2, 0461 

	

.1 7598 	7771 
S JECTED 

C.9757772.2.59_=  

) i r:1 

1 
- 	0 OD 762 

-0.00169 
- 007_82 

0.00,155 

523 
00186 

-0.CC341 

0.30169 

• 00450 

.0U028 
• 00082 

01752 

00452 

3 3192 
....)34 T2 ...Ct. 9641 	- 
92722 	6. ,-)2723._ 	315 	-3.03)07 
)25(_:6 0.92585 01,:J47 	-D. 

Li 0'31_0.111TE NO 459 -1EXAG COKA 

AC IDRS BASED ON 	I NED_PARAMETE;ZS AFTER_ CYCLE 3 _ 

OF Ci3SERVATIONS 	26 	 
.:11- E2 DF VARIED PARC,IFTERS: 

C TO 2'S FO 	D--  
Sul ( 	38S-CALL)*' 	= 0.28590 -04 

0 

0 

ESTIMA TE.0 STAN15.AR-0-^EORri-.13F,iR-11 	I HT OBS ERN AT ON'DFli 	BASED ON REFINEMENT OF 	2. PAPA ETE~ S 
0 	SORT(S1)lIt0(313S-3ALC)**2)/M-N) = 0.00109 

DATA FO'l- P GULF_ DOLUMITE NO. .459:1-1EXAG. C.0 A 

0 

■ 

D U A 	r ; . 

--- 

ts39 

 0. 0450 

.c."0526 
( )145 	-0.00187 

0.(7i0041t: 

.?0552; 

0..00628 
C.03220 

-0. 000- 49 

rl fl 

..„ 
:444 



1 -_ 0 	1 	- 	25. 537 	25 .599 " _0°,1'70 .362 001--...-7.9020 
O 1 2 	27.646 	 27.973 -0.127 1.79020 
1 	0' 	 _ 	36.350 -000. 00 36 -.0_53_00. -0.0-..0.027± --030. 79023 -  
O 0 	6 	38.992 	_ 39.112 	-0.120 1.79020 
O 1 -5 - 	41.083 	= _ 41.1970-=- -70.1141.79023 
1 1 0 	43.58_6 	43.598 -0.012 1.79020 

- 	• 	- 	• 	 - 

■-- 	• ^ 
• . 	. 	. 	- 	. 	. 

_ 	 - 
-0-1PECT-- ATT. ( C .: 	T0-;NT S 	LEA-S.  1.--SOLI ART-S -00YU-L .t.:0 '4 	- 

..„ 
ry 

A ( ATG. ) 	4.82074 	0.00030 	4.32374 	0.00153  
3 t 	. ) . 	4.52074 0 	00.0 	- 	0 if .32374 

(f0;G. ) 	1.6.04483 	0.00030 	16.04483 	0.03580 
- AL 	JP- 	1 	- 9 (.1' n =-31, 	 '11. C-1 	 - • , 	 ,, - - 	- _ 	• 

„ . 

= 	• G VI A. ( DE G . 1 - 1-20. 03009.00..-00-0:000;_---07000 -0. =,-- 72'0123 .‘)01  -_ ..  
ti 	K 	L 	2THE T ( 05) 	2THET(CALC) 	DIFF 	LAMBDA 	0 	SINS0D2THETA 

1 	1 	- 	43.062 	- 	48.074= 	-0.3127:=1.79320--  
O 2 	1 	51.322   51.242 	 0.380 1.79020 
2 0 0 	2 	52.635:1--. 00° 	52.501 	0.305 .0_ 1 .790200_ 
O 2 	4 	57.873 	57.814 	0.059 	 1.79320 

• - _ 	01 	8 	59.2,781 	 59.355 	-...-0.378 	1.79620 
1 1 6 	60.044 	59.993 	0.051 1.79020 
C 	0 	9 - 	60.344 - - 	63.2750-0, __ 0-0. 232 1.79320 
2 1 1 	69.518 	 69.499 	 0.019  1.79020 

-.7-  -:..:2 0'7'00'0 8- ,---7-:.:0- 	 .'1.,447u1 	' 
1 1 9 	 77.632- 	77.29) 	0.342 1.79020 1.42500 
1-00 - 2000.05-00-4-_,--075. 15 --:- 780.4140_0: .............................................................. 
O 3 0 	79.830 	80.062 -3.232 1.79023 1.39500 

" 12. 0:00:0 33 	_ 	049:7.47-5-77-70 . 37,9-0,-, 1 .793 20.0-0-1". 34200'=- 
1 2 8 	91.842 	92.402 -0.550 1.79023 1.24600 

	

E-0,- -0:0,3-0: 1 	------2102.194 - "0-7 ---:=7-=•2102.-1137...--1-0-7--- .70.519007.1...-791322-0------1.15023.1.0 0.60561 0 -, 1.220 0_0_ ..0.0 -0---...__:_ -_-  

	

2_ 1 	10 	106.025 	105.425 	0.399 - 1.79020 1.12060 	0.63803 	1.200__   -- 
20.-_-_--2.---.. -006 _=.0.. .-.:_-:..- 109. 319.--E7-_-_-.--.77.-7-_-:_ --_-:-.1f.19. 136:::--  ::-.-r--0.00213-00-1-  .3. 932-0-:=:-.-_.-i:•1.09730.01::f0Q. 665 41 	- 0_1 .178 	_ 	„ _000 	-. -. 	- 	0. _ - 

O 3 	9 	109.319 	109.355  -0.047 1.79020 1.09730 0.66541 1.178  
4 - -- 00f00,k- 0 0.- 124. 75-80:07-,L--i-1.E- -- ,7124.7-78----_-.,  -2-.331   0_ 7  i .-01.91320 -:-_A. 019700f00-0- 0:-. 77055 0 	 1.05000 -.00-000_„_ :: " H 	: 17_ 7  

2 	0 14 	125.114 	125.997 	-0.883 1.79020 1.00560 	0.78760 	1.021 	 _ _ 

.1 -- : --1:-::: - 15 = - -5. 1 : 1321. 750-'•?. -0-7-  132 ..3-57=------1-- -3 .193--1--',1r.- 79020: --' 0 ". 97698---T 0.839400,T: - 0.917  ±000.0-0-0-f.:0-00.-000.: :007 0.  :- . . .00_02:000.0 00.00-00-0 -00  -0 
1 	0 16 	132.750  	133.268 	-0.318 1.79020 0.97698 	0.83940 	0.917 
-3 -----"i"r--  0:-"----;,12-.JJ.-77------..0-_--136. 2 33::--_,-.-.-- -__- -- - 135. 36507-a=0--=--±-0r.-1-651:-:-.7:-;.-_-t.-_79-0200 -,': 0 . 	8412-ii---: 	0, 86088-171--- 0.1 :84. _ T:: -: __: _s ' i _,_._ , ._ .,:_ i,--_1...-:__I- ,--,- .-_,: :--:_-_ -:::::.-.3.71: - 17. 
1 2 14 	149.753 	 149.718 	0.032 1.79(20 3.9_2722_0 0..93192  0.629 -- - 	-'  _ . 	. _ : 	, 

08-  SEP01/E) AMD CALCULATED INTERPLANAR  SPACINGS. 01 BASED 0' EIE0 PA.AmFTERS AFTER CYCLE 4 

RES I0J111 S OF 0 	 R E SI DUALSQF Q 0  
H 	K 	L 	DIOBS) 	- 	- OtCALf;} - 	- - (313S-CALC,) 	('1i2;',3-CALC)/S IG'44 	ILT- 3S-CALf..) 	(03S-CALC)/SIGIA_ 
1 	0 	1 	4. 050e7hr" 	04035-0.031 	 3.'3365 9 

	

  	0.03)54 	-C.00029 	-6.66054  
0 .r 	 - 1 	- 2 	- 	 - 	7U.j:4. 2 -"Wt 	 - C4 .1559r. 	 0.0111 • - 1 4• .?.8924t1 .71.7)13 	 - C.. 2 0 	 7 2 	 r 	.1 

BETA v.,._PG ) 	90,00000  i•)6.5(5)0  .._... 	.... . 

WEIGHT 

7----_-_-_ 	__-.- 
 

- 2 	2-  -- - J_ 	_ -.95. +21 0 	,___=_- -95.925-- - -0.5040 .11.-79020 0-----10.21000:0; 0.5_472400 _--_1 .24300-  :__:_°- ---- _-_ --0 _00000:70 0- , -- i-7- 1:  --; f 
1 1 12 	99.656 	99.912 	 -0.056 1.79020 1.16970 0.58559 1.230  

1 -:  2 -: - 2:-.= 0 - 0 70.5-58 --'---0-=====. - -  70.6370=0,--- -3 .06.90- 1 . 79020 - 1.54961- -  
2 1 4 	75.141 	75.116 	0.025 	1.79020 1.46801 

034.05330 
3.72001 

_ 
2.68202 
_2.55097 
2.41102 
.2.19832 
2.06699 
2.02030 
1.84999 
1.80.999 
1 . 78901 
1.78901 

- 1.57000 

3.04885 	... 0.538 	_ 	
- 	

.  

0.05790 0.583 
0.0959(.: 0.735 = 	_ 
0.11138 0.785 
0.12312 0.820  : 	= 

0.13783 0. 861 
3.16554 	-- 0.928 
3.18753 0.974 
0.19635 	0 -  0.992 
0.23410 1.057 
3.24456 1.073 	- - 	- 	- 	= 
0 .25033 1.081 
3.25333 1 .0810-0_ „ 	_ 	- 	' 	- 	- 
0.32504 1.169 
0.33366 	1.1 77-000 -0_ -0.0. -_-- - 	00,0 	0 000:0-00, 
0.37178 	1.206 
0.38265 	' 	1. 213. " " 	:-.- 	 0:0'  
0.39291 	1.219 
0 . 39734 	r- 	1 . 222.-±0.:00.0:11-.::.----1.;::::::::,._.,-... 
0.41172 	1.229 
0.44487 	241   
0.51(,07 	1.247 

. 	 -__  

- 	- 	' 	_ 	. 	" 	7- 	- - 

- _ ___ __ 0,__ _ ., 

_-=-----_ 	--T.-_--0Ist----= -4LI-0.-3_=,----- .+-'_=)_50.475_7070.---. 01 53.3 82:-- 01---_77-7zE-70.--393------0-11.7-9023 72-70.0.92566 - 0.°3507 i  - 0.6 .15  
DATA FOI P GULF DOLOMITE NC) 459 HEXAG COKA 

-0.  



-0 ._03412„ 

	

-;.0.00124 	-- 
0.00018 

	

-00050 	_ 

-0.00450 
-0.00144= 
0.00028 

El 	*131 C A LC.  
4 1)500C,  4.04035-0.031, 

2.L:.)339 2.89243 3.013 _ 

0 0 0 2.66202 2.67413-0.060--  
3 1 5 2.55097 2.54423-0.357 
1 1 0 2.41102. 2.41037-0.00.5 
1 1 3 2.19[302 2,19751704105 
r7, 

2.02_0.00 2.02013 0.002 
2 	4 - 	1.34999-7. -1.6517170.0 

1.80999 1.80782-0.339 
1.76901 '11 .-1904070 
1.789)1 1.78276-0.115 

2 	1.57000 • 1.57038-  
1 2 2 .54961 1.54824-0.034 
2 	1.46801 1.4684210.3-- 
2 C 3 1.44701 1.44624-0.224 

RESID' 	SOF 0 

	

0.06965 	0.00354 
-0.00111 

	

-3.00209 	-0.00 024 - 	_ 	. 	. 

.00789. . 	10.00104 

	

?.0p574 	0.00099 

	

,C0064 -_ 	0.00311 

	

0.00351_ 	0.0310 
J.0.3301. 

	

-3.30317 	-1.00004_ 
-(1.000512:" 

.C.'3?17 
	

0.00368_ 
3139 

	

3.00525 	0.00202 
-0.3003  

n 	=- 
'0.0'0042.  

	

-3.30532 	-0.03300 

	

3.00337 	0.C-3202 

	.00494 
	

0.00329 

3.03481 
.0 

C 
- poo29.  
-0„00,r3 5

.. 
 

0.00317 

-0.00032 
-C.00082 
-0,00009 
-0,p0016 

0.000b4 
0. 00054, 

-0.00073 
o:-p48 

-0.00220 
0,rt020 

-0.00071 
0.000,26.-  - 

-0.00351 

0.00353 
-0.00279_ 
-0.00249 

-0.00411 

-0.00546 
-0.33060 

03S-CALC)/S1 
-C.0C-054- 
-C-001-11. 

-0.00105 
-0.30399, 

-0..00010 
_0.00570 
0.30304 

-`3.00068 
y,t245.  

-0.30203  
0..00017 . 

-0.00360  
0.00022 

-0.00042_ 

0.00298 
-0.00229 
-0.00203 
- - 
-0.00331 , 

-0.00489 

-0.00440 * 
- -0.30049 

4 

THE NEXT fi EFLECTIO11- IS REJECTED: 
1 	1 	9 	1.428(.0 1.43332 0.171 
1 	2 - 5 	1.42000 1.41532-7_3.131 
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If there was merely eation substitution and significant disorder 

in the cation layers then only the intensity (both relative and 
absolute) of reflections from those planes having a large, basal, cation 
component should be significantly affected in the Persian Gulf dolomites. 
However, it may be seen from a comparison of tables (5) and (6) that 

the intensity of all planes, innluding those whose intensities mainly 
result from oxygen scattering, is significantly reduced. Thus, there 

is evidence that the disorder in the Recent dolomites from the Trucial 
Coast is not mainly restricted to the basal cation planes. 

It was hoped that single crystal studies might be carried out 
upon these Recent dolomites. Unfortunately, however, they were all 
far too small to mount on single-crystal arcs. Therefore, only the 
data from the X-ray powder diffraction studies ale available and the 

axo not sufficient to resolve the nature of the disorders in the Recent 
dolomites. 

However, as can be seen from tables (S-10), there does appear 
to be some enlargement of the unit cells of the Persian Gulf dolomites. 

TABLE (11) 
Comparison of the Cell Dimensions of U,S. Dolomite No. 88 
with Persian Gulf Dolomite No. 459 and a Persian Gulf  
High Calcium Dolomite  

4. Cycles 
Refinement 

4 Cycles 
Refinement 

4 Cycles 
Refinement 

Cycle 
Refinement 

a 0 4.807891 4,820741 4,832251 4.830141 

Go 
16.010381 16.044801 15.972021 16.020931 

Data 	given in table (11) for the refined cell parameters of 

the three dolomites exaninei. The results obtained for U.S. dolomite 
No.88 correlate closely with those quoted in the literature for nearly 
stoichiometric dolomites. The refined cell parameters for Recent 

dolomite N0.459 show an increase in both cell dimensions compared with 
U.S. dolomite No.88. The limited data for the high-calcium dolomite 
show that, after four cycles of refinement, compared with the standard 

dolomite, the a-axis dimension has ihAreased whilst the c-axis dimension 



has decreased. However, since the datadrelindted the only basal 
reflection included in the data for the fourth cycle of refinement, the 
(006), is rejected as being in error, but if the results from refinement 
cycle one, where the (006) is included in the refinement are quoted then 
both parameters are enlarged. 

An infra red spectrum was obtained for dolomite No.459 using the 

K.Er disc technique described in a later chapter. This spectrum was 

run after the mixed and milled dolomite/KBr powder had been stored at 

110°0 for 15 hours. By this prior treatment it was hoped that any 

surface adsorbed water on the grainsof the powder would be removed. 

The infra-red spectrum of the Recent dolomite shows a pronounced hump 

in the absorbance at a wave number of about 3450 cmi1 Although this 

hump is also present in the infra-red spectrum of the U.S. dolomite 

No.88 when studied in a similar manner, the irregularity in the absor-
bance is nowhere near as pronounced. Bumps in the absorbance in the 

- 1 region of 3450 cm are due to the presence of (c r) groups. Thus, 
the pronounced humps in the absorbance of the dolomite 459 in this 
region may be tentatively interpreted as evidence for hydration, this 

hydration occurring together with unit cell enlargement as tentatively 

proposed by Graf, Eardley and ShImp (1961). 

It is interesting to note, however, that in the X-ray diffraction 
step-scan of dolomite No. 459 there are three, very weak, such broadened 
peaks. These three broad peaks do possess, however, the same values 

for interplanar spacings as the three strongest lines of the mineral 

brucite (gg(OH)2) 	However, no sign of brucite was observed in the 

infra-red spectrum of dolomite 459. 

The brucite, if it is brucite, could, of course be present as a 

distinct mineral phase. However, the crystal structure of brucite is 

quite closely related to that of all the rhembohedral carbonates. There-
fore, it is tentatively proposed that the disordered dolomites could 
contain 'packets' of 'proto-blucitet. 

If 'packets' of 'proto-brucite' were present in the structure 

of dolomite 459 then the incorporation of such packets would cause 

considerable disruption of the structure. Disruption of the structure 

on quite a large scale would give rise to crystallographic disorders in 

all planes within the structure. Thus, not only the intensity of 
reflections fran those planes having a large basal cation component 
will be affected but also the intensity of reflections from all planes 
including those whose intensities result fran non-cation components. 
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However, a great deal of further investigation is required before the 

suggestion of brucite 'packets' can be verified. 

During the preparation of this draft, a paper appeared (tippmann 

and Johns (1969) ) dealing with regular interstratification in rhombo-
hedral carbonates. Dolomite can be regarded as a regular interstrati-
fication of calcite-type and magnesite-type layers. However, the 

layering in dolomites does not strictly resemble those occurring in the 

ideal, simple carbonates. 

In the idealized carbonates, the oxygens of the carbonate groups 
occupy special positions exactly on the hexagonal a-axes. However, as 

may be seen from the refined dolomite structure (Steinfink and Sans 

(1959) ) and taking into account the amended x parameter for oxygen 

(Graf (1969) ), the carbonate anion groups are rotated away from the 
a-axes. This deformation results from the difference in size of the 
two, idealized carbonate layers. Thus, dolomite is not a regular mixed 

layer structure of calcite and magnesite but is a regular interstrati-

fication of calcite-type and magnesite-type layers. 

Iippmann and Johns (op cit) compare this to the tetrahedral-
rotation occurring in layer silicates and this present work tentatively 

suggests an analogy between the structure of the disordered dolonite 

found in the Recent sabkha sediments of the Persian Gulf and chlorite-

type structures. Just as in chlorite-type structures brucite layers 

alternate with mica layers it is proposed that in an ideally disordered 

'dolomite' of this interstratified type, brucite-type layers would alter-

nate with both calcite-type and magnesite type layers, the latter two 

structure types themselves alternating. However, the disorder is not 
ideal and perhaps a better conception of the structure would be of ran-

domly arranged 'packets' of disordered magnesite-type structure, dis-
ordered calcite-type structure and just a very few disordered brucite-

type structure 'packets', the whole approximately resembling a dolomite 

structure. 

This highly disordered type of 'dolomite' probably reflects the 

anomalous conditions of formation. These conditions are dealt with 

in a later chapter. 



CHAPTER 3 

GYPSUM AND ANHYDRITE 

3.1 Gypsum 

The structure of gypsum was first described by Onorato (1929) 

who adopted a monoclinic unit cell containing eight molecules. How-

ever the first true structural determination, was by Wooster (1936) who 

adopted an oblique tetramolecular monoclinic unit cell of dimensions: 

a = 101,7L b = 15015A 	c = 6.51A and Pt= 151°  331  

Using the same data Bragg (1937chose a more convenient cell of 

dimensions: 

	

= 5.67. b = 15.15A 	c = 6.51A and it= 118°  23' 

If this is the cell used then the space groups 02/6. 

A still later redefinition of the cell leads to dimensions: 

a = 5.6814 	b = 15.182 	= 6.292 and JO = 113°  51' 

The relationship between these Bells is shown in figure (7 ). Gene- 

rally, unless otherwise stated the cell used here will be the second 

one quoted, i.e. with ja = 118° 23'. 

The structure is a 'layer lattice' the layers being parallel to 

(010). Two sheets of SO4--  groups are bound by Ca' ions so as to 
form a strong double sheet. Successive double sheets are separated 

by sheets of water molecules. Each calcium atom is surrounded by six 

oxygen atoms belonging to S0 groups and by two water molecules. 

'Ranh water molecule links a calcium atom both to an oxygen in the same 

double sheet and to one in a neighbouring sheet. The latter bonds 

are weak and explain the easy cleavage parallel to (010). The sign-

ificance of these water sheets parallel to (010) will be discussed at 
a later stage. 

Atoji and Rundle (1958) have refined the structure of gypsum 

using neutron diffraction data and have Obtained positions of atoms 

and both distances and angles between atoms* 

3.1.1 	 Abu Dhabi 

Diagenetic gypsum is widespread throughout the sediments of the 

algal flats, high intertidal and sabkha areas. The gypsum is associ-

ated with many different types of sediments and several distinct 
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e 7  

The Bravais lattice of gypsum projected on (410), showing the 

numerous ways of choosing unit cells defined by two out of the four 

shortest vectors. (After Deer, Howie and ZUssman, 1962). 
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varieties may be distinguished, some having differing crystal habits. 

3.1.11 The algal flat ,sum crystals  

These crystals appear immediately beneath the algal mat close to 

the mean high water mark. They are up to 1 cm. in diameter, often 

clear and free from inclusions but often containing included carbonate 

particles. The crystals are discoidal to spheroidal, if discoidal they 

are flattened normal to the c-axis. Thus, they are similar to those 

described by Masson (1955) from the Laguna Madre. Some of the crystals 

are corroded by later solution. 

Small gypsum crystals of this discoidal habit are also found in 

the uppermost sediments of the sabkha proper. 

3.1.12 Gypsum sand crystals  

These are large, discoidal crystals occurring within the upper-

most sabkha sediments. The crystals are similar in habit to those of 

the algal flat in that they are flattened normal to the c-axis. The 

crystals are large (up to 25 cm. in diameter) and include much foreign 
material, including whole gastropods. 

3.1.13 Bladed gypsum cryst@s  

These are flattened, bladed crystals up to 10 ems in length. 

They are found in the muddy sabkha sediments and include much foreign 

carbonate material. The 'crystals' are thought to be complex inter-

growths. Rosettes, thought to be intergrowths of smell discoidal cry-
stals are occasionally found associated with these bladed crystals. 

3.1.14 Gypsum after anhydrite  

These are generally eubedral crystals flattened in the (010) 
plane. The habit is such like that of selenite and this gypsum has 
only been found pseudomorphing anhydrite. The crystals are crowded 

with included anhydrite relicts. 

3.1.15 Fit grown gmlun 

This variety of gypsum should be considered as an artifact. 

This gypsum grew from the grcundwaters exposed in the bottom of a 

trench dug into the sabkha surface. The crystals took less than one 

year to grow. 

These gypsum crystals are perfectly clear with no included 

foreign material. They are elongated parallel to the c-axis and may 

attain a length of if ems. with a width and breadth of up to 0.4 ems. 



It must be stressed that these crystals are n artifact and were 

left exposed in their growth solution to the atmosphere and were there-
fore subjected to a great range in conditions. These crystals are, 

however, of great importance as will be shown later. 

3.1.16 Time of formation 

&eluding the 'pit-grown' gypsum, the earliest formed gypsum 

crystals are the small discoidal ones of the algal-mat-intertidal cone. 
These are similar in habit to the small discoidal crystals that form 

throughout the uppermost sediments of the sabkha and which may form at 

a very late stage. 

The bladed gypsum crystals are later than the discoidal, algal-

flat gypsums and are probably contemporaneous with the discoidal gyp-
sum crystals of the sabkha. The large discoidal gypsum sand crystals 
are fairly late whereas the gypsum crystals pseudomorphing anhydrite 

are very late in the diagenetic sequence. 

3.1.2 Experimental Methods  

Of the varieties of gypsum listed above, only some were considered 

suitable for detailed examination. The bladed gypsum crystals and the 
gypsum sand crystals were not suited to detailed examination mainly 

due to the high amount of included material within them. Thus, single 

crystal and powder Xpray diffraction studies were made only on the small 

discoidal gypsums of the algal flat, the gypsum after anhydrite and 
the *artificial', 'pit-grown' gypsum. Only the results of powder dif-

fraction are given in this chapter, some of the single,-crystal data 

being given in a later chapter. The powder data thus obtainedwere then 
compared with sabkha-type gypsum of Purbeckian age from the borehole 
at Warlingham, S. London and with the A.S.T.M cards nos. 6.0046/7. 

The material was mounted as before, with a silicon internal 
standard and repeatedly step-scanned, using CoTa7  up to a 2ttvalue of 
75°. However, the gypsum after anhydrite was also examined using a 
Guinier camera with halite mounted either side of the gypsum for cali-

bration purposes. 

The powder data for the different varieties of gypsum were 

dealt with in the order: 
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(1) 	Warlingham gypsum 

(ii) Gypsum after anhydrite 

(iii) Algal flat gypsum 

(iv) 'Pit-grown' gypsum 

Table (12) shows the indexed interplanar spacings and relative 

intensities for gypsum taken from A.S.T.M. cards Nos. 6.0046/7, table 

(13) the indexed interplanar spacings, 2savliues and relative inten-
sities for the Warlingham gypsum, table (14) the indexed interplanar 

spacings and 2tvalues for the gypsum after anhydrite, table (15) the 

indexed interplanar spacings, 25)values and relative intensities for 

the algal flat gypsum and table (16) the indexed interplanar spacings 

28values and relative intensities for the 'pit grown' gypsum. Tables 

(17-20) show the fourth cycle of the least squares refinement of the 

cell parameters for the Warlingham gypsum, gypsum after anhydrite, 

algal-flat gypsum and 'pit grown' gypsum respectively. 

The intensities of the reflections from the algal flat and the 

'pit-grown' gypsum samples were compared with the intensity of the (020) 

reflection from the Warlingham sample using the strength of the internal 

standard silicon lines as calibration. This technique was more fully 

described in the pweViOUB chapter under the section on dolomite (2.3.2). 

3.1.3 Discussion  

The step-scanning powder data show that there is very good 

agreement both in interplanar spacing and intensities, between the A.S. 

T.M. gypsum (table(12))and the Warlingham sample (table (13)). A 

small sample of Recent gypsum after anhydrite (table (14) ) from the 

Abu Dhabi sabkha, mounted in a Guinier camera with halite in the cavity 

above and Warlingham gypsum in the cavity below, agrees closely with 

the Warlingham gypsum both in interplanar spacings and visual intensity 

examination. Thus the gypsum after anhydrite must be regarded as 

'normal'. 

The 'algal-flat' gypsum (table (15) ) is similar to the 

Warlingham gypsum, but there are some significant differences. The 

(020) reflection is shifted to a slightly smaller interplanar spacing 

(i.e. slightly higher 29). That is, the (020) gypsum reflection is 

shifted towards the interplanar spacing of the (100) reflection of 
I bassanite (0aSO4  I. H20). It can be seen that reflectionaof the type 

(0k0) where k is even, are similarly shifted towards slightly smaller 

interplanar spacings. Also, it can be appreciated that all reflections 

are reduced in intensity when compared with the Warlingham gypsum. 
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TABLE (12) 
Interplanar Spacings and Relative Intensities of 
Standarcl.Szpsum (From A.S.T.M. Cards Nos. 6.004-6 ) 

o 1/1:11 h k 1 	 a A 
o 2 0 	 7.56 	 100 
1 2 1 	 4..27 	 51 
O 3 1 ? 
O 4. 0 ) 	 3.79 	 21 

13: 1 I. 	 3.163 	 3 
1 4. 1.-  3.059 	 57  
O 0 2 	 2.867 	 27 
2 1 T. 	 2.786 	 5 
O 2 2 ) 	 2.679 	 28 0 5 1 

15 0 	 2.591 	 4 2 0 1 
o 6 0 	 2.530 1 
2 0 0 2.495 	 6 
2 2 2 	 2.450 	 4 
1 4 1 	 2.400 	 11- 
1 5 2 	 2.216 	 6 
2 4 7 	 2.139 	 1 
1 2 3 	 2,080 	 10 
1 1 2 	 2.073 	 8 2 5 1 
O 8 0 	 1.990 	 4. 0 6 2 
2 1 1 	 1.953 	 22 

?0 8 0 
?0 6 2 	 1.898 	 16 
O 1 3 

10 
/4- 
1 

10 
4. 

10 
1 
1 
4 
2 

6 

1 if 	3' 1 879 . 
3 
2 

1 
3 
I 
1 

1.861+ 

 864  3 
2 6 -§. 1.812 
3 2 1 1.796 
2 6 0 1.778 
2 5 3 1.711 
3 2 3 1.684. 
3 4 1 1.664. 
1 6 3 1.645 
2 
1 

0 
8 

Z. 
1 1.621 

0 5 3 
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TARTX: (12) Continued 

A h k 1 	d A 	VII/  

3 5 2 ) 
1 9 0 
2 2 r+. 
2 8 7 
2 2 ..g ) 
1 3 4. ) 

Cell dimensions 

a = 5.68A. 
= 4, 

b = 15.18A 	c = 6.51A Ft= 118 .383° 

1.599 t 1 

1.584 2 

1.532 1 

1.522 1 



67. 

TATITA (13) 

Interplanar Spacings and Relative Intensities for 
aasELGa)slaamSWar1ih .iInteaia2.2t zanddCoK) 

A h k 1 	d A 	20' 	I/T  
411 

O 2 0 
1 2 1 
O 3 1 
0 4 0 
1 1 / 
1 b, I 
O 0 2 
2 1 1 
O 2 2 
O 5 1 

1 5 0 
2 0 2 

O 6 0 

2 0 0 

2 2 1 
1 4 1 
1 5 / 
2 4 / 

1 2 3 
1 1 2 
2 5 1 

1 7 0 

2 1 1 

O 8 0 
O 6 2 
O 1 3 

1 4 5 
3 1 2 

2 3 1 

2 6 2 

3 2 T. 
2 6 0 

2 5 3 
3 2 3 
3 4 Y. 
1 6 3 

7.57 

4.27 

3.78 

3.158 

3.064 

W372 

2.781 

13.581 

24.201 
27.395 
27.395 

32.931 

33.972 

36.319 

37.551 

100 

48 

27 

2 

61 

24 

4 

) 
) 2.674 39.114 

39.114 25 

) 
) 2.598 40.307 

40.307 3 

2.541 41.252 2 

2.488 42.172 5 
2.461 42.657 3 
2.406 43.691 5 

2.219 47.579 7 
2.138 49.500 2 

2.076 51.083 13 

2,071 51.215 
51.215 10  

1.993 53.375 5 
1.953 54.558 1 

) 56.24)1 
56i244 1.899 19 
56.244 

1,883 56.765 8 

1.863 57.431 3 
1.847 571976 1 
1.808 591350 13 

1.798 59.713 3 

1.774 601605 8 

1.714 62.964 1 
1.683 64.261 3 
1.665 654041 5 
1.648 65.796 2 



68. 

TAME (13) 

h. 	k 	1 

Continued 

d A 29 I/I  M 

2 o 67.176 
1 8 1 1.618 67.176 8 
0 5 3 67.176 

3 5 2 ) 1.597 68.179 2 
1 9 0 ) 68.179 

2 2 74: 1.586 68.718 4 

2 8 I.  1.534. 71.395 1 

2 2 2 1.520 72.155 t 1 
1 3 4 72.155 



69. 

TABLE (14) 
Lite Gulf G 	After 
Anhydrite (Guiilier Camera. Halite Calibration) 
(Cu Ka.) 

h k 1 d A 

0 2 0 7.573 11.670 
1 2 1 4.26 20.828 
0 3 1 ) 
0 4 0 ) 3.786 23.472 

1 1 2 3.163 28.186  
1 4. T. 3.056 29.198 
0 0 2 2.866 31.176 
2 1 1 2.780 32.166 
0 2 2 
0 5 1 2.679 33.412 
1 
2 5 0 0 2-  2.587 34.638 

2 0 0 2 .491 36.022 
2 2 2 2.451 36.626 
1 4 1 2.4.03 37.384 
1 5 2 2.217 40.670 
1 2 -4. i 2.085 6 43:67360 
1 
2 

1 
5 

2 
1 

i 
)  2.073 

443:.:72 ? 2.046 
2 1 1 1.954. 46.432 
o 3 0 ) 
o 6 2 1.897 47.916 0 1 3 
1 4. 3 1.878 48.434 
3 1 2 1.863 48.830 
2 6 2 1.810 50.362 
3 2 1 1.795 50.818 
2 
3 

6 
2 

0 
3 

1 1.776  
1.671 

51.402 
54.888 

3 4 1 1.662 55.208  
2 0 r 4. 
1 8 1 1.619 56.818 
o 5 3 



70. 

TABLE (15) 

Intealanar Spacings and Relative Intensities of Persian 
Gulf, Algal Flat Gypsum. (Si Internal Standard Intensities 

compared with (020) of WarliMeham Gypsum) (CaYa", 

d A 	2.0 1/Ill 
7.52 	13.672 	92 

429 	24.086 	42 

3.76 	27.544 	 21 

3.169 	32.814 	1 

3.054 	34.086 	49 
2.883 

	

 36.176 	16  

 2.762 	37.819 	3 
39.114. 2 

	

3.674 	39.114. 	18  

	

1+0.178 	2.606 	 2 40.178 

2.524. 	41.542 	 1 
2.494 	42.065 	 3 
2.456 	42.748 	 2 

2.398 	43.835 	 5 
2.228 	47.375 	 5 
2.14.9 	4.9.230 	1 

2.082 	50.925 	10 

2081 	50.951 	8 . 
50.951 

2.053 	51.697 	4 1 
1.996 3 
1.942 

53.288 

	

it 54.892 	 1 
56.020 

1.906 	56.020 	14 
56.020 

1.872 	57.130 	6 
1.859 2 

1.840 	

57.566 

	

58.217 	t 1 
1.816 	59.062 	10 

1.804 	59.495 	 2 

1.782 	60.305 	 6 
1.706 	63.293 	1 

1.690 	63.963 	2 

1,659 	65.305 	 3 

bh k 1 

o 2 0 

1 2 T. 
0 3 1 
o 4. o 
1 1 2 
1 4. 1 
o o 2 

2 1 T. 
0 2 2 
o 5 1 
1 5 o 
2 0 2 

0 6 0 

2 0 0 

2 2 2 

1 4. 1 
3. 5 2 
2 4 2 
1 2 3 
1 1 2 
2 5 1 

? 

1 7 0 
2 1 1 
0 8 0 
0 6 2 
0 1 3 
1 4 3 
3 1 1 

2 3 1 
2 6 2 
3 2 I 

I 6 0 
2 5 3 
3 2 3 
3 4. T. 



0 
d A zs T 

11-.34 

1,642 66.067 1 

.626 1.626 
66.801  
66.801 14- 
66.801 

1.602 67.937 1 
67.937 

1.574 69.316 2 
1.546 70.757 1 

) 1.516 72.376 1 
) 72.376 

h k 1 

1 6 
2 o 
1 8 
o 5 

3 5 
1 9 
2 2 
2 8 

2 2 
1 3 +-

IN
  
N

I 
.P

-I
 o

  m
l  1

/4
,4  

i-
i +

--
1  

kA
l 

TAMP. (15) Continued 

N.B. Intensities of reflections of type (0100) are weakened when 
compared with similar reflections from the Warlingham gypsum. All 
other intensities also weakened to a lesser extent especiA7ly those 

of type (Oki), 



TABLE (16) 
Interplanar Spacing! and Relative Intensities of Persian 
Gulf 'Pit-Grown' Gypsum. (Si Internal Standard Intensities 

Compared with (020) of Warlingham Gypsum) (CoKa) 

h k 1 	d A 	2) I/Il 

O 2 0 	7.48 	13.746 	72 
1 2 T. 	4.30 	24..029 	37 
O 3 1 ) 	3.74 	27.694 	15 0 4 0 ) 
1 4 1 	3.082 	33.767 	34 
O 0 2 	2.860 	36.477 	 11 
2 1 I 	2.752 	37.962 	1 
O 2 2 

	

	 2 . 3887 2.690 	 13 O 5 1 	38.872 
1 5 0 	. 39954 2.623 	 1 
2 0 2 	39.954 
o 6 0 	2.506 	41.855 	( 1 
2 0 0 	2.480 42.314 	2 
2 2 2 	2.461 	42.657 	1 
1 4. 1 	2.382 	44,145 	3 
1 5 2 	2.206 	47.877 	2 
1 2 3 	2.170 	48.722 	7 
1 1 2 ) 51.083 2.076 	 5 2 5 1 ) 	51.083 

? 	2.039 	52.079 	IC 1 
1 7 0 	1.982 	53.695 	1 
O 8 0 	55.544 
O 6 2 	1.921 	55.544 	8 
O 1 3 	55.544 
a. 4 3 	1.883 	56.765 	3 
3 1 2 	1.892 	58.142 	1 
2 6- 2 	1.824 	58.778 	7 
3 2 T. 	1.782 	60.305 	1 
2 6 0 	1.771 	60.719 	2 
3 2 3 	1.676 	64..562 	1 
3 4 T. 	1.662 	65.173 2 
2 0 66.295 7 ; . 
1 8 1 

S 	
1.637 66.295 

66.295 	
3 

O 5 3 
2 2 4 	1.60 	70.029 	1 

N.B. Intensities of all reflections weakened, especially those of 
type (0k0), (1k1), (ail), (maci). 



)11 . ,CREPANCY . FACfbRS3ASED ON REi:I NED PARAMETER'S ...................  

- 	E 3 	SE R VA II ON S (H) = _ 
NOt-13 Et OF VARIED P AR ME' fE RS ( N ) = . 	_ 

FACTOtS FOR 
f-711177 	- S114 (IVA( b S-CALC)2)' 	0311-23E=31''''''' 	 

SO ( SUM(1.J*1 ups- CALC)**2)7M-N ) = 	60268  

FACTOS FOR Q 
( OBS -C E)-**217_7= O. 31103E7.0 4 

S 	( SUM ( 	03S -CALC )* *2 ) / M-N ) = 3.88180E-03 	 
ATA F0 VIA RI: I i',1G HA M _: GYPSUM :-.COKA 	 

TER---.SHI F. TS 	LEA ST.-7-SQUARES:±j-CYCLE -- --- 4 

PAJ:qt!,JET R 
A   	 0. 260 555 	 

	

 	0 65 81-3",=-7----7  
C * 	 0.1 74387 

HAN 	 NE4T I.  

	

-0.000000 	3.200555 
7040033 	:13 .365813: 

	

0.000030 	0.174387 

	"---- 	R.R OR' '.=- 
0.000141 

I. 	000041_-  
0.000105 

- 	
■ 	_ 	• ■ yy 	 • • - 	■ 

_ 
ALPHA  - ..*.---_ :,_: :2. .-__ - ,-.L7--.--.. 9/1--„, eocti, ._ 	 .0033--3.:•7,..-E-.7_,..2--r--7_-,--:--27-2.93:.00030."±:c2"'ZI:..:1";--"zf.:---,:-.,..-.--,i------_-:::-=-_ 	 -, -. ... --,_ -_-_ ---_,,- -_,:-.22.7:-.:._,:.. -_-:_:_ - .-__-... 	2_ _2_ . .. . _       	- • 7-  ' 
34E1,41.1A413,*_ *   	61. 49255 

	

_ _ . - - ---.. -- : _ t--.71.10-00C.1-. ----    
 61.49255 	0. 05270 

 

	93..0_01-1:00 	-r--"-----.--2  ' --- -- : 

E ST  [MA  T3S TAN 0 AR -'------ERRORIDEri--UN1-T.- ,-1-1E I 7, H 	 B AS E0-70N REF INL 11 EN 	Pk.4.AMEIER  
SORT( SUM( 	̀ 4*( 	OBS-:ALC )**2)/M-‘4) 	= 0.00088 	 

D ATA-_-_F OR. WARL I FIGHAM-_ YP SUM-LC OKA 

IR PC 	C-fiN STANTS:„AF-TERI-LEAS_1_77.SQUARESCYCi 	_  

_ • - 

C 

-:: PA R A .1--'1E TER::-.--.-i"."-1-1"--22:27.-_-_. "-_-22:21:71-'_01:- 0.,;----  --7-  --- _ ' _ ' ----- - - CI-1ANGE ----:---1- 	---- TiE14--_:-.:"±i',-,---f-22-±--_-_ ".."."._":2-.."-.-"_, E R R 0 R;- 	 L 	- _---:_- 1 

	

A ( ANG. )   5.67412 	0.00033 
 

	

'  5 .67412 	0.00587 
_711":21TH :1.A 5;19447 -...722-7-1.77.7.7.72-3 a 000-33- IL:. 	1--1'5_-'.-i-19447:1-.'"1----1".2-", 0 .00948  

( AN G . ) 	6. 52557  	3.00033 	6.52557 	0.03625 
----.---:,_-.---_--_=_------.--,--_-2,7=_""_ .. 

 
ALA ‘... 4 	 t D E G , 1-  -.:------ - -: -,,.."--90.--030f.-JO-L--.:,------=-7-=-7-7,--  - - -- ------------- ------9_0-,:,;00)QQ ---1.-:2-      _-_- --- -- - 	 , _ 	_ 	_ _  

_ 	..._  

3 ETA 	(DEG. ) 	11 8. 50746 	3.00030 

----;-::::::-.-- - 	 0 _ 	2 : : 	Th. --- 	: -13. 	'81 -r- ---' ---- : 13.533 ---  -- '0.048 .-----1-;79023: ' '7.57024 :- - 	0.01398 	.,-.. _0.293: 	---- : :- -:"'---- 	: ."-- ' 	-- 	---.-- :7".  
1 2 -1 24.201 24.140 0.361 	1.79020 4.26996 0.04394 _0.512 
0_ : 	3 7.• 	' 	I : 27.395 ----=' '--- 27.277= --' 0._118:-  1;79320 3.78035 3.35607 0.574.  
0 4 0 27.395 27.259 0.136 	1.79323 3.78005 0.05607 0.574 

: . 	1 1 _ -2 32.931 ---:-  : _ 	32,788 --- 0;143:t -,1.79323._- 3.15831.-: 0.083.34 .. 0,679  
1 4 71 _.._ 33.972 33.977 -0.005 	1.79020 3.06396 0._08534_ . _0.697_ 	. 

_-_-, 
':::f.:±::- .:::: -.--. 	f.;111.M VIA - :_ 	)Es -91.- .-Pg 00 .....) -1--_ --;:-- .:.:-T.--;-;--  Ill- 21:------- -i-7---:-.: '90 110 OP ::T__:._-.: r  _- -_- :1- 1::.z: ..::. 	 -_ -_:: : :1:: - ,: i.,,:::: :._: -± f: --- Lif  

Fri 	K 	L 	2THEI( 38) 	2THE-T(CALC1 	01FF 	LAMBDA 	0 	SINS‘3021-FiEfA 	,iiEIGHT _ _ 

118 .  50746 	0.05270 



• 

I 

1 	2 - 1 
	24. 201 

0. 3 1 	27.395 
0 4 0 	27.395 

32.031  
_ 33.97? 

3C..). -319 
37.551 

0 	9 39.114 
5 	1 	3'9.114 ____

• 

1 
? 3 -2, 
0 	6 	C, 	41.252 	• 
2 	0 	"-) 	42.1 72 

42. 
43.681 

1 	5_ -2 	_47.579 
O 2 _ 4 -2 	49.500 

1. 	2. -3 	-- 51.083 
1 „ 1 	 51._215 

O 2 .5 - 
1 	7 	0 	53. 375 

I 

	
24.140 	0.361 	1, Pio a; 	4.1-.0'o 

n._138  1.7902D 

	

32.733 
	 790 

- 

15801-  
33.97] . -0.065 179020 3.C6396 

	

35.18? 	 - 2.872j1-.  

	

37.4-85 	O. D66 	1.79-020 	2.78142 

	

33.935 	. 129 	

- 	

7398 
33„_945_____ 0.159 1.79020 2.67398 

	

43.355 	- 	- 1.7723.- 2.59793 

	

_43. 42_5_ 	 _ 2.59798 

	

41.393 	,-0.146±;.- 1.79020-'-_-__ 2.54097 

	

42.032 	0.390 1.79020_ 2.48_799 

	

42. 820 	 - 2.4610,3 
43.758 -0.077 1.79020 2.40603 

, 	• 

0.056,2, 7 - 

Pi Q51507 
- 

0.08534 
0.09713 

.10359 
0.11205-  
0.11205_ 
0. 11371 
0 . 11_871 

_ • . 12409 r 
0.12943 _ 
0.13229 -- 
3 .13840 

• 

z 0.679.  - - 	• 
0.697 - 
0.739 	_ 
0.761 

•-I . 574 
0.574 	- 

-O. 	_= . 	•  

Co' .:8384367  

0. 

 
0.807 - 

23  ,78 3887  

0.862 

• - " - 	_ 	- -77'7=7_7,, ,77777-.7"=.--. ••7 	 -7 .7." " 

	

47.616 	0,D37Er7932m 2 . 21901 	0.16271 	U.921  

	

49.443 	0.357 1.790.20?..13801__ _0.1_7528_ _0.949   , 

	

.• 53.912 	• 	 .7452_3 	 2.07600 	0.18590-  _ r_Q .971 

	

5_1„193 	_0.022 1.79020 2.07101 0.18680 0.973 
7.9_(? 	.0 71011-•„L"-_-1.?.. 18680 	- 0. 973_ 

	

53.455 	380 1.79020 1.99299 0.20171 1.302 

0 

      

     

■ 

     

      

7 	- 1 	j. - 	54.553 	5-÷.563 	 - 	- 1.95299 	0.21006 
0 	0 	8 	0 	56.244   56.234 	 0.310 1.79023 1.39901 	0.22217 

O f: --:: .- ' - A,- - '4 - '-- 3= : - :--- -56..-- 765 -56. 879. ::L-0_4±11_4-:-_--_::1‘..79,020 :.-. 

	

- 3  1 -2 	57.431 	57.382 	0.049 1.79025 
- - - 1 . [_:,--,-.-=. --±;-_5 7..976.",:•"--;__-E.: -_ -_ - , -_ '-5 8.. _399.: -_- f_-:f=7.0. 42_ -:31:-_,-A...,7-.Xi?p _.±.._ 

	

-2 	 59.350 	• 	59.244 	' 	0.106 1.79023 	 _______  
-1----  ---- - - - 59.713••--  :-:------:= ' •=- 5 9. 7e_t_3-=-----"'-'"--p --027' . 

0.099  
■ 

64.261   64.212 	0.049 

O 1 	6 -3 	 65.796 	65.94-6 	-0.150  
2 :_- 0 :-:, -4 	::.._-_,- .67.i76::-....'..7-.. _-_ ' .- 'f_. _6 7 ...; 0 1 6,-- 	.=_:: -:f 04 r6 0_,=_::::44,--.7 90 20'--__.: 1.617991_:1----....0.30605 
1 8 1 	67.176 	67.103 	0.076 1.79020 1.61799 0.30605 

0-.--: . :5_ - ::.:_. 3._ 	:= .- _ 61.176 --.1-__:-._ -__]: .: _-_67. . 175_1-, :=,-E-=:-•...-:L0.000::_•,.  -1, . 793,20' Li 1.41799 	. 7 - 0r. 311605 
	3 	5 -2 	68.179  	63.132 	0.047  1_.79620 1.59700 	0.31415 

I,Jt_t_i.-, _p8.1797 	..7--„----- 	 . •:...)_2.D.:-.:-: 	:,-, 0.31415 
0 	2  -2 -4.  	8.718   69.734 	-0.316  1.79020 1.58600 	0.31852 

	

..±-:--_,,-_--:t 2,,: 	a , -7?-__:.: -__-:--: 71 .:395-_--- ---:---- - 	- - 	;--7-1-: 51,62:--- -:---1---til ._12-1-,11:7-_-:ta.--19-02.-3.; -, -.._ - i s 5 3 4 C.= 3 - 	..0. 34048 
2 2 2 	 72.155 	72.21) -0..055 1.79320 1.52031 0.34678 

	

LI = : 	 3 -_::-- .74:-f1.-,-. -_-.-.- ' -..'- 72.1-55 	_...:-. -.-----.:;_ -:72.09.9_:1--_-7Z-H-_:-,0 -.05 	-- _1:.- 7902C.1._: 	1 52001 	„ 0 • 34678 - -. 

 6 	2 :2 - 	56, 	 .31 	 --: -1 .89901.71-  -O. 22217 
0 	1 	3 	56.244 	55.325     1.790.23 1.89901 	0.22217 

	

1 .  66301 	. 22>:.  

0 	60.605 	53.506 
O - 	- 	 - - _63.188 

 
3  2 -3 

- 17900-  
1.79020 

CC1.-790 2-3 
- 

1.86300 0.23084  
.84699: 0.23486..  

1.80799 0.24510 
1 79801 ---- 0 24783' 
1.77400 0.25459 
1.713991=-1-0.27272 

1.79323 1.68300 0.28286 	 
fil.'7902-0=-_ -- 1 66499=_:-  0. 28902_- ___ 
1.79020 1.64799 0.29501 

0 

1.038 
i. 044 

	

1. C52 	 
• 1. 058 

	

 
1.374 	 

- 1.078 
1.087 
1.112 
1.124 
1032 
1.138 

- 1.150_1- 
1.150 

• 1.150 
1 1.59 

1.159 
1.163 
1.183 - 
•1.188 
1.188 

1.017 -  
1 . 038 
1.038 - 

- • 	- 	- 	' 	- •-• 	7 " 

77 '7,-7-- •7777 - 77 --." "7, 
7 	T 	 . 

_ 	. _ 	7"-• , 

- - 7 77' • 	 7  ' 	•• - 	 __ 

• ■ 

• __ • ..--: 

- 	-7.777 '77,, "77 	- • - 	7,7,7 	 . - • ' 

„,- 

	 DATA FOR WARL I NGHAM ,YPSUM COKA  
r-- 	-• 	7 7 	- 	 7±.:•±7771'.7-1±-- 

O OBSERVED AND CALCULATE) I NTERPLANAR SPACINGS 	I  BAS ED n"4 REFINf_fD PARAMETERS AFTER CYCLE 4 

Es I PriAi_ S OF 0 	 RESIDUALS OF 0 	-- 
0 --7- ±---- - 	. 1 	rit_..--1-._.,-:1‹....:.,.1.::-.„-1.•:H_ .-..1_ _ _ . -I) 06-5) Lc).:-17_ -711. _.;--1_,Iw --7:tILej - {3tis:-cALcl/sGmrk--- 	.. - (pbs- i_c)Lio3s-c4t_c)13ic.;m4 

0 	2 	0 	7.57024 7.59723 0.524 	 -1.0273) 	-0.-0342 	 0.:-Z,..)012 	0.00042 . 
,,,,,,.. 	 it.: - : ,.„., - ' 1 . 	- 2- -.. 	1 ----- - 4.2u996 : 4.230E1 3. 031 ::,,-•7•. -_-_,-.-.,-,-_-.:_-.7,----0.01365 -- .-.:_ 	- 	-ii. 0(.1 053 .... 	 . 	- , . - 0. OC:027  

.., 	
. V 	 0 	.) 	1 	3. 78005 3.79613 3.059 	 -3.01503 	-0.00104   	0.,1,C059 	0.30103 ........__._, . 	:. 	.. 	..../..-- „n.._ ..•-.z 	-.7AA.2nL; _ ..3.'-7'-;-.1:;,(-, 9 	-7,  „.ii. 	' 	 ..,-!-: 	-, 1 	7 	s.4...;.rs'_'3120; C,  , :', :::,.: t," r''',  



T7  -7.  -7777f.  7f:,7 	 -7:-

ML

7 ,777TT--70777(7a-ti7s-)--77TT.,,E--7. 	 c77-777: 	7--  

7 . 7 0 2 4 7.59723 0,324 
1 -.... 	2 _ -1 	- .4.26996 	4 .28061,:0_-3-17-1_. 

- 0.03342 

-. 	.09-053 

	

70•01508 	 -0.00164 

	

-0.31335 	-0.00125 
▪ O00004 T c  

	

3.00482 	 0.00055 

T- .1 3413- 

	

-3.03353 	 -0.00113 

S I 0,)_ A 	F • 
.08S'77 	 B-;7_.■ 	C 	G 
-3.02733 

73.01)65: 

 0.00012 

	

0. N. r'27 	 0.3P53 

	

0.00059 	 0.00103 

	

-

.

_00068 	 0.00119 

	

0.00084 	 0.00124  

-0.00041  

	

6ocotti- 	 - 	0.00357 a 	t 	 _ 

RESIDUALS o Q 
S-CALL}.r 

0 2 0 

O 3 	1 	3.78005 

0 	 3 -  3.78,7, 05 

1 1 -2 3.15801 

: 	 - 4 	-1 - 

O 0 	2 	2. 87201  
1 -1 2.78102- _ - - 

0 	2 	2 	2.67395 2.68251 0.365 
- 5 	1 - -7 . 67398 - 2 . 68515 0 . 

1 	5 .. 0 _ 2.59798 2.59493-0.025 _-- 

- 	- 	2_ , C 	-2 : 	2. 59798__-: 2.59069-0. 

0 6 3 2.54)97 2.53241-0.073 - - 
2 2- C 3 :2.4-8799-  49308 

2 2 -2 2.46100 2.45204-0.082 
	

3.30896 

_2. :÷02-31:704 

1 	5 -2 	2.21931 2.21749-0. 918 
	

3.00161 

4I1 2- 0 2.:13831 is.2,-.--14031t-0.-.328-  -- 
	

7;-0 .002-2-97_,, =22 -7  

1 	2 -3 	2.076C0 2.08021 0.055 
	

-0.00421 

07101 -- 2.-071B-310. 

2 	 2.07101 2.07249 0.323 

--- 
	

-±1 . 9932.3-  	-- 

2 1 1 1.95299 1.95217-3.312 

. 89901-7  

1. 89901 1• 89805-0.015 

- 3 	 89901=-.-.7- 
	

.36 	- -0 
	

-.03253'-_.,07-1 

O 1 4 -3 1.88301  1.87955-0.357 
	

.03346_ 

1 	 1.85330-.,,,7_1.86445- 0.02517T- - 

O - 2  

	 THE NEXT REFLECTION IS REJECTED 

3.79613 0.359 

3.79862 -.068 :--:  
3.17136 0.071 	-- 

3 

2.-8671970.032 

2.78572 0. '533--  

-3.00148 	 

00276--  

0.0.0381 

333 

0.00)95 

0.00089 0.00113 

0.00147 

-0.00043 

70•00104 

7_0. 0_0127_______ 

0.30079 r-  - - - 

-0 .001 43 

-0 000 44 7 

-7, 0.00032 

0_ r)(1019   

0.00097 

0.00019 - - 

0. 00034 

7-0.00373 

C .00022 

0.00008 - 

-0.00027 

-0.00070 : 

-0.00100 

_ 9.300_43 

--. .L.,.,---„-....-__3 :-.01117,...--.:...,.t-±._ z.---77... -0.021.48  ,- 	 .__,., -,,-.-- ,-7 -:,-.- 	03116-  :--., -.------ - 	- 

	

0.03305 	 0.00043 	 -0.00035  

-0.03034 -   : ': 	.. - 

	

0.00856  	0.00127 	 -0.00105  
".,..5'.0n5I3=-±-:-7-_-±i..-70:•00079=---_-.--f -2-1-.::: :- :_0.. 00066 :  

	

0.00142 	-0,00121  
-0 07105 -8 -  

	

0.06632 	 -0.00030 
0 0 

	

-0.00097 	 000,-)4 

0. 000197:-L:=-27-: -17-1 	2 -0.00018-2-  

- 0.00034 	 0.00033 

0 . 00022 	 -0.00022 

▪ 0 . 	 O00009 

0.00027 	 -0.00028 

	:0. 	 -p_, 

	0.30099     -0.00104 

- 	: 
_ •---- 	_ - - 	 - 	 - 

- 	7-7 	--- - 	'---..2- '-  . ,094-- .. 	- --30295.-r--..--,-:,-- • -- -0 .00093:,_. -----'' .--. - ±-1..-  - ---- - 0. 00099 l- ' - - • L 	0.-00093 	.0- 	 - 

O 3 _2 -1 1.79b01 1.79725-0.314 	 2.33075 	 0.00024 	 -0.03326 	 -0.00024 

_--7.-7f.:-.t- 	-...-..i.--.:-...2----:,-.7--".6'- .-_","0 -:----:±1,-1.- 77..40,(1_2-721:-. 776620.04.97---- ----ift---7,f.-±,.,_-__ _-_--,-:±,7'..3.-'3026..if.,_i±2f-..--..  ±=-1:,_ -7.-0 .030860 	 7.--. ...:: , .1,..,--:-  0.- 00093', -- :'-.--,=.': --:----'-i-Cli; 00086-_-1.,H1-1 -.]_ -_ 

2 	5 -3 	1.71399 1.70855-3.112  	 3.00544 	0.00194 

O -----------=-------------"7--- ------77-273::"17:::::L;-'6-8-3-E4-7=-7-7.74----:-5-84-15:-.t;c--0-----.-5-__-=------_,_-7:---:Z a7,7-7qO0-171:5Q";f:7-tit;7,_-7----0..00_04-3------±-±:::::7:::_:::':-...-- 	 -0. 00049 -- - - -- '-- --'"-,' 7  ':-0-, 00343',±77'-'-:,-.1.7' .-.- _,_,-. _, 	 -_-  	_ 	 
3 	4 -1 	1.65499 1.66307-0.042 	 3.00192   0.03074 	 -0.000.83 	 -0.00074  

4799-7771--'644.667--11  075- ------7-  --77-7701■C;-333-3------EE 000-0131.1.-"-=7.-EL'2,-.-":..7.0.1.P01.49:7E.E.1-,::?,: -::-""te11-00.1.31-- =:::-. 

O 1.61799 1.62139  0.380 	 -0.0034) 	- -0.00140 	 0. 00160 

-3. 	0-66,-.-.1.-L-,,-,2f,..----------,  -7-'2T-  0.00076 , -- - 	-------- 00.,..300013669- =--,:-'1,----:,--.,2,7 - 

0 

0.1 

c 

-0.00217 	 -0.00195 

5 	3 	1.61799 1.6180) 	0.00) 	 -0.0003_1 	 -. -0.03000 	 0.03300  	0.00003 

72'-±--.i-"= 	.7.5970.1:1 ,,-_,,-,1.-59795.T.f.023'± ;...0.2- 039_5--.--ir=17--±T. 	 70.0-00 41-..1 ,..-1-_2-,--' ----7,:::-- -----7" - 0.00047 ' - .:. - .-'• .,-.. C.0034L 

1 	9 	3 	1.59790 1 .59910 3.351   -3.30209 _ 	-0.00089 	 0.00103 	 0.00089 

±___., 2_ --_-__-.2__ i..-4._._.-_..1.5863.0.- 	 1 .5856370 . 308."==.110=.003322-_-_-::-.1__i_-_:-....-.:. 0.00014 	r.--  „ 1--_-_-:._ . -0.00016 r.--,. -:--.,-..,-.... ,,,:-7-0.00014.LL-L.,,,rf.:.-,..--. 

	

0.30105 	 -3.00125. 	 -0.00105  

- - 2 -,  -.T. -2. -  1: ,2- 7"--  1.- 57901_ --_- .1._51900'0 ..323-,-..--IL,:-..--.:-.4:-,-:,:.--. ..-Ii-_ -_--3'  .0 0101., ,T- ::-k,t--_ 	0.02048 . -":."---._-. .- ' ----,..- 1 -.-- --O. 00057.,_:_ .......,.- _1.-=_.  H.70 -. 00043  

1 	3 • - 4 	1.521)01 _ 1.52103 ,  0, D28 	 3. 0102,, ,,,  _ 	_ -0.00049 	 0.00058 	 0.30049 

-r p 	 r •^, f T 	,^ 	f 	 S11•4 

2 8 -2 1.53400 1.53175-0.060 	 3.30 7 24' 



C 1.8079'9 -  1..81094 

	

1.79801 	1.79725-3.314 

	

1.774C 	.1.77662_ 
1.71399 1.70855-0.112 

.00795:-. 
0.3)375 
0.332-61:: 
3.33544 
0;031151 

_0.00093 
Q.03024 

.-0.00086 
0.00194_ 

T1-..68300--21--' -1.53415: t7.- 025:,  
1.65499 1.66307-0.342 

1.544660..07 
- 1.61799 1.62139 0.383 

0.00099 
-0.0)326 
0.00093 

-0.00217 
0.00049 

-0.00('83 

	

3.00192 	0.03074, 

	

0333 	 70.00149 

	

-3.0034) 	-0.00140 	 0.00160 
A 61 7n 	1.61-96f) 

5 	3 	1.61799 1.6180) 0.30) 
- 1.5970-01.59795:-0.023 

9 	3 	1.59700 1.59910 0.351 
-4 -- 1.58630 1.513568'7-0 

	

-2 	1.53400 	1.53176-0.060 
1.52001 - 1.519-00-0 

1 	-4 	1.52001 1.52103 0.028 

.00093 
-000324 
- 0..CU086 
-0.00195 
0.00343-- 

-0.00074 
-0; (0131.: 
0.00139 

 
C. 	 0-3 -.  
0.00041 

-0'.00014 
-0.00105 _ „.. 
70.00043 
0.30049 

-0.00331 
0.03 

-3.00209 
*PO 3 - 	' ' 
.00224 

0_-.0O10i 
-0.30102 

.Q.0C,076 
-0.00000 0.0)000 
-0.fr..041L 0.00047 
-0.00089 
-:.0.00014-'----:  0.001"  -0.00015 
0.00105 -C.00125 
0.00048_i  70.00057 

-0.00049 0.00058 
DATA Ffl2 tsfARL INGHAM GYP SUM , 

ISCREPANCY -='Ft-TORS.- BASE PARAMETE,  

NUMB 	SER VA 	 fiN S- - 
NL1413 ER OF VARIED PARAMETERS ( N) 

	FACTORS FDR 0 
OBS7E-CA L01: ' - 	II 

S0.2T( Stivt( A*(OBS-CALC)**2)/M-N) = 3.84103E-03 

FACTORS FDR. 
_S01-- A 1,1*.133-5-CALC )*';:=21:--=::0.-311_03 - 
S.)2 -1( SIMI-1*( 03S-0ALC)**2)/M-N) =  0.84077E-03 	 



• _ " 

FACTORS FOR 0 	 • 
(W*JOBS-CALC)**2Y = 0.13010E-04 

SORT(SUM(W*(OBS-CALC)**2)/M-N) = 0.66980E-03 

6.52220 	0.00708 

___ 	0,06118_ -----.- 	 - . 

A T A FOR -  S EKI-IA -_ GYPSUM AFTER ANHYDRITE CUKA 	- 
• . 

- DISCREPANCY FACTORS BASED ON REFINED PARAMETERS-  AFTER CYCLE 

tiUMBER,.j-.OF CtiSERVAT IONS (MI = 33 
NUMBER OF VARIED PARAMETERS (N) = 4 

FACTORS FOR Q 

0.12931E-04  
SORT( SUM ( W*( OBS-CALC)**2 I /M-N) = 0.66775E703 

   DATA FOR_--SABKHA-..GYPSUM AFTER ANHYDRITECUKA- 

C 

• • • 	, 	• 	• 	 • 
. • 	 - 	• ■ 	 • 	■ • ■ 	■■ 	 ■ 

■ ■ 

_ 	_ 	_ 	_ 	• 	 • SHIFTS, - LEAST-SQUARES CYCLE- 	4- 	 - 

PARAMETER -  	7 -b 	CHANGE  	NEW - 
A * 	 0.200381 	0.000000 	0.200381 0.000151 

* 	- 	0.065832 _ 	0.0000)00 	0.065832_ 	-0.000,051 
 

C * 0.174133 	0.000000 	0.174133 	0.000120  . 	 _. 
------=-1=7------22- 

 
ALPHA 	- =-90000001 r-r------------'"-'-:- 	- 	 90.00000-.- 	-- -- 	- 	--------- -- 	- 
BETA *  61.70150.:_ 	0.00000 	. 	61.70150_ _ 	0.06118 

-------- - - 	GAMMATT*_77-__;.:__ _- _17_11_ 90.00000 7 	- 	 90.00000 .--,.-...,_1-:-::: -_-,__-:.-.L2f=f _-_; i___ff_-_,,..L '_-_:.: 

ERR DR 7  FUN11-- WEI GHT OBSER VATION. OF 0, BA S Ep_. 0N REF1NEENTO-F.I4-  P AR AM ET ER S  
5.9RT (SUM( w*(QBS-C.ALC)**2)/M-N) = 0.00067

-  ABKI4A'GYPSUM__A_FIER .ANHYD 	CU A _.  

COB/ST ANTS AFTER L EAST_7SQUARE S _CYCL E. 4:  

-P A RA MET 	 - CHANGE._ 2- 	 :ERR 
I_AEG:. 

- 	{ -4A 

	

5.66786 	0.00000 	5.66786 	0.00668 

	

777'i-  15.19010r- 	- _0.00000 ' 	15.19010-- 	0.01175 
- _ 

c 	H K 	L 2THET.(OB) 2THET(CALC) DIFF LAMBDA SINSCC2THETA WEIGHT 
2 - * - 0 11.670-   _ 	11.651 0. 01q 1.54180 7.58282 - 	: 	- 0.01034 	0.340 	- 

____L__ _ 71_ _ 20.8:28 ___ 20.780 0.048 1.54180 , 4.26478 0.03267 	98 .  
- -0 3 	:-- -- 23.422 T.050 1.54180 3.79002 1.- 0.04137-t.0.670 

0 4 	0  23.425 0.047 1.54180 3.79002 0.04137 	0.670 
1 1 	_-2 _ 	28.186 28.163 0.023 1.54180 3.1-6596  0.05929 	: 
1 4 	-1.  2 9.198 29.175 0.023 1.54180 3.05849 0.06353 	0.821 

- 	. 	- 

- --- ------- 

C ( 
AL PHA1DEG.1:. 
BETA. 	CtG. ) 

_ GAMMA. (_DEG. 	90.00006.  

• 6.52220 	0.00000 
_ 

118.29850 0.00000 



0.048, 
0.050. 
0.047 
0.023 
0.023 
0.028 
C,005, 
0.052 

0.074 
-0.054 
0.030 

-0.0843 
-0.008 
-0.044 
-0.142 
0.026 

-0.089 
0.004 
0.008 

.0.014 
0.021 

-0.002 
-0.091 
-0.085 
0.001 

-0.014 

1.54180 4 - 26478 
1.54180 3.79002 

3,79002 
1.54180 

	
3.16596,: 

1.54180 3.05849 
1.54180 2.86881 - 0.07221 	0.871 
1.54180 2.78274 0.07675 0.896 
1.54180 2.68176 0.08263 0.927 
1.5.4180 2.68176_ 0.08263 0.927 
1.54180 2.58959 0.08862 0.956 
1.54180 2.58959 0.08862 0.956 
1.54180 2.49321 	0.09560 - 	0.990 
1.54180 2.45347 0.09873 1.004 
1.54180 2.40545 .0.1.0271_ 1,022 
1.54180 2.21836 	.0.12076 _ 1.097 
1.54180 2.08650 	0.13651 : 1.155 
1.54180 2.07521 0.13800_ 1.1.61 
1.54180 2.07521 ' 0.13800 	1.161 
1.54180 1.95561z _ 0.15539„ 1.219 
1.54180 1.89846 0.16489 1.249 
1.54180 1.89846„_0.16489 
1.54180 1.89846* 0.16489 1.249-, 
1.54180 1.87936 0.16826 1.259 
1.54180 1.86504-- 0.17085 	1.267::-_ 
1.54180 1.81184  0.1_8103 1.296 
1.54180 1.79665 . 0.18411,- 1.304:- 
1.54180 1.77760 0.18807 1.315 

1.54180 .1.67266:- 0.2124 

	

1.54180 1..66372 _0,21470 	2 1.38_ 
1.54180 1.62035' 0.226351,=408. 

	

1.54180 1.62035_ 0,22635 	1.408 
1.54180 1.62035 - 0.-22635.:H1.408-L- 

_4_ 

6 

4 

0..__ -- 34.633_ 
36.022  

_ 36.626 _ 
37.384 
40.670 
_43.366 
43.614 
43.614 

28,186.. 

31.148 
„32.166 	_32,161 
3,3,412 	_33.360 
34 	 33° 36-5- "3.3.412 

34.564 

. 
47„916 
-47.916   ' 
48.434 
4-8,830- 
50.362 _ 

1.402_ 

46.432 	46.428 

23.472 

_34.692 
35.992 

37.392 
40.714 
43.508 
43.588 
43,703 

20.780 
2  
23.42-5 
28.163 
29.175 

47.908. 

47.895 
48.436 
_48.921'- 
50.447 

- 50.817 

0 	 

	DATA FOR SABKHA 

OBSERVED AND 

	

54.591 	0.297 
55.208_ 	-0.043 

-56.818:.= 	.56.836._= 	-0.018 
56.818 	56.822 	-0.004 
5E!.818=: 	56.848 -0.030 

GYPSUM AFTER ANHYDRITE CUKA - 	- _ 

CALCULATED INTERPLANAR SPACINGS, 

0., 03247 
J141..TTL 

0.05929 
0:06353 

0.5'.7)8 67 

0.670 

0.821 

• 

BASED ON REFINED PARAMETERS AFTER CYCLE 

RESIDUALS OF 0 
(COS-CALC) (CBS-CALC)iS 0MA 
0.00006 
0.00025- 
0.00029 
0.00027 
0.00016 
0.00017 
0.00022_, 
0.00004 - 
0.00042 
0.00038- 
0.00062 

0.00026 
7_0.09078 
-0.00007 
_70,M0042 

0 

0.00016 
17;0002t2 - 
0.00043_ 
0.00041' 
0.00020 
0.00020--- 
0.00025 

0.00046 

C.CC065 
C'.00347 
0.00021 
-11.00077 
-0.00007 

0 

0 

0 

2 

1 

RESIDUALS CF 0 
(OBSI - 	D(CALOL:- - 

7.58282 7.59505 0,009 
4:26478 

3.79002 3.79793_0.025 
3.79002: 3.79752.0.024 
3.16596 3.16847 0.011 

-3.05849 : 3.06089 0,012 
2.86881 2.871360,014_ 
2.78274. 2.-78315 0.002 

2 	2.68176 2.68583 0.026 
2.68176= '2,68540-. 0.023 
2.58959 2.59500 0.037 
2.58959 j2.58572-0,027 
2,49821_ 2.495250,015 
2,_45347 2.447767-0.044 
2.40545 2.40493-0.004_ 

08S-cALC1 
-0.01223 
-0.00984 
-0.00791 
-0.00750 
-0.00251 
-0.00240 
-0.00256 
-0.00042, 
-0.00408 
-0.00364 
-0.00540_ 
0.00387 

-0.00204 
0;00571 
0.00052 
0.0022,f3_ . 

-0.00016 
- 

-0.00043 
-0.00041H: 
-0.00020 

-0.00025 
70.00004 
-0.00046 
-0.00041 
-0.00065 
0.00047 

-0.00027 
0.0007711 
0.00007 

i038.- 



• • 

.000 	0( OBS ): 	C!LC) 
ti 	7.58282 	7.59505 	0.009 

-1., 	4.2.6478 • 	4.27.462 0.024 • 
_ 3,790020 

- • 	3.79002--  
3.79793,0.025 
3.79752-0,024 

3.16596  3.16847 3.011 
3.05849 0 3..06089 0.012 

2 2.86881 2.87136 0.014 
-1 2.78274  2.78315 0.002 

2 2.68176 2.68583 0.026 
2.68176 2.68540 _0.023.' 

0 2.58959 2.59500 0.037 

0_000_0  _ ,U 	3 _ 
.0 0  0., 4 

1 	1 
- 

O 0 
2 0 01 

O 	0 _2_ 

1 	5 

• 2-0E:=0-20.00-2,-0-1,„ 2.453470; 2.44776-0.044 ° - 
1 4 1 2.40545 2.40493-0.004 

221816-  2 2" 608-0.0220- 0 

	

. 	• 

-720_ 0- 2.58959 2.58572-0.027 
2 	0 	U 	2.49321 2.49525 0.015 

2. 2 -3 2.08650 2.07999-0.071 
-:-____0_100_•__2000 2.07521001-2.0764Q. 0.0130000 

2 5 -1 2.07521 2.07117-0.045 
20-0.01-00-70-100  01.95561001.95578 0.0020-  
0 8_  0 1.89846 1.89876 . 0404 

_1 .89846-1- 1.89897 0:007 

O 2 

„ILL.; 	 fi. 	 )31-1 ti< CYCLE 

RESIDUALS CF 0 
• (O8S7.CALC) 	(S-CALCI iSIGMA--   0' 
-0.01223 	-0.00016 
-0.00984 -0.00042 
- 	. 007 91 	-0.00043 
-0.00750 	 -0.00041 
-0.00251 	-0.00020 
-0.00240 	-0.00020 	-- 	- 
-0.00256 	-0.00025 
-0 • 00042 	 -0.00004_  
-0.00408 	-0.00046 	_ 
-0.00364 0.00041 -0 - 	- 
-0.00540 	-0.00065 
0.00387 	0.00047 -  

-0.00204 	-0.00027 
0:00571 	0.00077,. 
0.00052 	0.00007 
0.00228 	iO.00038t  
0.00650 	0.00124 

-0.00119 	_-- 	0.00023 000. 
0.00403 	0.00078 

-0.00017 	--0.00004  
-0.00031 	-0.00007 
-0.00051 	-0.00012 
-0.00077 -0.00018 
0.00007 
0.00325  
0.002810 00  

-0.00004 

3 	2 -3 	1.67266 1.68106 0.149 	-0.00840 
- 	0.00118 _ 	0.00037 1 

	 2 	0 -4 	1.62035 1.61986-0.009 	 0.00048 
	

0.00016 
1 	8 -- - 	1.62035;1 1.62024-0.0021-01.---00-0,0 	_ 0.00011 
O 5 	3 	1.62035 1.61955-0.015 	 0.00079 

	
0.00026 

	 =-DATIA-=FOR0-_,SAE.3K1-3AGYPSU14- AFTER ANHYDRITE CUKA 

1 	3 	1.89846 1.89922 0.010 
3-  i.8736i:18792-0001: -

-2 
 

1.86504 1.86178-0.045 
1.81184 1.80897-0.043_ •  

	

-1 	1.79665 1.79669 0.001 

	

4..77760- 1.77715-0.007 	- 	0.00045 

" 	- 

0.00079 
- 	- 0.00074----07-: 	- 

-0. 00001 

-0.00261 

REsiguALs OF 0  
( CES-CALC) 	( C8S-CAL( )/SIG1-0 
0.00006 	1.00016 _ 

0.00027 
0.00029 . C C., 43 

0 	0 4 1 
0,.00016 
0.00017 
0.00022 
0.00004. 
0.00042 
0.00038 - 
0.00062 

-0.00045 
0.00026 

-0.00078 
-0.00007 

.-0.00042 
-0.00144 
0 0.00027 
-0.00091 
0.00004.- 

9 .

• 

00009 
000.00015 

O.00022 
0•_0.00002 

-0.00101, 
-70.00097_. 
0.00001 

000 16 - 
0.00356 

-0.00023 

-0.00037 

0.00020::  
C .0'0(1'20 
0.00025 
0.000_04 

- 

-0.00.04 7 
 7; " el5 l 6  
0.00027 

	

-0.00007 	1,  

	

:n0..00:0127 48 	_ 
0.00023 

CC 00 00  00 : 
-0-'0.00012 

0.00018 
:•0.--0.00002  

-1.00079 

700:CC t'C.CCC715-  
1. 	 CC 0 1 	 - " 

C.00259 
•7•••-- 	ri C CC 37:17.1::,..1-±=1-,-  

-0.00016 

-0.00026 

- 	0.00025 	- - 	0.00042 

DISCREPANCY - FACTORS  BASED:ON : REFINED PARAMETERS AFTER CYCLE 	 :1.1  

NUMB ERHOF OBSERVATIONS ( M ) = 	_.  
NUPBER OF Vi-RI.ED PARAMETERS (N) = 

F4CTORS  FOR 0 

• 
SORT(UM(W*(OBS-C4LC)**)/11--N) = 0.62790E-03 - , 	- _   

FACTORS FOR 	0.  
SUM (30405,SC4LC)2)-  = 0.12931E-04 
SORT(SUM(W*(OBS-CALC)**2)/M-N) = 0:62597E-03 

• 



DATA FD --Z .ALGAL MAT GYPSUM :OKA 	• _•• 	• 	- • 	 ■-• 	■ 	■•••__ 	_ • •- 	_1 - 	 • • 
. 	" 	 . 	• . „ 	 - 

TABLE 192.  
DI SCREPANC Y F ACTDRS 3ASED UN REFINED PARAMETERS AFTER CYCLE 3 

	DIRECT L AT TICE  CONSTANTS  AF TER LEAST-SQUARES CYCLE • 4 • 

NEW  	 
-  

15.21982  

	90 . 
-It 8.6(74i' 

90.09300 

_ 

7. 52009 0 	2 	0 	13.572 	 13.505 	0.167 	1.79020 
24.1.86 - 	-,----_:-- 24.100 -,=•---,.--="-0 	014 	- ,- 1.79120 
27.544 	 27.260 	0.284 	1.79020 

4.29005 
3.75999 
3.75999 
_3.16896 

- 0.5771  
0.676 

, 	• 

	

- 	i 27.544 	- - 	27.23 --,-- - 	0.3411.792D ---..-„. 	-- 	-  

	

1 	1 	-2 	32.314 	 32.802 	9.012 	1.7902_9 
1. 	 1 	, 	-,,,,,,,I., 	•:Bt) ,.. 	-- 	SS 	.334913 	-r. 	,:.).1? -.3 	- 	-1.7_02, 

• 



j J 	 j 	 ... 	 -5-1 :77..L.1.• Mr' 17)1)A  
	

13.572 	 13.505 	0.167 1.79020 

1 2 -1 	24.086 	 -79120 

• 27.260 	0.284 1.79020 3.75999 0.05667 0.- 577 

0.3 f L193233.75999-. 	056 -67. . 0.577 - - 	- 	_ 

32. 802 	3.012 1,79023 3.16896 	0.07978 	0.676 
33 	 t. 79023. - .3 .05432 -  , 0.08593 	0,699  
36 427 	-0.251 1.79020 2.63293- 	0.09640- 0.737 
37. 38 T 	 . 74-0297 	 10502'- 	765, 	 • 	 - 	• 
39.016 	 0.098 1. 7902C) 2.67395 	0.11205 	0.787 

	

_ . 	 0. 222 	79023 2.6739 	-7. 11205 	0. 787_  
40.271 	-0.093 1.79020 2.60593 0.11798 0.805 

	

-.2.60593 	0.11798  

_41; 9 -  	 790. 2 	 - - O. 12881---, .0.836  
.-;-==. 

-  
. 	"  

	

50.925 	 

50.951 

	

50. 951 
	

51.050  
	-1.099 

-_'- 53. 2813_f_ 

	

54. 892 
	

54. 514 
	

0.378 
8 	0 	56. 023 

	 -3 992 

	

56.323 
	

56.238 	-0.218 

t 	- .0 - 	1-  -. 	 ---. 56 . 023 
	1 55. 3941 	-0.374 

57.130 

57 

58.21-7 -- 

	

368 -1.79079 	 - 	 - 	 . 	_ r 

59.573  -3.378 1.79320 1.80399 0.24619 1.075 

6 -.9E 	 .i1.79020 	1.78199'7i: -0;25231 	1.084. 	 - ° 

63.132 	0.161 1.79323 1.70600 0.27529 1.115 

	  81.0 -.=-_±-_-1-;- 7_9020.... 1.10600 	:0.27529 	1.115 z 	 - 
0.29111 	1.134 

A.GYPSUM _f   -  

OBSERVE-3 -A riCrALCOLAT.--3 N f -ERPLANAR:-..S RAC 	 P AR A11 E-TER SAfLER._ 

2(:)0 2__. 	 0,! 
0. 509 

- 	 - 	• 	. 	. 	. 
	

7 	 .. 
1-3  14'53 ., 

1 4 -3 	 

- ' 	 - 1 -2 

2 	 3 	1 

▪ --- 

 

2: 	 6 -2-  

3 2 -1 

2I 6 -  0 _  

1 2 - 3 

2 5 -1 

- 	1 	7 

2 	1 	1 

_ 2 0 7'2 - 

0 	6 	 '+1.542 

I-2 Irt 
42. 748 

43. 835 

 

• 49.2 30 

- 	2 	0  - 
2 _ 2 -2  -"-- - 1 	4 	1- 1 	-  

- - 	- 	 _ - 

2 5 -3 

3 4 -1 	 

2  0 -4  

- -8-- -1 - 

0  5 	 3 

1 	9 	 -  

2 	8 -2 	 

1 3 -It 

0 	6 	2 

0 3  
0 4 0 - 

1 1 -2 
- 1 -- 	4 	-1 

2 

59. 105_ 

60. -365 

63. 293 

2_93 

65.305_ 

66. 501 

66. 811 

9 

67. 937 

▪ 69.316 

70. 757 

72.376 

27;„544_.  

27.544 

32 • 314 

34.086 

36. 176 

39.114 

40.1 78 

	 41.311 	0.231 	1.791-'23  2 52411 	0.12577 	0.528 

	

42.751 	-0.303 1.791320 2.45600 0.13283 0.847 „.... 
_434 	 r 2. 39799 • J,1,93 	0.864  

	

47.574 	-0.199 1.79020 2.22601 	 0.1.6140 	0.918 

. 	 3.17349 	0.945 . - 	 _ 	• 	r 

	

51.016 	-0.091 	11.779320 2.1332CA - 0.18483 	0.969 

	

.2 	. 810 2 	PS. 5 _ . 
1.79020 2.03102 0.18501 0.969 

1.79020 	1.99601 - 0.20110 	1.001.--- 	 - - 

1.790- 20 1.94202 0.21244 1..Q21 

	

1.79023 -  - 1.90599 - 0.22055 	I.0 

1.79020 1.90599 0.22055 1.035 

	

1.7920 • - 1 . 90599 	- 0 .22055,- -. 	035-  

1.79020 1.87199 0.22863 1.048 .. _ 

-- 	790213 _ 1. 85901- 	-0 . 231 84-- -1.053 	 

1.79020 1.84001 0.23665 1.061 

- - 
65; 9---28--.7-2 :1----.--,777-;13.9,17 7---14-7932-0-1 ---  

	67.0.54  -0.253  1.79020 

67.197 -0.396 1.79020_ 

959-===---0-; 

	

67.922 	3.315 1.79320 

. 79020-,  _- 

	

71.366 	-0.509 1.79323 

	

72.174 	0.202 1.79020 

	

56.897 	0.233 
0.330 

	 58.319 	-0.102 	 

64.945 	0.360 1.79323 	1.65900 

r,64200: 
1.62601 

1 

1. 62601 

1. 6020111-Z---  
1.60201 

1.54601 

1. 51630 

029717 

O.30304 

- 0' 33304 

0 . 30304 

0 ; 31219  

0 . 31219 

- 

0.33521_ 

=-"-0; 348 62 

0.34862 

1.147 

1.147 

1.157 

1.168  

9  
1 "?0 

- - 	- 	---• 

. 	: 	. 

H 

_ 	 _0t 

THE NEXT 

1 

F 

0 . 

-0.00005 

IGMA 	(08S-CALC) 
--- fiE-5-.01-1AL-S" 0 

(03S-CALC)iSiGMA 

0. 

0.00005 

K 

B_ s 	) 	

DiCALC) {013S-CALC) 

2 7:7:7H7:0 	. 	52 	.1; !.099L-=3081-  - 

-3.00103 0000-03 -1 	4.29005 4.29108 	0.303 
1- 	-3. 75 999 3 . -3 3/-0577-7;77::::".-2-±7--  ; 	D2:  4 1L 0.00238k-- . --- . 79704: 0.1371 7-7-7=7  

REFLECTION 	I s cp _ , -----  

- 	4 	:la_ 3. 75999:  3 .8-0495 0449.°.)  C'. 00166 = '- 
1 	 3.15316 3.17121 	0.312_ 0.CC314 

00.000032-8218 



-0.00361 
0020 

-0:.00349 
0198 

0.00369. 
-0.00073 
.:00033 

0.00005 
-0.:10;337 

0.00166 

0.00380 
0.00112-i 

-0.90197 
.L0173 

03588' * 

nn3.38-  
-.0.00117 
0.3 

1 	4. 29005 4.29108 '0.303: 	- 	:3 
..- . 	1-..:::: 3::75999:-3:-79704::.  

THE NEXT REFLECTION. I S REJECTED 
✓ 4 	0 	- 3. 75999 3.80495-'0..-11 6 	 )  , .._ 

1 -2 	3.15.835 3.17121 0.312 	-0.32228_ 	-0.00021 
3. o5ii-o2:::'.,-  3 . 06985_ - r .09 	. 3.:;015_83.-- 	...̀ 0.00159.. 
2.88.298 2.86266- .133 	 .32332 	0.03230 

605 
..30238 

C, ..eC166 	:11 D2 
0.0C.314- 	7.) C,  21 
(2, ; 	 0 1 5 

-0.03171 

THE NEXC REFLECTION,' 1 S REJEC.TE11  
2 	1 -1 	2.76202 2.79583 0.244 	-0.03481 
O - 2 	2 	2.67398- 2.67935- O. 	- 	-3;{.7=3537 

1 

	

1 7 0 1.99601 1.99400-0.029 	 
THE NEXT - REFLECTION I S RE JEC TED=. 	 

2 	1 	1 	1.94202 1.95514 0.199 	-0.01312 

	

1.--90599-_---  1 9024370. 355 	3.01)35 	_ 
O 6 	2 	1. 905 99 1. 89852-0.123 	0.00747 

HE NE XT-_--REELEC TI 	JE CT 
• 1 - 3 	 1.90599 1.83361-0.199 	3.01238 	 

-- 	 878-8 3  ;114    	71'05 
THE NE XT REFLECTION IS REJECTED 

2.39799 2.40427 0.063 .00528 
22801=--i 2--; Z1924- - 

-2 	2.14900 2.14554-0.342 	 0.00346 
.08201 2.0;78457 	 - 

1 	1   2.08102 2.07078-0.135 	0.01024  
- 	 2 -.07861.-0.-'332,--====---- 	) 

3.00201 

2.67398 2.68771 0.104 
60598.11:___2._6002670:;045---. 

2.60598 2.59795-0.365 

2.49403 2.50079 0.063 
2.:- 45500::=2 .45863:-  

-0.01373 

	3.03302 
-73.012u 
-3.30577 

03324 
056 

0.0.01
,
42 

00065 - 	- 
-0.00091 

0.00087_ 
_3.00035 
0.00091 

- -0.00070 
O.U0082 

	

-0.00229 	-0.00236 

	

-0.00054 - 	-0.00355 

	

-0.03051 	-0.00051 

0.00424 * 
i).300/1, 
0.30181 

-0..00113_ 
0.0018 
3.001(3.4_ 

0.00105 
-7- .7.P* 091.7k 
-0.30074 

-0.03 351 

0.00208 

0.00355 
-0.00102:: - 
-0.00217 

0.00347 * 
-0.00098 
-0.00210 

-0.00432 
.J.093_71 -- 

-0.00182 
00080-  

0.p0).18__ 

-0.00104 
00.0 42 

-0.00105 

0.00074 
0.-0008 
000235_ 
.-00055.-2:-  

0.00050 

5 01 = 	37103 	 1 --;0:1 -2-6 

	

2 	3 	1 	 1. 84091 1.83763-0.042 . 	3.03241 
	 --- 	 314..95 

	

3 	2 -1 	1.80399 1.80415 0.003 	 3.30317 
- 	17_81   -3.-0.3113- 

	

2 	5 -3 	1.70600 1.71061 0.395 	-).00461 
.R.EFLEC-TION="--1StRE-JEC:T -- 
2 -3 	1.706(0 	1.58378 	-0.361 

	

.4t- 	F. LEC_T.I. OW. 	REJECT- 
-1_ 	1.65900 _1..66892 0.218 	 

1.62601 1.62119-0.113 

	 THE NEXT  XT REFLEC TION IS REJECTED 
1.61.693-0 

	

3 	5 -2 	1.60201 1.50318 0.328 
9 - 1.60201 1.50233--0.003_,.. 

THE NEXT REFLECTION  IS REJECTED 
2 -  -2 	1.57401- -1.585631_0.2-S4 -- 

THE NEXT REFLECTIal S REJECTED 

	

_____ 2 	8 -2 	1.54601 - 1.53492-0.294=-  

	

2 	2 	_1.51600 1.51976 0.1f'!4 

0 

3 01722 

1.T At_I- 

. 
-I1_08 z  

.103-77 

-0.03373: 
0,000 73 

.00033 ---- 
-0.00005 	 

-0.00167 

0.00389 - - 
-0.00078-  
-0.00035 --:. 

0.00006 

- 0.00185 

.003613 -' 
-0.3.3049 
000000 - 

0.00622 

0.00431 
.03127 

	 - 00226 

-0.00704 

D426 _ 
0.00057 
7.00000- - 

- -O.00371 
0.00049 

OG3f3D 

15 

00993 	 -0.00383 
332 8 	;-0-."- 03112.  

0.: 0433  	0.00196 



2 - 6 	-2 - 	1.81601 	1.d19-5 	 19 

0 _ _ 	 1.9J5 9 1.8fl51-0.199  
- 	- 1 	 1.8719 --. 1.7.1-0 

THE NEXT ;4 1.FEE.CTI ON _IS REJECTED 
1 	-2 	1.6'59 )1 	1.87163 0.21.2. 

2 3 1 1.3(10 )1 1.63762-0.042 

_ _2 _ 	1.85399 -12.50415 0.003 
2 • 6 	0 = 1.78199 1.7087-70.321 	- 
2 	5 -3 	1.706(3 1.7101 0.395 

THE NEXT REFLECTION IS REJECTED 	 • 	- • 

g ! 63  2 3 	 0 345_ . 	 P !PP 3A1-. 	 0 0 3 49  

	

4 	- -0.00199-  = 	-Z" 	0.00207 	0:3C1:98 

-C.33373 • - 	- 	0.309 - - - - 0.30369 • * 

	

0.04'073 	 -0.02078 	-0.00073 

	

-0.00033 	-" 	- 3.1.L. 0035 . . 	-0.00 c)33-  - 	- • 

	

-0.03017 	-0.c3305 	 0.30c., 06 	0.30005 
' •- 0.3J1.1.3.-- 7 -  • 	E,- .6,3 ii 31 = 

	

-0.02'-t61 	-0.01167 	 0.03185 	0.00166 

3 	2 -3 	1. 106(3 1.L8378-0.361 0.01722 	0.00622 	7.0.02704 	-0.00632 * 
THE NEXT:REELCTION IS P.E-:JcCTED  

3 	4 	-I 	1. (, 591,O..._ ...1.6f,892 0.213 	 -0.0.0993 ...„ . . 	 _ 	-0.00383 .. 	_ 0.00431' .-  - '----. -10.00386-*:' - - 
:--- ..------ -- 1 	.-: -6," -3 = .-1.64200 - :-:=1..544.82,-,0,n6-4,---='.- ,-'-' -- 	---0.32 32 ,.:'.--- 	- -ri.3011. 2-  ' -- 	3.0212 7- 	- 	--- 	O. l'i.,112 ---,::-- -------' - 

_ _ ... 	.  
2 	0 -4 	1.62601 	1.62119-0.113 	 3.1C433 	... 0.00196 . -0.00226 .     -0.03197 

.' - 1 -; ., -8--- ":- 1 ..-. -: -- 1-.. 62601-  - 	1.62177-0.099-il--.:-..==:-..T.-----:-  ---_-',..-7-:-...3.00,425.:77.- 7   	0.03172 7  - 	- 	- 	0.00198 --. * - - * 	70. C=0173 
THE NT, REFLECTION IS REJECTED 

-.1 • ..-:-. - - -- . 0.- 	_ 5 •.- - - 3 .-.- = 1 .- 62631-.. - - - i.616931.-0.21-3.--1-r -ft-_-.± 	0.309)8 •  r • - 	0.00363 -  -• 
3 	5 -2 	1.60201 1.50318 0.023 	 -000117 	-0.00049 	

-3.00426- 	,- • -0.30371.  
. 	 . 

 

	

1).00057 	C. GQ2..49__ .  
L.-. -......... . 	..., -  	 - 1 = • •- . -9---..-  --:.- - 0==.-  .--- 1.60201.::-  1.602D 379.:07.0.2-:=L:,_-=.1.-- -"..i-,.,-.:..L....:3 .30001-------  • - 	0.00000 -. 	- 	-0.03200 	. 	-  

THE NEXT REFLECTION IS REJECTED  
' --"l'-:-  2-'7:: •=-4 ---- -" 1.57401 	1 -- - 5863T-- 0- -2431:Y-Z------=-7-=--z-L=:-.1---7E-7=7-=--E-7---...3..011- 63-- ---zi.----_±-_-:---- ,:i.-..-  -0.03509=:: - -- :- - H--. .-- - . . 0.00588- ------ -,.; f. --=.-:.--,--- 0.00534  

T liE NE XT_ REFLECTION15...___REJECTED._ 	 
:4-.---_-•:- 1- i:-----:-.......................................... --i-546011,-.75344.2.--7.0-.727 -4________________0..-D-11-0-8-:"±-='E-=•=- 0.00509:- -,--------------,-- -- -;-0.--0060- 6,---- -:11:. -- :=.---=- ._: -  -0-. 00515 

• 2 	2 	2 	1.5600 1.51976 0.104 .00377 	-0.00182 	 0 .0321.5 	0.00181 • 	 -0 	 • 	63-  
DATA FO1 ALGAL MAT 2YPSUM COKA 

	 DISCREPANCY FACTORS 3ASED ON REFINED PARAMETERS  AFTER  CYCLE 4  

NUMB Et. OF OBSERVATIONS 	 = 	35 
T-T NUMBER OF - VAR I EU:-  P IRA TEAS--:7117N11,1- 

^n-^,----•-- 

	

F AC TOR S F OR =- 0 = 	
_ 	(J1 ( 14* j3S-C ALC_I**21__ = 0.64811E-04 

- - 	SQR ItSIYAt V4* (f.13S -C. A LO  

77. 

FAC TOR S F3F, 	- • 
SU1 	3i3S-CALC ) t-*21 = 0.64664E-04 
ST( 	( 08 S•7  C A -CC )-* 4-c21/-M-N 



DATAfOiPIT YP,S UM 

OISC_REPANCY.-EACTQRS BASED ON REFINED PitRAM,ETERS AFTER 

i1iIi1NU!BER.OF Ob.-SERV AT 1 oi\IS { M. 
_ N1 ER 	Vf-AR ED PAR AME.T ER 5 ( N = 4 

SUM (i-l*(08S-CALC)**2). = 0.4445 3E-04-   
_ SQRT(SUM( 14*(OBS-7CALC.)-* :*2) /M-N). 	.0.16668E-02 

ARAM ET OLD 	 CHANGE 	 NEW -: -  - 	- 	- 	- 	- 	- 
' 	. 	 . 	 . 	 . 	 . 

J.3 	 (AG   .. )s---:-.-_-: 1--.:._,-.- : 	15.10341--L-L-_,.. 	-0.01615  	15.08726 	:- 	--- 	_ 	0.03054 	- ----=--=------=----- =-'- 	--=  
- 	_ 	_ 	_ 	- 	= ---, ------- - ------'-- 	----- - --_-_= --_-:' 	...-:„=.---ti=-_- _ 	- 	--_----;'_-_-_:.--.7_±?- -- --- 	- 

C 	( ANG. ) 6.56774 	0.00876 	 6.57651 	0.02223 
--A L P 11A 	(DEG.) --,=-__-_-__: _.7f_ 	90.00000=',--------T -- - - 	- -i 	 ' 	- 	90.00000 	- 

____BETA 	( 0EG. ) 	119.03693 	Q.05744 	119.09437 	0.17863 
- 	- --- -- 

 
GAMMA- 	10EG. ) _.- =-1 - 	- 90.00000 	-=-:-. ------ --- -- 	 ' 	-- .  -- - 

_ ... 

	

. 	. 	. 	. 	..„ TABT.T■:. 	.................  

. 	
. 

• . _ • 	:. 	 . 	- - 

■ - • 

FACTORS FOR Q  
	 SUM t14*( tiB_S-CALC )**2 ) 	0.4_4349E-704 

SORIA SUM( W*( 08S-CALC )**2)/M-N ) = 0.16649E-0- 2 
TA FOR PIT.' GYPSUM COK 	- . 	 -   

=--=-_=_--v-L--,±,PARAMETER --..SHIFTS-j.TLEAT--SQUARES _CYCLE 	 - 	 _ . 

	C * 	 0.174149 	-0.000135 	0.174013 	0.000361 	 
- 

BETA * 	60.96307 	 60.90563  	 0.17863 
-== - 	 - 	 90.00000 -  

	 ESTIMATED STANDARD ERROR OF UNIT -  WEIGHT OBSERVATION OF .01 BA SEP__,P_N --,__REF__I-N_Et,'ENT- CF-T'.-i-i-,T4 riP AR.AM ET ER S 
	 SORT(SUm(w*(08S7CALC)**2)/M=N) = 0.00163 - 

FOR -  P 	 ............... 	„ 

LAT T 	CONSTANTS-H_AFTER --  LEAST-SQUARES CYCLE  4 - 



. _ 
LAMBDA 0 SI1\SQD2THETA WEIGHT 

. 1.79020 	7.479.8017° 0.01432-0-0_0-_0._.._297.-  
1.79020 4.30007 0.04333 0.508  
1.79020  3.74002  _ 0.6572a 	O,580 
1.79020 3.74002 0.05728 0.580  

	

1.79020 3.08202 0.08435 0.694 r•-: 	-I - 
0.09795 0.742 
0.10579 - 

98 0.11073 0.783 - 

- - - 	 ' 	- 	- 

20_0_ 0 	3 	1 	 - 27.354 r 	0.340 
0 4" 6. 	 0.268 __. 27.694 • 	21.426 

.100 	 33.767 	34.025-0 •-0.258 

	

36.477 	36.331 0 0 2 	 0.146 
7._ 2_ 	 37.962::- 	37.372.00 	0.590 

, 0 	2 	2 	3- 8,872 	38.967  

	

38.872 -0 	39.124 - -0.252 
1 5 0 	39.954 ...._ 	70.602  

	

-39.954 - 	40.1160 	-0.162 
0 6 0 	41.855 • 	41.659 0.196 

0 	0 	42.3' 4 	- 	42.138: : 	.0.176 
2 2 -2 	42.657 	• 42.554 	0.103 
1 - 	43.946 0 	0.199 
1 5 -2 	47.877 	47.610 	0.267 

- .A8.722 	0 - 01  - 	50.721 ' -7 	-1.999 
1 	1 	2 	51.083 	51.305 	-0.222 

... ::::: 51.236-0 - -0.153 
1 	7 	0 	53.695 	53.759 	-0.064 

	

55.544± 	56.604 - 1 -1.060 
6 	6 	2 	55.544 	56.446 _ 	-0.902 

_ 

	

55.544   	56.248. 	-0.704 
1 4 -3 	56.765 	56.715 	0.050 

1 	_ 58.148 	0,0_ 	.57.083 	1.065 
2 	6 	58.778 	59.213 	-0.435 

	

1.79020 2.48002 	0.13027 -   0.0.840 - -  
1.79020 2.46100 6.13229 0.846 

	

1.79020 2.38198 	0.14121 	0.869 - 	 7-  - 
1.79020 2.20601 0.16464 0.926 
1.79020 2.17002 - 0-017014-  
1.79020 2.07600 0.18590 0.971 
1.79020 2.07600   

	

1.79020 1.98199 	0.20396 	 1.006 
1.79020 	1.92100 	0.21711-0:0-- 1.0290;0 
1.79020 1.92100 0.21711  1.029 

1.79020 
1.79020 
1.79020 
1.79020 

1.79020 
1.79020 
1.79020 

2.68998 
2.61999 
2.61999 
2.50597 

2.85999 
2.75200 -  
2.689 

- • 

0.11073 -00 -0.783  
0.11672 0.802 
0.11672 0.802 
0.12758 0.833 

1.79020 1.92100 : 0.217111_00.1 029  
1.79020 1.88301 0.22596 1.044 
1.79020 	1.84200 -  0.23614' -1.060 	•-• -  
1.79020 1.82399 0.24082 1.067 

C 

2 

3 4 -1 

1 

6 	0 	 0.25545 	1.089 	 	 60.719 	60.748 	-0.029 1.79020 1.77099 
64.562=0:_. 	.. 63.733_ - - 0.829 1.79020 1.67599 
65.173 	65.124 	0.049 1.79020 1.66199 

	=±60.0521-7-1 -,;77-_1+-f-L 5 ()_. 	0.633 1.79020 	1.78199 	C.2523L: 

	

0.29006 	1.133 
70.179 	1.79020 	1.63699 .7.0.29899-0 - 1.143 -0-00= -------- 	- 

8 	 1 	66.295 	67.492 	-1.197 1.79020 1.63699 	0.29899 	1.143 ----- 7-----  - 
--6-6' 295'7°- 	- 67-232 	0 937 1.79020 1.63699 - 0.29899_ 	1.143-00  

2 2 -4 	70.029 	68.219 	1.810 1.79020 1.56000 0.32923 1.173 
	DA 0V- 	R0? T1GYP SUM C OK Alf-•?::'_= 	:00•••• - 	- 	- - 	„..- 	-  	- 	 - 	__ • 

	OBSERVE 0-0.CALCULATED 	 T ERPLANAR SPACINGS,.0 f BASED 	 REFINED .° PARA-MET:ER 

   

H 	K 	L 	D( OBS ) 	( CALC ) 
000:07.47980 7.54363 0.058,0-  

1  2  -1  4.30307 4.29563-0.013 
	THE:7NEXT1RE_FVECTI0N: I_S REJECTED -. 	- 	- 

0 	 3 	1 	3.74002 3.784530.166 
:477-1= 6- -  -73.74002 -iO3.7.7181'_ 

1 4 -1 3.08202  3.05835-0.135 
2.85999- 002.87334 0.088 

	 THE NEXT REFLECTION IS REJECTED 
_1 .:-1 	2.75200  2.79512 0.304 0_ 

0 2 2 2.68998 2.68515-0.036 
2.68998 _2.67156-0.139 

THE-  NEXT REFLECTION IS REJECTED 

RESIDUALS_- 	---,-,- -0-00_0f00_,-. ----  . ---:0  :.t. E S ipum.s Cf ° 	7:--.7:-±:7- -t-'7. --:-----;-7'-:::i -f° • 
(OBS-CALC) 	(CeS-CALC)/SIGMA 	( OBS-CALC ) (CBS-CALC )/SIGMA 
-0.063830.000000: 1,---79•90. XP --.-i::,- .1-7- -..-J-.-----.J-- _ - _ -_-.--_ ...--10■0.203C-:H.-:.::-•:- 	 L, •(• -'0 •-. CC00010222'±T.=',"i0'..::_,T.,--',' - 

	

0.00445 	-  

	

0.00022  	-6.000n  
• ------ --- 	__.__ 	___. 

	

-- - - --------- -- - -- -- - - - 	- -0.04451 	
,.
-0.-002937 

-.i-_---,-±7::,•--.-.---,„-i-- 
0.---00 167 --.-.- -----,--- 

	 0
)
.00288 * 

	

-0.03179 	 -040o210 - fi 	
- o.0012o ; 	r co2c-r . 

 

	

0.02367 	0 . 	33 	-0.00164 	-0•CO236 	. 
-0,61335--- ,_±_i,, - 70.001- 54___ -_,,=.7 	--70..6_011.3i.i.- i,:_::::-„:-,-_-_p.c_-_615qf,...-_.-±= :-_ 

60Z   

	

-0.04313 	-0.00539 	0.00404 1 -- 	 * 

	

0.00483 	0.00063_ 	-0.00050 _ 	-0.00063 

	

0.01842 	0.00242 	-0.00191 	,0i,00244 



----• 

FACTORS FOR 
	 SUM (W*(08S-CALC)**2) =.0.42.32cE-04 

SORTCSUM(1,;,*(08S-CALC)**2)/M-N) = 0.14548E-02 
. 	. 
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The reduction of between 10 and 30 percent in all intensities 
does not appear to be due to preferential orientation effects and 

these intensity reductions are too great to be accounted for by normal 

procedural and instrumental variations. Thus, these anomalies are 

due to some property of the gypsum itself. 

The 'pit--grown' gypsum (table (16) ) shows an even greater shift 

in the (020) gypsum reflection towards smaller interplanar spacing than 

the 'algal flat' gypsum and all reflections of the type (0k0) are 

similarly shifted. Also the intensities of all reflections are reduced 

by 25-50 percent compared with the Warlingham gypsum, The intensity 
reductions and shifts in interplanar spacings are again thought due 

to anomalies existing within the gypsum itself, 

Table (21) shows the refined cell parameters for the A.S.T.M. 
gypsum, the Warlingham gypsum, the Persian Gar gypsum after anhydrite 

the Persian Gulf, algal-flat gypsum and the Persian Gulf, 'pit grown' 

gypsum. 

TABU'. (21) 
Lattice Parameters for Five  varieties of  Gypsum 
After 4 Cycles Refinement 

Parameter A.S.T.M. Warlingham 
gypsum 	gypsum 

Persian Gulf 
gypsum after 

anhydrite 

Persian Gulf 
algal flat 
gypsum 

Persian Gulf 
'pit-grown' 

typsum 

(In 5.68 5.67412t 5.66786 t 5.69709 5.69916 t 
.00587 .00668 .01061 .01888 

(a 	a) 15.18 15.19447.1: 15.19010 t 15.21982 t 15.08726 t 
.00948 .01175 .01699 .03054 

(" 	") 6.51 6.52557}  6.52220 t 6.52145 6.57651 t 
.00625 .00708 .01220 .02223 

(In degrees) 90.000 90.000 90.000 90.000 90.000 
( 	) 118.383 118.5177461.  118.29850 ± 118.60744 ± 119.09437 t 

.05270 .06118 .10204. .13863 
( " 	" 	) 90.000 90.000 90.000 90.000 90.000 

Some idea of the cause of the anomalies occurring in the Recent 
gypsums may be obtained by considering both the environment of formation 
and the crystal structure of gypsum. 

• 

The 'algal-flat' gypsum crystals formbeneattrthe algal mat in 
a zone of fluctuating pore-water conditions, the conditions generally 
being within,t4e stability field of gypsum.. The 'pit;,goWn' gypsums 

are formed by the in4flow, into the pit, and later solar evaporation 
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of sulphate depleted groundwaters. It is thought that, for most of 

the time, the brines in the pit will be low in sulphate and only 

occasionally will appreciable sulphate be present. Thus, periods of 

rapid growth will alternate with periods when the crystal, in the brine, 

is exposed to the full diurnal temperature range of the sabkha. During 

the day, the brine in the pits will become hot and perhaps exceed the 

temperature at which sypsum begins to degenerate. The crystallization 

of gypsum from concentrated brines is discussed in Appendix (6). 

As mentioned earlier in this section, the water in gypsum is 

located in sheets parallel to the (010). The interplanar spacings 

given here for both the 'algal flat' and the 'pit-grown' gypsum (tables 

(19 and 20) show that reflections of the type (OkO) (k = 2n ) exhibit 
the greatest differences from those of more normal varieties of gypsum. 

Also, the only parameter showing significant departure from normal 

values in both the 'algal flat' and 'pit-grown' gypsum is the b-axis 

dimension. (However, in the 'pit-grown' gypsum the b, c andl para-

meters all show significant departures from more normal values.) 

(See table (21) ). 

The facts stated above seem to suggest that some of the anoma-

lies in some of the varieties of Recent gypsum develop parallel to the 

water sheets and may be due to partial collapse of the water sheets 

or dehydration. The 'algal flat' gypsum, formed almost entirely 

within the gypsum stability field, shows these anomalies to a lesser 

extent than the 'pit-grown' gypsum.which formed under conditions of 

extreme variation. 

The suggestion that some of the anomalies in some of the varie-

ties of the Recent gypsum may be due to partial collapse or dehydra-

tion is supported by chemical analysis of the gypsum crystals for 
structural water. These analyses were carried out by A.S.T.M. pro-

cedure 0471 - 61 (see Appendix (5) section A5.1.1). However, prior 

to analysis by this procedure, all included carbonate matter was dis-

solved out of the powdered samples using dilute hydrochloric acid, 

and the samples then carefully dried. 

Using this procedure the Persian Gulf algal flat gypsum was 
found to have a structural water content of 20.1% by weight. This 

compares with a stoichiometric value of 20.9%. 
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The Persian Gulf 'pit-grown' gypsum contained no included 

carbonate matter and, therefore, the structural water content was det-

ermined using the A.S.T.M. procedure but with no prior treatment of 
the sample. This gypsum contained 19.2% by weight of structural 

water, much less than the stoichiometsic value and much less than that 

found in the algal flat gypsum crystals. 

The anomalous crystallographic features of these abnormal gyp-
sum crystals are, perhaps, better demonstrated by the X-ray diffrac-

tion single crystal photographs discussed in a later chapter. 

The gypsum replacing anhydrite, a late diagenetic replacement 
is normal and must be regarded as forming under conditions showing 

little variation and within the gypsum stability field. 

3.2 Anhydrite  

Although the anhydrite structure will be dealt with at length, 

in a later chapter, a brief and much simplified, discription will be 

given in this section. The structure was initially studied by 
Wasastjerna(1925) and Dickson and. Binks (1926), but more recently, the 
structure has been redetermined by Hohne (1963) and Chong and Zussman 
(1963). The crystal system determined is orthorhombic, the space 
group Bbmm and the tetramalecular unit cell has parameters of 

a. = 6.238 A 	b = 6.991 A and c = 6.996 A 

In the anhydrite structure, each sulphur atom is surrounded by 
eight oxygen atoms along a tetrahedron with a symmetry of mm. 2 only. 

The calcium atom is surrounded by eight oxygen atoms which are situated 

in the peaks of two interpenetrating tetrahedra. Each sulphat tetra-

hedron is connected to four calcium polyhedra by a peak and to a fifth 
and a sixth by a common edge. There are no common oxygen atoms 

between sulphate tetrahedra. Each co-ordination polyhedron around 

calcium has a common peak with four sulphate tetrahedra and also, 
common edges with two more. Each calcium polyhedron has a common 
peak with four other calcium polyhedra and a common edge with two more. 

The anhydrite structure is shown in figure (8). 

3.2.1 The Recent Anhydrite from the sabkha. Abu Dhabi  

Anhydrite occurs widely throughout the rocks of the geological 
succession, but the occurrence ofanhydrite within the sabkha at 'Abu 
Dhabi was, as mentioned in the introduction, the first recorded natural 
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Figure 8  

The structure of anhydrite. (After. Deer, Howie and Zussman, 1962). 
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Recent occurrence of this mineral (Curtis et. al (1963) ). Generally, 

the anhydrite occurs in the capillary zone of the wind. blown sands and 

alder intertidal sediments above the permanent water table. However, 

Kinsman (1966) does report a few occurrences beneath this level. 

Characteristically, the anhydrite occurs as nodules ranging in 

size from 0.1 to 30 cms in diameter and spherical to discoidal in shape. 

The nodules may either be solitary or coalesce to give rise to 'beds' 

of anhydrite. They may enclose varying, but generally sma:11,amounts 

of foreign material both carbonate and non-carbonate. Nodules may be 

close to each other (i.e. with little foreign material between them) 

and give rise to the 'chicken mesh' type of structure or they may have 

considerable amounts of foreign material between them. 

Individual crystals of anhydrite are small, lath-like, often 

broken along cleavages and frequently possessing curved edges parallel 

to (100) and ragged terminations parallel to (0Q1). Indeed, the only 

face developed to any extent is (010) and that far from perfectly. 

Crystals are flattened parallel to (010), elongate parallel to the c-axis 

and exhibit three good cleavages mutually at right angles. Single 

laths are up to 5 mm in length, 1 mm in width and about 50-8101 thick. 
The laths are randomly oriented throughout the nodules. 

3.2.2 Mperimental methods 

The X-ray diffraction powder methods have involved the comparison 

of the Recent anhydrite with sabkha-type, nodular anhydrite of FUrbeck-

ian age from the borehole at Warlingham, S. London and with the A.S.T.M. 

card no. 6-0226 using the step-scanning technique. The material was 

mounted as before using a silicon internal standard for both calibration 

and intensity comparison purposes. The silicon reflections did, how-

ever, overlap some of the anhydrite reflections. Therefore, using 

material treated in the same manner and from the same batches as used 

before, samples with no internal standard, were mounted and selected 

areas, including the areas of overlap were step-scanned again. This 

time, an external standard, a standard silicon block was also step-

scanned and used for calibration purposes. The intensity comparison 

WAS obtained using the relative intensities of reflections from the 

run with no internal standard., comparing these with the relative inten-

sities of reflections of the same material from the run with an internal 

standard and extrapolating a value for the relative intensity of the 

anhydrite reflections affected by overlap with silicon reflections. 
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Thus, relative intensities could be obtained for all peaks of 

the runs with an internal standard. These intensities were then made 

comparable between runs using the intensity of the silicon internal 

standard peaks as a calibration. In this manner the intensity of all 

reflections was compared with the (020) (002) reflection of the 

Warlingham anhydrite. 

3.2.3 Discussion 

/ 	Table (22) shows the indexed interplanar spacings and relative 

intensities for anhydrite taken from A.S.T.M. card no. 6-0226, table 
(23) the indexed interplanar spacings 2a values and relative intensi-
ties for Warlingham anhydrite and table (24) the indexed interplanar 

spacings 20 values and relative intensities for the Recent, Abu Dhabi 

anhydrite. Tables (25-28) show the fourth cycle of the least squares 
refinement of cell parameters for the Warlingham anhydrite and the 

Recent anhydrite. Table (25) shows the refinement for the Warlingham 
anhydrite, table (26) the refinement for the Recent anhydrite using an 
orthorhombic cell, table (27) the refinement for Recent anhydrite using 

a monoclinic cell and table (28) the refinement for Recent anhydrite 

using a triclinic cell. The reason for refining the cell according to 
different symmetries will become apparent during a later chapter. 

Tables (22) and (23) show that there is good agreement, up to 

an interplanar spacing of 1.0756 A between both interplanar spacings 

and relative intensities for the A.S.T.M. anhydrite and the Warlingham 

sample. Thus, the use of the Warlingham sample as a secondary stan-

dard would seem warranted. Indeed, single crystal examination of a, 

single cleavage flake of this anhydrite supports this assumption. 

However, as table (25) shows, the least squares refinement of 
the cell parameters rejects most of the high angle reflections as 

having too great a departure of interplanar spacing from the calculated 
value. The values of 2.1) have been re-measUred and re-calculated but 

the same value as before still results. The experimental procedure 

and instrumental settings have been checked and found to be correct. 

Thus, the cause of the discrepancies of 28 values in the high angle 

reflections only remains a mystery. 

Table (24) shows that there is good agreement between the inter-

planar spacings of the Warlingham anhydrite and those obtained by taking 

the 'maximuminumber of observations' value given by the program S.C46 

for the Recent, Persian Gulf sample. However, the X-ray diffraction 
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peaks of this Recent anhydrite are much broadened and multiplicate and 

the validity of any one value for the peak position is dubious. A 

comparison is shown in the figures of Appendix (4) of the peak profiles 

of the Recent anhydrite compared with peak profiles of corresponding 

peaks of the Warlingham anhydrite. The significance of the peak 

broadening revealed in the profiles of the Recent sample is discussed 

in a later section. 

The table (21i.) also shows that the intensity of all reflections 

of the Recent anhydrite are reduced when compared with the corresponding 

reflections of the Warlingham sample. For example, the intensity of 

the (002), (020) reflection of the Recent anhydrite is only 91% of 

the intensity of the same reflection in the Warlingham specimen. 

However, if the intensities of the two anhydrites are compared 

carefully then it can be appreciated that the reflections from the 

Recent sample, possessing all even indices are only slightly less 
intense than the similar reflections in the Warlingham sample. Simi-

larly, the comparison of the reflections from the Persian Gulf anhydrite, 

having at least one odd index, indicates that these reflections are 

far less intense than the identical reflections in the Warlingham 

anhydrite. This reduction of intensity in all reflections containing 

an odd index is seen in all single crystal photographs of the Recent 

anhydrite. 

As the figures of Appendix (4) show compared with the simple 

sharp diffraction peaks of the Jurassic sample, the Recent anhydrite 

exhibits much broadened, multiplicate peaks. The peak profiles 
exhibited by the Warlingham sample are those expected from a well-

ordered crystalline mineral, whereas those from the Recent anhydrite 

are typical of those of disordered phases. Thus, the Recent anhydrite 

is considerably less well ordered than its ancient counterpart. This 

is especially interesting since the Warlingham sequence is the 

Purbeckian analogue of the Recent Persian. Gulf sabkha sequence. 

The broadening of X-ray powder diffraction peaks and shifts in 

peak position can be attributed= to many causes. Peak broadening may 

be produced by a reduction in the size of areas within the crystals, 

that diffract as a single unit, faulting on certain crystallographic 
planes and by strain effects within the individual coherently diffract-

ing regions. Shifts in peak position may be produced by stresses in 

the bulk sample, faultingslattice parameter 'Changes produced by 

dislocations and segregation of solute atoms and the isomorphous 
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substitution of impurities into the lattice of the parent phase. Both 

peak broadening and changes in peak position may be produced by plastic 

deformation of the crystals and the enviromental conditions of crystal 

growth. 

Dependent upon the chemistry of the environment of growth, 

crystals may containglarge amounts of substituted impurities and these 
will cause inhomogeneities within the crystal. Also, the conditions 

both chemical and physical, within the environment of formation will 

control the rate of growth of the crystals and thus will determine the 
amount of faulting and internal stresses arising within the crystals 

during the growth. process. All of these imperfections may cause peak 

broadening and peak shifts. 

Additionally, peak broadening and peak shifts can be produced 

by the physical condition of the sample and by the geometry of the 

X-ray diffractometer. However, the effect of these two factors can 

be estimated if comparison is made with a 'standard' example of the 

material, under consideration. 

In this study the Recent, Persian Gulf anhydrite was compared 

with the Warlingham anhydrite and the detailed results of the peak 

broadening investigations are given in a later chapter. 
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The 7::!..11er kadines Piven in tables 22-28, inclusive rIT": 

fraqi L.TA anhydrite cell of space l'01.7,70 :Dm. In thin 

orientation the couivalences are 

h 7-= 	k 	ancl t a 

This orientation is used, othe' thPn the Cmnm orientation 

ud later in this work vith; 

h 5 	k h and 	c, 

so that the 12rosent powder data are directly comparable wf_th the 

crd no, 6-0026. 
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TABLE 

h k 

(22) 
Interpp1anar.oim s and RelativIntensities' rlrri  

Standard Anhydrite 	(A.S.T.M. Card No. 6.0026) 

1 d A 	 I/Im 
1 1 1 3,87 6 
0 
0 

2 
0 

0 
2 

) , 
) , 3.498 100 

2 0 0 3.118 3 
2 1 0 2.849 33 
1 2 1 2,797 4. 
0 2 2 2.473 8 
2 0 2 ) 2.328 22 2 2 0 ) 
2 1 2 2.208 20 
1 0 3 2.183 8 
1 1 3 2.086 9 
3 0 1 1,993 6 
2 2 2 1.938 4 
2 3 0 1.869 15 
1 2 3 1.852 4. 
0 0 4. 1.749 11 
0 4 0 1.748 10 
2 3 2 1.648 14 
1 3 3 1.594 3 
0 2 4. ) 
0 4 2 ) 

1.564 5 

2 
2 

0 
4 

4 
0 

) 
) 1.525 4- 

3 1 3 1 3 3 1 i 1.515 

2 1 4. 1.490 5 
4 0 2 1,112ii 4. 2 0 3 

3 2  3 1.4.18 1 
2 4. 2 1.398 3 
4 1 2 1.596 2 

i 4. 3 1.365 1 
4 2 2 1.319 4. 
4- 3 0 -1496 2 

2 3 4. 1477 5 
0 4 4 1.237 2 

4 3 2 1.216 4. 
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WYE 

h k 

 	(22) 

1 

Continued 

d 2 

2 5 2 1.1993 
1 3 5 1.1781 
0 o 6 1.1663 
0 6 0 1.1651 
4- 1 4- 1.14.83 
0 2 6 1.1062 

4. 4. 2 
) 
) 1.1044 

2 1 6 1.0785 

Analysis 	< 0.1% 	B , Sr, Ti 

f 0.01% AA, Al, Fe, Mg, Ni, San 

if 0.001% Ba, Cr, Cu, Pb 

4. 0.0001% Mt 

	

0 	 0 	 0 

	

a = 6.238 A 	b = 6.991 	= 6.996 A 

Vim 

2 
1 
4- 
1 
3. 
5 

4- 

2 
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TABLE 

h k 

(23) 

Inte •lanar S •ac s and Relative Intensities 

(CoK  

1 
0 

d A I/1m  

1 1 1 3.876 26.704 7 
o 
o 

2 
0 

o 
2 3.498 29.653 100 

2 0 0 3.120 33.344 4 
2 1 0 2.851 36.596 36 
1 2 1 2.799 37.301 2 

0 2 2 2.475 42.404- 5 
2 
2 

o 
2 

2 
0 2.330 45.184 21 

1 2 2.211 47.762 21 
1 0 3 2.187 48.320 10 

1 1 3 2.090 50.716 7 
3 o 1 1,997 53.259 7 
2 2 2 1.940 54.954 5 
2 3 o 1.873 57.096 13 

1 2 3 1.854 57.736 2 

o 
0 

4. 
0 

o 
4. 1.750 61.526 18 

2 3 2 1.650 65.706 17 

1 3 3 1.594 68.325 4 

o 2 
4. 

4. 
2 1.565 69.773 6 

2 
2 

o 
4 

4. 
0 

1.526 71.828 6 

3 
3 

1 
3 

3 
1 1.516 72.376 ‘ 	1 

2 1 4. 1.4.91 73.788 8 

4 
o 
2 

2 
0 1.425 77.826 2 

3 2 3 No. 
2 
4 

4. 
1 

2 
2 1.397 79.693 5 

1 4. 3 1.363 82.099 ( 	1 

4. 2 2 1.320 85.392 6 
4- 3 0 1.298 87.197 1 
2 3 4 1.277 89.005 3 
0 4 4 1.238 92.609 4 
4- 3 2 1.215 94.903 7 
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TABU; 

h k 

	

2 	5 

	

1 	3 
0 0 

	

0 	6 

	

4- 	1 

	

0 	2 

	

4- 	2 

	

4. 	4- 

	

2 	1 

	

6 	0 

	

6 	0 

	

6 	1 

	

3 	1 

	

6 	0 

	

6 	2 

	

2 	3 

	

2 	6 

	

0 	4. 

	

0 	6 
4- 

	

6 	2 

	

6 	3 

	

6 	0 
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1 

2 
5 
6 
0 
4- 
6 
4- 
2 
6 
0 
1 
0 
6 
2 	) 
0 
6 
3 
6 
4. 
4- 
2 
0 
3 

Continued 

A d A 

1.1980 
1.1794. 
1.1680 
14624 
1.1462 
1.1076 

1.1032 

1.0756 
1,0326 

1.0233 

0.99907 

0.99127 

0.98505 

0.97124- 

0.95726 

0.94.796 

A) 

96.690 
98.743 

100.056 
100.716 
102.691 
107.830 

108.4.60 

112.6118 
120.187 

122,023 

127,257 

129.100 

130.650 

134..325 

138.4.85 

141.550 

2  

Iiim  

4 
4 1 

5 
3. 
2 
3 

4- 

1 

1 

1 

2 

4 

3 

1 

1 

Analysis 	0.15% Sr, 	0.005% Ba, 	0.001% Fe I  0.015% Mg. 
No = Not observed. 
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TARLF1 (20 
Interplanar Spacings and Relative Intensities of the 

Persian Gulf. Recent Anhydrite (Si Internal Standard. 

Intensities Relative to (020). (002) Reflection of  

h k 1 d A 

1 1 1 3.867 26.745 3 
o 
0 

0 
2 

2 
0 

) 
) 3.498 29.628 91 

2 0 0 3.120 33.315 3 
2 1 0 2.850 36.587 22 
1 2 1 2.798 37.282 1 

0 2 2 2.475 42.368 5 
2 
2 

0 
2 

2 
0 

) 
) 2.329 45.165 20 

2 1 2 2.210 47.749 13 
1 0 3 2.184 48.353 6 
1 1 3 2.087 50.766 3 
3 0 1 1.994 53.305 3 
2 2 2 1.939 54.931 6 
2 3 o 1.869 57.191 8 
1 2 3 1.858 57.562 1 
o 
o 

o 
4 

4 
o 1.750 61.475 18 

2 3 2 1.649 65.705 12 

1 3 3 1.596 68.193 3 
0 
o 

2 
4 

14. 
2  1.565 69.689 5 

2 
2 

0 
4 0 1.526 71.793 6 

3 
3 

1 
3 

3 
1 1.517 72.251 1 

2 1 /4. 1.491 73.743 5 
4 
4 

0 
2 

2  
0 1.426 77.707 2 

3 2 3 1.426 77.707 1 
2 4 2 1.398 79.527 6 
4 1 2 1.398 79.527 
1 4 3 1.367 81.735 1 
4 2 2 1.321 85.259 5 
4 3 o 1.298 87.156 1 
2 3 4 1.278 88.882 1 
0 4 4 1.237 92.574 3 
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h k 

(21i.) 

1 

4 3 2 
2 5 2 
1 3 5 
o o 6 ) 
o 6 
4. 1 4 
o 2 6 
4 2 4 
4 4 2 

0 6 
2 1 6 
6 0 0 
6 o 1 ) 
6 1 0 ) 
3 1 6 
60 0 2 
6 2 0 
2 3 6 
2 6 3 
0 /4. 6 ) 
o 6 4 ) 
4- 4 4 
6 2 2 
6 3 o 
6 o 3 

Continued 

A d A 	29 	Om  

1.217 
1.201 
1.1804 

94.633 
96.330 
98.529 

3 
2 
1 

1.1671 100.057 4 

1.1500 102.121 1 
1.1071 107,784 2 

1.1071 107.784 3 

1.0933 109.798 ( 1 
1.0793 111.941 1 
1,0431 118.066 3 

1.0298 120.582 41 1 

1.0076 125.164 < 
.99735 127.4.89 3 

.98907 129.4.68 1 

.97075 134.263 
2 

.97075 134.263 

.95885 137.763 4 

.95266 139.734 41 
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CHAPTER If 

INFRA-RED SPECTRAL STUDIES 

In order to obtain information about the sulphate molecule in 
both the Warlingham and Recent anhydrite specimens, infra-red spectra 
were run under varying experimental conditions. 

1i..1 Experimental Methods  

4..1.1 KBr disc technives 

A munber of samples of both anh,ydrites were gently ground under 
acetone so as to pass a B.S. -300 mesh sieve. The samples were then 
each mixed with tAnalaRt KBr in a ball mill, the amount of sample used 
being 1 mg of sample to 200 mg of KBr. This mixture was then pressed 
for about 5 minutes in a steel die at 10-12 tonsisq,3nch pressure in 
an evacuated cell. 

In this manner translucent discs of sample plus KBr were obtained, 
Each disc was then placed in the sampling beam of the instrument, a 
disc of pure KBr being present in the reference beam, Using this 
method, good sharp spectra were obtained but the pressure involved in 
the manufacture of the disc might have modified the physical nature of 
the sample material itself. Also, the resolution observed in spectra 
when a KBr disc technique was used was not always as high as was 
expected. 

4..1.2 Mull technique  

In this technique, the sample was milled with an inert material 
to form a thick suspension. This suspension was then transferred to 
NaC1 cell windows, these windows being suitable for infra-red investi-
gations libtve 650 cm-1. For investigations below this wave number, 
KBr cell windows were used, 

The various milling agents themselves absorb in the infra-red 
but by using different agents, complete spectra were obtained. The 
milling agents used were; 

4.1.21 Nu3o3, This is a long chain, saturated hydrocarbon which 
absorbs strongly at 1,380, 14.60 and 2900 cm71. 

4.4.22 Fluolube. This is a flourinated hydrocarbon having no absorp-
tion above 1,30Q: cm and being especially useful for the region around 

-1 3,000 am , 



4.1.23 Instruments  

Several instruments of varying wavewmber range and resolution 

were used in order to extract information from various regions of the 

spectrum. The instruments used were: 

(i) Hilger and Watts 'Infrascan' 

Range: 650 - 4,000 cm-1, resolution: 2 am-1 

(ii) Perkin Elmer '137' 

Range: 650 - 4,000 cm-1, resolution: 2 cm-1  

(iii) Perkin Elmer '4571  

Range: 250 - 4,000 cm-1, resolution: 1 am-1  

(iv) Grubb-Parsons 'Spectromaster' 

Range: 400 - 16,000 am-1, resolution: 1 cm71  

4.2 Descrition ceLtn2LnEE a of the Warrred 	 ham 	rite 
and the Arabian Gulf Anhydrite 

The table (29) shows the positions (in cm-1) of the infra-red 

absorption bands of samples of Warlingham anhydrite and samples of the 

Recent anhydrite from Abu Dhabi, Arabian Gulf. Table (30) shows a 

compilation of the frequencies of the infra-red absorption bands of 

calcium sulphate hydrates. This compilation is mainly taken from 

Bensted and Prukash (1969). In this description and the discussion 

in the following section only the fundanental bands are dealt with at 

any length. Overtone frequencies are only discussed if re.-lant. 

4.2.1 Warlingham anhydrite 	(Figure (9) which shows a 'standard' 
Anhydrite from Stassfurt) 

The infra-red spectrum of the Warlingham anhydrite showed three 

bands in the region 1,200 - 1,080 mil. The bands at 1,154 and 1,124 

cm 71 were strong, the latter being Observed only when Klr discs were 

used. The band at 1,095 cm 1  was medium strong but was only observed 

when the samples were run as mulls. When KBr discs were used, the 

indications of this band were only faint. 

These bands are interpreted as they vibrational modes of the 

sulphate ion. The extramolecular environment around the sulphate ion 
within the crystal has lead to a lowering of the symmetry of the sul-

phate configuration below the ideal tetrahedral structure and thus, 

although, ideally, the v3  mode is triply degenerate, there is resolu-
tion of v into three component modes. This effect has been previously 
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reported for barite, celestite and anglesite (Adler and Kerr, 1965). 

The significance of this will be discussed in the next section. 

A. weak band was observed at 1,011 0=71  and is interpreted as 

belonging to the non-degenerate vl  vibrational mode of the sulphate 

ion. 

Three bands were seen in the region 600 - 680 cm-1. The band 

at 672 cm-1  is strong as is the band at 640 cm-1. The band at 655 cm-1  
is however only a shoulder on this latter strong band. All these 

bands correspond to the triply degenerate v4  vibrational mode of the 

sulphate ion. 

- 1 At 4-93 cm a single, weak absorption band was observed. This 
band is the v2  vibrational mode of the sulphate ion. This doubly 

degenerate band is of great significance in the comparison with the 

similar mode in the Recent anhydrite. This is discussed in the next 

section. 

Comparison of the infra-red spectral data for the Warlingham 

anhydrite in table (29) with that of the anhydrite data given in table 

(30) shows that the spectra are very similar. Thus, following Adler 

and Kerr (1965), the sulphate ion in Warlingham anhydrite is thought 

to possess both a molecular symmetry point group and a site symmetry 

point group of C2v.  

4.2.2 Recent anhydrite (Figure (10) ) 

The infra-red spectrum of the Recent anhydrite shows many dif-

ferences from that described for the Warlingham anhydrite. The spec-

trum shows many bands which cannot be confidently assigned to any 

reasonable vibrational modes and only the bands which are identifiable 

are discussed here. The complete list of infra-red absorption bands 

of the Recent anhydrite is given in the table (29). 

A broad, medium strong absorption band was Observed between 3,600 

to 3,200 cm-1. Although this band is more accurately described as a 

hump, certain features are distinguishable. A shoulder occurs at 

3,560 cm71  and a distinct peak at 3,420 can 1. These are interpreted 

as the non-degenerate v3 and vl  Vibrational modes respectively of 

the H2O molecule. 

Another broad, hump-like absorption bard was found between 1,675 

and 1,600 cm-1  with little discernable detail. This band is assigned 

to the v2  vibrational mode of the water molecule. 



- 
In the region 1,170 to 1,040 cm 1  there were three, distinct 

absorption bands, two very strong and one just a shoulder. The bands 

at 1,155 and 1,112 cm-1  were very strong, the lower band only being 
observed when the samples were run as KBr discs. The shoulder was 
seen at 1,050 cm-1  but this was only visible when the samples were in 
the form of mulls. These bands are assigned to the v3 vibrational 

modes of the sulphate ion. 

At 1,012 cm a little shoultwas apparent, this being inter- 
preted as the vl  mode of the sulphate ion, 

er 

A strong peak was observed at 671 cm . a shouldiockt 628 cm-1  
and a medium strong peak at 604.cm-1. The bends belong to the v4  
vibrational mode of the sulphate ion. 

Around 450 cm  71 a broad, low intensity band was seen. Upon 
this band, two, very weak absorption bands were Visible. The broad 
bath is associated with the hindered rotation of water molecules where-
as the two, weak absorption bands correspond to the v2 vibrational mode 

of the sulphate ion. The significance of these two bands is discussed 
later. 

Thus, the infra-red spectrum of the Recent anhydrite differs 

from that of the Warlingham sample in the following ways: 

(1) In the spectrum of Patient anhydrite, absorption bands 

corresponding to the v3,  v1 and v2 
vibrational modes of the water mole-  

yule are seen. These are not found in the Warlingham sample. 

(2) In the Warlingham anhydrite, the v2 vibrational mode of 

the sulphate ion consists of a single band whereas, in the Recent anhy-

drite, two v2 bands are seen. 

4.3 Discussion 

4,3.1 General discussion of the Infrared 8pectrikof Crystalline 

Solids with Reference to Anhydrite  

The selection rules governing the absorption of infra-red radia-

tion depend, in the gaseous state, on the symmetry of the individual 
molecule. Bechindividual vibrational frequency, is associated with 
agar a motion ce the mole or a configure:Km or tbs. melet forming 
the molecule. The 'Configuration of the siolesule is itself, dependent 
upon the utextetentkg fortes within. the artegosile. These tomes and 
therefore, the molecular configuration, are also dependent upon the 
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mass of the nuclei. 

The selection rules governing the absorption of infra-red radia-

tion in the crystalline state depend, in addition, upon the symmetry 

and composition of, and the positions of atoms within, the unit cell. 

Also, in this state, the molecule is further deformed by forces ori-

ginating from the surrounding ions. This deformation alters the mole-

cular summetry and gives rise to further vibrations in the infra-red, 

The structural arrangement of atoms outside the molecule thus 

influences the molecular vibrations and is, obviously, a control on 

the symmetry of the site where the molecule is situated. This sym-

metry imposes its own influence on the vibrations and imposes limita-

tions on the symmetry of the molecule, Deformation of the molecule 

resulting from the effect of the surrounding ions, will lower the sym-

metry of the molecule from that shown in the free, gaseous state. 

This, lowering of the symmetry of the molecule will also permit the 

splitting of otherwise degenerate frequencies and 'allow bands to arise 

from vibrations sensitive to dipole adjustments' (Adler & Kerr 1965). 

Adler and. Kerr (op cit) have also shown that the symmetry exhibited 

by the molecule is 'at least equivalent to and often higher than that 
exhibited by the surrounding ions'. 

The infra-red spectrum should, therefore, yield information 

concerning the atomic forces with.the solid as the spectrum arises 

from the vibrations of the molecules about mean positions. These 

vibrations and their frequencies are themselves influenced by all the 

forces present within the crystal lattice. Thus, infra-red spectro-

scopy can, therefore, add details to the information obtained by X-ray 

diffraction concerning the mean positions of the atoms. 

The unit cell of anhydrite contains four molecules (i.e. Z = 4), 

but for the purpose of selection rules for the absorption of infra-red 
radiation a smaller cell must be used, In order to deduce selection 

rules, the cell used must be the smallest one that contains no two 

atoms that will become equivalent if simple translation occurs. This 
is the Bravais or primitive cell of Bhagavantam and Venkatarayudu (1951). 
Thus, in the deduction of selection rules for the absorption of infra-

red radiation by anhydrite, a primitive cell of two molecules is used. 

The space group of normal anhydrite is Dip7h  (A. mma) and the 

corresponding point group D h. Initial selection rules can be obtained 

by consideration of the symnetry properties of this point group alone 

and refined using the data of Adler and Kerr (op cit) that give a 
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molecular and a site symmetry of C2v  to the sulphate ion in anhydrite. 

In solution the free sulphate ion possesses four fundamental o.nct v4, IL 13 len". 
vibrational frequencies at 	= 981 cm

71
, v2  = 1.51 cm , v3  = 1,104 cm 4 

In this state, the ion is thought to possess a molecular symmetry of 

the tetrahedral point group T d. When having this symmetry, the 

infra-red spectrum of the sulphate ion has two, distinct, infra-red 

active frequencies, one belonging to the triply degenerate v mode and 

the other to the triply degenerate v
3 
vibrational mode. However, in 

the crystalline state, inter ionicsforces cause a modification of this 

ideal configuration to a configuration of a lower symmetry. In accom-

plishing this lowering of molecular symmetry, the forces slightly 

perturb the internal vibrations of the molecule leading to a removal 

of the degenerate properties of the vibrations. In the least sym-

metrical cases, where perturbation is greatest all the degeneracies 

are removed and all four :undamental frequencies are seen. These 

four fundamentals are themselves composed of a maximum of nine compo-

nent modes, the components being assigned to the non-degenerate v1  

fundamental, the doubly degenerate v2 fundamental, the triply degene-

rate v
3 
fundamental and the triply degenerate v

4 
fundamental. 

However, for a vibration to be infra-red active, the vibration 

must give rise to an alteration of the dipole moment of the molecule. 

If the vibrational motions of the component atoms cancel each other 

out and produce zero dipole moment in all vibrational positions then 

the vibrational mode will be infra-red inactive. This means, accord-

ing to Adler and Kerr (op city, "....that a vibration may be infra-red 

active only if the centres of positive and negative charge are separ-

ated during the vibration of its positive and negative ions." 

If the sulphate ion in normal anhydrite possesses the symmetry 

of the point group C2v, (Adler and Kerr (op °it) ), then the amber 

of infra-red active components will be one of the vi vibrational mode 

one of the v2  vibrational mode, three of the v3 
vibrational mode and 

three of the v vibrational mode. The single vibration of the v2 
mode does not, however, indicate degeneracy of this mode but merely 

that the other possible v2  vibration is infra-red inactive. Thast  

the infra-red spectrum of a normal anhydrite should show eight out of 

the nine sulphate absorption bands providing that the instrument used 

has a high enough resolution. 
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The sulphate ion in gypsum possesses, according to Haas and 

Sutherland (1956), the symmetry of the point group C2. A sulphate 

ion of this symmetry group will have a spectrum showing three, infra- 

red active, v4  components, three v3  components, two v2  components and 
a single, infra-red active, vl  absorption bard. Thus, in such a 

spectrum all nine components of the fundamentals are observed given 

a high resolution instrument. The importance of the nine, infra-red 

active fundamentals arising from a sulphate ion having a symmetry of 

the point group 02  in relation to the infra-red spectrum of the Recent 

anhydrite will be discussed in the next section. 

4.3.2 The sul hate ion in the  Warlingham and the Recent  Anhydrite, 

Evidence from Infra-red studies 

Studies on the free sulphate ion in solution by Kohlxsusch (1943), 

using Raman spectroscopy, show the four fundamental frequencies of this 

ion to be: 
- V = 981 cm 1 1 
- 

V  = 451 cm
1  

- 1 V3  = 1,104 cm 	and. 

V4. = 613 am-1  

with degeneracies 1, 2, 3 and 3 respectively. However, in this state, 
the ion is at its most symmetrical, having the symmetry of the tetra.. 

hedral point group Td. In this configuration, modes vi and v2 being 

totally symmetrical, are infra-red inactive whereas modes v3  and v4  

give rise to only one vibration each. 

As has been said, extra molecular forces within the crystal, 

perturb the symmetry of the free ion thus removing sore or all of the 

degeneracies of the fundamentals and permitting the observation of the 
components of the fundamentals. Bakamoto et al (1957) have studied 

the alteration in the fundamentals as a function of symmetry of the 
sulphate ion. When one of the oxygentis not equivalent to the other 

three (i.e. when the group is acting as a unidentate ligand) the 

point group symmetry is C3v. If two of the oxygens are no longer 

equivalent to the other two (i.e. acting as a lidentate ligand) the 
point group symmetry of the sulphate ion is 02v. 

From the structure of anhydrite and from the work of Adler and 
Kerr (op cit) the sulphate ion in this structure would be expected to 

have a point group symmetry of C2v.  This lowering in symmetry from 
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tetrahedral point group, Td, of the free ion results in loss of 

degeneracy. Thus, for the symmetry point group C2v  one v1, one v2, 

three v
3 

and three v4  sulphate vibrational components would be expec-
ted in the infra-red spectrum of anhydrite. The eight modes are, in 

fact, observed in the infra-red spectrum of the Warlingham anhydrite 

thus supporting the deduction that the sulphate ion possesses the sym-
metry of the point group C2v. 

In the Recent anhydrite, however, one v1, two v2, three v3  and 

three v4 sulphate vibrations are seen in the infra-red spectrum. Thus, 
the previously infra-red inactive v2 component has now become active 

indicating that the sulphate ion has even lower symmetry than before. 

Tentatively, the sulphate ion in the Recent anhydrite is assigned to 

the next lowest symmetry point group C2. 

This evidence supports the X-ray diffraction evidence for dis-

tortion of the crystal structure of the Recent anhydrite as compared 

with the normal, Warlingham anhydrite. Also, it is important to note 

that if the C2 assignment is correct, then the sulphate ion in Recent 

anhydrite possesses similar symmetry to the sulphate ion in gypeum. 

Comparison of the values of the vibrational frequencies of the 

sulphate ion in the Warlingham anhydrite with the similar values of 
the free sulphate ion show that, with the exception of the -weak v3 com-
ponent at 1,095 cm-1, all the component frequencies have higher values 
in the anhydrite than in the free state. The values of v1  and v3  
components are related to the stretching force constant of the S-0 

band and values of v2 and v4 are the deformation modes of the sulphate 
ion. 

Rousset and lochet (1945) have suggested that the magnitude of 

the splitting of the infra-red fundamental components of the sulphate 

ion is a function of the departure from the tetrahedral configuration. 

The splittings in v3  of 59 cm-1  and in v4  of 32 cm-1  in the Warlingham 

anhydrite are quite large and indicate a greater perturbation in the 

v3  stretching than in the v4  deformational mode. This difference may 

be a reflection of the fact that as X-ray diffraction studies have 

shown, two of the oxygens of the sulphate group in normal anhydrite 

are not equivalent to the other two. 

Inithe Recent 

v4. 67 cm and v2 72 

thing mode, v
3
, (105 

anhydrite, the splittings are: v 105 em-10  

em 1. The value of the splitting in the stret- 

cm-I) is again much greater than in the deformation 
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modes v4  and v2 (67 and 72 cm
71 respectively). Thus again there is 

greater perturbation in the stretching than in the two deformation modes. 

The infra-red evidence, therefore, is in agreement with the tentative 

X-ray diffraction evidene that perhaps indicates greater deformation 

of the sulphate groups in the Recent anhydrite as compared with normal 

anhydrite. 

It will be shown in the next section that some of the absorption 

bands visible in the infra-red spectrum of Recent anhydrite are easily 

assigned to water fundamentals. The presence of water in the Recent 

anhydrite has been confirmed using A.S.T.M4 procedure C471-61 (i.e. 

lashing the solid with ethanol, drying for 2 hours at 45°C, igniting 

the dried and weighed solid in a muffle furnace for 1 hour at 40000. 
Reweighing gives the loss in weight which is equivalent to the bonded 

water content). Using this procedure upon several samples of Recent 

anhydrite, values between 0.7 and l.6 were found for the bonded water 

content. 

If this water is indeed present as bonded water, then hydrogen 

bonding of the water molecule is likely to occur, as in the gypsum 

structure, to two of the oxygen atoms of the sulphate group, the other 

two oxygen atoms being left free. Should this be the case, then, as 

Haas and Sutherland (1956) suggest, the higher frequency of the v2  

mode, 500 cm-1 may be associated with vibrations of the more deforma-

tion resistant, hydrogen bonded, part of the sulphate ion. The lower 

frequency, 428 em-10  being associated with the more easily deformed, 

free part of the sulphate ion. 

4.3.3 Theliaterhjoleculeir videncefromInfra-

red Studies  

As has been mentioned above, there is both analytical and spec-

tral evidence for the presence of bonded water in the Recent anhydrite, 

Herzberg (1945) has shown the values for the three fundamental vibrations 

of the water molecule in the baseous state to be 3652 cm 1  for vl, 
1,595 em-1 for v2  and 3,756 am-1 for v3. When, however, the water 
is held as bonded water within a crystal lattice, some departure from 
these values is to be expected. In addition, other bands would be 

expected, these being associated with a hindered rotation of the water 

molecules (i.e. rotary lattice mode). The extremely broad, (a chara-

cter typical of all water bands in the condensed state) low intensity 

band, centred at 446 cm 1, found in the infra-red spectrum of the 
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Recent anhydrite is attributed to such a mode. The presence of this 
band masks the two v2 sulphate bands so that they both appear as small 
humps on the mach larger hump of the water band. 

Since none of the fundamental vibrations of the water molecule 
are degenerate no splitting of the fundamentals will be observed unless 
interaction occurs between the water molecules of the unit cell. As 
it is unlikely that there is even one molecule of water per unit cell, 
it is thought that no pplitting of water fundamentals will be observed. 
Therefore, tentatively, the assignments given are: 3,560 cm-1  v3 H20, 
3,420 cm v1  H2O and 1,675 - 1,600 cm 1 v2  1120. 

From the figures quoted above and those of Herzberg, it can be 
seen that in the Recent anhydrite, v1  and v3  fundamentals are lower in 
value than in the gaseous state whereas the v2  fundamental is higher 
in value. This agrees with the observation upon the similar compo-
nents in gypsum by Haas and Sutherland (1956) and with the general 
observation that hydrogen bonding lowers the numerical value of valency 
vibrations and increases the values of the deformational frequencies. 
However, the amount of change in the stretching frequencies is less 
than expected from the application of the empirical rules concerning 
this phenomenon. (Rundle and Parasol 1952). 

The broad nature of the water fundamentals as compared with the 
corresponding sulphate fundamentals is to be expected. The water 
molecules may beeouplecl together, via hydrogen bonding, to the same 
oxygen :If the sulphate group, whereas, the sulphate vions are not 
directly coupled. 

The relative intensities of the v2  and v3 fundamentals in the 
Recent anhydrite spectrum are also of interest. Whereas in the gas-
eous state, v3  is much stronger than v1, in the infra-red. spectrum of 
the Recent anhydrite V/  is, as far as can be ascertained, =eh more 
intense than v3. This indicates that the charge distribution on the 
vibrating water molecule is different in the Recent anhydrite than in 
the vapour state. Alternatively, the form of the vibration may be 
radically different. 

MILS the character of the water molecule in the Recent anhydrite 
structure is much perturbed. This is evidenced by the broad nature 
of the absorption bands, Also, since in the Recent anhydrite, some 
of the v1  and v3  vibrations may have similar symmetry characteristics 
and differ in frequeney value by only 100 cel, it may well be that 
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these vibrations have become mixed. This would necessitate further 

modification ideas of the water molecule from those of the vapour mole-

cule model. Evidence for the perturbation of water molecules has been 

found in the Raman spectrum of gypsum by Cabannes et al (1953). 

Conclusions  

The infra-red spectral comparisons of the Warlingham anhydrite 

and the Recent anhydrite are useful in providing evidence for the 

perturbation of the sulphate ion in the Recent as compared with the 

more normal sample. In the Recent sample, the sulphate ion is less 

symmetrical, this being evidence by the appearance of more fundamental 

components in the infra-red spectrum of this specimen. Thus, the 

infra-red evidence seems to support the X-ray diffraction data that 

indicate considerable perturbation of the unit cell of the Recent 

as compared with the Warlingham anhydrite. 

The spectra also provide clues as to the relationships of the 

bonded water in the Recent anhydrite to the rest of the atoms in the 

structure. The presence of this bonded water is verified analytically. 

Thus, the infra-red spectra further support the evidence given in a 

later chapter that the Recent anhydrite is not true anhydrite but some 

form having affinities with both anhydrite and gypsum. The mechanism 

of this relationship is thought to be loss of water from gypsum. 
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TARTY (29) 
Infra-red Spectra of Warlingham Anhydrite and Recent  

• rite from Abu Dhabi Arabian Gulf. Fre• encies 
in cm" and their assignments) 

Warliham Anhydrite 	 Recent Anhydrite 

493 w 

640 s 

655 sh 

672 s 

v2  SO4 
v4  SO4  

v4  SO4  

v4. SO4  

428 v,w 	v2 SO4 

446 broad bump. H00 Rotarory 
v2SO are 	lattice mode 
humps on this 
band 

500 v.w. 	v2  SO4 
604 m 	v SO4 
628 sh 	v4 SO4 
671 vs 	v4 SO4 
799 w 	u. 

880 sh 	u. 

912 sh 	u. 

	

1,011 w 	v1 SO4 	1,012 sh 

	

1,095 m 	v3  SO4 	1,050 sh 
Nulls 	 Nulls only 
only 

vi SO4 

v3  SO4  (?) 

1,124 	s 	v.4  804  
KBr discs 3 
only 

1,154 vs v3  504  

2,128 w v1+v3SO4 

2,242 w v1+v3SO4  

1,112 vs. 	v
3 

SO4 KBr discs 
only 

v3 304 

v2  H2O 

vii.v3S0,4  

vi+v3SO4  

1,155 v3 

1,600 bump  
1,675 

2,140 w 

2,24.0 v.w 

	

2,360 w 	u. 

	

2,860 w 	u. 

	

2,930 m 	u. 

2,970 w 

B,420 s H 0 1 2,  

	

3,560 w 	v3  H2O-. FLO- 

v.w - very weak, w - weak, sh - shoulder, m - medium strong, 
s strong, vs vex~ strong, u unassigned. 
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TABLE (30) 
Infra-red Bands of Various Modifications of CaS0 After 
Bensted  & Pxukash (1969) ) 

Assignment 

v4.p04  

v1S0if 

v1S01+  

v3SO4.  

v3304 
v3SO4.  

v3SO4.  

v3SO4.  

v2/1 0 2 
2 x v1304. 
v1  + v3SO4.  

v1  + v3504.  

v 	v3SOif 

2 x v3SO4. 

2 x v2H20 

2 x v2H20; v3H2O 

v1H20 

v1H20 

17.31120 

n - Only obtained with Nujol null 
- Only obtained with KBr disc 

vw - very weak, w weak, m - medium, s strong, vs - very strong 
sh - shoulder 

Gypsum Hemihydrate Soluble Insoluble 
Anhydrite Anhydrite 

667 s 660 s 665 s 666 sh 

672 sh 670 sh 672 sh 673 s 

11004. vw 1,008 m 1,008 vw 

1,012 vw 1,012 vw 

1,094. s 1,092 s 1,095 s(n) 

1,120 vs 1,115 a 1,115 s 

1,14.5 vs 1,135 sh 1,135 sh 1,130 s(d) 

1,155 sh 1,135 vs 1,155 vs 1,158 vs 

1,168 sh 1,168 sh 

1,617 sh 1,617 
1,623 s 1,623 v2H20  

1,688 m 
2,030 vvr 
2,090 vw 

2,130 w 2,130 w 2,130 vw 2,130 vw 

2,150 vw 

2,230 w 2,230 vw 2,230 vw 2,230 vw 

3,220 vw 

3,245 sh 

2,1+1.0 s 

3,500 w 3,560 m 

3,555 m 3,615 s 
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CHAPTER ,2 

SINGLE CE/STAL STUDIES ON SELECTED 

CALCIUM SULPHATE MINERALS USING 

X-RAY D.OTTACTION METHODS: 

METHODS AND TECHNIQUES 

5.0 Introduction 

This chapter deals with the methods and techniques used to obtain 

the results from the single crystal studies. Also, it deals with the 

various ways in which these results were processed. 

Later chapters will give a description of selected single crystal 

photographs, the results obtained from these photographs and the inter-
pretation of these results. 

Techni ues used to Obtain Data and Methods of Data :Processing 

5.1.1 Selection of Material for Sir le-Crystal Examination 

5.1.11 'Standard' anhydrite (British Museam (Natural History) NO.35.876 

Magdeburzt  Germany) 

In order that a crystal may be used as a 'standard' example of 
a mineral, it is essential that the crystal be as perfect as can reason-
ably be expected so that observed and calculated intensities will agree. 

There are two main ways in which a crystal can depart from an 'ideal 
state. Firstly, the crystal, itself, may have an imperfect lattice 
and secondly the crystal may possess twinning. If the crystal is 

imperfect, then it must be accepted as a 'fact of life' but twinning 
must be avoided for results obtained from twinned ctystals will affect 
data relating to the dimensions of both unit cell and symmetry. The 
sample used in this study was an almost perfect crystal of late dia-

genetic anhydrite from Stassfurt„ Magdeburg, Germany and the absence 

of twinning was revealed by examination under the polarising microscope. 

So that diffracted intensities could be corrected for absorption 

effects, the crystal used must be small and of convenient shape to 

apply a correction. The anhydrite used as a standard in this study 

was spherical. The crystal was ground to this shape by gentle grinding 

with 0.05 p alumina powder and had previously been firmly mounted on a 

glass fibre. In order to obtain a reasonable sphericity two mountings 

on to glass dibres were necessary. 
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The original anhydrite grain was chosen and later grinding was 

carried out so that the final diameter of the anhydrite sphere was 

about 0.15 mm. At this size any absorption that did exist was mini-

mized. The sphere, still mounted on the glass fibre, was then 

oriented on goniometer arcs, by taking preliminary Lane, Oscillation 

and Rotation photographs. 

Although it was fairly obvious from visual examination of these 

setting photographs that little or no absorption was taking place, a 
check was male by taking a preliminary, zero-layer, Weissenberg photo-

graph and making sure that the intensity of reflections near the centre-

line of the photograph was uniform over their whole extent. This was 

the procedure suggested by Buerger (1960). 

5.1.12 Warlingham Anhydrite 

A piece of nodular anhydrite was removed from the 2134. ft. - 
21544ft. interval of the Warlingham core and checked to ensure the 

absence of twinning. Originally, it was hoped to grind a fragment of 

this anhydrite into a sphere of diameter 0.15 mu (i.e. Similar to the 

standard). However, the first three fragments shattered, but, at the 

fourth attempt, a slightly eccentric sphere of dimensions 0.20 mm and 
0.15 mm was obtained. This crystal was then oriented in the same man-
ner as described above and a preliminary, zero-level Weissenberg photo-

graph was taken to check for absorption. 

5.1.15 Recent Anhydrite  

The crystals of the Recent anhydrite were extremely thin due to 

the flattening parallel to (100) and were very fragile. Thus, the 

crystals could not be ground to either of the shapes convenient for 

absorption corrections, (i.e. Spherical or Cylindrical). Many crystals 

(over 80) were examined during the course of this study and the ones 

for which the intensities were measured were cut to an approximate 

size of 0.10 mm x 0.10 mm x 0.05 mm. Intensities obtained from these 

crystals were correoted for absorption as for spheres of radius 0.06 mm. 

It was thought that the errors in doing this were insignificant. 

Although under crossed polars, the Recent anhydrite crystals 

exhibited peculiar variety of brush polarization whereby the polariza-

tion diverged from the ends of the crystal towards the centre, rather 

than from the centre towards the ends, they were not twinned. However, 

as the photographs of different crystals showed the crystals were 

imperfect, with degrees of imperfection ranging from moderate to 
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extreme, If it had been possible, o#O of the extremely disordered 

crystals would have been used to obtain intensities, but this was not 

feasible in the present study. Therefore, to obtain values for the 

intensity of reflections, a selection of the least disordered crystals 

of the Recent anhydrite were used and only qualitative procedures were 

used on the more disordered crystals. The size of crystals used in this 

qualitative examination varied greatly, but in no case did it exceed 

0.50mm x 0.50mm x 0.07mm. 

5.1.14 Warlingham gypsum, Recent gypsum after anhydrite?  Recent  
intertidal zone gypsum and "Pit-grown" gypsum. 

The examination of all these varieties of gypsum was purely 

qualitative. In the case of the Warlingham sample, a fragment taken from 

the core was used and in other cases small, individual crystals were 

used. In no case was the size of crystal such that absorption effects 

were obviously excessive. 

5.1.2 Factors affecting the intensity of diffraction  

5.1,21 Geometrical factors affectin intensities 

The amount of energy (ki 1 ) diffracted as a crystal rotates h  
uniformly about an axis normal to the X-ray beam can be written; 

hid = K.Lwa.Pbt1  ./Fhki/
2 (1)  

where K is a constant for the experiment, L, the Lorentz factor, P, 

the polarization factor and /F/, the modulus of the structure factor. 

These last three quantities vary in value from one (hkl) value to 

another. 

The polarization factor is a simple function of the Bragg angle 

(G) and may be written; 

	

P 	1 + cos2 28  
2 

For an equi-inclination Weissenberg camera, the polarization 

factor may be written as: 

P szt 	+ sin4 v 	I sin2 2v cos ' + ces4v cos
2
y (3) 

where v is the cone angle between the generator of the nth layer line 

and the equator [for equi-inclination Igthe inclination angle) 

and Y the angular film reflection co-ordinate. 

The Lorentz factor is concerned with the motion of the crystal 

and, for the equi.inclination Weissenberg condition, is; 

(2)  
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L 	sine 
2fl 	2 cos IA- cos 2$ 

1 

sin28 

1 	(4) 
2cose cos214 cos2  

where the symbols have their usual significance. 

This can be simplified to 	= cos2  v sin Y . 

[The equation (1) above is more correctly written as;  

P 	=  total 	mE  hkl 

(5) 

where m is the multiplicity factor. In the case of the Weissenberg  
camera only one plane of the crystal reflects to a particular position 
on the photographic film and thus m = 1.] 

The intensity data was obtained using  a "film pack" technique 

with five films in a pack. Intensities measured from these films, 

therefore, not only had to be corrected for the geometrical factors 

cited above but also, values had to be put on to a common scale. A 

computer prgram was partially written to accomplish these operations;  

but it was subsequently learned that there was already an Atlas program 

available. 

Values of the maximum and minimum observed intensity values, 

considered to be relevant in the calculation of the scale, were chosen 

and the values of Iobs 1 Iobs 5 ( 
1 --4> 5 representing the film 

layer) for reflections (bkl) were used to calculate scales K1  -;> K5  

for the film layers 1-5. The K values were then used to calculate a 

mean value of Iobs. 

The values of Iobs 1
—› Iobs 5 

were then used to calculate 

the average ratios;  

1 k  i 	N 	
(I

obs(i.4) / Itabs i) for i = 2...n (6) hkl 

where N (hkl) values were used and values of Iobs j were only used if 

I 	< I 	< I ax 	j = min 	obs j — m 	' 

Then, scales K1  = 1 and El  = K(i_j)  kl  (i = 2...n) were calculated 

for film layers 1 ---> n and a mean value;  

robs 	( / 	I 	
r 1

/ ) 	(7) i=4 	obs tit-1)/ J.L.1 	K. 

was calculated for each (bkl) value. 

These values of Iobs were then corrected for effects due to 

both the Lorentz and Polarization factors and a new set of lobs  found. 
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The program calculated the Lorentz factor for Weissenberg photographs 

as; 

L 1 = cos 11. cos v . sin y 
	 (8) 

where 4 is the inclination angle, v the angle between the generator 

of the nth layer line and the equator and y the angle between the 
projections of the incident beam and diffracted beam on the zero layer. 

No intensities were ever measured from Precession camera photographs 

and therefore, the ability of this library program to process data from 

these cameras was never used. 

The program calculated for the polarization factor as; 

P
-1 

= 8/(8-4d*2.4. d*4) 
	(9) 

where d* is the interplanar spacing in reciprocal space and was calcu-

lated by the program from the fed-in cell parameters and reflection in-

dices. 

Since only layers 0 and 1 were used for intensity measurements, 

no attempt was made to correct for differences in spot size on higher 

layer Veissenberg photographs. The form of this correction is; 

1 
W/ 	.  2 cos 0. 	1 + x 	

180 /q4-t21/1t 2-11)2  ) 
, 	{ 	4 n 	

(10) 
1  LP 	1 + cos42o 	(2R1/ [4—c2  i2-142) 

[For explanation of equation (10) see International Tables for Cryst-
allography Vb1.III, pp.140-141.) 

However, since calculated differences in spot size due to this effect 

were small, in the case of the Recent anhydrite, as compared with the 

size increase due to small deviations of the rotation axes of individual 

crystallites (see later), the error from ignoring this correction was 

probably small. These deviations of individual crystallites about the 

rotation axis also contributed to the uneveness of spot intensity of 

the Recent anhydrite reflections which was more apparent in the higher 

layers. 

5.1.22 Physical factors affecting intensities  

So far, only geometrical factors affecting intensities have 

been considered. However, there are other, less simple factors that 

affect the intensity, examples being; "extinction" absorption and the 

thermal motion of the atoms. 

5.1.221 Extinction  

2  In the relation between intensity and /F/ (equation (I)), 
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the assumption is made that the crystal consists of a very small 

volume, dV. This assumption not only eliminates "absorption" but also 

"extinction". Even when absorption is small, a wave diffracted in a 

crystal takes with it only part of the energy of the incident beam. 

This attenuation of the primary beam, when the crystal is in the 

diffracting position, reduces the diffracted intensity. This condi-

tion is very difficult to allow for as it depends on the physical 

perfection of the crystal. 

In an ideal crystal, in which all the reflecting planes are 

parallell, the diffracted wave is reflected again by the preceding 

plane and is propagated in the direction of the incident beam. For a 

single reflection, the phase difference is IT/2 
and after a double 

reflection the difference between incident and diffracted beam is Tr . 

The incident beam is partially extinguished, and the amplitude of the 

incident wave is diminished when penetrating into the interior of 

the crystal. This reduction of the primary beam is primary extinction. 

In an imperfect crystal, diffraction occurs over the whole of 

its volume, but, nevertheless, as a result of reflections from several 

optically independent zones the intensity of the primary beam is reduced 

Whilst passing through the crystal. This reduction is secondary extinction. 

However, in an imperfect crystal, reflecting planes are not strict- 

lyparallel and no definite phase relations exist between incident and re-

flected beams. In this case, Auleytner (]969) claimed that the inten-

sities, but not the amplitudes, could be summed geometrically. He ex-

pressed this as: "during the transit of the primary beam through V blocks, 

in which a reflection has occurred, the intensity of a primary beam is 

reduced to; I0  -1 Iv." [Id being the intensity of the incident beam and 

Iv  the intensity of a beam reflected by the Vth block]. 

As a result of his study Auleytner (]969) divided crystals into the 

following classes. 

(i) Ideal crystals where only strong primary extinction is present. 

(ii) Crystals with large blocks strongly disorientated with respect 
to each other where strong primary extinction and small secondary 
extinction is present. 

(iii) Crystals with slightly disorientated, large blocks where strong 
primary and secondary extinction is present. 

(iv) Crystals of small, slightly disorientated blocks where primary 
extinction is small but secondary extinction large 

(v) Crystals of small, strongly disorientated blocks where primary 
and secondary extinction are both small. 

Darwin (]9]4) has derived formulae for the integrated intensity 

diffracted by an ideally perfect crystal and for the integrated intensity 

diffracted from a small volume elmment (dV) so small that neither 
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absorption or extinction is appreciable. It has been found, by 

measurement, that most crystals have intensities in excess of those 

predicted by the ideal crystal formula and, instead, the intensities 

agree more closely with those obtained using the small volume element 

formula. Thus, most crystals are not perfect although, over small 

volumes they may approximate to perfect crystals and consequently 

Darwin (1922) proposed the idea of an ideally imperfect crystal com-

posed of mosaic blocks so small that within each block primary extinction 

does not occur. Also, Darwin (op.cit.) derived an approximation by 

which allowance could be made for primary extinction in reflections 

from crystals whose units are larger than those permitted in the 

ideally imperfect case. 

Generally, it may be said that primary extinction is greater 

for large structure factors (F), large interplanar spacings (d) and 

small orders of reflection (n in the Bragg equation n X.= 2d sine). 

Lonsdale (1947) has shown, however, that primary extinction becomes 

appreciable for crystal thicknesses greater than 10-4 cm and at 

dimensions of 10-3 cm it is already extreme. 

However, as will be shown later, the "poly-crystals" of 

Recent anhydrite consist of many thin platey crystallites all disor-

ientated with respect to each other and all consisting of many small 

mosaic blocks which are themselves disorientated with respect to each 

other. Thus, it is thought that not only do these "poly-crystals" 

approximate to a Darwin ideally imperfect crystal in certain respects 

but also that they can be placed in classes (iv) or (v) of the 

Auleytner classification. In both of these classes, primary extinction 

is small but in case (iv) secondary extinction is large and in case 

(v) secondary extinction is small. No attempt was made to correct for 

primary extinction. 

However, in case this assumption was wrong and primary 
extinction was appreciable, reflections with large measured values 

for structure factors and large interplanar spacings were closely 

scrutinized for any reduction in apparent value of the structure 

factor. As usual, structure factors suspected of exhibiting primary 
extinction have been omitted in the determination of the residual (R) 

and in the Fourier analysis, computed values of the structure were 

substituted for the observed values where extinction effects were 
thought to be large. 



140. 

For any set of planes, satisfying the Bragg equation, there 

is attenuation of the primary beam, even in the absence of primary 

extinction, because the diversion of energy, from the primary beam, by 

the reflection, weakens it. Thus, the intensity of the primary beam 

received by a plane is equal to that of the original beam less that 

which has been reflected by the planes preceding it and less any absorp-

tion in the path to it. This reduction of intensity of the primary 

beam due to this kind of previous reflection is another definition of 

secondary extinction. 

Secondary extinction thus behaves a good deal like absorption 

and no attempt has been made her to correct for secondary extinction. 

5.1.222 Absorption 

The theory of absorption correction is well known and it is 

possible to make this computation for a crystal of any shape. All 

three anhydrite crystals examined in detail were treated as spheres 

for the purpose of absorption corrections. The radii given to these 

spheres were as follows; 

CRYSTAL 	ACTUAL SHAPE 

Sphere of diameter 
0.15 mm 

Eccentric sphere. 
Dimensions; 0.15 x 
0.15 x 0.20 mm 

Block of dimensions: 
0.10 x 0.10 x 0.05 
mm 

ASSUMED SHAPE FOR 
ABSORPTION CORRECTION  

Sphere of radius 
0.075 mm 

Sphere of radius 
0.083 mm 

Sphere of radius 
0.060 mm 

"Standard" 
anhydrite 

Varlingham 
anhydrite 

Recent 
anhydrite 

The absorption was then calculated according to a library 

computer program which performed the calculation following, approximat-
ely, the procedure outlined by Buerger (1960). 

5.1.223 Temperature factor 

Due to the influence of temperature, every atom in the crystal 

is not, in fact, static but undergoes thermal motion. The effect of 
this motion is to cause the electrons, surrounding each atom, to sweep 
out a larger average volume than if the atom was at rest. This causes 

the atomic scattering factor curves of the atoms to decrease more rapid-

ly with (sin0/x) than for the same atoms at rest. Each atom undergoes 

thermal motion such that its electron density is drawn out over a small 

anisotropic volume each non-equivalent atom exhibiting an extension 



141. 

different in both extent and orientation with respect to other atoms. 

Wailer (1927) approximated the effect of thermal motion on 

the diffracted intensity for isometric structures containing one kind 

of atom as; 

f = f e
-(B sin26/x2) 	 (11) 

o 
 

where B is the temperature coefficient, fo, the atomic scattering 

factor of an atom at rest and f, the atomic scattering factor of the 

atom undergoing thermal motion. 

The simple relation (11) can only be used as an approximation 

and cannot really be applied in more complex situation as the approx-

imation assumes that, during thermal motion, each atom in the crystal 

undergoes the same, average, isometric motion. However, the value 

obtained using the approximation can be used as an initial solution 

and both the isotropic and anisotropic temperature factors for in-

dividual atoms may be obtained during the least square refinement. 

This is done according to the method of Wilson (1942) and Harker (1948) 

at the same time as placing the structure factors on an absolute.scale 

and starting from the value of the structure factor of thelyne; 

F = 	f. 0i2n (hxj  + ky. + lz.) 	(12) 

j 3.  

This method is dealt with more fully during the discussion 

of the least squares refinement of the data from the anhydrite crystals. 

In refining values of the isotropic temnerature factor, the initial 

values used were those of Cheng and Zussman (1963) and the values ob-

tained are quoted in a later section. 

5.1.3 Structure factor calculation 

"The wave scattered by a crystal is characterized by the 

complex quantity 10 	whose magnitude is the amplitude of the scat- 

tered wave and whose direction, in the complex plane is determined 

by the phase of the scattered valve." (Burger, 1960) 

The structure factors calculated here used the atomic 

scattering factors (f) for individual atoms taken from the Internat-

ional Tables for Crystallography and the computation made using an 

Atlas library program. 

The calculation was performed as follows; 
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Fhkl =Fhk11 
cost) + iIFhkl I 

sin • 
	(13) 

fr /, 
T 
 rs 

 cos 21.(hxrs 
 + ky 

rs 
 + lzrs 

 ) + 	(14) F
hkl = ( Mr  

r  

Mrfr. ITrs sin yhx
rs  + kyrs  + lzrs) 

r 

This may be written more conveniently as: 

F
hkl 

= 11 M
r  fr  Ar 	r 

) + i(1 M f 
r 
 B 

r 
	 (15) 

where the meaning of Ar  and Br  is obvious. 

Thus, the magnitude of the structure factor, the structure amplitude, is; 

IFhk1.1 	= 	iC elirfrIkr).1- 	(/ Mrfr Br)  r 	 r 
	 (1.6) 

However, using the.amcm space group for anhydrite, a symmetry 

is present and thus, the imaginary part of the structure factor is equal 

to the real part. Thus, the equation (14) is simplified. 

The phase of the structure factor was computed as follows- 

tan (i) hkl = 	/ Mrf  rBr  r 
03) 

XMf A 
r r r r 

where $ hkl is the phase angle. 

cos hkl 	
M
r
f
r
A
r 	

and  
f 	 sinf hki 	

M
r
f
r
Br (18 a & b) 

= 	 

IFhk4 	 11Fhk1 I 

If the structure is centrosymmetric, the phase angle degenerates to 

D nr 	This oracuinta to =feigning a sign to the structure factor, specifical- 

ly, when $ 
hkl = 0

' Fhkl is positive and when hkl = 
' Fhkl is  

negative. This phased information was then used in the Fourer analysis. 

The program also calculated, if desired- 

phased 10
obs 

 1,  KIF
obs 

cos 	and KIF
obs I sin f , 

phased differences A F cos , A F sin 0. 

Also (hkl) 814 •  w, w A, obs
1, IF

calc
I, Ff cos, sin f 

cos C and RI F
obs 

I sin 4  . KI Fobs1  

T, 
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An analysis was performed, using the program, giving; 

Fobs' and I1calc 1 versus sin2  0/A2  and 

-7,62  and p F versus Fobs 

An approximate scale factor K = 
Ftalc

F
was also obtained. 

obs 

Definitions  

hkl 	Miller indicies of reflection 

l Fobs f 	
Modulus of observed structure factor for hkl such that 

Iobs = ( Fobs 
)2, Iobs 

being the observed, corrected 

intensity 

xr
,  , y r  , Zr  Co-ordinates of atom r in terms of fractions of the 

cell edges a, b, c. 

Yrs zrs Co-ordinates of an atom related by symmetry 

operation s to atom r. 

f
r 	

The atomic scattering factor for atom r. (Appropriate 

to current hkl 

Mr 	Multiplicity factor for atom r. 

r

• 

s 	Temperature factor for equivalent position s related 

to atom r 

K Scale factor relating K Fobs  to %sic  

'Peale! 	Modulus of the calculated structure factor for hkl. 

Phase of calculated structure factor for hkl. 

/IF 	Difference K Fob s 	
F
calc • 

O Bragg angle. 

w 	Weight of observation 

A 	Wave length of radiation used. 

The structure factors were calculated from a list of planes giving 

the Miller indices, hkl, some function of the observed intensity (either 

'ohs or F
obs ), a list of independent atoms, their three dimensional 

co-ordinates, multiplicity, symmetry operations relating equivalent pos-

itions to those listed, a list containing a table of atomic scattering 

factors for each atom type and, in the later stages, isotropic temper-

ature factors of the atoms. Various weighting schemes were used as 

desired. 

The observed and calculated structure factors for several anhyd-

rite crystals are given in a later section. 
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5.1.4 Fourier calculations  

Since the atoms in a crystal are arranged periodically, the 

electron density surrounding the atoms may be represented by a Fourier 

series. Again, in order to perform a Fourier summation, an Atlas 

library program was used. 

Initially, the summation was carried out for space-groups Cmcm 

(63), Cmc21  (36) and Ama 2 (40) from values of FA  and FB. Hahne (1963) 

had previously suggested that systematic extinctions allowed only these 

three space-groups for anhydrite. Also he noted that a statistical 

analysis of intensities using the method of Howells, Phillips and Rogers 

(1950) supported the non-centrosymmetric group Cmc21. However, as in 

Hohne's work, this present study considered that deviations from a centro 

symmetric structure in the cases of the ordered anhydrites, were insig-

nificant and thus, for the later Fourier summations, only the centro - 

symmetric space-group Cmcm (63) was used. 

The program calculated the quantity. co CO OD 

p (x,y,z) = 	(A cos2n(hx+ky+lz) + B sin2r(hx+ky+lz)) 
0  -00 -00 

Where A and B and the real and imaginary parts of the structure 

factor for the reflection hkl. The values of these quantities taken 

from the International Tables for Crystallography) for the space-groups 

specified are- 

For Cmc2 (36) 

(non-centrosymmetric) 

A = 8 cost  2n 	cos2irhx cos2v(ky+1/4) cos2w(lz-1/4) 
B = 8 cos2  2n y- cos2irhx cos2n(ky+1/4) nos2w(lt -1/4) 

B = 0 if 1 = 0 

A = 8 cos2  21T 41 cos2w(hx-h/4) cos2n(ky+4/4) Cos2n1z. 

B = 8 cos2  2744
4
1  cos2w(hx-h/

4 
 ) cos2n(ky+4/4 

 ) Sin2w1z- 

B = 0 if 1 = 0 

A = 16 cOtit2it+-kh.  cos2ithx cos2m(ky+1/4) cos211(1z-1/4) 

B = 0 

For Ama2 (40)  

(non-centrosymmetric) 

For Cmcm (63)  

(Centrosymmetric) 

For the two dimensional analyses, the projection was calculated by 

making the third index (zero) correspond to the direction down which the 

projection occurs. For example, for a projection down b(y) the data 

given was; (h10) 

The figures (11-13) show the electron density projections po(yz), 

P
o(xz), and Po(xy) according to Hohne (op.cit.) for anhydrite and the 

figures (14-19) show similar projections based on the data for the 

Stassfurt and Warlingham anhydrites. The space group used for this sum-

mation was Cmcm. 



The electron density projection po(yz). (Alter Hahne, 1963.) 
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Figure 1 	(Figure constructed to show close similarity with figure 11.) 

2he-electron density projection. p 	Stassfurt anhydrite. 
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Figure 15. 	(Figure constructed to show close, similarity with figure 12.) 
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The electron electron density projection po(zz), Stassfurt anhydrite. 



(Figure constructed to show close similarity with figure 13.) Figure 16. 
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The electron density projection po(xy), Stassfurt anhydrite. 



Figure 17. 	(Figure constructed to show close similarity-  with figures 11 & 14.) 

The electron density projection p yz), Warlingham anhydrite. 



The electron density projection po(xz), Warlingham anhydrite. 

Eiaatt ls. I V (Figure constructed to show close similarity with figured 12 & 15.) 	
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The electron density projection po  xy 	anhydrite. 

Figure 19. (Figure constructed to show close similarity with figures 13 & 19.) 
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%.1.5 Intensity statistics  

The statistics relating to the intensity of reflections were 

examined using another Atlas library program. The first part of the 

program calculated a type of overall scattering factor according to 

the types and numbers of atoms present. That is- 

f i  (s2) where s = sin a/A 

The program grouped the reflections according to values of s
2 
and for 

each group calculated- 

< Fobs (s2) > 	(lobs  (82).m.B. 
1  /a) /no of I obs. 

and tabulates- 

log log < <lobs 	>1  againsg each. group of s. 

X {f (s2)}
1 

i 
i 

The best straight line fit was then fitted to these values and 

the intersection with s = 0 determined log K and the slope was - 2B. 

lobs (e2) i.e. log 	= log K - 2B82. 

i{ 
 

the values K and B were then printed out. 

Having obtained these values, the routine then calculated the 

intensity statistics consisting of tables of 	as a function of z for 

each range of s
2 
for the whole data and P

(z) 
and N

(z) 
as a function of 

z for the whole data and for hk0, hOl and Okl where z = I (s2) 
obs 	/ <Iobs1(s)> 

The reflections were then grouped according to the value of z. 
no of obsgiving this group for z. P(z) 

Total no. of I
obs 

N(z) = 	P(Y) 

y<z 

The theoretical values for these functions are given in the 

International Tables for Crystallography, Vol.II, page 357. Values ob-

tained from the anhydrite crystals for these functions are not given here 

as they exhibit differences from the theoretical values which are, apparr 

ently random and meaniggless. 

5.1.6 Interatomic distances andJangles  

. . This calculation was performed with an unmodified Atlas library 

program and details of the calculation are given in Chapter 23 of Buerger 

(060). The program calculated the distances between pairs of atoms and 

• -4" 
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angles between pairs of vectors from a list of three dimensional 

co-ordinates of non-equivalent positions and a list of symmetry operations 

relating equivalent positions to those listed. The translations due to 

lattice symmetry, within the unit cell (ti(x), t Y)  ,  ti
z)  )iwere stored 

as follows; 

(to(x)  t o (v) t  o(z)) 	(0,0,0) 	(i 	0,....1 m) where m is 

the lattice multiplicity which, for the space-group Qncm is 2. 

Some interatomic distances and angles are given. 

5.1.7 Measurement of intensities  

5.1.71 "Film pack" technique  

As is well known, the density of silver precipitated on a photo-

graphic film is, under simple conditions and up to a certain limiting 

value for a particular brand of film, proportional to the X-ray energy 

received at that point on a film. For density values that are not too 

great, the density is a linear function of exposure and therefore, of 

intensity. 

Normally, however, the density range on photographic film is in; 

sufficient and, for the most intense reflections, it is impossible to 

obtain accurate values of the intensity. By using a "film pack" technique 

and the computer program mentioned in 5.1.21, this difficulty was over-

come. 

Experimentally, it was found that a pack of five films was most 

convenient and since photographic films may be regarded as uniform within 

a particular box, each film of the pack acts as a uniform absorber and 

reduces the intensity of the X-ray reflections by a constant factor. Using 

this arrangement, the limited range of one film was supplemented by the 

ranges of the others. The intensities of the strong reflections were 

measured on the film furthest from the crystal and the weak reflections 

from the film nearest the crystal. Medium-weak reflections were used 

to obtain a scale factor between the films so that all intensities could 

be put on to a common scale. Both the scale factor and the reduction of 

the intensities to a common scale were accomplished using the computer 

program. In the "film pack" technique, the individual films were 

separated by one layer of black paper. 

5.1.72 Integrated intensity measurement  

Figures (20-23) show the profiles of intensity across the (310) 

peak of the Stassfurt, the Warlingliatt and two Recent anhydrites, respec-

tively. Whereas, with the ordered Stassfurt and Warlingham anhydrites 
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the measurement of the peak maxima would be a reasonable, but not partic-

ularly accurate method of intensity measurement, measurement of only the 

peak maxima of the multiplicate intensity profiles of the disordered Re-

cent anhydrite would have had very little relationship to the intensity 

of a reflection. Therefore, a method of integrated intensity measurement 

was decided upon. 

Unfortunately, integrated intensities are often difficult to 

determine since every X-ray spot, even in ideal cases, is blacker in the 

central region and lighter towards the edges. Therefore, as an accurate 

intensity measurement of some of the more nebulous "diffraction clouds" 

shown by the Recent anhydrite was not really possible. However, integrat-

eded intensity measurements were made using a Joyce-Loebi micro-densitometer 

and an areal summation made on the graphical output of intensity profiles. 

5.1.8 The space group Cmcm (After Warren 1969). 

The figure (24) shows a diagrammatic representation of the anhydrite 
17 

space-group Cmcm (D2h
), this figure being from the International Tables 

for Crystallography. Let us now consider the requirements of the space-

group Cmcm, this symbolism being the Rerman-Mauguin notation used inter-

nationally. 

The first letter in the symbol gives the Bravais lattice type, the 

symbol C representing a sideTcentred lattice with an additional translation 

a/2 + b/2. The next three positions correspond to the a, b and c axes, 

the letter "m" in the first position indicating a reflection plane per-

pendicular to the a-axis. Thus, the three letters mom represent reflection 

planes perpendicular to the a- and c- axes and a glide plane perpendicular 

to the b-axis with a glide of C12. 

In the figure (24) the a-axis is directed downwards, the b-axis 

towards the right and the c-axis upwards from the plane of the paper. The 

reflection planes perpendicular to the a-axis are shown by the heavy 

lines and as soon as the repeating units of structure are put into place, 

it is evident that symmetry elements, rather than occurring at the repeat- 
a, 4r , 	c, 

repeat- 

ing intervals a, b, c of the crystal lattice, occure at / or /2  or /2 
Glide planes of glide e/2  are indicated by the dotted lines perpendicular 

to the b-axis and the reflection plane perpendicular to c is parallel to 

the plane of the paper. If this plane is moved upwards by e/4, the 

origin X, in the plane of the paper becomes a centre of symmetry. The 

reflection planes at heights of e/4  and3e/4  are represented at the extreme 

upper right hand corner of the diagram by the outer of the two sets of 

two mutually perpendicular lines labelled 	". 



Figure  24. 
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Arrangement of symmetry elements and repeating units in the space group 
Cmcm. (After 7!arren, 1969.) 
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Now consider how a single asymmetric unit of structure is repeated 

within the sapce-group. Let the open half circle labelled (+) at the 

upper, left-hand corner represent some unit at position x,y,z. As there 

is a reflection plane at height e/
4' 

there must be a mirror image of this 

unit at x,y, 1/2-z. This second unit is shown by the comma in a half circle 

which is labelled (1/2r). The reflection plane perpendicular to the a-axis 

produces the mirror image of these two units at x,y.z and x, yd5 z. 

From these four units already produced, the glide plane perpendicular to 

b produces four more by reflecting across the plane and translating e/2. 

The symmetry elements mcm have required the eight asymmetric units which 

are clustered about the upper left hand corner of the diagram. The 

capital C in the space-group's first position means that the lattice is 

side centred with an additional translation 
a/2 + 

b
/2, 

Hence the eight 

units already placed are repeated identically with a translation of a/2  

+ b/
2 
and these are shown about the centre of the diagram. The origin is 

a centre of symmetry, since, for each unit x,y,z there is another 

In addition to the elements mcm which were originally possessed, additional 

symmetry elements such as centres, 2-fold rotation, 2-fold screw axes 

and glide planes have been produced. These additional symmetry elements 

are not shown in the diagram. 

For the space-group Cmcm, the general position is 16-fold, the 

co-ordinates of the 16 positions being expressed in terms of the co-ordinates 

(x,y,z) of the first position as follows 

x,y,z; x,y,z; x,y,h-z; x,y,h+z; 

x,y,z; x,y,z; x,y,k+z; x,y3/4 -z; 

114x,loy,z; kft,h-Y,;; li+x,h+y,h-y; 1/4-y,h+z; 

11.9c,11-y,;;11-x,1/2-17,z; 11-x,14-yA+zOi-x,h+7,1/2-z; 

For a unit of structure which has the necessary symmetry to be situated 

on one or more of the symmetry elements, the number of required units is 

smaller. 

If the unit has the combined symmetry of a reflection plane and a 

centre of symmetry it is possible to set x=y=z=0 so that the four positions 

Tc,"ft;1 and 14,y0 coalesce into a single position on the 

centre of symmetry at the origin. This produces the four-fold position 

4(a). Also, with x=0, y=1/2, z=0 it is possible to coalesce and obtain 

the four-fold position 4(b), which is also on a symmetry centre and a 

reflection plane. If the unit has the symmetry of two orthogonal reflec-

tion planes we could set x=0; roll and obtain the four-fold position 4(c). 

4(a)  0,0,0; 0,0,1/2; 1/2,1/2,0; 1/2,1/4,1/2. 
4(b)  0,1/2,0; 0,1/2,1/2; 1/2,0,0; 1/2,0,1/2. 
4(c)  Oak; 0*YA; iA$474; 	,11-74• 
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If the unit has the symmetry of a centre of symmetry we can set 

x=4; y=k; z=0 to obtain the eight-fold position 8(d) at a set of symmetry 

centres. If the unit has the symmetry of a two-fold rotation axis, it 

is possible to put y=0, z=0 and obtain the eight-fold position 8(e) sit-

uated on two-fold axes. If the unit has the symmetry of a reflection 

plane, then x can be set to zero to obtain positions 8(f) at z=1/4 to 

obtain positions 8(g). 

8(d) 3/4,3/4,0; 11,1,0 1/4,1/4,35; .31,1,1/2; 

3/413/4/0; 3/41,14,0; talk; ith,1/2. 

8 (e)  x10,0; X,0,07 x,0,1/2; 

1/2 ,O 1/2-x,k,o; 1/2+x,1/2,1/2; 11-5411,11. 

8 (f)  O,y,z; 0,17,117z; 0,i,1/2+z 

hth-PY,z; 1/2,1/2-Y,I; )5,11+YA-z; 11,1/2-17,11+z; 

8(g) x,Y,k; 31,Y.3/4; x,i;11; Rpi,3/4; 

114x,h+Y,141 h-x,1/241,,k; 1/2-11411-YA 1/2-xth-YeI. 

Now, calculating the contribution to the structure factor by the 16 

atoms in general positions 16(h), for each x, y, z there is a 

and the two contributions combine to a term 2cos2rax+ky+lz). The con- 

tribution by the last 8 positions is obtained from that of the first 

positions by multiplying by exp[2wi(h/2  + k/2)]: 

F/f  ={1 + exp[2wi(h/2  + k/2)]}{2cos2ir(hx+ky+lz) + 2cos2ir(hx-ky-lz) 

+ 2cos2w(hx+ky-1[35+4) + 2cos2w(hx-ky+1[11+z])) 

Combining by the relation_ 

cos(A+B) + cos(A-B) = 2cosAcosB 

F/f = 4{1 +1wi(h+k) }{cos2whx cos2w(ky-lz) + cos2whx cos2w(ky-1[/+4) 

By the addition and subtraction of 1/4  in the term cos2iii(ky+lx) 4 

F/f  = 4{1 4-cosTr(h+k)} cos2whx cos2w(ky-1/4+1z41/4) + cos2w(ky -1/4  -1z+1/4)) 

Again combining by the relation 

cos(A+B) + cos(A-B) = 2cosAcosB 

we obtain 

= 16 cos2TI 2 CI1115)cos2whx cos2w(ky-1/4) cos2w(1L+1/4). 

Now, working out conditions for extinctions (i.e 
F
/f  = 0) of certain 

classes of h,k,1 regardless of x,y and z co-ordinates, since cos
2
(h+k)71/2 

= 0 for h+k = Odd, the general reflection (hkl)  is present only when 
4 

h+k = even. The term cos2w(ky -
1
/
4) = 0 for k = 0 and 1 = odd and thus 

the special reflection can be present if 1 is even and also from the 

first condition only if h is evOft. Thus some of the extinctions of the 
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space-group Cmcm are: 

hkl, the general reflection is present only for h+k = even 

The reflection hOl is present only for h = even and 1 = even. 

Other extinction Ethnditions are given in the right hand column of 

figure (24). 
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CHAPTER 6 

Single-crystal Studies on selected calcium sulphate minerals using 
X-ray diffraction methods:- Discussion of the various calcium sulphate  
hydrates, previous crystallographic studies on these phases and the  
cryv-al structures of the Stassfurt and the Warlingham anOydrites. 

6.0 Introduction to crystalline phases in the system Calcium sulphate-
Water 

According to PlIkke (1952) there are four principal phases existing 

in this system: CaSO4.2H20(gypsum), CaSO4.IH2o(bassanite), y-CaSO4  

(soluble anhydrite) and 0 -CaSO4  (insoluble anhydrite). Other workers 

doubt whether, apart from the dihydrate and the 8-anhydrous forms, the 

other compounds exist. There are two schools of thought, one contending 

that the hemihydrate is a definite compound with a crystal structure 

distinct from that of "soluble" anhydrite, the other believing that 

there is no structural difference between the two and that they differ 

only in their "zeolitic" water content. To this latter school belong 

those who have not been able to distinguish between the X-ray patterns 

of the two minerals and who maintain that in the formula CaS04
1111

2
0, 

n can vary between 0 and 1. 

The other workers, who claim that the hemihydrate gives a distinct 

X-ray pattern, believe that the hemihydrate structure is open and 

includes channels through which water molecules can migrate but that 

certain sites are energetically favourable for their retention and 

when all these sites are occupied, n = 	When gypsum is dehydrated, • 

water is removed zeolitically accompanied by slight changes in structure 

and cell parameters caused by the collapse of the Ca -SO4  framework. 

Before dealing with the single crystal X-ray diffraction photographs 

it is first necessary to give a brief survey of the crystallography of 

the four principal phases in .this system as well as details of an 

a-form of anhydrous form of CaSO4. The hydrated phases will be dealt 

with first followed by the anhydrous forms. The nomenclature used will 

be that recommended by the International Union of Pure and Applied 

Chemistry (IUPAC). This is tabulated below. 

Also prior to the description and interpretation of the single 

crystal photographs details of dehydration experiments upon calcium 

slaRiliteltrkates will 12* given. 



162. 

TABLE 31 

Beretka, 1969)  

Formula 

 

Trivial Names 	Nomenclature according to 
IUPAC 

     

CaSO4.2H20 	Gypsum 
selenite 

CaSO4.IH20 	Bassanite 
Plaster of Paris 
a-hemihydrate 
t3-hemihydrate 
a-semihydrate 
8-semihydrate 

Calcium sulphate dihydrate 

Calcium sulphate hemihydrate 

CaSO4 

CaSO4 

CaSO
4 

Soluble anhydrite 
anhydrite (III) 
'calcium sulphate 

Insoluble anhydrite 
natural anhydrite 
anhydrite 
8,calcium sulphate 
anhydrite (II) 
dead-burnt gypsum 

Hexagonal calcium sulphate 

Orthorhombic calcium sulphate 

a-calcium sulphate 	Monoclinic calcium sulphate 
anhydrite (I) 

6.1 Calcium sulphate dihydrate  

The crystal structure of gypsum was first described by Onoreto (1929) 

and Wooster (1936). Onorato used a cell based upon conventional axes and 

corresponding to a unit cell of eight molecules but Wooster, on the basis 

of a complete structure analysis, used a smaller cell, awkwardly shaped, 

of only four molecules. The lattice parameters obtained by Wooster were: 

a = 10.478, b = 15.15R, c = 6.518, S = 151°33' and Z = 4 

However, Bragg (1937) redefined the Wooster cell and obtained lattice 

parameters of; 

a = 5.678, b = 15.158, c = 6.518, a = 118.23', Z = 4 and space group 

C
2
/C s (C2

6 
H). 

Basically, the Wooster structure shows that gypsum is a layer lattice with 

layers parallel to (010). Two sheets of sulphate groups are bound together 

by calcium ions to form a double sheet. Successive double sheets are separat-

ed by sheets of water molecules and each calcium atom is linked to six oxygen 

atoms belonging to sulphate groups and by two water molecules. Each water 

and 



163. 

molecule links a calcium atom both to an oxygen atom in the same double 

sheet and to one in a neighbouring sheet. These latter two bonds are 

fairly weak hydrogen bonds. 

De Jong and Bouman (1948) have redefined the cell again (the so-called 

"A" cell definition), the lattice parameters being; 

a = 5.68R, b = 15.188, c = 6.298, S = 113°50' and Z = 4 

The dehydration of calcium sulphate is an extremely complicated pro-

cess, the extent of the dehydration varying with the experimental cond-

itions. The essential conclusions of all the various dehydration studies, 

generally excluding those done in aqueous or saline solutions, are given 

below. Details of the far fewer dehydration studies done in solutions 

are given in Appendix (6) section (A6.3). 

The possible products resulting from the dehydration of gypsum are 

calcium sulphate hemihydrate (CaSO4.iH20), hexagonal anhydrous calcium 

sulphate and orthorhombic anhydrous calcium sulphate. What product is, 

in fact, obtained depends both upon the experimental conditions and the 

starting material. 

Dehydration of good single crystals of dihydrate has been studied, in 

vacuo, by electron microscopy by Beretka (1970). The direct observation 

of this process was difficult due to its rapidity and, of the dehydration 

sequence proposed, 

(i.e CaSO .2H 0 .+ CaSO4. H2O 4  hexagonal CaSO
4 

+ orthorhombic CaSO4) 

only the first and last members were unambiguously identified. Identif-

ication of the two intermediates was dubious. 

Conversion took place throughout the crystals with no change in exter-

nal form or dimensions to leave a preferentially orientated mass and the 

dehydration proceeded from dislocations arising from vacancies produced 

by the loss of water. 

Satava and Baldrian (1967) showed that dehydrating a single dihydrate 

crystal in water at 20°C also produced a preferentially orientated mass 

of hemihydrate particles. The fibre texture produced was parallel to 

(001). 

Gay (1965) dehydrated a single gypsum crystal in air above 100°C to 

give S-hemihydrate crystallites with a poorly defined fibre texture. The 

c-axes of these fibres crudely paralleled the same axis in the original 

gypsum crystal. Dehydration of gypsum powders has been carried out under 
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conditions of varying temperature, pressure and partial pressure of 

water vapour. 

Gardet et al (1970) showed that in air the onset and extent of dehyd-

ration was a function of the heating rate and pressure. Taylor and 

Baines (1970) studied the dehydration at 100°C at various temperatures. 

At 760 and 130mm.Hg. pressure and below, the dehydration that occurred 

was; 

CaSO4.2H20, 4 CaSO4.1H20 + H20. 

On further lowering of the pressure to 1mm.Hg. and below, the observed 

sequence was; 

CaSO4.2H20 4 CaSO4.11120 4 hexagonal CaSO4  + 2H20. 

This halt in the process arose because, in this particular experiment, 

at 130mm.Hg. pressure, the water vapour pressure was in excess of the 

dissociation pressure of the hemihydrate. 

Dehydration experiments done at various temperatures and partial water 

vapour pressures have shown that the complete dehydration sequence was ; 

CaSO4.2H20 4 CaSO4.11120 4 hexagonal CaSO4  + 2H20 

[Heide (1969), Fowler, Howell and Schiller (1968), Ball and Norwood 

(1970)] 

Above a partial water vapour pressure of 25mm., the reaction obtained was; 

CaSO4.2H20 4 CaSO4.11120 + 111120. 

Below a partial water vapour pressure of ]0.
-5  mm. the reaction that occurred 

was the complete one given above. However, according to Lehmann et al (1969) 

at low water vapour pressures the dihydrate dehydrates directly to hexagonal 

CaSO
4 

with no intermediates but it may be that the intermediates are dehyd-

rated too rapidly for any identification to be made. 

The structural interpretations of this dehydration are various, but it 

seems that the process is not random and that some long range order exists 

within transition layers. Above 110°C the mechanism is predominantly 

diffusion controlled and the reaction is governed by the rate of vacancy 

diffusion. Below 110°C the reaction is complex and the nucleation of the 

new phase is dependent upon the partial pressure of water vapour. 

Above a partial water vapour pressure of 10mm., few nuclei are formed 

due to a high activation energy, but at water vapour pressures of less 

than 1mm. there is preferentially orientated nucleation at the surface 

which is complete and spontaneous. This occurs when the partial water vap-

our pressure is less than the dissociation pressure of gypsum. At low 

temperatures and partial pressures of water vapour below 10
-5mm. hexagonal 
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(y) CaSO4  is formed due to the higher dissociation pressure at the 

given temperature, in the CaSO4.2H20 - y-CaS04-H20 system than in the 

CaSO4.2H20 - CaS04*1H2
0 - H2O system. 

The chemical reaction resulting in the phase boundary is important 

at these lower temperatures especially above a partial pressure of water 

vapour of 25mm.(i.e. when CaS0
4.

ill
20 is stable) and below a water vapour 

pressure of 10-5mm.(i.e. when y-CaS0
4is formed). 

The actual diffusion of the water through the layered gypsum lattice 

may be similar to the process of self-diffusion of water molecules in 

zeolites and have a similar activation energy. 

6.2 Calcium sulphate hemihydrate  

FlUrke (op.cit) has suggested that there are two forms of the hemihyd-

rate, one having a c-face centred cell Orthorhombic cell with dimensions; 

a = 6.8A, b = 11.5A, c = 12.7A 

and the other, existing above 45°C, being truely trigonal with dimensions; 

a = 6.8A, c = 12.7A. 

However, due to the pseudo-trigonal nature of the orthorhombic cell with 

b = V5.a, the orthorhombic crystals may show pseudo-trigonal diffraction 

effects. 

FlOrke has rejected the monoclinic nature proposed by Gallitelli (1933). 

Gay(op.cit.) has used oscillation and Weissenberg X-ray diffraction methods, 

to study the symmetry and pseudo-symmetry of the hemihydrate. He has 

suggested that the true symmetry is a body-centred monoclinic lattice with; 

a = 6.85A, b = 11.88A, c = 12.60A and 5 	90°. 

and that the trigonal variety is due to the intergrowth of monoclinic, 

pseudo-trigonal structures. 

Of great interest in Gay's work are the additional diffraction effects 

that are exhibited on the single crystal photographs. These are weak 

streaks along lines of constant joining maxima on odd layer lines often 

with some weak, but relatively sharp diffraction spots superposed of spacing 

90-100A. Gay interpreted these effects as representing some stacking dis-

order in the water molecules and, as will be shown later, similar features 

are clearly visible in the X-ray diffraction photographs of the Recent 

calcium sulphate hydratesftudied. 

The two types of hemihydrate proposed by FlUrke may merely reflect two 

different methods of preparation. Hemihydrate may be prepared "dry" by heat-

ing dihydrate in an oven at 120°  to 140°C. for a number of hours or prepared 

"wet" by autoclaving the dihydrate at 20 lbsisq.inch pressure for 5 to 6 

hours. Usually the so-called "a"-hemihydrate is prepared "wet" and the "s" 
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form "dry". However, when the two forms are examined by X-ray diffrac-

tion, no structural differences can be discerned except, perhaps, for minor 

intensity variations. Even these differences can be explained if other 

factors such as bulk density, preferred orientation and particle size are 

considered. 

Morris (1963) reported differences in the diffraction patterns of the 

two types of hemihydrate which he attributed to the occurrence of stacking 

faults. However, these differences, based upon the extent of peak broaden-

ing, could just as easily be interpreted as being due to particle-size 

differences. The particle-size differences between the two "types" could 

merely reflect their method of preparation. They would also explain the 

observed differences in solubility of the two forms, the "dry" method of 

preparation giving poorly formed, small, relatively soluble crystals and 

the wet method giving well formed, large, less soluble crystals. 

However, there are some fundemental differences between the a and 0 forms 

of the hemihydrate. Saito (1961) and Miyazaki (1967) using proton magnetic 

spectra have shown that, in gypsum, the water is structurally bonded. Dur-

ing the dehydration changes in the bonding state of the water molecules 

occurred which were followed by changes in the proton magnetic resonance 

spectra. In 0-hemihydrate (i.e. prepared "dry") the water was found to be 

freely held and quite easily removable. In a-hemihydrate (i.e. prepared 

"wet"), the proton magnetic resonance spectra indicated that the water was 

held in a manner intermediate between the structural water of gypsum and 

the free water of 0-hemihydrate but was nearer to the structural condition. 

The dehydration of the hemihydrate is again complex varying according to 

temperature, pressure and partial pressure of water vapour. There is also 

an additional complication in that Bell and Urie (1970) have shown that there 

is a difference in the dehydration behaviour of the a and 0 forms of the 

hemihydrate. Although both forms lose water between 100 to 200°C accord-

ing to the partial water vapour pressure to give hexagonal CaSO4, the product 

obtained from the a hemihydrate transforms into orthorhombic CaSO4  at a 

much lower temperature than the material obtained from the 0-hemihydrate. 

Thus, the dehydration of the a and 0 forms will be considered separately. 

Single crystal studies of the dehydration of the 0-form have been 

carried out by Gay (op.cit.) using X-ray diffraction methods. At 100 to 

105°C, the transformation was to hexagonal CaSO4  and was strictly orientated. 

On X-ray rotation photographs, the odd layer lines and non-symmetrical 

intensity relationships disappeared from the $ -hemihydrate picture to give 
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a hexagonal pattern with the resultant c-axis parallel to the same 

axis in the original. The fibre-like crystallites of hexagonal CaSO4  

formed were then rehydrated to give the43-form again which, upon further 

dehydration, transformed at a slightly lower temperature. 

Gay stressed the importance, in this dehydration, of Ca++  and SO4 -  

chains parallel to the c-axes of all calcium sulphate structures and suggested 

that the preferentially orientated fibre texture arose from directional 

nucleation upon the parts of these chains that were preserved. He also 

stated that in the dehydration of 3-hemihydrate to hexagonal CaSO4, no 

major structural change was necessary and that water molecules easily 

enter and leave the structure. 

Studies on the dehydration of f3-hemihydrate powders were made by 

McConnell (1965) and Ball and Urie (1970). In both studies the dehyd- 

ration was isothermal and carried out under various water vapour partial 

pressures. Between 20°  and 100!C, when the water vapour pressure was 

close to the equilibrium value, the rates of dehydration and redhydration 

were slow. Outside this vapour pressure range, both rates were found to 

increase rapidly and approximately linearly with increase in water vapour 

partial pressure. 

Between 115 and 140°C and a water vapour pressure of 105 and 42mm. 

Hg., it was found that there was a stepwise increase in activation energy 

as the partial pressure of water vapour increased and a reaction rate 

dependent upon the same parameter. For each temperature, the reaction 

rate, when plotted against partial water vapour pressure, passed through 

a temperature independent minimum at a water vapour pressure of Smm.Hg 

and a strongly temperature dependent maximum. This increase in rate, at 

some threshold water vapour pressure, was taken to indicate the formation 

of an amorphous phase when the dehydration was carried out at a pressure 

below that of threshold. Above this threshold pressure, the dehydration 

gave the normal anhydrous form. 

This dehydration was diffusion controlled and consisted merely of 

the removal of water molecules along channels present in the 0-hemihydrate 

followed by a slight unit-cell contraction. However, although a certain 

similarity in the structures of B-hsniihydrate and hexagonal CaSO4  exists, 

the minimum in the reaction rate at 5mm. partial pressure of water vapour 

was taken to represent the ordering process of a disordered intermediate 

phase. 

Ball and Urie (1970), also studied the dehydration of a-hemihydrate 

between 68°  and 217°C and 10 to 360mm.Hg. water vapour pressure. Above 
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110°C the process was diffusion controlled and gave hexagonal CaSO4. 

Below 110°C, however, the process was complex with both diffusion and 

the chemical reaction at the boundary between the two phases important. 

With an increase in the water vapour pressure, there was a stepwise 

increase in the activation energy similar to that observed in experiments 

where a -hemihydrate was used. However, there was also a decrease in the 
reaction rate. This was the opposite to what occurred with the 0-hemihydrate 

and was taken to indicate the ease of formation of the hexagonal CaSO4  from 

the a-form relative to the a-form of hemihydrate, the latter case needing 
a water vapour pressure of 5mm. to order an intermediate structure before 

formation of the hexagonal CaSO4. 

Above 140°C hexagonal CaSO4  formed from a -hemihydrate readily inverted 

to orthorhombic anhydrite. This inversion was independent of water vapour 

pressure. 

6.3 Anhydrous calcium sulphate. 

There is no doubt that different polymorphs of this composition exist 

but only two (the hexagonal and orthorhombic varieties) have been unambig-

uously identified, whereas, a third (probably monoclinic) has not. 

The monoclinic form (so-called a-CaSO4) can be formed from the orth - 

rhombic form by heating at about 1200°C. The existence of this form is 

based upon arrests in the heating curves and sudden lowerings in the 

birefringence at about 1200°C. This form is not preservable upon quench-

ing. 

There is some doubt as to the structure of this compound and Gutt and 

Smith (1967) calculate cell dimensions on the basis of a cubic cell. 

Other authors have doubted even the existence of this polymorph. Gay 

(op.cit.) has carried out X-ray diffraction studies upon calcium sulphate 

polymorphs up to 1150°C and quenching studies up to 1300°C without 

detection of the a-form. However, since the inversion to the a-form occurs 

at 1200°C and the product cannot be preserved upon quenching, Gay's failure 

to detect this phase would be consistent with other work. 

Deer, Howie and Zussman however, (1962), have stated that thermal 

effects observed at high temperatures were associated with the onset of 

rotation of sulphate groups and not the transition to a new, a-structure. 

The orthorhombic form of calcium sulphate is the mineral anhydrite and 

this structure will be fully dealt with a little later (section 6.5). 

The hexagonal form of calcium sulphate is, however, open to doubt 

with regard to its structure but observed differences may be due to the 

fact that hexagonal calcium sulphate obtained from 6-CaSO4.iH20 usually 

contains some water whereas, that obtained from a -CaSO4.1120 does not. 
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This water would distort the structure. Alternatively, since the product 

obtained fromtx-hemihydrate readily transforms into orthorhombic CaSO4, 

the intermediate phase observed in this dehydration may be a highly disor-

dered orthorhombic structure. 

Gay (op.cit.) has obtained hexagonal CaSO4  from P. -CaSO4.IH20 by heat-

ing. This process was not strictly topotactic and a preferentially 

orientated mass of multiply-twinned crystals resulted. An X-ray diffrac-

tion study of these twinned crystals showed that upon dehydration the 

hemihydrate 12.70A repeat distance was halved and the odd layer lines 

of the hemihydrate pattern disappeared. 

Also, he demonstrated weak, diffuse intensity-maxima in the diffrac-

tion pattern of the hexagonal form in addition to those expected. These 

maxima were elongated along the c -axis of the hexagonal CaSO4  crystal and 

were related to the position of strong maxima in the orthorhombic CaSO4  

pattern. If the hexagonal form was rehydrated bo -CaSO4.11120, these 

diffuse maxima remained. 

Gay interpreted these reflections as coming from nuclei of a dis-

ordered orthorhombic form within the hexagonal form and stated that there 

was, initially, disorder in the regular chains of calcium and sulphate 

ions parallel to the c -axis. This disorder arose from the collapse of 

the more open hexagonal structure and was gradually lost as the inversion 

proceeded. This inversion was initially sluggish and this slowness re-

presented the appreciable thermal energy that was necessary to order the 

disordered nuclei. This minimum energy requirement could be similar in 

nature to the same feature observed in the (3 -CaSO4.1H20 to hexagonal 

CaSO
4 

transformation mentioned earlier. 

In Gay*s study, perfectly ordered orthorhombic CaSO4  was not produced 

in reasonable times in the laboratory. 

Another study of the transformation of hexagonal to orthorhombic 

CaSO4 
was made by Goto, Molony and Ridge (1966). The authors distin-

guished two cases. 

If the hexagonal CaSO4  had been derived from the dehydration of -

hemihydrate (i.e. formed "dry" as in Gay's single-crystal experiments ), 

the reaction was catalysed by water vapour and occurred with a fall in 

surface area at a temperature far below that at which the rate of surface 

diffusion would be significant. The interpretation given to these facts 

was that the reaction occurred by the nucleation of the orthorhombic 

form followed by growth of these nuclei by diffusion. This interpretation 

is not, essentially, different from that of Gay. 

The kinetics of this reaction did not, however, agree with the self- 



170. 

accelerating type usual for reactions in which the new phase grew at 

nuclei scattered throughout the old. In the case of the hexagonal to 

orthorhombic CaSO4 transformation, the fall in surface area should have 

slowed the reaction but it did not. 

If the hexagonal CaSO4  had been obtained from the dehydration of 

a-hemihydrate (i.e. formed "wet") transformation of hexagonal to the 

orthorhombic form was extremely rapid and at low temperatures. It 

occurred at room temperature and at temperatures far below those at 

which surface diffusion would occur. 

In this case, the transformation was hindered by water vapour and was, 

to a certain extent, topotactic. This transformation was thought to be 

diffusionless and partly dependent upon the condition of individual samples. 

However, Goto, Molony and Ridge (op.cit.) stated that the dependence 

of the behaviour of the hexagonal form upon its method of preparation, 

...does not indicate the existence of two forms but merely to occurrence 

of two mechanisms for the transformation." 

From the work of Goto, Molony and Ridge, it is indicated that ortho-

rhombic CaSO4 can be relatively easily obtained from dihydrate via a-

hemihydrate and hexagonal CaSO4  at low temperatures. In the system CaSO4-

H20 system, two of the phases, the hemihydrate and the hexagonal CaSO
4 

are metastable and under equilibrium conditions the only reaction that 

occurs should be; 

CaS04.2H20 
f  CaSO4(orthorhombic) + 2H20 

In pure aqueous solutions, the transition from dihydrate stability to 

orthorhombic CaSO
4 
stability should occur at 42°C. However,dihydrate does 

persist, metastably, above this temperature until transformation to hemi-

hydrate occurs at 97°C. 

Ostroff(1964) said that in aqueous solutions orthorhombic CaSO4  was 

formed from the dihydrate via the hemihydrate. However, Ridge and Beretka 

(]969) have stated that, if the reaction was one of recrystallization, as 

seemed likely, the intermediates were not necessary. They also indicated 

that in aqueous media this transformation was slow (taking of the order 

of months) but was slightly quickened if orthorhombic CaSO
4 
seeds were 

added. The conversion was then observable in about 2 months. 

The dehydration of calcium sulphate hydrates in the presence of 

aqueous and saline solutions is discussed more fully in Section 3 of 

Appendix 6. 
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6.4 Rehydration  

The rehydration of hexagonal CaSO4  and hemihydrate have been studied 

in connection with the setting of cement by many authors and reference 

is made to these for details (e.g. Ridge and Surkevicius (1962) and 

Ridge, Lardner and Surkevicius (1962) and Schiller (1962, 1963, 1964 and 

1965)). 

6.5 -Orthorhombic calcium sulphate (anhydrite). 

This polymorph of calcium sulphate is the naturally occurring mineral 

anhydrite and is the final, stable dehydration product of gypsum. As 

mentioned during the discussion of this dehydration in both vacuo and 

air, the loss of water can, under certain circumstances produce a prefer-

entially orientated mass of crystals. 

In this section only the structural crystallographic data of the more 

normal varieties of orthorhombic calcium sulphate will be presented. 

Early work on the structure of anhydrite by Wasastjerma(1925, 1926) 

and by Dickson and Binks (1926) resulted in two different structures being 

proposed. These workers, using trial and error methods, obtained good 

agreement for the x and z atomic co-ordinates but differed widely in values 

of the y co-ordinates. 

Table 32. 

(After Wasast1ema(1925, 1926)) Structure of anhydrite, atomic parameters. 

Ca 	0.00 

S 	0.00 

02 	
0.18 

0
1 	

0.00 

a = 6.98A, 

y 	z 	with interatomic distances 

	

0.40 	0.75 	S - 01 	
1.66A 

	

0.10 	0.75 1.66A S - 02 

	

-0.05 	0,25 	Ca -0 	2.18A 01 

1 

	

0.25 	0.07 Ca - 	2.50A 

b = 6.19A, c = 6.98A 	
Ca - 02 	2.50A 

Ca - 02 	
2.38A 

Table 33. 

atomic paramet- (After Dickson and Binks (1926)) Structure of anhydrite, 
erm. 

with interatomic distances 

Ca 	0.00 	0.35 	0.75 S - 01  1.57A 

S 	0.00 	0.15 	0.25 S - 02 1.57A 

02 	0.19 	-0.01 	0.25 Ca - 01  2.421 

01 	0.00 	0.31 	0.06 Ca - 01 
2.52A 

Ca - 02  2.42A 
a = 6.94A, b = 6.23A, c = 6.94A Ca - 02  2.52A 
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These structures are shown in figures (25-27) [After Cheng and 

Zussman (1963) and Hohne (1963).) 

Although some doubt existed as to the structure of the mineral, the 

most often quoted structure was that of Dickson and Binks where calcium 

atoms are surrounded by eight oxygen atoms, four at 2.52A and four at 

2.42A with the smallest calcium - calcium distance being 3.68A . This 

arrangement of oxygen atoms around the calcium atoms is far more regular 

than in the Wasastjsrnastructure where the eight oxygens occur two at 

2.50A, another two at 2.50A, two at 2.38A and two at 2.18A. Also the 

calcium - calcium distance is appreciably greater in this latter structure. 

Later workers, however, have redetermined the structure and have shown 

that the correct structure is nearer to the Wasastjernamodel than the 

Dickson and Binks structure. The structures obtained are 

Table 34. 

(After Cheng and Zussman (1963)). Structure of anhydrite, atomic parameters  

x 	y 	z Biso 
(Isotrpic thermal 
vibration parameter) 

	

Ca 0.000 0.346 0.750 
	

0.7 

	

S 0.000 0.155 0.250 
	

0.7 

	

0
2 0.171 0.015 0.250 

	
1.1 

	

0
1 0.000 0.298 0.080 

	
0.9 

a = 6,996A, B = 6.238A, c = 6.991A 

With interatomic 
distances 

S - 0
1 	undefined 

S 02 	1.48A 

Ca -01 	2.32A 

Ca -01 	2.511 

Ca - 02 	2.55A 

Ca - 02 	2.46A 

Ca -Ca 	3.991 

Figures (28-29) show a comparison of the Wasastjernaand Cheng and Zussman 

structures, the only major difference being in the configurations of the 

SO4 groups. 

Table 35. 

(After Hohne (1963)). Structure of anhydrite, atomic parameters  

with interatomic distances 

Ca 0.000 0.346 0.750 	S 	01 

S 0.000 0.154 0.250 	S - 0
2 

0
2 0.173 0.020 	0.250 	Ca - 01  

01  0.000 0.296 	0.080 	Ca - 1 	 01 

a = 6.98A, b = 6.23A, c = 6.97A 	Ca - 0
2  

Ca - 02 

Figure (30) shows the Hohne (1963 structure. 

1.48A 

1.47A 

2.32A 

2.52A 

2.58A 

2.43A 
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The Cheng and Zussman (1963) and the Hohne (1963) structures are, 

obviously similar. As can be seen from figures (27 & 30) of projections 

of the xy plane of the Dickson and Binks and Hohne structures [after 

Hohne (1963)] the major difference lies in the positions of the co-ordination 

polyhedra with respect to the glide plane c (i.e. the plane xz). In the 

Dickson and Binks model, this glide plane (c) cleaves the sulphate tetra-

hedra. This does not occur in the Hohne structure. Additionally, the 

two models differ in the Ca - 0, the S - 0 and the 0 - 0 distances. The 

changes substantially alter both the appearance and relative arrangement 

of the co-ordination polyhedra. 

The sulpur atoms are surrounded by eight oxygen atoms and the sulphate 

tetrahedra have a symmetry of only 2mm. The calcium atoms are surrounded 

by eight oxygen atoms, situated in the peaks of interpenetrating tetrahedra, 

two at 2.58A, two at 2.52A, two at 2.431 and two at 2.32A. Each sulphate 

tetrahedron is joined to four calcium polyhedra by a peak and to two by 

having common edges. There are no common oxygen. atoms between sulphate 

tetrahedra. 

Each co-ordination polyhedron around a calcium atom has common peaks 

with four sulphate tetrahedra and common edges with two more. Also, each 

calcium polyhedron has a common peak with four other calcium polyhedra and 

common edges with two more. 

Using a single, spherical crystal of Stassfurt, late diagenetic anhydrite 

(British Museum, Natural History, specimen number 35,876) of radius 0.15mm 

the structure of anhydrite was redetermined. This was not because any doubt 

existed as to the structure, but was merely to provide a basis for comparison 

with the Warlingham and Recent anhydrites. 

During the course of the study it was found that no significant differ-

ences existed between the structure determined for the Stassfurt sample and 

that determined for a 0.20mm x 0.35mm eccentric sphere of Warlingham 

anhydrite. Consequently, the parameters given below in the table (36) are 

those for the Stassfurt sample only, this being the better data set of the 

two 
Table 36. 

Structure of anhydrite, atomic parameters (B.M.Specimen No.35876) 

x 	y 	z 

Ca 	0.000 	0.346 	0.750 

S 	0.000 	0.154 	0.250 

0
2 	0.173 	0.019 	0.250 

01 	0.000 	0.297 	0.080 
1 

a = 6.999A, b = 6.248A, c = 
f 

Biso 

0.72 

0.72 

1.08 

0.92 

6.998A 

with interatomic distances 

S 	- 0 	1.483A 
1 

S 	- 0
2 	1.470A 

Ca - 0
1 	2.329A 

Ca - 0, 	2.583A 
4 

Ca - 0 	2.583A 
2 

Ca - 02 	2.433A 	Ca - 	Ca 3.990A 
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This structure agrees closely with that of Hohne and Cheng and 

Zussman as do the interatomic distances. The observed and calculated 

structure factors for the structure determination of the Stassfurt 

anhydrite are given in table (37) and the divergence factor (R) are 

given in table (38). The electron density projections shown (figs. n-

19 are those of Hohne (1963) and of this present study. 



Table (37) 

experimental and theoretical structure  factors Date after Hahne 
0963) and for B.M. Specimen No.35,876 .  

h k 1 F
obs(118hne) F

calc(Hane) 
F
obs(Stass) 

F
calc(Stass) 

2 0 0 159.8 140.6 156.8 136.59 
4 0 0 117.5 101.7 120.5 101.10 
6 0 0 112.8 93.8 114.6 95.55 
8 0 0 47.0 45.5 50.2 48.60 
10 0 0 37.6 39.1 35.4 41.48 
12 0 0 32.8 34.6 30.2 35.71 
14 0 0 14.0 14.2 13.8 18.61 
16 0 0 14.0 14.0 14.2 15.19 
18 0 0 9.4 10.7 8.2 11.02 
0 0 2 145.7 -142.1 147.2 -137.88 
2 0 2 61.1 -54.2 64.1 -51.37 
4 0 2 49.4 -48.7 48.7 -49.49 
6 0 2 75.2 -61.4 65.2 -63.32 
8 0 2 30.5 -26.1 31.4 -29.20 
10 0 2 23.5 -25.0 22.4 -27.56 
12 0 2 28.1 -23.7 29.2 -25.44 
14 0 2 11.7 -6.1 10.6 -11.45 
16 0 2 9.4 -8.1 10.2 -10.13 
18 0 2 9.4 -6.5 ,8.7 -7.64 
0 0 4 112.8 99.5 116.8 98.18 
2 0 4 51.6 46.1 52.7 46.78 
4 0 4 49.4 44.2 43.2 46.12 
6 0 4 63.4 55.1 65.1 57.04 
8 0 4 28.1 24.8 23.7 28.13 
10 0 4 21.1 23.2 20.2 26.11 
12 0 4 25.7 22.5 26.0 23.99 
14 0 4 9.4 7.4 10.0 11.04 
16 0 4 7.0 8.0 8.7 9.71 
18 0 4 9.4 6.5 10.2 7.32 
0 0 6 108.1 -94.2 106.2 -95.91 
2 0 6 68.1 -61.1 70.3 -64.19 
4 0 6 56.4 -56.4 55.6 -59.30 
6 0 6 58.7 -61.4 56.9 -63.04 
8 0 6 35.2 -33.6 36.7 -36.63 
10 0 6 25.7 -29.4 30.2 -31.95 
12 0 6 23.5 -27.0 22,8 -27.86 
14 0 6 9.4 -12.1 10.6 -14.81 
16 0 6 7.0 -11.1 6.9 -12.15 
18 0 6 7.0 -8.7 7.6 -8.97 
0 0 8 51.6 46.7 53.8 48.57 
2 0 8 30.5 27.0 32.6 29.95 
4 0 8 25.7 26.7 23.8 29.63 
6 0 8 32.8 34.4 31.4 35.96 
8 0 8 18.7 15.0 19.6 18.74 
10 0 8 14.0 14.8 14.6 17.49 
12 0 8 16.4 14.1 17.1 16.39 
14 0 8 4.6 4.5 5.4 7.49 
16 0 8 4.6 5.2 6.2 6.82 



180*  

h k 1 P
obs(linne) Fcnlo(Hlihne) -obs(Stass) Fcalc(Stass) 

0 0 10 37.6 -37.5 40.1 -38.97 
2 0 10 23.5 -23.0 22.7 -26.15 
4 0 10 21.1 -22.1 20.9 -25.43 
6 0 10 25.7 -28.1 29.2 -29.67 
8 0 10 14.0 -13.1 15.1 -16.42 
10 0 10 14.0 -10.8 15.4 -15.13 
12 0 10 11.7 -13.0 13.0 -14.01 
14 0 10 4.6 -4.1 5.2 -6.87 
16 0 10 4.6 --4.7 4.6 -6.08 
0 0 12 37.6 35.1 40.2 36.11 
2 0 12 25.7 24.1 23.6 26.96 
4 0 12 23.5 23.4 24.2 25.87 
6 0 12 23.5 27.5 28.5 28.09 
8 0 12 14.0 14.0 15.2 17.57 
10 0 12 11.7 14.3 12.6 15.64 
12 0 12 9.4 13.7 11.6 13.87 
14. 0 12 4.6 5.8 5.4 7.77 
0 0 14 14.0 -15.0 15.7 -17.77 
2 0 14 11.7 -6.7 8.4 -11.72 
4 0 14 9.4 -8.1 10.2 -11.52 
6 0 14 9.4 -12.8 10.4 -13.88 
8 0 14 7.0 -4.5 6.8 -7.53 
10 0 14 4.6 -5.2 5.0 -7.22 
12 0 14 4.6 -5.8 5.4 -6.92 
0 0 16 11.7 13.0 14.2 13.61 
2 0 16 9.4 7.1 9.6 9.60 
4 0 16 7.0 7.2 8.4 9.37 
6 0 16 7.0 10.2 10.4 10.79 
8 0 16 4.6 4.1 5.6 6.45 
10 0 16 2.2 4.5 5.4 6.00 
0 0 18 9.4 -11.1 10.7 -11.23 
2 0 18 9.4 -6.8 11.4 -8.69 
4 0 18 9.4 -7.0 7.6 -8.41 
6 0 18 7.0 -9.1 8.2 -9.12 
1 1 0 - 5.3 13.2 2.91 
3 1 0 58.0 -53.6 50.7 -56.61 
5 1 0 - 4.0 0.0 3.85 
7 1 0 - -2.6 0.0 -3.17 
9 1 0 10.1 -12.2 13.2 -13.32 

11 1 0 - 1.2 0.0 1.07 
13 1 0 - -2.4 0.0 -3.46 
15 1 0 - -3.9 0.0 -5.16 
17 1 0 - 0.3 0.0 -0.22 
19 1 0 - -0.5 0.0 -1.63 
0 2 0 30.8 -33.6 35.2 -32.30 
2 2 0 91.3 -91.5 90.6 -91.05 
4 2 0 55.2 -55.6 54.8 -57.84 
6 2 0 12.4 -15.9 16.2 -18.60 
8, 2 0 26.8 -27.9 25.4 -32.59 
10 2 0 13.3 -15.1 12.6 -19.35 
12 2 0 - -5.5 6.2 -9.05 
14 2 0 9.0 -8.4 7.2 -12.62 
16 2 0 - -3.2 5.0 -6.34 
18 2 0 - -1.2 0.0 -3.32 



h k 1 Fobs(H8hrie) calc(118hne) F
obs(Stass) calc(Stas0) 

1 3 0 54.6 51.4 56.7 55.12 
3 3 0 - 4.0 5.2 5.36 
5 3 0 23.4 29.2 19.4 31.07 
7 3 0 - 14.4 10,7 15.98 
9 3 0 - 2.6 0.0 3.04 

11 3 0 8.5 11,4 6.2 13.18 
13 3 0 - 5.1 6.0 7.12 
15 3 0 - 1.6 0.0 3.29 
17 3 0 - 3.5 5.2 5.37 
19 3 0 - 1.1 0,0 2.43 
0 4 0 21.4 -18.2 23.2 -20.38 
2 4 0 51.0 -51.1 49.7 -54.52 
4 4 0 43.7 -38.0 36.9 -42.57 
6 4 0 15.1 -15.4 16.2 -19.84 
8 4 0 23.5 -24.5 24.6 -30.78 
10 4 0 15.4 -13.9 13.8 -19.78 
12 4 0 6.4 -5.4 7.2 -10.36 
14 4 0 8.7 -7.5 7.3 -12.35 
16 4 0 - -2.7 0.0 -6.50 
18 4 0 - -0.6 0.0 -3.59 
1 5 0 8.5 -12.5 10.5 -13.49 
3 5 0 26.0 -29.4 30.6 -31.51 
5 5 0 - -5.9 6.2 -6.88 
7 5 0 - -7.2 6.7 -8.66 
9 5 0 9.0 -11.6 8.2 -13.50 

11 5 0 - -1.6 0.0 -2.88 
13 5 0 - -3.2 0.0 -4.71 
15 5 0 - -3.6 5.1 -5.06 
17 5 0 - -0.3 0.0 -1.16 
0 6 0 63.7 55.0 65.4 62.05 
2 6 0 40.9 36.4 35.2 42.49 
4 6 0 36.6 33.4 37.8 40.22 
6 6 0 39.2 35.5 39.2 43.58 
8 6 0 19.1 18.5 16.9 25.74 
10 6 0 14,5 15.0 15.2 22.52 
12 6 0 14.3 12.4 11.7 19.6!. 
14 6 0 5.9 5.0 6.2 10.42 
16 6 0 - 4.0 0.0 8.57 
18 6 0 - 2.7 0.0 6.32 
1 7 0 9.8 10.1 0.0 11.45 
3 7 0 - -0.2 12.0 -0.01 
5 7 0 - 7.9 0.0 11.45 
7 7 0 - 3.9 6.4 4,97 
9 7 0 - -1.1 5.2 -1.04 

11 7 0 - 3.0 0.0 3.52 
13 7 0 - 0.7 0.0 0.69 
15 7 0 - -0.3 0.0 -0.74 
17 7 0 - 1.0 0.0 0.98 
0 8 0 - 2.4 0.0 2.62 
2 8 0 5.5 -4.7 6.2 -5.60 
4 8 0 - -3.4 5.7 -3.97 
6 8 0 - 1.5 0.0 1.79 
8 8 0 - -3.4 0.0 -3.93 
10 8 0 - -1.4 0.0 -1.62 
12 8 0 - 1.0 0.0 0.49 
14 8 0 - 0.0 0.0 -1.86 
16 8 0 - -0.4 0.0 -0.48 



182. 
k 1 

obs(171812ne) Fcalc(118hne) 'obs(Stass) calc(Stass) 

1 9 0 - 0.4 0.0 0.37 
3 9 0 - -3.4 5.2 -4.33 
5 9 0 - 1.1 0.0 1.37 
7 9 0 - 0.2 0.0 0.50 
9 9 0 - -1.4 0.0 -1.52 

11 9 0 - 1.0 0.0 1.63 
13 9 0 - 0.0 0.0 0.48 
15 9 0 - -0.4 0.0 -0.18 
0 10 0 17.5 -12.1 18.2 -18.09 
2 10 0 18.6 -14.2 19.6 -21.05 
4 10 0 16.6 -12.2 13.2 -18.90 
6 10 0 11.1 -8.5 11.9 -14.11 
8 10 0 11.6 -8.0 7.8 -14.06 
10 10 0 10.3 -5.2 11.0 -10.35  
12 10 0 - -2.6 0.0 -6.95  
14 10 0 - -2.4 0.0 -6.10 
1 11 0 - 1.2 0.0 1.19 
3 11 0 - 0.0 0.0 -0.58 
5 11 0 - 1.1 0.0 1.35 
7 11 0 - 0.4 0.0 0.85 
9 11 0 - 0.0 0.0 -0.08 

11 11 0 - 0.2 0.0 0.96 
13 11 0 - 0.2 0.0 0.41 
15 11 0 - 0.2 0.0 0.09 
0 12 0 8.2 3.7 10.6 

76  6:11() 2 12 0 - 3.2 5.4 
4 12 0 - 2.4 0.0 5.72 
6 12 0 - 2.4 0.0 5.56 
8 12 0 - 1.6 0.0 3.98 
10 12 0 - 1.1 0.0 3.33 
12 12 0 - 0.7 0.0 2.77 
14 12 0 - 0.4 0.0 1.72 
1 13 0 - 0.4 0.0 -0.44 
3 13 0 - 0.1 0.0 -0.55 
5 13 0 - -0.4 0.0 -0.50 
7 13 0 - -0.2 0.0 -0.55 
9 13 0 - -0.1 0.0 -0.56 

11 13 0 - 0.0 0.0 -0.44 
0. 14 0 9.2 4.9 9.8 8.55 
2 14 0 8.5 5.4 7.4 8.74  
4 
6 

14 
14 

0 
0 

T.6 
6.4 

2.7 
1. 

8:2 
9:2 

r 
 

/!. 	. : 87 

8 14 0 5.0 1.3 5.2  A Ng t 
10 14 0 - 2.2 0.0 2.86  
1 15 0 - -1.2 0,0 -1.02 
3 15 0 - -0.7 n.n w+ -22 
5 15 0 - -1.2 0,0 1 71 

7 15 0 - -0.9 0.0 41,1r 

9 15 0 - -0.4 MI _o.8/1  
0 16 0 8.6 -2.1 8.' -8.?? 
2 16 0 8.2 -'.1 7.6 -7.2r 
4 16 0 7.6 -2.7 8.0 -6.86 
6 16 0 6.3 -2.9 7.2 -6.65 
1 17 0 - 1.2 0.0 2.50  
3 17 0 - 2.0 0.0 3.13 
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h k 1 Fobs(H8hne) Pca1c(H8hne) Pobs(Stass) Fcalc(Stass) 

1 1 1 16.5 -22.0 19.6 -18.14 
3 1 1 4.0 -5.6 6.2 -3.23 
5 1 1 4.8 -6.0 5.2 -6.24 
7 1 1 - -3.4 5.1 -3.82 
9 1 1 - 0,0 0.0 -0.82 

11 1 1 - 0.0 0.0 -0.99 
13 1 1 - 0.4 0.0 0.44 
15 1 1 - 0.7 0.0 0.96 
17 1 1 - 0.0 0.0 0.40 
19 1 1 - 0.1 0.0 0.49 
0 2 1 119.5 -101.6 123.7 -97.02 
2 2 1 86.1 -73.0 86.6 -71.02 
4 2 1 63.1 -56.6 55.2 -57.74 
6 2 1 50.0 -47.8 53.1 -50.74 
8 2 1 31.0 -31.5 30.6 -35.04 
10 2 1 23.9 -24.4 25.1 -27.90 
12 2 1 16.7 -18.2 14.8 -21.65 
14 2 1 9.8 -8.7 6.9 -13.72 
16 2 1 6.9 -7.2 7.1 -9.86 
18 2 1 4.7 -4.5 5.3 -6.76 
1 3 1 10.8 7.1 9.6 7.74 
3 3 1 19.5 20.2 21.7 19.58 
5 3 1 3.6 2.5 0.0 2.76 
7 3 1 3.1 3.6 0.0 3.65 
9 3 1 3.6 6.7 6.2 6.24 

11 3 1 - 1.0 0.0 1.20 
13 3 1 - 2.2 0.0 2.28 
15 3 1 - 2.7 0.0 0.64 
17 3 1 - 0.4 0.0 0.64 
19 3 1 - 0.9 0.0 0.93 
0 4 1 25.0 23.0 24.7 24.22 
2 4 1 43.8 40.5 39.7 40.81 
4 4 1 33.2 32.0 34.3 33.50 
6 4 1 20.3 17.7 18.9 20.27 
8 4 1 22.2 22.0 23.1 24.01 
10 4 1 13.7 14.0 12.7 16.50 
12 4 1 4.2 7.2 5.3 9.96 
14 4 1 4.2 8.0 0.0 9.61 
16 4 1 4.0 3.7 0.0 5.56 
18 4 1 - 1.5 0.0 3.31 
1 5 1 12.1 -12.7 13.7 -11.94 
3 5 1 3.7 5.4 3.58 
5 5 1 6.5 -9.6 7.5 -8.82 
7 5 1 - -6.0 0.0 -5.00 
9 5 1 - -0.2 0.0 -0.22 

11 5 1 - -6.5 0.0 -6.08 
13 5 1 - -1.5 0.0 -3.36 
15 5 1 - -0.6 0.0 -1.56 
17 5 1 - -2.6 0.0 -2.72 
0 6 1 22.5 19.6 21.7 21.88 
2 6 1 38.4 34.5 39.2 35.47 
4 6 1 27.5 28.1 27.5 29.57 
6 6 1 14.6 14.4 15.0 16.70 
8 6 1 17.5 20.4 19.7 21.62 
10 6 1 11.9 12.9 10.5  14.52 
12 6 1 - 5.9 6.2 8.26 



184. 

h k 1 F
obs(Htihne) calc(Ohne) 

F
obs(ftass) 

F
calc(Stass) 

14 6 1 4.0 8.4 7.1 9.05 
16 6 1 - 4.0 0.0 5.07 
18 6 1 - 1.7 0.0 2.96 
1 7 1 7.6 -4.7 5.2 -5.14 
3 7 1 - 10.0 6.6 6.63 
5 7 1 - -4.6 0.0 -4.88 
7 7 1 - -1.1 0.0 -1.40 
9 7 1 - 5.0 0.0 3.99 

11 7 1 - -2.5 0.0 -1.96 
13 7 1 - 0.4 0.0 0.50 
15 7 1 - 2.0 0.0 1.62 
17 7 1 - -1.0 0.0 -0.54 
0 8 1 55.4 -41.1 49.9 -49.83 
2 8 1 38.8 -33.1 30.2 -36.83 
4 8 1 35.6 -31.2 29.7 -35.04 
6 8 1 36.5 -34.7 39.6 -37.46 
8 8 1 19.9 -19.0 20.2 -23.12 
10 8 1 16.5 -16.7 15.4 -20.28 
12 8 1 13.7 -15.5 12.5 -17.67 
14 8 1 4.7 -6.4 5.2 -9.70 
16 8 1 4.2 -5.9 5.4 -7.96 
1 9 1 - 2.5 0.0 2.75 
3 9 1 12.8 12.7 10.7 11.68 
5 9 1 - 1.2 0.0 1.75 
7 9 1 - 3.5 0.0 3.77 
9 9 1 4.2 8.1 7.2 7.55 

11 9 1 - 0.5 0.0 1.37 
13 9 1 - 2.5 0.0 2.77 
15 9 1 - 3.4 0.0 3.10 
0 10 1 - 0.2 0.0 1.88 
2 10 1 9.4 10.5 11.7 10.52 
4 10 1 7.2 8.2 5.3 -18.90 
6 10 1 - 0.2 0.0 1.70 
8 10 1 4.2 7.5 6.2 7.54 
10 10 1 - 3.7 0.0 4.22 
12 10 1 - 0.1 0.0 1.14 
14 10 1 - 3.5 0.0 3.39 
1 11 1 - -8.9 7.4 -8.35 
3 11 1 - -0.6 0.0 -1.44 
5 11 1 4.2 -8.7 6.3 -8.25 
7 11 1 - -4.4 0.0 -5.87 
9 11 1 - -0.7 0.0 -1.81 

11 11 1 - -5.6 0.0 -5.24 
13 11 1 - -2.5 0.0 -2.74 
15 11 1 - -0.4 0.0 -1.22 
0 12 1 14.6 8.9 14.9 12.51 
2 12 1 20.3 16.2 15.3 18.30 
4 12 1 16.2 12.9 17.4 16.13 
6 12 1 9.8 6.6 10.3 10.03 
8 12 1 13.1 11.2 10.7 12.81 
10 12 1 8.5 7.0 6.2 8.96 
12 12 1 - 3.0 0.0 5.40 
14 12 1 - 5.0 0.0 5.91 
1 13 1 - -0.2 0.0 0.02 
3 13 1 - 5.5 0.0 4.47 
5 13 1 - -0.9 0.0 -0.48 



185. 

h k 1 Fobs(118hne) P
ca1c(116hne) obs(Stass) Fcalc(Stass) 

7 13 1 - 0.5 0.0 0.58 
9 13 1 - 3.5 0.0 2.66 
11 13 1 - -0.6 0.0 -0.40 
0 14 1 15.3 -12.7 16.2 -14.25 
2 14 1 15.3 -7.4 8.7 -10.01 
4 14 1 10.3 -7.4 8.5 -9.77 
6 14 1 9.7 -9.9 10.4 -11.29 
8 14 1 4.7 -4.1 5.0 -6.70 
10 14 1 4.2 -4.5 0.0 -6.26 
1 15 1 - 0.1 0.0 0.83 
3 15 1 - 3.7 5.3 3.45 
5 15 1 - -0.1 0.0 0.45 
7 15 1 - 0.5 0.0 1.02 
9 15 1 .. 2.4 0.0 2.24 
0 16 1 - -2.2 0.0 -2.18 
2 16 1 .- 0.9 0.0 0.05 
4 16 1 .. 0.5 0.0 -0.22 
6 16 1 - -1.7 0.0 -1.71 
1 17 1 - -1.6 0.0 -1.75 
3 17 1 ..- 0.5 0.0 -0.22 
0 2 0 34.1 -34.1 36.2 -32.30 
0 2 1 106.1 *102.7 104.2 -97.02 
0 2 2 28.2 -24.1 26.9 -.24.06 
0 2 3 127.4 108.6 130.0 105.42 
0 2 4 11r7 10.6 10.7 9.49 
0 2 5 66.0 -58.1 54.2 -57.30 
0 2 6 21.1 17.5 23.6 18.03 
0 2 7 51.8 46.7 47.2 46.09 
0 2 8 - 3.0 5.1 1.06 
0 2 9 49.5 -44.6 45.2 -42.57 
0 2 10 - 0.6 0.0 2.39 
0 2 11 28.2 26.2 29.3 25.00 
0 2 12 11.7 -7.7 8.6 -8.33 
0 2 13 21.1 -20.7 19.4 -19.10 
0 2 14 - -3.4 5.3 -0.06 
0 2 15 18.8 20,4 21.2 15.61 
0 2 16 - 0.6 0.0 -1.34 
0 2 17 9.4 -9.1 8.9 -8.09 
0 2 18 4.6 2.5 0.0 2.86 
0 2 19 4.6 7.4 6.8 5.87 
0 4 0 22.6 -19.6 19.0 -20.38 
0 4 1 28.2 23.7 29.2 24.22 
0 4 2 37.7 35.6 39.6 35.17 
0 4 3 61.2 -53.0 62.6 -53.39 
0 4 4 35.4 -30.2 28.7 -30.90 
0 4 5 23.5 18.7 19.2 19.95 
0 4 6 25.8 18.0 17.6 19.56 
0 4 7 21.1 .18.8 19.1 -19.20 
0 4 8 28.2 -22.5 29.3 -22.92 
0 4 9 33.0 27.2 26,4 26.58 
0 4 10 21,1 16.1 20.1 16.95 
0 4 11 14.1 -8.7 9.6 -10.28 
0 4 12 11.7 -8.4 9.8 -9.96 
0 4 13 11.7 8.4 7.2 9.27 
0 4 14 14.1 9.6 8.3 9.64 
0 4 15 11.7 12.4 11.7 -10.15 



186. 
h k 1 

obs(H8hno) 
P 
-calc(Ohne) Pobs(Stass) 

r
calc(Stass) 

C 4 16 9.4 -5.1 6.7 -6.10 
0 4 17 4.6 2.0 0.0 3.31 
0 4 18 - 1.8 0.0 3.34 
0 6 0 70.1 63.1 64.7 62.05 
0 6 1 25.8 21.1 28.6 21.88 
0 6 2 56.6 -56.2 59.3 -54.66 
0 6 3 - 1.7 0.0 -0.41 
0 6 4 51.8 50.4 48.7 48.73 
0 6 5 23.5 18.7 19.2 19.22 
0 6 6 49.5 -45.7 44.6 -43.76 
0 6 7 16.5 -13.6 16.2 -14.17 
0 6 8 37.7 35.2 34.6 32.49 
0 6 9 - -0.6 0.0 2.10 
0 6 10 28.2 -28.1 29.3 -25.42 
0 6 11 11.7 -10.4 8.7 -10.38 
0 6 12 23.5 22.6 20.6 19.94 
0 6 13 7.0 5.2 7.2 5.95 
0 6 14 16.5 -17.7 15.2 -13.02 
0 6 15 - 1.7 0.0 -0.86 
0 6 16 9.4 11.8 10.4 9.17 
0 6 17 - 4.2 5.1 3.95 
0 6 18 7.0 -8.8 6.2 -6.50 
0 8 0 - 3.0 5.2 2.62 
0 8 1 57.8 -53.5 51.7 -49.83 
0 8 2 16.5 -14.4 18.2 -13.23 
0 8 3 40.0 39.1 36.6 36.94 
0 8 4 14.1 12.4 12.2 11.21 
0 8 5 44.7 -46.0 47.6 -41.77 
0 8 6 - -2.1 0.0 -1.94 
0 8 7 37.7 38.1 33.7 33.92 
0 8 8 7,0 10.4 9.6 8.69 
0 8 9 23.5 -24.0 25.2 -21.82 
0 8 10 7.0 -7.0 6.2 -5.62 
0 8 11 25.8 24.3 19.7 21.62 
0 8 12 - 1.4 5.2 0.76 
0 8 13 14.1 20.1 18.2 -14.84 
0 8 14 - 5.6 6.9 -3.81 
0 8 15 9.4 10.6 11.2 8.51 
0 8 16 - 3.1 0.0 1.88 
0 8 17 7.0 -11.2 10.7 -7.79 
0 10 0 20.6 -17.6 16.2 -18.09 
0 10 1 - 0.2 0.0 1.88 
0. 10 2 30.6 29.8 27.6 -27.92 
0 10 3 - 2.8 0.0 0.03 
0 10 4 28.2 -26.7 29.3 -25.02 
0 10 5 - 0.2 0.0 1.79 
0 10 6 14.1 14.0 12.2 14.10 
0 10 7 - 0.2 0.0 -1.37 
0 10 8 21.1 -21.0 19.7 -19.07 
0 10 9 - -3.0 5.3 0.10 
0 10 10 16.5 17.0 19.6 13.93 
0 10 11 - -0.1 0.0 -1.15 
0 10 12 7.0 -6.0 5.4 -6.95 
0 10 13 - -0.6 0.0 0.73 
0 10 14 11.7 10.4 10.2 8.63 
0 10 15 - 1.8 0.0 -0.16 
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h k 1 P - obs(Mhne) calc(Ohne) Fcalc(Stass) calc(Stass) 

0 12 0 11.1 6.5 7.2 7.16 
0 12 1 14.1 11.7 14.8 12.51 
0 12 2 16.5 -15.6 12.2 -13.73 
0 12 3 11.7 -8.2 9.7 -9.19 
0 12 4 16.5 13.1 12.6 12.23 
0 12 5 11.7 8.4 12.4 10.90 
0 12 6 7.0 -4.5 6.7 -5.60 
o 12 7 14.1 -9.5 15.3 -9.06 
0 12 8 11.7 13.0 16.2 9.63 
0 12 9 7.0 4.7 5.2 5.84 
0 12 10 9.4 -8.1 6.7 -6.89 
0 12 11 7.0 -5.5 6.6 -6.19 
0 12 12 - 2.2 0.0 2.85 
0 12 13 4.6 3.5 0.0 4.40 
0 12 14 7.0 -6.1 8.5 -4.54 
0 14 0 11.1 11.5 12.7 8.55 
0 14 1 18.8 -20.4 6.2 -14.25 
0 14 2 7.0 -6.1 5.2 -5.62 
0 14 3 11.7 13.2 10.8 9.64 
0 14 4 7.0 5.4 5.2 5.39 
0 14 5 16.5 -16.5 16.6 -12.48 
0 14 6 7.0 -8.4 6.5 -6.84 
0 14 7 14.1 14.2 12.9 10.29 
0 14 8 4.6 3.4 0.0 3.78 
0 14 9 7.0 -8.1 6.8 -6.15 
0 14 10 4.6 -3.1 0.0 -3.38 
0 14 11 7,0 10.8 8.3 7.16 
0 16 0 10.2 -11.0 9.7 -8.22 

16 1 - -3.6 0.0 -2.18 
0 16 2 9.4 10.5 8.3 8.06 
0 16 3 4.6 8.7 7.6 5.05 
0 16 4 11.7 -9.7 9.7 -7.51 
0 16 5 - -2.8 0.0 -1.68 
0 16 6 9.4 9.3 8.4 6.66 
0 16 7 - 3.4 0.0 1.80 

Table (38) 
Datil for divergence factors for anhydrite structure factors B.M. 

Specimen 1o,35,876 

Total reflections 	Observed 	Unobserved 	Extra 

476 	319 	158 	0 	0.07173 
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CHAPTM 

7.0 Introduction 

An extenbive review of the diffraction effects resulting frOm various 

structural crystalline disorders is given in Appendix (3) and the' reader is 

requested to make himself familiar with the contents of that appendix 

before commencing this Chapter. Once this acquaintaince has been,made, 

it is then possible to de-scribe and interpret some of the featureS ex-

hibited by the X-ray diffraction single-crystal photographs and the 

detailed "peak" profiles from the X-ray powder diffraction studies. 

The figures (31 and 32) show a series of photographs, taken using 

a "Stereoscan" electron microscope, of typical crystals of ttecent an-

hydrite. As can be seen, the crystals are small, often broken along 

cleavages and frequently possess curved edges parallel to (010) and 

ragged terminations parallel to (001). The only crystal face devel-

opped to any estent is (100) and that is far from perfect. Crystals are 

flattened parallel to (100), elongate parallel to the c-exis and lan-

ceolate in outline. They exhibit three good cleavages mutually at 

right angles. 

The figures (31 and 32) also show that although, morphologically, 

the crystals appear "single", their true nature is that of an aggregate 

of crystal plates preferentially orientated. These plates are origin 

tested parallel to (100). 

.Eeasurements of the refractive indicies of these crystals corre-

late closely with published data. However, under crossed polars some 

of the crystals show a peculiar variety of brush polarization, whereby 

the extinction diverges from the ends towards the'centre rather than 

from the centre towards the mat. 

7.1 Diffraction effects arising from The gross physical nature of  
the Recent anhydrite crystals.  

As mentioned above, the "crystals" are preferentially orientated 

masses of crystallite plates parallel to (100) and not true single 
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7.2 

Dstl of a "Steoscnn" scnnrinr electron mio:ro,:Trfk, of P. Rec.,?nt 

anhydr:tto crystsl. Fls.c:nification 9z52rexinately x 800. 
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crystals. This lack of singularity produces distinct effects upon the 

X-ray diffraction patterns as recorded upon Laue, rotation, Weissenberg 
and precession photographs. 

Since the crystals are not "single", it is impossible to set them 

perfectly upon the single-crystal arcs as each crystallite plate, 

making up the "crystal", is slightly misorientated with respect to the 

other plates. Instead an optimum setting must be made. This, however, 

in practice, was not that difficult to achieve since the misorientation 

between plates is small. 

When set in this optimum position, Laue photographs showed reflec-

tions streaked out into arcs. Similarly*  rotation photographs (Figures 

33-35) did not show small, spot-like, reflections arranged along 

lattice layer lines as would be the case for true single crystals, but 

showed, instead, arcuate reflections smeared perpendicular to the 

imagined traces of the layer lines. The reflection arcs have numerous 

intensity maxima upon them. 

The extent of these arcs and the number of intensity maxima upon 

them varied greatly from crystal to crystal. However, the extent of 

the arcuate reflections from the same crystal did not vary greatly 

with the axis of mounting. That is, the length of the arcs did not 

alter greatly according to the Miller indices of the reflections. 

Occasionally, the arcs showed a considerable degree of broadening across 

their width. 

On Weissenberg films, reflections were streaked out both in a hori-

zontal and a vertical direction. Again, along the reflections there 

was a number of intensity maxima and again the extent of the horizon-

tal and vertical smearing varied greatly from crystal to crystal. Whilst 

the extent of horizontal smearing shown by reflections from a particular 

crystal did not vary greatly according to the Miller index of a reflec-

tion, the extent of vertical smearing shoved a definite, simple relation-

ship with the Miller indices of the reflections. 

On precession photographs, reflections were smeared out around arcs 

centred on the centre of the film. Also, there was some broadening 

across these arcs. As with both the rotation and the Weissenberg photo-

graphs there were several intensity maxima along the reflections and 

the extent of the arcs varied greatly from crystal to crystal. Also, 

as in the other methods, the arcs, shown on precession photographs 

of a particular crystal, had lengths that were not dependent upon the 

Miller index of a reflection. However, in some eases, the width across 

these arcuate reflections showed a distinct relationship with the Miller 
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IT ̂5 7  

Recent e 	te. OuKa. AOIrv. 	hours  cxposUxe 

This is a rotation pLotoph of a typical crystal. As can he 

seen the rJ.Clections consist of several iadividual components r2 =f,- 

out around powder arcs. This m:tension around powder arcs is ty--)i;c1 

of crystals consisting of preferentially orientated crystallite Tr'r-"so , 

The intensity of the diffuse scatterinr at the centre of the 

is relatively hirfh and is tentatively interpreted as bein,z due to di:-.1- 

er,'anised molecules within the structure. 

0 
The repeat distance between the layer lines is IS= 0.221 r.l.u. 

Since, by definition, 	aX = X/d 

'S(100) ' 

Thus 	a 	X3.. =$11£3 	6.98)( 
0.221 

The intensities of the layer lines at c. 0.221 	and; - 

r.l.u. are not appreciably different from the layer lines at t. 

r.l.u. and 	= = 0.442 r.l.u. Thus, in this particular photocraphi4;h,_ 0-i:r- 

ail intensities of the layer lines havinE h = 2n and h. 4 2n are not 

markedly different. In other rotation photogr?phsof this type 

mounted about the a-axis) the overall intensities of the layer 1:111;r: 

when h / 2n may be considerably reduced. Indeed, in some 1100] rot-tion 

photographs,only the layer lines at c= 0.000 r.l.u. and S = 0.442 

n  re precent, that is only the lines with h = 2n are present vbeTwP 

with h / 2n are not. 

The horizontal lines across the film are artificial ccro,tchcz 

in order to measure 'S 
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1-1!&->:rnt a'nh7drite. CuKa. ACkv 2ftn.a. 1 5 hours exoesure. 
VOMMV0,91.N.RM.Z.. 

101O1 ota- onhotoraDh. Camera radius 	.3 m.m. 

This is another rotation photec-raph of yet another typical 

Aainy the reflections consist of several individual components smcc:-3 

out around powder arcs. This extension around the Powder arcs is 

interpreted as due to preferential orientation of component crystalit. 

As in the description of figure (33) the relatively hich inter.7,ity 

of diffuse scattering around the centre of the film is attributed to 

disorganised molecules within the strucutre. 

The repeat distance between the layer lines is t. 0.243 r.l.u. 

Tifus b =L5418 = 6.22A 
0.248 

The int,:xl-itJe2 of the layer lines at l; = 0,210 r.l.u. 

t .7,44 r.l.u. are considerably wepker than the layer lines -t 

C.000 r.l.u. and . 0.496 r.l.u. Thu2,the overall intensitir,c 

of lever lines having k = 2n are appreciably Ereater than those whsa 

k < 211. Othor [010] rotation photoc,raphs snow a co7Iplete acenco oz 

the li-es k / 2n where in still other [010] rotation photo,71-.-TFI 

there is a complete development of the layer lines k / 2n. 

The horizontal lines across the film are artificial scratches 

marked in order to measure S. 
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Figure 34. 
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Recent :,e:ahydrite, CuKa. 401cv. 20a. a. 15 hours exposure. 

0011_zptation photorTraplamera radius atla.m. 

This is aefain a rotation photograph of another typical cry2 .1. 

As in fizurcs (33)  and (34) the reflections consist of several eo2- 

ponents P.,qe-red-out around powder arcs. This again is interpreted 

as a preferred orientation effect. 

In this photograph the amount of diffuse intensity around tie 

centre of the film is extremely high and is thought to indicate a 

oc.,--1:10r-sr-ble, decree of disorLnriL:ation of molecules within the 

c,ttnr,tar:"3. 

The repeat distance between the layer lines is t3 = 0.222 r.l.u. 

Thus C 1.948 = 6.95A 
0.222 

The intensities of the layer lines at fj= 0.222 r.l.u. and 

0.666 r.l.u. are considerably weakor then the layer lines at 

1; = 0.000 	and t= 0.444 r.l.u. gnus, the overall intanoitlea 

of layer lines having 1 = 2n are appreciably greater than those where 

1 ;#/: 2n. Other [001] rotation photographs show a complete absence of 

the lines 1 / 2n whereas,in still other [001] rotation photographs there 

is a complete development of the layer lines 1 / 2n. 

The horizontal lines across the film are artificial scratches 

marked in order to measurelS. 
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Figure 35. 
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index of the reflection. 

Since the broadening across the reflection arcs exhibited on pre-

cession and rotation photographs and the vertical extension across the 

streaks shown on Weissenberg photographs will be dealt with later, only 

the elongation of the reflection arcs and streaks and the presence, on 

these features, of many intensity maxima will be interpreted at this 

time. 

Both the extension of the reflections and the presence on them of 

many intensity maxima may be interpreted if account is taken of the 

"crystals" being a preferentially orientated aggregate of plates 

parallel to (100) 

When the crystals were set, only an optimum setting could be made. 

At this position, although several of the component plates might be 

correctly set, others, which had slightly different orientations, would 

be a little offset. Thus, the total diffracted intensity of a reflection 

would consist of component intensities of that reflection from all of 

the plates in all their orientations. It was these separate component 

intensities, arising from the diffraction by the same lattice plane 

but from different individual similar crystallites, that gave rise to 

the numerous diffraction maxima seen along the arcs on both rotation 

and precession photographs and along the elongate streaks seen on 

Weissenberg photographs. 

Although the "crystals" consisted of a number of individuals, the 

individuals, themselves, were crystallographically similar. Consequent-

ly, reflections of similar (hkl) that arose from individual components 

would have similar interplanar spacings (d) and the reflection arcs or 

streaks would possess, along their whole extent constant d and °values. 

Similar effects would be observed on photographs from powders and thus 

the crystals were regarded as a preferentially orientated, single com-

ponent powder. 

All the diffraction effects so fax described were, therefore, in-

terpreted in terms of a normal X-ray powder diffraction pattern. Indiv-

idual arcs on rotation and precession photographs had reasonably con-

stant values of the interplanar spacing as had individual streaks on 

Weissenberg photographs. The arcs and streaks themselves arose from 

the overlap of the component diffracted intensities from individual, 

but similar, crystallites. The distinct spots upon these streaks and 

arcs merely recorded the diffraction from the different individuals 

present. 

The size of the spots recorded upon the films could be used to give 

the particle size of the plates. This size calculation was not attempted. 
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7.2 Diffraction effects from the presence of screw dislocations within 
the Recent anhydrite crystals. 

The figures (36-47) show microdensitometer traces made horizontally, 

inclined and vertically across the "reflections" (110), (111), (112) 

and (113) recorded upon Veissenberg 7)hotocratis. These "reflections" 

were not, however, from one single crystal but from several different 
specimens. These particular traces were chosen because they exhibit 

the features about to be described most clearly. Traces from one indiv-

idual crystal did not show these features with consistent and sufficient 

clarity for all the "reflections". 

Traverses made in a horizontal direction across a "reflection" show 

that, as well as several strong intensity maxima situated in the centre 

of a "reflection", there were other, more diffuse intensity maxima dis-

tributed almost symmetrically about the centre. Inclined traverses 

across a "reflection" also showed an almost symmetrical distribution 

of diffuse intensity maxima about a strong central intensity maximum. 

Vertical traverses also showed several diffuse intensity maxima dis-

tributed almost symmetrically about a strong central maximum. 

The extent of the "reflections" in horizontal, inclined rna vert-

ical directions showed a systematic variation. For the "reflection" 

(110) the diffuse maxima were, in all directions, quite close to the 

central intense maxima. For the "reflection" (111) the diffuse 

maxima were not quite as close to the central maximum. For the 

"reflection" (112) the diffuse maxima were removed from the centre even 

further and for the "reflection" (113) the maxima were, yet further, 

removed in all directions. 

The figures (48-51) show, in a very diagrammatic manner,the dis-

tribution of these intensities in reciprocal space for the "reflections" 

(110), (111), (112) and (113). 	As can be seen, the several strong 

intensity maxima are distributed horizontally, having little or no 

vertical distribution. However, the diffuse scattering can be seen 

to consist of several ellipses extending in all directions. The ob-

served intensity around each of these diffuse ellipps was variable. 

Indeed, in some places no intensity was seen at all. Also, the ob-

served intensity varied from ellipse to ellipse in an apparently ran-

dom manner. 

This variation in intensity between different ellipses can best 

be appreciated by reference back to figures (36-47). In no case was 

the innermost ellipse the most intense and in no case was the outer-

most ellipse the most intense. Instead, the position of the most 
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0 
b-axis. (6.258 A) 

a-axis. 
(6.994 A) 

c-ax is.(8. 958 A) 
Diagrammatic sketch of a Recent anhydrite crystai.' 

(About 75 times actual size.) 
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intense ellipse varied from reflection to reflection in a seemingly 

random manner. 

The interpretation of all these features is difficult. The sever-
al strong maxima distributed only horizontally have been explained 

earlier as due to the diffracted intensity from the identical crystal-

lographic plane but from several similar individuals of slightly differ-

ing orientation. Thus, all these strong component reflections of a 

single "reflection" possess similar and constant d or values. There-

fore, their extension is in a horizontal direction only on the Weissen-

berg photographs. 
However, the diffuse intensity extends both horizontally and ver-

tically on the Weissenberg photographs. Since there is this vertical 

extension this must mean that the ellipses do not have consante-values. 
As discussed in part A.3.2.4 of Appendix (3), Wilson (1949) and 

Frank (1949) have calculated the diffraction theory for a screw disloc-

ation and the variation in reciprocal space due to the presence of 

such a structural defect. They both showed that the scattering in 

reciprocal space consisted of hollow rings about the ideal reciprocal 

lattice point. At the ideal point they stated that the diffracted 

intensity should be zero. 

Wilson (1949) also showed that for a screw dislocation with Burger's 

vector lying along the Z-axis, reflections from (hko) planes would be 
little effected. However, reflections from planes (hkl) with 1 A o and 
both h 	 it constant would consist of diffuse rings. The diameter 
of these rings would increase progressively as 1 increased. This was 

shown in figure (1) of Appendix (3). 

Whilst the data presented here are not the exact analogues of the 
Wilson theory of the diffraction effects due to the presence of a single 

screw-dislocation, there are close resemblances. Here, the "rings" are 
not rings but discontinuous ellipses and the diffracted intensity at 

the centre is not zero. However, when both h and k are constant the 

extent of the ellipses increased with increasing it (when h and 1 are 
constant) and with increasing h (when k and 1 are constant). These 

latter examples were not, however, as well defined as those presented. 
Therefore, it is suggested that the diffuse ellipses arise from 

the presence of screw dislocations. 	In the examples presented it 

would seem that the Burger's vector of the dislocations lie in the Z-

axial direction. However, other examples were observed where this 
vector would be interpreted to lie in either the X or Y axial directions. 

eck When it is remember/ that the Recent anhydrite "crystals" are not 
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"single", it is possible that the axis of the screw dislocations may 

be different in each component plate. Alternatively, some plates may 

have no dislocations present or some may have them in two or three 

directions simultaneously. 

On this interpretation, the strong maxima at the centre of the 

"reflection" (i.e. at the correct reciprocal lattice point) would 

arise from those crystallite plates with no screw dislocations present. 

The diffuse maxima around these stronger maxima would arise from those 

individuals possessing screw dislocations. 

Since in any one morehologically "single" crystal there may be 

many component crystallites, the diffraction effects recorded upon 

the Weissenherg photographs would not be the simple ones calculated by 

Nilson. Where the majority of those crystallites, having a screw dis-

location, had only one each and where these were all in similar direc-

tions, then some similarity with the Nilson type of pattern might be 

expected. This would then aid the interpretation of the features 

shown in figures (36-47). However, where the individuals either had 

one screw dislocation each but in dissimilar directions or where the 

dislocations were in two or three axial directions, then highly complex 

diffraction patterns would result. This latter situation was the more 

usual in the majority of crystals studied. 

Thus, it is tentatively concluded that some of the diffuse scatter-

ing effects observed are due to the presence, within the component 

crystallites, of screw dislocations. 

7.3.1 Diffraction effects resulting from small misorientations of 
small, crystallographically similar, mosaic blocks  

The diagrammatic sketch of a Recent anhydrite crystal (figure 

(52)) shows the urved nature of the (010) "faces" of the "crystals". 

Macroscopic examination of many hundreds of these "crystals" has led 

to the conclusion that the curvature of this face is real and not 

merely an artifact due to the non—single nature of the "crystals". If 
the reality of this non—planar nature is accepted, then it is necessary 

to find an explanation for this feature. 

The EvaId—Darwin—Bragg—Burgers concept of a typical crystal is 

that it consists of many small, crystallographically similar, mosaic 
blocks. If the anhydrite crystallite plates are typical, then, they 

also may be thoughtof as consisting of many small, similar blocks and 

a way of explaining the curvature is readily apparent. 

A tilting of successive mosaic blocks in a similar sense about 
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the c (Z)-axis with little a (K) axial component and diverging, fan-

like, from the two mid points on the (001) faces at either end of the 

crystal, will cause the (010) and (001) crystallographic planes of 
succeeding blocks to diverge, increasingly, from each other as the mid-

way horizontal line on the (100) face is approached. At the mid-

points on the (010) faces the divergence, with respect to the initial 
position at either end will be at a maximum. 

A tilting of successive mosaic blocks in a similar sense about the 

b(Y)-axis, again with no a(X)-axial component and diverging, in herring-

bone fashion, from a central, vertical line on the (100) face, will cause 

the (010) and (001) crystallographic planes of succeeding blocks to 

diverge, increasingly, from each other as the (010) edge is approached. 

At this edge, the divergence, with respect to the initial position will 

be at a maximum. 

Thus, by the tilting of the mosaic blocks of the component crystall-

ites about the c(Z) and b(Y) axes, it would be easy to obtain crystals 

with the curved (010) faces observed in Recent anhydrite crystals. 

Since this tilting of the blocks leads to a deviation of the reciprocal 
lattice points of particular blocks from the mean positions of such 

points, a broadening effect will be seen in any record of the reciprocal 

lattice points. Therefore, Weissenberg photographs of the Rece n5 sl-

hydrite, which are such a record, would be expected to show evidence of 

this broadening. This broadening can be seen in all of the Weissenberg 

photographs of the Recent anhydrite as a spread of the "reflections" 

over a large 0 range. 

Tilting of the blocks about the axis of rotation of the anhydrite 

crystals (c (Z)-axis in figure (53)) influences the diffraction profiles 

shown by the reflections. Individual parts of the reciprocal lattice 

point, say (100), intersect the Ewald sphere and due to mosaic block 

disorientation, parts of this reciprocal lattice point are extended. 

Thus, intersection with the Ewald sphere occurs over an extended portion 

of the rotation of the crystal rather than over a short portion as is 

usual. These intersections are shown diagrammatically in figures (54-

56). 

Thus, on Weissenberg photographs, the evidence of a tilting about 

the 0 (Z) axis is an extension of the "reflections" over a large0-range 

and a splitting of the "reflections" into many components. This 

broadening and splitting of "reflections" is shown in figures (57-61). 

Tilting of the mosaic blocks within the crystal plane (i.e around 

the a (X)-axis in the case of the reciprocal lattic point (100)) gives 
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1-ffact of variations in unit call size due to curvature. 

Consider point (100) at origin 0 undergoing rotation about Z. 

,= 

 

Ti1thr a.1zLi brings about extension in the vertical direction 

indicated, TJin bout x brings about no alteration in the line 

profile merely streaking along the horizontal as all points intersect 

at the same point on the Ewald sphere but over an angular range. 

TiltinL about Z can be resolved into a tilt about x and tilt about 

y. The tilt about x merely lengthens the horizontal extent but tilt 

about y extends the reflection in a vertical direction. 

Por full explanation see text, section (7.3.1). 



Figure' 53. 

b 
(y) 

Face (100) 
c (z) 

a(x) 
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sn„?......7.2:...5A,  

Tilt alonc:Lz.z.  

let the shift be x (i.e. displacement of the reciprocal lattice 

points of a Particular mosaic block from mean positions of points). 

Nhilst point A, belonging to the reciprocal lattice pointlintersects 

the :raid sphere2  the point C, belonging to the same reciprocal lattice 

point is still outside the ephere. Upon rotation about Z byoCo tno 

point C now intersects the Ewald sphere. Meanwhile, the point A h;,,s 

passed throujh pn anole 



Figure 546  
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2:12M1-1 

The reciprocal lattice ana 7wa1d construction of the lattice 

point A. This view is exagcenatea. Uso shown is the effect of 

0 / intersection. occurrilv 7 ovor an on,7ular ranceoc . (See Pir,ure 4). 



.4 

Figure SS. 

Figure SS. 
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The 711ald sphere intersecting diffuse points of the reciprocal 

13ttice. 
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no change in the shape of diffracted reflections in reciprocal space 

on rotation about the c (Z)-axis. However, the effect on the recip-

rocal lattice point (100) of a tilt about the b (1)-axis is considerable. 

Such a tilt causes considerable broadening of the reciprocal lattice 

point in nearly vertical (0) direction on Weissenberg photographs. This 

broadening is shown in figures (62-65). 

The single-crystal Weissenberg photographs of Recent anhydrite all 

show that nearly all reflections are somewhat broadened indicating a 

considerable extension of the corresponding reciprocal lattice points. 

The extent of this broadening varies greatly from crystal to crystal. 

However, in any one crystal, the "reflections" showing greatest broad-

ening are those from planes which are parallel or almost parallel to 

(100) and of these reflections, themselves, those showing the largest 

amount of broadening are those of the type (hoo), (hko) and (hol). 

As outlined above, extension of the reciprocal lattice point (100) 

(figures (53-56)) can be accomplished by a tilt of small mosaic blocks 

about the c (Z) and b (Y)-axes, tilting about the a (X) axis having 

little effect. Also, as given earlier, tilting of mosaic blocks about 

the c(Z) and b(Y)-axes would aid explanation of the curved nature of 

the (010) faces of the Recent anhydrite crystals. Thus, it is con-

sidered that the mosaic blocks making up the component crystallites 

of the Recent anhydrite crystals are tilted. 

The Weissenberg photographs would best be interpreted by having 

most of the tilt occurring about the c (Z) and b (Y)-axes of figure 

(53). However, Weissenberg photographs of crystals mounted in all 

orientations show some broadening. Thus, whilst it is true that most of 

the tilting of the mosaic blocks occurs about the c (Z) and b (Y) axes 

of figure (53) as mentioned, some tilting about the a (X) axis of 

figure (53) does occur. This is best exhibited in photographs of cry-

stals not mounted about the c-axis. 

7.3.2 Diffraction effects resulting from large misorientation of 
individual crystallite plates.  

The Ueissenberg photograph (figure (66)) and the two precession 

photographs (figures (67 and 68)), all of different "crystals" of 

Recent anhydrite, each show features that seem to evidence large mis-

orientations of the component crystallite blocks. 

The Weissenberg photograph (figure (66)) is of a crystal mounted 

about the c-axis and is of the zero-level. The axial traces shown as 

straight lines on this photograph are b* on the left and a* on the 
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FiPvre 

Recent; .J.11wd:,ite 	AOkv. 20m .n- 	bouxe exnosure. 

[3kel 1 Ileissenberg photozrpDh. ENzi-inclination.1.4 2in-1 /0 6 ). 
.22.  ) 

This 1.2 a typical upper level '..reissenber,  photograph of a cry staff 

mounted about the a-axis. It should be noted that, in spite of be 

length of oreccure, most of thereflections on the film are extre-leiv 

weak. As mentioned in the discussion of fi,ure (33), many a-mounted 

crystPls bpve -ppreciably weakened reflections when h /-4 2n. This a:cCuci,' 

that occurs when h / 2n is, similarly, a feature of me.11 J10 

unper level L'eissenberc photographs. 

Th-) footure of -this film are best ax:fxdbiated if a "cisconber: 

ie placed over the film so that the imacined trace of (3CE) intersects 
the horizontal ani-ular scale at 900. Once this has been done the fill: 

Tray thenbe indexed and the following features noted: 

The absence of reflections of the type (30e) 

Faire trace of diffuse reflections at (320) and (371)(i.e. 

h k 2n.) 

Absence of reflection at (330). 

Presence of many small spots due to other phases (e.g. celestite, 

anhydrite, aragonite). 

Of special interest are reflections such as (310) 

These reflections are smeared out over an angular range of 300  and 

have a vertical (;) range of about .04 r.l.u. They are composed of many 

individual components of differing value which in places coalesce 

together. Also, the regions of coalescence may be differentiated into 

two major areas of slightly differing intensity. 
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In places, the smearing, exhibited by the reflections (310) and 

(3lb), does not lie horizontally across the film but rather follows the 

Mines. of constant value to a limited extent. For example, the smeaz--in 

around the lane of the reflection (310) stretches from (310 to (3f7). 

(6) The major componnnts of the spots (31O) and (310) do nrt lie 

at 180°  to each other (as they should if the components were truly 

orthorhombic). Instead, individuals may make en angle, in reciprocal 

space, of 38-86°  with the trace of (30t). This may be interpreted as 

being due to mis—orientation of' orthorhombic crystallite blocks with 

respect to the x—ray beam and/or due to the presence of individuals 

that are monoclinic or triclinic and not orthorhombic. Details of 

the interpretation of this photographam given in section (7.3.1) 

in terms of a tilt about different axial directions. 

(7) The splitting of the reflections (312) and (3I:2) into 

ponents of vastly differingfaluo (range of 0.07 r.l.u.) is also 

internreted in section (7.3.1) as tilt about axial directions. 
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Fir-ure 57* 
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Fcn- 	 "C.,- 11 	e'r^r`cr3.1" 	 1.2cv-^'"1,'"•-• _ 	 . • 

-nllotoc.70--h‘ 	 nly1-1(21. 

Thio is 	zero-1evF..1 -211.o1o:Trn,rh of n "tynicp,1" o7v. - al mounted p:hout 

t'ne 	Tntonnies on this lnyer sre re1n,t5;vely 	^,E. would he 

expected from tin discussion of f:1 ure (35). 

Tic hir-h intensity of el:7_ffuce coatterin7 around the re:len = 0.1r,  r.l.u. 

i internrote ?S being duo to the -orecnce of discrt,anisef9 molecules uitb!..n 

the st=til..ro. 

Thisph.otn3=nh is intoxpretea in section (7.3.1). 
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ioCCnt 	10k". 20n. 	220 hourr4 exposure 

l'issenber.27,  Photor.r.aph. Raui-inclin!.7tion ja =  

This is is p. first-levol photograph of a crystal moun-hed about t'le 

The irboncitias on this layer are compively weelk y'len 

the le-c.c.th e the exposare is considered (220 holti). This vou1-1 be 

c7pectod from the discussion of fire (35) 

This photorp,Dh. is interpreted in section (7.3.1). 
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Figure 59. 



2.313 . 

F4 -ure,  60 

o=c53ure. 

1 k2 7eissenbe-27 photo ph. Ebui-inclination 	= 
(L,L a4 

2 

This is p, second level photograph of a Crystal mounted about tle 

The intenities unon this layer are those expected for 

-reflections 1,:,he C = 2n. 

This Phetcprv,ph is interpreted in section (7.3.1). 

cm-, pro 	 CI'k 	- hours 



Figure 60. 



Si 

220 hours ex'eosure. 

1.LJ 770iPrcnbc:0: Tahotoc,rnc7n, 	,,-- 

Thi9 is n. 	nhoto,sra1Dh of P. crystal mount:-.6 ab)nt• 

ConsiOerjncf the leryth of exposure (220 hours), the 

on thi. 	axv,  n-d-%tivoly wc-R. Uldr i2 exn3ct7,2 	t./ 

Ti" interp-c.etati.cm of thls photoLranh is j.v.7.n in sction 



Figure 61. 
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rirAZTO 62 

en- :- 1h,y-Critc. Cu Ya 40kv. 20m.P. 961, hours exnosure. 

1-1-10t1 I1/2isscnbor photoom-,nh. 	sin-"(O. 

This is a zero-level photoExaph of a crystal mounted about the 

are b- axis. Intensities on this layer A strorr-- as would be e-...7pected 

from the discussion of Figure (34). 

The high intensity of diffuse scattering around the region 

0.10 r.i.u. is, again, tentatively interpreted as being due to 

disorEanised molecules within the structure. 

This phcbgra:ph is interpreted in section (7.3.1). 
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Figure 62, 



17If.mre 

Pr- r;,,nt 	Cu Kr,. 40Tcv. 20m.a. 220 hours exnosurc. 

. -1 C.2-9% th14!.] "eissenberg photogranh. Equi-inclinationvu. sin (-7-) 

Th.'s is a first-level photograph of a crystal mounted about the 

t-axis. Considering the length of exposure, the observed intensities 

on this layer are weak. This is expected since k 2n. 

This -photograph is interpreted in section (7.3.1). P.Lain, the 

relatively high intensity of diffuse scattering in the region 

0.10 r.l.u. is tentatively interpreted as indicating• the presence 

of disorgaaised molecules within the structure. 
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Fir-tare 64 

Recent qhydrite. CuKa Okv. 	-67; hours exposure. 

[32241] ::eissenberc photou:raph. 	ss;_n-1  (T1) 

This is a second-level photccraph of a crystal mouuted Jbout the 

b-axis. The intensities observed upon this layer are those expected 

since k 2n. 

This photosraph is interpreted in section (7.3.1). 

A relatively hich intensity of diffuse scatterinse is observed 

over all the film and, as usual, is tentatively interpreted as due to 

disorsanised molecules within the structure. 



1-: 
N

 



2.4-8 . 

Finure 69 

Recent rniTririte. DuKa Okv. 20m.a. 220 hours exposure. 

-1  22LA [113-t] Woissenberg photograph. Equi-inclinationp. = sin 	2 1' 

slits set at zero. 

This is a third-level photograph of a crystal mounted about the 

b-axis. Considering the length of the exoosure (220 hours), the 

intensities on this layer are relatively weak. This is expected since 

k 2n. 

The figure is interpreted in section (7.3.1). 

The relatively high degree of diffuse scattering observed over 

all the film is interpreted as arising from disorganised molecules 

within the structure. 
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Figure 65. 
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e 66 

1122hd.rite CuKa Okv. 20m.  a. 2111211tsemIllmtl. 

ilhaLEalt nber Photo a . 	vi-inclination. - sin-1  

 

This figure is of a crystal mounted about the c-axis and is of the 

zero-level. The axial traces shown on this photograph are (0k0) on the 

left-band side and (h00) on the right-hand side of the photograph. These 

two axes are separated by 900. 

On the trace of (OkO) the major reflections (020), (040) and (060) 

may be seen. These have a separation of 	0.494 r.l.u., equivalent to 

a b-axis dimension of 6.25,E . On the trace of (h00) the major reflec-

tions (200), (400), (600) may be seen. These have a separation of 
• 

t:.3 . 0.443 r.l.u., equivalent to an a-axis dimension of 6.97A • 

Lying perfectly upon the straight (OkO) axial trace there are indi-; 

cations of sharp minor reflections. These have a repeat distance of 

1.;= 443 r.l.u. This is equivalent to a distance of 3.485A (or 2  x 6.97A ). 

Also, lying perfectly upon the major (h00) trace are a further set of 

minor reflections. These have a repeat distance of fj  .'0.494 r.l.u., 

that is, equivalent to a distance of 3.125A (or a  x 6.25,0. Between 

these two axial traces of minor reflections are sets of minor reflections 

lying perfectly upon the curves of constanq. 

The minor reflections lying upon the major (OkO) trace have a spacing 

of the reciprocal equivalent of 2  x a-axial dimension of the Recent 

anhydrite (3.485)() or, if experimental errors are considered, 

x c-axial dimension of the same mineral. The minor reflections on the 

major (h00) axis correspond, in spacing, to the reciprocal equivalent of 

x b-axis dimension of Recent anhydrite. Thus, the (h00) alrial trace of 

the major component corresponds exactly to the (OM)) axial trace of the 

minor component. 
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The problem as to whether the (0k0) axial trace of the major 

component corresponds to the (h00) or (00t) trace of the minor cm,. 

ponent is difficult to resolve since the reciprocal lattice repeat 

distance is similar for 2  x a or 2  x c. However, this can be resolved 

by considering the conditions for reflection of the space group 

envuland indexing all the minor reflections. Indexing of these 

minor reflections shows them to be of the type of h + k = 2n or 

k 	= 2n., where k is odd or even and h or t is odd or even as 

required. If the minor reflections were of the type (Okt) (i.e. the minor 

component spacing on the major (0k0) axial trace corresponds to the 

reciprocal equivalent of I x c)), then, according to the conditions 

of reflection of space-group Cmcm, for refledtions (Okt) to occur 

k = 2n. However, as already stated, k does not necessarily equal 2n 

and the minor reflections satisfy the condition h + k = 2n. Thus, the 

minor reflections observed on the major (OkO) axial trace are of the 

type (h00) where h = 2n and the reflections occurring around the 

lames of constantiS are of the type (hk0) where h + k = 2n. 

The spacing of the minor (h00) reflections on the major (0k0) axis 

is the reciprocal equivalent of 2  x a-axial dimension of the Recent 

anhydrite. 

The interpretation of this photograph in terms of a 90°  misorientation 

of component crystallites is given in section (7.3.2.). 

The high degree of diffuse scattering at low values of is inter-

preted as arising from the presence of disorganised molecules within 

the structure. 
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The reflections from both major and minor individuals both exhibit 

conspicuous granularity. However, the components of the minor 

individual, upon calculation each have a constant value of t 

whereas, the components of the major individual reflections are each 

spread over quite a large range of c values. This extension over a 

large range of values is discussed in section (7.3.1). 
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Figure 66. 



Z5'*. 

Recent anhydrite. YeKa 60kv.  lm.a. 60 hours exposure. 

-,01 7 
inUA  Precession Dhotoc=1„...12ELzapa mounted about a-axis preces:,:j= 

about b-a4at a...a.i022 s = 43.30m.m. rsf.f12,2.11,6 . 1. 

This is a zero-level Precession photograph of a crystal rounted 

about the a-axis and precessing about the b--axis. This figure is 

interpreted in section (.7.3.2.) in terms of a misorientation of a 

minor component. The reflections of this minor component are picked 

out by the lines drawn on the figure itself. 

The smearing-out of the major reflections around pouder-arcs should 

be noted. 
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Fir:tire 67. 
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FiPuaT,  68 

Reer-nt -70-76Pite.  14oTfn 60kv, i5rn.. 48 hours exposure.  

Ot recession nbotor:ra-nh. Crjy2t-1  mounted about a.xis.._amc2LTLI-: 

abouth=1141. 300. s 25.98mm. rs_f7_21.5.0mm.,A. 1. 

This a5ain is a zero-level Precession photoraph of a crystal mound 

about the a-axis and precessin about the b-axis. This fiure is inter- 

.oreted in section (7.3.2) in terms of a misorientation of a mmnor 

component. 

The smearing-out of the major reflections around powder-arcs should 

be noted. 
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right hand side, these two axes being separated by approximately 

45.Omm.on the film (i.e. a separation of 90°  in space). On the b* 

axis the major reflections (020), (040), (060) etc. are observed, 

the repeat distance between them being the reciprocal lattice equival-

ent of 6.25R x 1 (= 3.1255). On the a* axis the major reflections 

(200), (400), (600) etc. are seen, the repeat distance between them 

being the reciprocal lattice equivalent of 6.97R x 1 (= 3.485R). 

However, lying perfectly on the straight b* axial trace, there are 

minor sharp reflections which have a reciprocal repeat distance equival-

ent to 6.97X x z (= 3.485R). Also, lying perfectly upon the straight 

a* axial trace are a further set of minor reflections. These have a 

reciprocal repeat distance equivalent to 6.25R x (= 3.1250. Between 

these two axes minor reflections are observed to lie perfectly on lunes. 

The minor reflections on the b* axis have a spacing (3.485R) of the 

reciprocal equivalent of either 1 x a - axial dimension of the Recent 

anhydrite unit cell (= 3.4850, or 1 x c - axial dimension of the Recent 

anhydrite, The minor reflections on the a* axis, however, correspond 

exactly to the spacing of the reciprocal equivalen of 1 x b - axial 

dimension of the Recent anhydrite unit cell. Thus, the a* - axial 

trace of the major set of reflections corresponds exactly to the b* -

axial trace of the minor set of reflections. Therefore the b -axis of 

the minor component is misorientated by 90°  with respect to that of the 

major component. However, it is not obviously apparent whether this 

misorientation is due to a simple 90°  rotation of the minor component 

about the c - axis of the major component (in which case, the b - axis 

of the major component is parallel to the a - axis of the minor com-

ponent and the a - axis of the major component is parallel to the b -

axis of the minor component) or whether the misorientation is due to a 

90°  rotation of the minor component about the c - axis of the major 

component together with a further 90°  rotation of the minor component 

about the a - axis of the major component (in which case the b - axis 

of the major component is now parallel to the c - axis of the minor 

component but the a - axis of the major component is still parallel 

to the b - axis of the minor component). 

This problem can be resolved by the indexing of the minor compon-

ent reflections aroma the lunes. Such a procedure shows the reflec-

tions to be of the type h + k = 2n or (k + 1) = 2n where k is odd or 

even and h or 1 is odd or even as required. If the minor reflections 

were of the type (old) (i.e. the minor spacing on the major b* axial 

trace corresponds to the reciprocal equivalent of 1 x c) then the 



259. 

condition to be satisfied for these reflections to occur, according to 

the Cmcm space-group of anhydrite, would be k = 2n. However, as stated 

above, k need not equal 2 n and the minor reflections satisfy the condi-

tions that h + k = 2n. Thus the reflections are of the type (hk0) and 

not of the type (Oki). 

Therefore, the minor reflections, observed on the major b* axial 

trace are of the type(h00) where h = 2n and the spacing between these 

reflections on this axis are the reciprocal equivalent of h x a - axial 

dimension of the anhydrite cell. It is, therefore, concluded that although 

most of the "crystal", mounted about the c - axis, has an almost single 

orientation, one component platelet is turned through 90°  so that the b -

axes of the major components correspond to the a - axis of the minor 

component and the a - axes of the major components correspond to the b -

axis of the minor component. 

The precession photograph (figure (67)) is the zero level of another 

crystal which was mounted about the a - axis and underwent precession 

about the b - axis. The spacing between the major vertical rows of the 

reciprocal lattice, recorded upon this precession photograph corresponds 

to the reciprocal lattice equivalent of h x a - axial dimension of the 

anhydrite cell (i.e. h x 6.94). The spacing between the major hori-

zontal rows of this reciprocal lattice recorded upon the precession photo-

graph corresponds to the reciprocal equivalent of h x c — axial dimension 

of the anhydrite cell (i.e. h x 6.97.). 

Rowever, close examination of this photograph reveals the presence 

of another, minor component which is also orientated with respect to the 

precession axis and has very sharp reflections. The spacing between 

the vertical rows of this minor component corresponds to the reciprocal 

lattice equivalent of h x 6.991 (=3.499X).and the spacing between the 

horizontal roVi.ofIthis minor component is the reciprocal lattice 

equivalent of h x 6.201 (= 3.102). Thus, the spacing between success-

ive reflections of this minor component in the vertical direction on the 

film, corresponding to the spacing between the horizontal rows is al-

most exactly equivalent to the reciprocal lattice equivalent of half the 

b - axial dimension of the anhydrite cell. The spacing between reflec-

tions of the minor component in the horizontal direction (i.e. the 

spacing between the vertical rows of the minor component on the film) 

corresponds to either the a or c axial dimension of the anhydrite unit 

cell. 

Consideration of the conditions for reflection of the space-group 

Cmcm does not aid resolution of the problem as to whether the horizontal 



direction on the precession photograph corresponds to the a or c axial 

direction of the minor phase. However, since the vertical aim-gotten on 

the film corresponds to the b - axial direction of the minor component 

and the c - axial direction of the major it is apparent that this 

minor component is misorientated by 90°  with respect to the major. It 

is not possible, however, to ascertain the minor axis in the horizontal 

direction across the film. 

Detailed examination of the sharp reflections from this minor 

component reveals that the angle between its b - axis (in a vertical 

direction on the film) and the other horizontal axis (a or c) is not 

90°. Instead, the angle between the horizontal and vertical rows of 

the minor phase is about 91°. Thus, if b is the vertical axis and c 

the horizontal then a = 91°  or if b is the vertical axis and a the 

horizontal y = 91°. Therefore, this minor phase is either monoclinic 

or triclinic with b = 6.20X, a or c = 6.99X and a or y = 91°. 

The presence of this minor component was not observed in other 

precession photographs of this crystal taken about other axes of mount-

ing and precession. 

The precession photograph (figure (68)) is of the zero level of 

yet another crystal. As before, the crystal was mounted about the a -

axis and precessed about the b - axis. The spacing between the major 

vertical rows on this film corresponds to the reciprocal equivalent of 

h x a - axis dimension of the anhydrite cell (i.e. x 7.001). The 

spacing between the major horizontal rows on the film corresponds to 

the reciprocal lattice equivalent of x c - axis dimension of the an-

hydrite cell (i.e. is x 6.9821. 

However, as in the other precession photograph (figure 011), in 

figure (68) a minor component is present which is orientated with res-

pect to the precession axis and possesses sharp, small reflections. 

The spacing between the vertical rows of this minor component corres-

ponds to the reciprocal lattice equivalent of h x 6.981. The spacing 

between the horizontal rows of this minor component is the reciprocal 

equivalent of 6.2251. 

The spacing between reflections of this minor component in the 

vertical direction on the film (i.e. the spacing between the minor 

horizontal rows) is exactly equivalent to the b - axial dimension of 

the anhydrite cell. The spacing between the reflections of the minor 

component in the horizontal direction (i.e. the spacing between the 

minor vertical rows) on the film corresponds to the reciprocal equi-

valent of the a or c axial dimension of the anhydrite cell. 
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Again, the consideration of the conditions for reflection of the 

anhydrite space-group does not help resdbre as to whether the horizontal 

direction on this precession photograph corresponds to the a or c -

axial direction of the minor component. however, since the vertical 

direction on the photograph corresponds to the c axial direction of 

the major component and the b - axial dimension of the minor component, 

it is apparent that the minor component is misorientated by 90°  with 

respect to the major. 	It is not possible, however, to ascertain the 

minor axis in the horizontal direction across the film. 

The detailed examination of the sharp reflections from this minor 

component indicates that the angle between the minor vertical axis (b) 

and the minor horizontal axis (a or c) is exactly 900. Therefore, the 

minor component shown in figure (68) is more likely to be orthorhombic 

than the minor component shown in figure (67) which is monoclinic or 

triclinic. The observed cell dimensions of this supposed orthorhombic 

minor component are b = 6.2252 and a or c = 6.98X. 

The presence of this minor phase was also unobserved in other pre-

cession photographs of the same crystals taken about other axes of 

mounting and precession. 

7.3.3 Diffraction effects arising fron, the presence of mosaic  
blocks of differing cell parameters, and the block misorien-
tation thus resulting. 

As seen in the last section, the Precession photograph (figure (67)) 

shows tine presence of a minor component with cell parameters that differ 

slightly from those of the major phase. The "typical" crystal of Recent 

anhydrite, as srowu in figure (52) is orthorhombic and possesses the 

following meat, refined cell parameters: 

a = 6.9941 

b = 6.2582 

c = 6.9581 

The "crystal" represented in this figure shows a relatively small degree 

of crystalline disorder and the "crystal" of the precession photograph 

(figure (67)) is similar in nature. This latter crystal, however, has 

a minor component present which has the cell parameters: 

b 	= 6.202 

a or c = 6.992 

a or y= 91°  
and is thus monoclinic or triclinic. 

The effects on the diffracted beam of the presence of this minor 

individual has already been described in 7.3.2. 
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As well as the presence of these odd individuals of different cell 

parameters, there is also some variation in the mean, refied cell para-

meters of the "typical" Recent anhydrite "crystals" that exhibit little 

crystalline disorder. For this type of crystal, the "reflections" seen 

on Weissenberg or precession photographs are only streaked-out along 

powder-lines. These lines are of constant 0 (or d) and show little 

broadening in a vertical direction, ttese effects arising from the non-

single nature of the "crystals" themselves.  

This streaking along powder lines has been dealt with in section 

7.1. Also, the diffraction effects resultiug from small misorientations 

of small, crystallographically similar mosaic blocks within these "typi-

cal" crystals has been dealt with in section 7.3.1. However, as brief-

ly indicated above, measurements of the mean, refined cell parameters, 

even of these relatively little disordered "typical" "crystals", vary 

greatly from crystal to crystal but are constant within an individual 

"crystal"— 

All these "typical" "crystals" appear to be orthorhombic but they 

have the following ranges in their mean, refined cell parameters; 

a = 6.952 - 4.018 . hean of means at 6.992X. 

b = 6.060 - 6.470 R . 	hean of means at 6.248X. 

c = 6.932 - 6.996 2 keen of means at 6.9552 

The number of "crystals" of the ,,Zecent anhydrite that, like the 

"typical" "crystal" shown, can be said to be little disordered is small 

and the majority of "crystals" exhibit high degrees of crystalline dis-

order. Of these "crystals" showing disorder to a considerable extent, 

many indicate the presence, within a "crystal", of individual component 

crystallites that have cell parameters that differ from each other and 

are different from those quoted above for a "typical" "crystal". Indeed, 

some of the individuals, instead of being orthorhombic possess monoclinic 

or triclinic unit cells. 

The Weissenberg photographs (figures (69-86))and the precession 

photographs (figures (87-89))of these more disordered crystals nearly 

all show some vertical broadening across the reflections as well as con-

siderable horizontal extension. This vertical broadening, as indicated 
elsewhere, partly represents variations in the same interplanar spacing 
of the different component crystallites. Different individual crystall-

ites have variations of up to 0.15X in the value of the same interplanar 

spacing within the same "crystal". Also, some reflections in a crystal 

exhibit greater variation in their range of interplanar spacings than 

others. 



Recent  and  d7f.,_;^j..,,Lte.p4121(a. 0kv. 20ra. a. 100 hours exposure. 

This figure is of a crystal mounted about the c-axis and is of the 

zero-level. The axial traces shown on this photograph are (0k0) on the 

left-hand side and (h04(00) on the right-hand side. These two axes 

are separated by 90°. 

The photograph is identical, in nearly all respects, to that shown 

in figure (66) including the presence of a minor component misorientated 

by 90°  with respect to the major component. Therefore, the description 

of figure (66) will suffice for many features of this figure, (69). 

'Other features of this photograph are: 

(1) The high degree of diffuse scattering at low values of is 

interpreted as arising from disorgsrised molecules within the structure.., 

(2) The reflections from both major and minor individuals are all 

powde=y". However, the reflections from the minor component each 

have a constant value of; whereas, the components of the major individual 

reflections are each spread over a range of -values. This extension 

over a range of -values is discussed in terms of crystallite mis-

orientation (section 7.3.1) and of differing cell parameters (section 

(7,3,3) • 

(3) On the bottom half of the film, super-imposed upon the radiations 

streaks and the diffuse scattering at low4-values are a series of -weak 

maxima. These weak maxima are typically streaks and lie upon a lame 

of value 0.27 r.l.u. This Ilne is very approximately centred about the 

trace of the major (h00) axis and seems to indicate some equivalence 

of the major (h00) axis and the 0.27 r.l.u. repeat distance (5.7A) of 

this additional phase. 
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Recent anhydrite.a.01rv.20 iruse:.  

- 1  /9„.?\ [hkl] Weissenberg photograph. Equi-inclinationp_ = sin k ?1 ) 2 

This is a first-level photograph of a crystal mounted about the 

c-axis. Considering the length of the exposure (240 hours), the 

reflections upon this layer are weak. This is expected since f. 2n. 

(See discussion of figure (35)). 

There are many interesting features on this film. 

(1) Many of the reflections are compound consisting of individuals of 

differing values o.f. These differences in -values of individual 

reflections are interpreted in sections (7.3.1) in terms of crystallite 

misorientation and (7.3:3) in terms of variations in cell parameters. 

(2) The presence of a weak reflection on the trace of (h01) at 0.22 r.l.u.  

From consideration of the conditions of reflection for the space-r,roun 

Com, reflections of the type (hoe) shoull occur when t e  2n (h = 2n). 
Thus, on this first layer photograph with t = 1, no reflections of the 

type (h0e)should occur and therefore the reflection observed is anomalous. 

This reflection does index correctly as (101) and is, therefore, thought 

to arise from disorder present in the Recent anhydrite structure. 

(3) The presence of large diffuse reflections at a distance of 2/5 of 

the repeat distance (0.50 r.l.u. approximately) along (0kV. This repeat 

distance of the diffuse reflections (0.20 r.l.u. approximately) is thought 

to be related to a cell having a dimension of some multiple of approximately 

7.55A . This dimension of the additional phase is equivalent to the 

b-axis of the Recent anhydrite. 



Figure 70.  
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Figure 71  

Recent anhydrj.te. CuKa. 40kv. 20 rn.a. 100 hours expos 

[h1:2] Weissenber3 photograph. Equi-inclination/i= sin 1 (0143) 

This is a second-level photograph of a crystal mounted about the 

c-ads. 

Again there are many interesting features upon this film. 

(1) Many of the reflections are multiple and several of the reflection 1, 

especially (202) on the right hand, (h02) trace, spread out over about 

0.07 r.l.u. This extension of reflections over large ranges ollhas 

been interpreted in sections (7.3.1) and (7.3.3). 

(2) On the (0k2) trace there is evidence of a reflection of the type 

(202). That is, there is present an individual misorientated by about 

0  90 with respect t the major component. 
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iirizre 72 

Recent anhydrite.  CuKa. AOkv. 20m.a.  220 hours exPosure. 

T:leissenberrr photograph. rooui-inclinationitk= sin v---7 

This is a third-level photograph of a crystal mounted about the 

c-axis. Considering the length of the exposure (240 hours), the 

reflections unon this layer are weak. This is expected since t iZ 2n. 

The features upon this photograph to be noted are: 

(1) The multi-component nature of the reflections. The reflections 

are spread over a range of -values up to 0.10 r.l.u. This extension 

is discussed in sections (7.3.1) and (7.3.3). 

(2) The presence of a minor individual which gives reflections culte 

distinct from those of the major component. -These minor reflections 

are best seen beneath the major (023) reflection and beneath and to th'D 

right of the major (113) reflection. These two reflections are towards 

the left-hand side of the film. These minor reflections are thou,-Lhtto 

arise from a minor individual misoriented with respect to the major 

component. 

(3) The presence of a continuous streak around the line of§.value 

0.248 r.l.u. between the reflections (113) and (i13), (ri3) and (113). 

This continuous streakingis quite intense and is interpreted as arising' 

from stacking disorders, present in the "crystal". The presence of 

these stacking disorders is discussed in section (7.7). 



Figure 72.  
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azazaal 
Recert enbvdrite.  CuXa. 40kv. 20m.a. 100 hours ex-  osure. 

.12t1 1...'elssenbero photo 

This photograph is of a crystal mounted about the b-nxis and is of 

the zero-level. The axial traces shown on this photograph are (00,0 on 

the left-hand side and (E00)/(h00) on the right-hand side. These two 

ncial traces are separated by 900. 

The features to be noted on the photograph are: 

(1) The high intensity of diffuse scattering at low values of S 

is tentatively interpreted as arising from disorganised molecules within 

the structure. 

(2) The presence of many, small spots which may be related to minor 

celestite, aragonite and other anhydrite individuals. 

(3) The streaking in a horizontal direction across the phtograr,h. This 

is due to theIreferentially orientated, powder-like nature of the Recent 

anhydrite crystals. 

(4) Of special interest is the weak streaking around a line of cor_stant 

symetrically distributed about (002). 



Figure 7 • 
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assat z h drite. CuKa 40kv. 20m. a .  

[hit] Weissenberg photograph. Equi-inclinationli= sin-1 0.11:212\ 2 ' 

This is a first level photograph of a crystal mounted about the 

b-axis. Considering the length of the exposure (240 hours), the 

reflections upon this layer are weak. This is to be expected since 

k y  2n. (see discussion of figure (34)). 

The features on this film to be noted are: 

(1) The high intensity of scattering at low values oiA . This may 

be interpreted in the usual manner. 

(2) The multi-component nature of the reflection (310). This splitting 

of reflections over large values of is discussed in sections (7.3.1) 

and (7.3.3). 

(3) The presence of manyl small spots. These may be shown to be 

celestite, aragonite and other anhydrite individuAls. 

(4) Streaking joining reflections (111) to presumably (ill), (t13) 

to (113),  (113)  to,  presumably, (x;17) and (1'15) to (115). This streaking 

follows around lines of constant value of and is, in section (7.7) 

interpreted as being due to the presence of stacking faults in the 

structure. 

(5) The presence of weak, smeary reflections at (011) and (01). These 

reflections do not satisfy the Cmcm space group as for (Oki.) reflections 

k should equal 2n. Thus, these are extra reflections. 

(6) The smeary and weak nature of the reflection (110). 

(7) The presence of weak, smeary reflections at (11U, (117) (1111-) and 



274- 

(8) Presence of very weak, diffuse reflections lying on Ixnes i r ely un-

related to those of anhydrite. The imagined trace of (010 anhydrite very 

approximately co-incides with the origin of the festoons of the additional 

phase but the relationships between the trace of (hi()) anhydrite and the 

festoons of the additional phase are obscure. However, this additional 

phase would seem to be monoclinic with an approximate p* value of 60-700  

120-110°). The repeat distance of the diffuse reflections about 

(Ole) corresponds to a cell having a dimension of some multiple of 

approximately 6.3A. 
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Figure 74. 
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2121Z-1:19-71 

Receat04rite Cu Ca. 0kv. 20m.a. 100 hours exuosnre. 

[h2e] Weissenberg photograph. Equi-inclinationi,t= sin-1 (2126)  

This is a second-level photograph of a crystal mounted about the 

The features on this film to be noted are; 

(1) The high intensity of diffuse scattering at low values of . 

(2) The spread of reflections, especially (720) over great ranges of c 

and the splitting of the reflections into may individual component 

reflections. These effects are interpreted in sections (7.3.1) and 

(7.3.3). 

(3) The reflections (021), (023), (021) and (027) all show ozuite 

intense streaking around lanes of constant !value. The extent of this 

streaking is from (22 21) to, presumably, (22 21), (2i 21) to, presump,bly, 

(7;1-„;- 21), (2L, 23) to, presumably (22 23) and(05- 23) to, presumably, 

This Etreaking around lines is probably due to stacking dis-

orders and is interpreted in section (7.7). 

(4) To the right of all reflections on the (OM trace is an individual 

having reflections at slightly lower values 	This individual 

gives rise to a slightly curved trace of (02€). 

A strong component individual is also seen on the (E20) reflections. 

If these two sets of quite strong, minor component reflections arise from 

the same individual, then that individual is not orthorhombic as the 

angle between the (E20) and (02-e) traces of the minor  component is 

slightly greater than 900 . 





2,7S. 

Recent anh drite. OuNa. Okv. 20m.a. 2 0 hours exposure. 

-  [hie] Weissenberg photograph. Equi-inclinationk= sin 1  v- 2 \ I 
This is a third level photograph of a crystal mounted about the 

b-axis. Considering the length of the exposure (240 hours), the 

reflections upon this layer are weak. This is exnected since k 1  2n 

(see discussion of figure (34)). 

The features to be noted on this photograph are: 

(1) The high intensity of diffuse scattering at low values of . 

This is interpreted in the usual manner. 

(2) The spread of the reflections over large, values of,cand over 

quite a large angular range. The reflections are also split into many 

components. These features have been interpreted in sections (7.3.1) and 

(7.3.3). 

(3) The streaking around Imes of constant value between (131) to, 

presumably (131), (T32) to (132), (T33) to (133), (134) to (134), (135) 

to (135), (1736) to (136), (131.) to, presumably (T1), (132) to, 

presumably, (1737) and (137) to, presumably, (l757). This streaking 

around Ilnes is probably due to the presence of stacking faults and is 

interpreted in section (7.7). 

(4) The reflection (130). This is a massive, nebulous reflection and 

consists of two extended horizontal maxima differing from each other by 

about 0.13 r.l.u. Between these two horizontal line maxima is an 

intense region of continuous scattering. In this latter region there 

arespotty maxima superimposed upon the high background intensity. 
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(5) On the mo reflection at a tl-value of about 0.26 r.l.u. is a 
series of very small reflections lying perfectly upon the line of con-

stant value. These small reflections extend over about 200  and are 

all evenly spaced around the lane of ..value 0.26 r.l.u. The distance 

between these small reflections corresponds to that expected from a 

regular lattice of spacing about 100, . These reflections are 

tentatively interpreted in section (7.7) as being derived from a super-

lattice. 
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3Pure 76. 



z$1 . 

LatentaxtyLdritet qu Om ursosure. 

i212.124aissenberC=taah42a121:1M11 =  

This is a second-level photograph of a crystal mounted about the 

a-axis. 

The features on this photograph to be noted are: 

(1) Reflections such as (220) and reflections on lines such as (220 

and (22Z show multiplicity and resolution into several different 

components extending over values of of about 0.04 	Features such 

as this has been interpreted in both sections (7.3.1) and (7.3.3). 

(2) The doubling of reflections along the straight trace (20) - (2ek.). 

The spacing between the reflections (262) and (202) for each of the 

components of the doublet is identical at 0.90 	This doubling is 

interpreted in section (7.3.1) as arising from a small misorientation 

of two components relative to each other. It is thought that the feature 

seen on this film is due to tilting of the two components about the 

b-axis. 

(3) The distance between the major components on the (2k0) ane1(2A) 

traces is not 45mm. as would be expected if the crystal was orthorhombic. 

Rather, the distance between (2k0) and (20) is about 43mm. If this 

distance was the repeated on an (Okt) photograph (i.e. if the distance 

between(0k0) and(00 ,) was also 43mm.) then *would be equal to 86°. 

Thus, the cryStal would not be orthorhombic. 



Figure 77, 
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Fivre 78  

Recent ely..drite. 	20m.a. 240 hours exposure 

[aid.] Weissenberg photograph. Equi-inclinationp.. sin  71 
0.221\  
2 

This is a first-level photograph of a crystal mounted about the 

a-axis. Considering the length of the exposure (240 hours), the 

reflections upon this layer are weak. This is expected from the 

discussion of Figure (33). 

The features to be noted on this film are: 

(1) The high intensity of diffuse scattering at low values of . 

This is interpreted in the usual manner. 

0 

(2) The reflections of the type (1k0). According to the Cmam space-

group, for reflections of the type (1k0) to occur, h+k = 2n. That is 

reflections (110), (130), (150) etc. should occur. The reflections 

(130) and (150) are present as expected but the reflection (110) is 

anomalous. Also, a weak reflection occurs at (120). This does not 

satisfy the conditions of the space-group. 

(3) The anomalous reflection at (110) does not have the normal config-

uration of a Recent anhydrite reflection in that it is not spread over 

a large horizontal distance. Rather, the reflection is very restricted 

over a horizontal distance but extends over about 0.08 r.l.u. of 

and is thus like a vertical rod up the film. Also, these rods occur 

at (11I), (11) (1110, (1.11) and (A) and thus, effectively, the 

repeat distance along the imagined (10i) is halved to 0.11 r.l.u. . 

In the direct lattice this means that there is a doubling of a lattice 

element along this direction. 



2. 

These vertical rods, together with the streaking around 211nes 

of constant, may be interpreted (after Dornberger-Schiff (1956) ) 

as being due to the presence of stacking disorders which, effectivelF, 

double the repeat distance. She interprets the streaks around 

lines of constant as due to faults perpendicular to the plane about 

which the streaks occur whereas the vertical rods may represent 

faults parallel to the planes about which the rods occur. 

(4) The presence of a whole Imne of reflections that do not satisfy 

the einem space-group. These reflections are extremely weak and, aps 

from the reflection (120) already discussed, only the reflection (121) 

is easily seen. In these reflections 11-14 / 2n. 



Figure 78. 
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es....217.11E 

Recent anhydrite. Gu:Ka 403or. 20m. a. 240 hours exresure 

Veisenberc- nhoto'-ranhz. 

These photographs show the different natures of the (130) reflection 

of eight different crystals each mounted about their b-axes. These 

different crystals were chosen since the repeat distance along the 

b-axis, as measured from rotation photographs, varied from 

	

= 0.238 	(corresponding to a b-axis of 6.47A ) 

to 	= 0.254 	(corresponding to a b-axis of 6.00 ). As will 

be demonstrated the nature of the (130) reflection varies considerably 

from crystal to crystal. 
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0.715 	i.e. b = 6.47A7).4.= 20.80°. 

The (130) reflection is a massive, nebulous reflection consisting 

of many individual components. The range of the reflection is 

. 0.12 	At a f3-value of 0.25 r.1.u. are a series of 
0 

reflections lying perfectly on a line. These small reflections are 

similar to those described in Figure (76). 



IFEOBD 

Figure 79. 
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Figure 80 t3  = 0.715 r.l.u. i.e. b 6.47A 1, 	= 20.80°. 

Here, the (ry)) reflection is far less intense than that 

Shown in Figure (79). The reflection has a far more restricted 

extent in §- value (0.06 	as compared with 0.12 	in 

Figure (79)). Again at a 5_ value of 0.26 	there is an indi- 

cation of a series of small reflections lying perfectly upon a ibne. 



2So. 

Figure 80. 
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Ft(7ure 81 	. 0.715 	i.e. b 6.47A, p-. 20.80°. 

Here, the (TN) reflection is again quite intense. The rano 

in 1: is about 0.08 	and there is a series of small reflections 

present lying on a lane of 	value 0.26 r.l.u. 

• 



I 
	 GII0J-1' 
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Figure 8J. 
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Flrrure 82 	1 . 0.725 r.l.u. 	i.e. b 	6.38A, 	= 21.10°. 

Here, the (1.50) reflection is intense and has a distinct pronged 

appearance. The Ti range over which the reflection occurs is 

0.09 	Lying of a lane of 	value 0.27 r.l.u. there is , ny  inn 

a series of small, weak, closely spaced reflections. These are 

similar to those described in Figure (76). 



2e4. 

Figure 82. 
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= 0.735 r.l.u. 	i.e. b = 6.29X1  ;A. = 21.50°  

This again is an intense 0730) reflection and extends over a 

range of 	= 0.10 	The reflection is nebulous and has a 

pronged appearance consisting of many individuals. There is no 

trace of the small reflections lying on a line seen on the other 

figures. 



29%. 

ri.9:ure 83. 
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S = 0.745 r.l.u. 	i.e. b = 6.21A, 	21.900. 

Here, the (T30) reflection extends over a range of -;= 0.09 

r.l.u. in a vertical direction and stretches over a distance of 

25mm. (i.e. 50°) in a horizontal direction. This vast extension in 

a horizontal direction is not seen in the other figures. The 

reflection is generally weak and consists of many component individuals:4' 

There is no sign of the small reflections observed in many other 

figures. 



2 c6. . 

calrFie 84 • 



Figure 85  !I. 0.755 r.1.11. i.e. b = 6.13A, µ 22.20°. 

Here, the (130) reflection is extremely weak as are all the 

odd layer reflections from this particular cxystal. The (T30) has a 

very restricted extent of t! (0.01 r.l.u.) but still stretches over 

a wide horizontal range (about 40°). 
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figure 
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FiLure 86 	= = 0.763 	i.e. b = 6.0011  p= 22.50°  

This is a figure of the (130) reflection of a crystal which 

had an extremely weak [b31] layer. As may be seen, there is no 

indication of the presence of a (130) reflection. 



302.. 

Figure 86.  
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Figure 8J  

Recent anhydrite HoKa 60kv 1 m.a. 160 hours exposure 

L1.gia2=0194221Ph- Crystal mounted about a-axis 

= 22.81 m.m. 	r. . 20.0 m.  A. = 

This is a first-level Precession photograph of a crystal mounted 

about the a-axis and precessing about the b-axis. The period between 

the major vertical rows on this film is equivalent to 1  x 6.98X 

and corresponds half to the a-axial dimension whereas the period 

between the major horizontal rows is equivalent to 6.971A and cor-

responds to the c--axial dimension. It should be noted that these 

dimensions may be distinguished by making use of the space group 

conditions that for (hk0), 121-k = 2n, for (0a), k = 2n and for 

(b12) 114-k = 2n. 

The layer is weak considering the length of the exposure, but 

this is expected since it is a photograph of alayer with k / 2n. 

The high amount of diffuse scattering around the origin is more 

typically associated with photographs of layers where h, k or ty4 2a 

rather than when these indices are esual to 2n. This diffuse 

scattering is interpreted in the usual manner. 
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Pigure 88 

RecfaLzhypite. MOKa 60kv. 15m.a. 100 hours exposure. 

11-2.4' Precession ) hot ,,raph. 	ta,_....1.2._nouxitdtizza...2=ziap1,ec es s 
about b-axis,jx= 30o s 20.71mm rs  . 25.0mm. Q . 1 

	 • •Im • • 1 • VII • • • • WM 

This is a second-level Precession photograph of a crystal mounted 

about the a-axis and precessing about the b-axis. The period bet-geen the 

major vertical rows on the film is eouivalent to x 6.90A and cor-

responds to half the a-axial dimension whereas the period between the 

major horizontal rows is equivalent to 6.977A . This corresponds to 

the c-axial dimension. The reflections along the vertical rows are of 

the type (02e) or (h2e) and the conditions for reflection are, for 

(0%e), k = 2n and, for (hke), h k = 2n. The reflections along the 

major horizontal rows are of the type (h20) or (h2e.). The condit ions 

for reflection are h k = 2n, for (hk0) and h k = 2n, for (lake). 

There is a trend for fragmentation of the reflections into many 

component individuals and for smearing of the reflections around 

powder rings. Obviously, since the'brystaldiconsist of many component 

crystallites and since these crystallites are all slightly mis-

orieatated with respect to each other, all crystallites are not perfectly 

orientated with respect to the precession axis. Thus, some effects of 

misorientation are to be expected. However, Buerger (1964) states that 

in precession photographs extension of reflections around powder rings 

due to crystal mis-setting about the precession axis is at a minimum 

at the origin and the periphery of the film and at a maximum halfway 

between the two extremities. This is not so on this film since diverg-

ence increases towards the periphery. The reason for this is not known. 

Also, the broadening of the reflections is slightly more pronounced 

parallel to the horizontal direction. Thus, the extension of reflection 

is greater along the "a" direction. This is probably due to preferential 

orientation of platelets normal to the a,-axis. 
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30-7. 

2kalm...112 

ReceyL2azamils„E2Eh 60kv. 1 m.a. 100 hours exposure. 

IP't.2122=19j209±9=a2b. CrYEt21 100UutO  about c-axis 

processing about a-axis, )1.4.=,  30°  s P 25.98mm. rs = 15.0mm.A = 1 
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This is a zero-level Precession photograph of a crystal mounted 

about the c-axis and processing about the b-axis. The period between 

the major vertical rows on this photograph is equivalent to 6.949A 

and corresponds to the c-axial dimension. The period between the 

major horizontal rows is equivalent to z  x 6.170k and corresponds to 

half the b-axial dimension. The reflections .along the major vertical 

rows are of the type (M) or (oke) and satisfy the conditions (0k0), 

k = 2n and (okt), k = 2n. The reflections along the major horizontal 

rows are of the type (me) or (oke). These satisfy the conditions 

(ooe), e 2n and (Oka), k = 2n. 

Around the centre of the film there is evidence of the presence 

of a second phase. This second phase has a spacing vertically up the 

film of the equivalent of x or x 6.97 . The spacing in a hori-

zontal direction across the film is obscured but the angle between the 

horizontal and vertical rows of this minor phase is 92i°  not 90°  as 

would be the case if this second phase were orthorhombic. Therefore, 

this second phase is not orthorhombic but either monoclinic or tri-

clinic. 





Althou0h no extensive data are presented here regarding these 

interplanar variations within a "crystal", since the variation from cry-

stal to crystal is great, the extreme limits of these variations of the 

interplanar spacings of different crystallites within a number of "cry-

stals" are presented in table (39). 

Table (39) 

Variation of interplanar snacinrs between individual crystallites 

a. 	Zero level b - mounted b. 	Zero level a - mounted 

hkl dl hkl 

3.41-3.56 200 3.03-3.235 020 
2.42-2.50 202 2.79-2.87 021 
1.52-1.59 204 2.29-2.36 022 
1.06-1.13 206 1.83-1.90 023 
1.68-1.78 400 1.48-1.54 024 
1.53-1.60 402 1.51-1.58 040 
1.20-1.26 404 1.39-1.45 042 
1.10-1.19 600 1.26-1.32 043 
1.04-1.12 602 
3.39-3.51 002 
1.66-1.76 004 
1.09-1.18 006 

c. 	Zero level c - mounted 	d. First-level c - mounted 

di 	hkl a2 hkl 

1.93-2.03 130 3.82-3.91 111 
2.27-2.36 220 2.14-2.23 221 
1.37-1.46 240 1.34-1.43 241 
2.14-2.22 310 2.04-2.14 311 
1.48-1.55 420 1.44-1.52 331 

1.47-1.53 421 
1.11-1.17 441 
1.03-1.10 621 

From table (39) it can be readily seen that the greatest variation 

in the interplanar spacings of similar"reflections" from the individual 

component crystallites within the "crystals" occurs in reflections of 

the type (h00), (MO), and (001). The extreme limits of variation in 

the interplanar spacing of reflections of the type (h00) differ by 0.15 

2 as shown by (200), those of the type (001) differ by 0.13I as shown 
by (002) and those of the type (OkO) by 0.252 as shown by (020). Thus 

all the extremes of variation in interplanar spacings are exhibited by 

those reflections which define the unit cell. 

The interpretation of the meaning of these features is difficult. 

Physically, the crystals would seem to be composed of dissimilar crys-

tallites or mosaic blocks which have slightly differing axial parameters. 

The presence of these differing components is seen on a Weissenberg 

photograph as several distinct spots recorded for a single reflection 
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over a considerable vertical (0) range. Also, the nrcsence of several 

individual crystallites, which have similar axial parameters, within 

"crystal" would cause an extension of a "reflection" in a horizontal 

(w) direction on a photograph. This purely horizontal extension of 

"reflections" has been discussed earlier. (Section 7.3.1). 

7.3.4 Dift emspsmyrelim22E.reciitate•actioneffectsduetott 

particles within a single. Recent anhydrite crystal. 

Many oscillation, rotation, Weissenberg and Precession photographs 

of the Recent anhydrite crystals show the presence of mineral phases 

other than anhydrite. These additional phases have cell parameters 

quite different to those of the anhydrite and they fall into two distinct 

categories. The first category consists of those phases having crystallo-

graphic axes that are related to the crystallographic axes of the anhy-

drite. These particular phases are dealt with in a later section. The 

second category consists of those additional phases having crystallo-

graphic axes that are apparently totally random with respect to the 

crystallographic axes of the anhydrite. 

The additional phases of this second type when present give rise 

to separate, very small reflection spots on the single-crystal photo-

graphs. These reflections are in no way related to those of anhydrite 

and it is thought that these small reflections arise from discrete, 

precipitate particles of the additional phases contained within the 

Recent anhydrite "crystals". The identity of these additional phases 

may be established by treating the single-crystal photographs as an 

abnormal type of powder photograph. A set of interplanar spacings may 

then be established and the phases identified by comparison of the 

interplanar spacings with the A.S.T.M. file cards. 

Any number of these additional phases may be present within any one 

crystal. Within the Recent anhydrite "crystals" the following phases 

have been identified. (Table (40)). 

Table (40) Foreign phases within Recent anhydrite 

Celestite 

OR 
Aragonite Unidentified 

OR hkl hkl OR 
3.33 210 3.407) 111 3.37 
3.22 102 3.399) 111 2.84 
2.732 112 3.282) 021 
2.165 302 3.276) 021 
2,058 122, 113 
1.724) 031 
1.721) 031 
1.714 004 
1.622 501 
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7.4 Diffraction effects resultin from the-effects of surface rou h 

ness of the crystals. 

As mentioned in section (5) of Appendix (3), a damaged or roughened 

surface can have an effect upon the shape of the diffracted reflections. 

As can be seen from the "Stereoscan" photographs, figures (31-32), the 

crystals of Recent anhydrite do possess a roughened surface. However, in 

this study no attempt has been made to determine the effect of these 

surface irregularities upon the diffracted intensity. 

7.5 Diffraction effects of article-size and strain 

Analysis of the variations in the peak profiles and positions of 

the diffraction lines in X-ray powder patterns can often give valuable 

information regarding the nature of crystalline materials. In such 

analyses it is usually assumed that the broadening of the line profiles 

is produced by a reduction in the size of the coherently scattering 

domains by faulting on certain (hki) planes and by micro-strains within 

the coherently diffracting domains. The changes in peak position that 

usually accompany the broadening may be due to many causes including 

residual stresses in the bulk specimen, faulting, lattice parameter 

changes due to the presence of dislocations and to the segregation of 

solute atoms. 

Using modern powder diffraction techniques it was thought that, in 

the case of the Recent anhydrite powder samples, it might be possible 

to separate the causes of peak broadening and peak shifts. The broaden-

ing produced by small crystallite sizes is independent of the order of 

the reflection, whereas, the strain broadening depends upon the order of 

the reflections. The peak shifts produced by the faulting and residual 

stresses vary with crystallographic orientation of the reflecting planes. 

Additional to the broadening and peak shifts produced by particle 

size and faulting in the sample, the geometry of the X-ray diffracto - 

meter also affects the shape and position of the diffraction pattern. 

Consequently, two methods were available to correct for the instrumental 

effects in the study of the Recent anhydrite. The first method involved 

the theoretical analysis of the individual factors contributing to the 

peak broadening and shifts such as slit width, beam divergence, etc. 

The second method involved the comparison of a standard anhydrite with 

the Recent anhydrite so that instrumental effects could be corrected 

for in one step. 

The actual measurement of the Peak broadening is contraversial since 

there is considerable divergence of opinion as to the best measure of this 
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this quantity. The width at half-peak maximum height has been commonly 

used as it is easy to obtain. However, this quantity is extremely 

arbitrary and its use is only justifies: if the peak profiles of all 

samples under study remain similar. 

In the investigation of the Recent anhydrite samples the computer 

programs S.C.3-6 were used to obtain various measurements of the peak 

broadening. (For details of these programs see Appendix (2)). As can be 

seen from the figures of Appendix (4) there are considerable variations 

in the peak profiles of reflections/similar (hki) for different samples, 

these figures being produced on the computer from the programs S.C.3-6. 

Also, the variations in the amount of peak broadening may be appreciated 

from these figures. 

In this particular study, in order to evaluate the causes of the 

peak broadening and peak shifts in the X-ray powder patter of the Recent 

anhydrite, an attempt was made to carry out a modified Warren-Averbach 

analysis of the powder diffraction pattern. Such an analysis theoretically 

permits the evaluation, from the profiles of the X-ray powder diffraction 

pattern, of both the size of the coherently diffracting domains and the 

root mean square of the microstrain as a function of the length of the 

diffracting column. However, since X-ray diffraction is affected by 

both internal defects and free surfaces, the size of the coherently 

diffracting domains may be smaller than the mean particle size of the 

powder. Also, the root mean square microstrain may be correlated with 

the long-range strain fields of dislocations and, thus, by such an 

analysis, the dislocation density and strain energy may be obtained. 

Additionally, the relationship between domain size values and root mean 

square microstrain can be used to understand the distribution of the 

dislocations in the crystals (Hinton et. al. 1963) and the X-ray 

diffraction peak shifts and asymmetries can yield data on deformation 

fault and twin fault probabilities (Cohen et al. 1962). 

Experimental procedure  

Crystals of Recent anhydrite were gently ground under acetone and 

allowed to pass a #200 mesh sieve. Similarly, the standard anhydrite 

from Stassfurt WAS ground to an identical size. Several samples of the 

Recent material and one sample of the standard anhydrite were then back-

loaded into standard Phillips powder cavities and the peak profiles 

of the X-ray diffraction lines from all the Recent samples were then 

measured using CoKe, iron filteredl and a step-scanning technique of 
1
/100

o 20 every 40 seconds. These results were then compared with the 
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rook profiles of the standard material run under identical 

conditions. Thus, it was hoped that the instrumental effects could be 

eliminated, if it was assumed that peak broadening due to particle size 

and strain effects were negligible in the standard as compared with the 

Recent anhydrite. 

The results from the diffractometer were then put on to either 

punched cards or paper tape and the data processed according to the 

programs S.C.3-6. Each profile derived from this processing was then 

expressed as a Fourier series using a modified program of de Angelis 

and Schwartz (1963) based upon a method of Stokes (1948). At least 

50 data points from each peak profile were then used in the subsequent 

analysis. 

In the attempt to evaluate the X-ray particle size and the root mean 

square microstrain a Warren-Averbach analysis, based upon the Fourier 

cosine coefficients was used. This was done using a modified version 

of the Warren-Auerbach analysis program of Angelis (in Cohen. 1966). 

Results  

Using this type of approach to determine the causes of peak broaden-

ing and peak shifts in the Recent anhydrite as compared with the 

standard anhydrite, no meaningful results were obtained. This is not 

really too surprising when the degree of imperfection of the Recent 

anhydrite crystals and the possible number of causes of these imper-

fections are considered. 

7.6 Diffraction effects of isomorphous chemical substitutions in the  

Recent anhydrite. 

The isomorphous substitution of ions into a crystal lattice can, 

as stated in section (7) of Appendix (3), cause variations in the 

peak profiles and positions of the diffraction lines in X-ray powder 

patterns. Although, as shown elsewhere, chemical substitutions for both 

cations and, to a lesser extent, anions occur in the Recent anhydrite, 

all attempts to relate these chemical substitutions with the observed 

variations in lattice parameters, broadening of the X-ray powder diffrac-

tion peak profiles and shifts in the positions of the diffraction 

lines have proved unsuccessful. This lack of success is probably due 

to the masking of the changes arising from chemical substitutions by 

the variations caused by many other factors, already discussed. 
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7.7 Diffraction effects caused b structural in arf:,,:ctions in the 

lattice of the Recent anhydrite. 

As stated in section (8) of Appendix (3) the interaction of an 

X-ray beam with a regular lattice is the normal condition for Bragg 

reflections to occur. These reflections may then be recorded as 

individual spots upon single-crystal photographs. However, most 

crystalline lattices depart from regularity and these irregularities 

in overall periodicity of the lattice may give rise to diffuse ref-

lections. These diffuse reflections, when recorded upon single-crystal 

photographs may be of great value in elucidating the structure of the 

crystal. 

Diffuse scattering may arise from a variety of causes, some of 

which have been discussed in section (4.3.8) of Appendix (3). However, 

in this section we shall describe only those types of scattering found 

in Recent anhydrite single-crystal photographs that are possibly due 

to structural imperfections within those crystals. 

Diffraction effects arising from structural imperfections within 

the Recent anhydrite "crystals" may be separated into several different 

categories. These categories are not unique since any one crystal 

may exhibit several of the effects described. However, these separate 

divisions are useful since they do enable different types of effect to 

be distinguished. 

The different types of diffraction effect that may be separated 

area 

(1) Reductions in intensity of reflections that obey the limiting 

conditions of the spece group Cmcm. 

(2) Additional sharp reflections lying upon lunes. These lunes 

are related in a simple manner to those of more normal anhydrite. 

(3) Additional weak reflections lying upon lunes. These lunes are 

related to those of more normal anhydrite but not, always, in a simple 

manner. 

(4) Streaking around lunes of constant F value. These lunes are those 

of anhydrite. 

(5) Additional weak, diffuse reflections. These lie upon lunes which 

are largely unrelated to those of anhydrite although they may be centred 

around similar axial traces. 
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7.7.1 Iatensity re3ucti 	:f reflections belongiqg to space-group Cmcm. 

As was demonstrated in the figures (33-35) and figures (57-86) reflec-

tions (hkZ) are appreciably weakened when h, k or 1+ 2n. This weakening 

is, perhaps, best shown by the overall loss in intensity on the odd-

layer lunes of the rotation photographs figures (33-35). These figures 

are, respectively, [100], [010] and [001] rotation photographs and they 

show, to varying degrees, that, when h#.e2n, k4=2n and 14:-.2n, reflections 
of the type (hkZ) are all appreciably weakened. Also the selected 

Weissenberg photographs show that when hOt2n, qm2n and Z0 =2n reflec-
tions are again all weakened. 

This reduction in intensity may not occur to a uniform extent 

over all the reflections on a particular layer. For example, on an 

1h311 Weissenberg photograph, one of the strongest reflections should 

be (130). However, as can be seen in the series of figures (79-86), the 

reflection (130) may vary considerably in intensity from one crystal 

to another and, in some cases (for example in figure (86)), the reflection 

may be absent all together. When this reflection is absent, other 

reflections from this layer, that have calculated intensities far 

lower than (130), are present. Thus, there is preferential reduction 

in the intensity of (130) in some Recent anhydrite crystals. 

In order to classify these reductions in intensity into different 

types, some 80 crystal were examined. However, for detailed quantit-

ative measurements 5 crystals were selected that best showed the 

different types of intensity reduction. These data are presented in 

table (41). 

Table (41) shows the calculated structure factors for the Stassfurt 

anhydrite and the observed structure factors for five different crystals 

of Recent anhydrite. These observed structure factors were obtained 

from the measured intensities by correcting these measured intensities 

for Lorentz polorization and absorption as according to the procedures 

given in sections (5.1.13), (5.1.21) and (5.1.222). The corrected 

intensities were then used to calculate the observed structure factors 

using the relationship stated in Section (5.1.3) that IoBs  = °FOBS°
2 
 ' 

where IOBS  is the observed corrected intensity and IFOBSI 
 is the 

modulus of the observed structure factor. 
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Observed uc ure factors 
Table (41) 

different types of recent arh drite for five 

h 
2 

k 	1  
0 	0 

Fcalc(stass) 
136.F0  

crystals 

Fobs(2: 	Fobs(3', 	Fobs(4) 	Fobs(5) 
114.3 	S6.7 	71.2 	58.7 

Fobs(1) 
147.2 

4 0 	0 101.10 99.9 86.1 71.3 52.7 43.1 
6 0 	0 95.55 94.2 83.2 70.7 50.9 38.6 
8 0 	0 48.60 49.8 40.6 31.6 15.6 12.7 
10 0 	0 41.48 44.4 39.2 29.7 17.1 19.2 
12 0 	0 35.71 31.9 26.1 20.6 14.8 10.6 
14 0 	0 18.61 19.0 14.1 11.7 7.2 5.9 
16 0 	0 15.19 14.2 10.9 8.4 6.1 4.8 
18 0 	0 11.02 8.1 6.1 4.9 0.0 0.0 
0 0 	2 -137.88 141.1 120.2 101.9 80.2 71.6 
2 0 	2 -51.37 52.9 43.7 35.3 25.3 20.9 
4 0 	2 -49.49 46.2 41.8 33.1 21.7 18.6 
6 0 	2 -63.32 60.3 53.2 42.9 30.2 27.4 
8 0 	2 -29.20 32.4 26.1 20.1 13.7 11.1 
10 0 	2 -27.56 30.0 21.1 16.2 10.2 8.0 
12 0 	2 -25.44 26.9 20.8 15.1 10.4 7.6 
14. 0 	2 -11.45 10.2 7.6 5.3 0.0 0.0 
16 0 	2 -10.13 10.2 7.2 5.4 4.1 0.0 
18 0 	2 -7.64 8.9 5.1 4.1 0.0 0.0 
0 0 4 98.18 100.1 81.0 67.8 50.2 43.1 
2 0 4 46.78 44.7 37.2 30.0 21.7 15.8 
4. 0 4 46.12 48.2 40.9 31.2 21.6 16.2 
6 0 4 57.04 60.1 51.2 40.7 30.7 23.2 
8 0 4 28.13 27.9 19.7 14.9 9.8 6.9 
10 0 	4. 26.11 30.0 22.3 16.6 11.7 7.4 
12 0 4 23.99 24.1 18.6 14.7 10.2 6.4 
14. 0 	4. 11.04 10.8 6.1 5.2 0.0 0.0 
16 0 	4- 9.71 8.9 4.2 0.0 0.0 0.0 
18 0 	4- 7.32 7.7 4.0 0.0 0.0 0.0 
0 0 	6 -95.91 96.7 74.3 52.7 42.3 35.2 
2 0 	6 -64.19 62.4 51.4 40.2 28.7 20.8 
4. 0 	6 -59.30 57.2 50.2 38.7 29.2 20.4 
6 0 	6 -63.04- 63.1 50.8 40.4 29.7 22.6 
8 0 	6 -36.63 37.4 30.7 23.6 17.3 13.9 
10 0 	6 -31.95 29.2 24.8 17.9 12.6 10.0 
12 0 	6 -27.86 29.4 21.1 14.3 9.7 6.9 
14. 0 	6 -14.81 15.7 10.9 7.4 4.2 0.0 
16 0 	6 -12.85 12.2 8.7 6.2 0.0 0.0 
18 0 	6 -8.97 8.1 5.1 4.1 0.0 0.0 
0 0 	8 48.57 44.2 37.1 28.6 20.2 16.9 
2 0 	8 29.95 29.7 22.4 16.7 11.6 8.6 
4 0 	8 29.63 29.7 21.7 15.9 11.2 8.6 
6 0 	8 35.96 34.1 26.2 17.4 11.2 8.6 
8 0 	8 18.74 19.9 12.9 10.0 7.1 4.9 
10 0 	8 17.49 20.1 13.1 9.8 6.2 4.3 
12 0 	8 16.39 17.5 10.9 7.2 4.3 0.0 
14_ 0 	8 7.49 8.2 5.1 4.0 0.0 0.0 
16 0 	8 6.82 5.1 0.0 0.0 0.0 0.0 
0 0 10 -38.97 40.1 28.2 21.4 14.3 10.9 
2 0 10 -26.15 26.2 20.7 15.9 10.6 8.4 
4 0 10 -25.43 26.4 20.9 14.9 10.7 8.9 
6 0 10 -29.67 27.9 19.8 14.7 9.4 6.3 
8 0 10 -16.42 18.3 12,7 9.2 6.1 4.0 
10 0 10 -15.13 16.7 1202 9.4 5.9 0.0 
12 0 10 -14.01 13.0 89 7.6 4.1 0.0 
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h It 	I Fcalc(stass) Fobs(1) Fobs(2) Fobs(3) Fobs(4) Fobs(5) 

14 0 10 -6.87 5.1 0.0 0.0 0.0 o.o 
16 0 10 -6.08 5.0 0.0 0.0 o.o 0.0 

0 012 36.11 37.9 29.9 20.1 14.6 10.7 
2 0 12 26.96 29.1 21.3 14.9 9.6 8.1 
4 0 12 25.87 27.2 20.2 14.7 10.1 7.6 
6 012 28.09 26.0 20.4 13.6 8.7 6.1 
8 012 10.57 17.8 12.8 10.0 6.6 4.7 

10 0 12 15.64 16.2 12.7 9.4 6.1 4.6 
12 0 12 13.87 14.7 8.4 6.1 0.0 0.0 
14. 012 7.77 8.2 4.1 0.0 0.0 0.0 

0 014 -17.77 19.1 10.2 7.3 4.3 0.0 
2 0 14 -11.72 10.1 6.2 4.2 0.0 0.0 
4 014 -11.52 10.7 5.7 0.0 0.0 0.0 
6 014 -13.88 12.9 7.1 5.0 0.0 0.0 
8 0 14 -7.53 8.1 4.3 0.0 0.0 o.o 

10 0 14 -7.22 7.4 o.o o.o 0.0 0.0 
12 0 14 -6.92 5.1 0.0 0.0 0.0 0.0 

0 0 16 13.61 14.4 8.4 5.3 0.0 0.0 
2 016 9.6o 6.2 0.0 0.0 0.0 0.0 
4 016 9.37 7.3 3.9 0.0 0.0 0.0 
6 016 10.79 13.1 7.2 4.7 0.0 0.0 
8 016 6.45 5.6 0.0 0.0 0.0 0.0 

10 016 6.00 5.1 0.0 0.0 0.0 0.0 
0 0 18 -11.23 10.3 5.8 4.2 0.0 o.o 
2 0 18 -8.69 7.1 0.0 0.0 0.0 0.0 
4 018 -8.41 9.9 4.2 0.0 0.0 0.0 
6 0 18 -9.12 10.3 4.7 0.0 0.0 0.0 
1 1 	0 2.91 0.0 0.0 0.0 0.0 '0.0 
3 1 	0 -56.61 19.7 17.1 14.3 10.1 0.0 
5 1 	0 3.85 0.0 0.0 0.0 0.0 0.0 
7 1 	0 -3.12 0.0 0.0 0.0 0.0 0.0 
9 1 	0 -13.32 5.3 6.4 5.1 0.0 0.0 

11 1 	0 1.07 0.0 0.0 0.0 0.0 0.0 
13 1 	0 -3.46 0.0 0.0 0.0 0.0 0.0 
15 1 	0 -5.16 0.0 0.0 0.0 0.0 0.0 
17 1 	0 -0.22 0.0 0.0 0.0 0.0 0.0 
19 1 	0 -1.63 o.o o.o o.o o.o 0.0 

0 2 	0 -32.30 32.7 26.3 20.2 14.7 10.0 
2 2 	0 -91.05 91.2 71.7 56.3 40.1 33.1 
4 2 	0 -57.84 59.2 49.8 38.9 30.2 2)1 .4. 
6 2 	0 -18.60 17.2 12.3 8.7 5.7 0.0 
8 2 	0 -32.59 33.9 26.1 19.6 12.6 9.2 

10 2 	0 -19.35 21.8 14.9 10.7 6.2 4.1 
12 2 	0 -9.05 11.7 6.1 4.0 0.0 0.0 
14 2 	0 -12.62 10.9 6.3 0.0 0.0 0.0 
16 2 	0 -6.34 5.1 0.0 0.0 0.0 0.0 
18 2 	0 -3.32 4.1 0.0 0.0 0.0 0.0 
1 3 	0 55.12 21.3 23.7 19.4 15.6 0.0 
3 3 	0 5.36 0.0 0.0 0.0 0.0 0.0 
5 3 	0 31.07 10.2 9.6 8.3 5.7 0.0 
7 3 	0 15.98 5.2 4.4 0.0 0.0 0.0 
9 3 	0 3.04 0.0 0.0 0.0 0.0 0.0 

11 3 	0 13.18 4.9 5.9 4.1 0.0 0.0 
13 3 	0 7.12 0.0 0.0 0.0 0.0 0.0 
15 3 	0 3.29 0.0 0.0 0.0 0.0 0.0 
17 3 	0 5.37 0.0 0.0 0.0 0.0 0.0 
19 3 	0 2.43 0.0 0.0 0.0 0.0 0.0 
0 4. 	0 -20.38 21.7 16.9 12.7 8.2 6.2 
2 4 	0 -54.52 50.7 44.3 36.9 28.4 20.7 
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h k 1 Foalc(stass ) Fobs (1 ) Fobs (2) Fobs (3) Fobs (4) Fobs (5) 4 4 0 -42.57 43.8 37.4 31.2 23.6 16.4 6 4 0 -19.84 21.7 14.6 10.9 6.4 4.0 8 	4 0 -30.78 27.6 21.7 16.4 10.2 6.7 10 	4 0 -19.78 18.9 13.6 10.7 8.7 5.2 12 	4 0 -10.36 12.2 6.4 4.3 0.0 0.0 14 	4 0 -12.35 12.4 8.2 5.7 0.0 0.0 16 	4. 0 -6.50 7.2 4.4 0.0 0.0 0.0 18 	4 0 -3.59 4.1 0.0 0.0 0.0 0.0 1 	5 0 -13.49 4.2 4.9 0.0 0.o 0.0 3 	5 0 -31.51 12.7 14.6 10.9 6.4 0.0 5 	5 0 -6.88 0.0 0.0 0.0 0.0 0.0 7 	5 0 -8.66 4.0 5.0 0.0 0.0 0.0 9 	5 0 -13.50 6.1 5.3 4.1 0.0 0.0 11. 	5 0 -2.88 0.0 0.0 0.0 0.0 0.0 
13 	5 0 -4.71 0.0 0.0 0.0 0.0 0.0 15 	5 0 -5.06 0.0 0.0 0.0 0.0 0.0 
17 	5 0 -1.16 0.0 0.0 0.0 0.0 0.0 0 	6 0 62.05 64.9 54.2 4.6.2 36.3 29.1 2 	6 0 42.49 40.1 36.1 28.7 20.2 14.7 4 	6 0 40.22 42.3 34.7 28.3 21.8 18.1 6 	6 0 43.58 41.6 35.6 27.4 19.6 14.8 8 	6 0 25.74 26.0 20.1 14.2 9.5 6.i 10 	6 0 22.52 20.1 16.2 12.7 8.2 6.1 
12 	6 0 19.65 17.6 13.7 10.6 0.7 4.1 14 	6 0 10.42 12.4. 6.2 4.4. 0.0 0.0 
16 	6 0 8.57 9.9 4.6 0.0 0.0 0.0 18 	6 0 6.32 7.3 4.3 0.0 0.0 0.0 
1 	7 0 11.45 4.0 4.4 0.0 0.0 0.0 3 	7 0 -0.01 0.0 0.0 0.0 0.0 0.0 5 	7 0 9.4.0 4.0 4.7 4.1 0.0 0.0 
7 	7 0 4.97 0.0 0.0 0.0 0.0 0.0 9 	7 0 -1.04 0.0 0.0 0.0 0.0 0.0 11 	7 0 3.52 o.o o.o 0.0 0.0 0.0 13 	7 0 0.69 0.0 0.0 0.0 0.0 0.0 15 	7 0 0.74 0.0 0.0 0.0 0.0 0.0 

17 	7 0 0.98 0.0 0.0 0.0 0.0 0.0 
0 	8 0 2.62 0.0 0.0 0.0 0.0 0.0 
2 	8 0 5.60 6.1 4.1 0.0 0.0 0.0 4. 	8 0 3.97 4.2 0.0 0.0 0.0 0.0 
6 	8 0 1.79 0.0 0,0 0.0 0.0 0.0 
8 	8 0 -3.93 4.1 0.0 0.0 0.0 0.0 

10 	8 0 -1.62 0.0 0.0 0.0 0.0 0.0 
12 	8 0 0.49 0.0 0.0 0.0 0.0 0.0 
14. 	8 0 -1.86 0.0 0.0 0.0 0.0 0.0 
16 	8 0 -0.48 0.0 0.0 0.0 0.0 0.0 
1 	9 0 0.37 0,0 0.0 0.0 0.0 0.0 
3 	9 0 -4.33 0.0 0.0 0.0 0.0 0.0 
5 	9 0 1.37 0.0 0.0 0.0 0.0 0.0 
7 	9 0 0.50 0.0 0.0 0.0 0.0 0.0 
9 	9 0 -1.52 0.0 0.0 0,0 0.0 0.0 

11 	9 0 1.63 0.0 0.0 0.0 0.0 0.0 
13 	9 0 0.48 0.0 0.0 0.0 0.0 0.0 
15 	9 0 -0.18 0.0 0.0 0.0 0.0 0.0 

0 10 0 -18.09 19.4 13.6 10.1 6.3 4.2 
2 10 0 -21.05 20.1 13,2 9.7 6.3 0.0 
4. 10 0 -18.90 16.9 11.1 6.4 0.0 0.0 
6 10 0 -14.11 15.7 10.0 6.5 4.2 0.0 
8 10 0 -14.06 12.2 9.7 6.2 0.0 0.0 

10 10 0 -10.35 9.9 6.1 4.0 0.0 0.0 



319. 
h 	k 1 Fcalc(stass) Fobs (1 ) Fobs( 2) Fobs (3) Fobs (4 ) Fobs (5 ) 

12 10 0 -6.95 6.9 0.0 0.0 0.0 0.0 
14 10 0 -5.10 4.7 0.0 0.0 0.0 0.0 
1 	11 0 1.19 0.0 0.0 0.0 0.0 0.0 
3 11 0 -0.58 0.0 0.0 0.0 0.0 0.0 
5 11 0 1.35 0.0 0.0 0.0 0.0 0.0 
7 11 0 0.85 0.0 0.0 0.0 0.0 0.0 
9 11 0 -0.85 0.0 0.0 0.0 0.0 0.0 

11 	11 0 0.96 0.0 0.0 0.0 0.0 0.0 
13 	11 0 0.41 0.0 0.0 0.0 0.0 0.0 
15 	11 0 0.09 0.0 0.0 0.0 0.0 0.0 
0 12 0 7.16 8.4 5.2 4.0 0.0 0.0 
2 12 0 6.10 6.0 3.9 0.0 0.0 0.0 
4 12 0 5.72 4.9 0.0 0.0 0.0 0.0 
6 12 0 5.56 5.8 0.0 0.0 0.0 O.0 
8 12 0 3.98 4.0 0.0 0.0 0.0 0.0 

1G 12 0 3.33 0.0 0.0 0.0 0.0 0.0 
12 12 0 2.77 4.1 0.0 0.0 0.0 0.0 
14 12 0 1.72 0.0 0.0 0.0 0.0 0.0 
1 	13 0 -0.1,1,  0.0 0.0 0.0 0.0 0.0 
3 13 0 -0.55 0.0 0.0 0.0 0.0 0.0 
5 13 0 -0.50 0.0 0.0 0.0 0.0 0.0 
7 13 0 -0.55 0.0 0.0 0.0 0.0 0.0 
9 13 0 -0.56 0.0 0.0 0.0 0.0 0.0 

11 	13 0 -0.44 0.0 0.0 0.0 0.0 0.0 
0 14 0 8.55 9.7 6.6 4.2 0.0 0.0 
2 14 0 8.74 7.2 4.7 0.0 0.0 0.0 
4 14 0 8.06 7.1 4.5 0.0 0.0 0.0 
6 14 0 6.86 5.9 0.0 0.0 0.0 0.0 
8 14 0 6.o0 6.1 4.0. 0.0 0.0 0.0 

10 14 0 4.86 5.2 0.0 0.0 0.0 0.0 
1 	15 0 -1.9'; 0.0 0.0 0.0 0.0 0.0 
3 15 0 -1.22 0.0 0.0 0.0 0.0 0.0 
5 15 0 -1.71 0.0 0.0 0.0 0.0 0.0 
7 15 0 -1.35 0.0 0.0 0.0 0.0 0.0 
9 15 0 -0.84 0.0 0.0 0.0 0.0 0.0 
0 16 0 -8.22 9.8 6.8 0.0 0.0 0.0 
2 16 0 -7.25 6.1 0.0 0.0 0.0 0.0 
416 0 -6.86 6.9 4.0 0.0 0.0 0.0 
6 16 0 -6.65 7.4 4.1 0.0 0.0 0.0 
1 	17 0 2.50 0.0 0.0 0.0 0.0 0.0 
3 17 0 3.13 0.0 0.0 0.0 0.0 0.0 
1 	1 1 -18.14 6.1 6,0 4.2 0.0 0.0 
3 	1 1 -3.23 0.0 0.0 0.0 0.0 0.0 
5 	1 1 -6.24 3.9 4.2 0.0 0.0 0.0 
7 	1 1 -3.82 0.0 0.0 0.0 0.0 0.0 
9 	1 1 -0.82 0.0 0.0 0.0 0.0 0.0 

11 	1 1 -0.99 0.0 0.0 0.0 0.0 0.0 
13 	1 1 0.44 0.0 0.0 0.0 0.0 0.0 
15 	1 1 6.96 0.0 0.0 0.0 0.0 0.0 
17 	1 1 0.40 0.0 0.0 0.0 0.0 0.0 
19 	1 1 0.49 0.0 0.0 0.0 0.0 0.0 

0 	2 1 -97.02 31.2 36.2 27.2 20.2 0.0 
2 	2 1 -71.02 27.2 27.6 23.8 16.2 0.0 
4. 	2 1 -57.74 19.6 16.1 14.4 7.1 0.0 
6 	2 1 -50.74 20.2 19.2 17.6 13.6 0.0 
8 	2 1 -35.04 10.7 8.7 6.9 4.2 0.0 

10 	2 1 -27.90 8.2 9.3 7.4 4.1 0.0 
12 	2 1 -21.65 7.6 8.2 6.8 0.0 0.0 
14. 	2 1 -13.72 4.1 5.1 0.0 0.0 0.0 



320. 

h 
16 

k I 
2 	1 

Fcalc(stass) 
-9.86 

Fobs(1) 
4.2 

Fobs(2) 
5.0 

Fobs(3) 
0.0 

Fobs(4) 
0.0 

Fobs(5) 
0.0 18 2 1 -6.76 0.0 0.0 o.o 0.0 0.0 

1 3 1 7.74 0.0 0.0 0.0 0.0 0.0 
3 3 1 19.58 7.2 8.1 6.o o.0 0.0 
5 3 1 2.76 0.0 0.0 o.o o. o o.o 
7 3 1 3.65 0.0 0.0 0.0 0.0 0.0 
9 3 1 6.24 0.0 0.0 0.0 0.0 0.o 

11 3 1 1.20 0.0 0.0 0.0 0.0 0.0 
13 3 1 2.28 0.0 0.0 0.0 0.0 0.0 
15 3 1 2.51 0.0 0.0 o.o o. o o. o 
17 3 1 0.64 0.o 0.0 0.0 0.0 0.0 
19 3 1 0.93 0.0 0.o o.o o. o 0. o 

0 4 1 24.22 8.7 9.4 6.3 4.1 o. o 
2 4 1 40.81 14.6 13.7 11.1 6.2 0.0 
4 4 1 33.50 10.2 9.1 8.0 5.1 0.0 
6 4 1 20.27 8.1 9.1 6.2 0.0 0.0 
8 4 1 24.01 7.2 7.8 5.7 o.o o. o 

10 4. 1 16.50 5.1 4.7 4.0 0.0 0.0 
12 4 1 9.96 4.0 5.0 0.0 0.0 0.0 
14 4 1 9.61 4.0 4.6 o.o 0.0 o.o 
16 4. 1 5.56 0.0 0.o 0.0 0.0 0.0 
18 4 1 3.31 0.0 0,0 o.o o. o o.o 
1 5 1 -11.94. 4.2 0.0 o.o O. o 0.0 
3 5 1 3.58 0.0 0.0 o.o o. o o.o 
5 5 1 -8.82 0.0 o.o 0.0 0.0 0.0 
7 5 1 -5.00 0,o o.o 0.0 0.0 0.0 
9 5 1 -0.92 0.0 0.0 0.0 0.0 0.0 

11 5 1 -6.08 0.o 0.0 0.0 0.0 0.0 
13 5 1 -3.36 0.o 0.Q o.o 0.0 0. o 
15 5 1 -1.56 0.0 o.o 0.0 0.0 0.0 
17 5 1 -2.72 0.0 0.0 0.0 0.0 0.0 

0 6 1 21.88 9.2 10.1 7.4. 4.6 o.o 
2 6 1 35.47 14.7 15.4. 11.6 6.1 0.0 
4 6 1 29.57 10.1 8.9 6.1 0.0 0.0 
6 6 1 16.70 4.2 4.6 0.0 0.0 0.0 
8 6 1 21.62 6.7 6.9 4.3 0.0 0.0 

10 6 1 14.52 4.2 0.0 0.0 0.0 0.0 
12 6 1 8.26 0.0 0.0 0.0 0.0 0.0 
14. 6 1 9.05 4.7 5.1 0.0 0.0 0.0 
16 6 1 5.07 0.0 o.o o.o 0.0 0.0 
18 6 1 2.96 0.0 0.0 0.0 0.0 0.0 
1 7 1 -5.14 0.0 0.0 o.o 0.0 0.0 
3 7 1 6.63 0.0 0.0 0.0 0.0 0.0 
5 7 1 -4.88 0.0 0.0 0.0 0.0 0.0 
7 7 1 -1.4.0 0.0 0.0 0.0 0.0 0.0 
9 7 1 3.99 0.o o.o o.o o.o 0.0 

11 7 1 -1.96 0.0 0.0 0.0 0.0 o.o 
13 7 1 0.50 0.0 0.0 0.0 0.0 0.0 
15 7 1 1.62 0.0 0.0 0.0 0.0 o.o 
17 7 1 -0.54. 0.0 0.0 0.0 0.0 0.0 
0 8 i -49.83 19.6 21.1 16.2 10.7 0.0 
2 8 1 -36.83 14.2 14.9 11.7 8.4 0.0 
4 8 1 -35.04 17.1 15.9 12.9 8.6 0.0 
6 8 1 -37.46 13.2 12.6 10.0 6. 7 0.0 
8 8 1 -23.12 10.1 9.9 8.2 5.2 0.0 

10 8 1 -20.28 8.7 9.2 6.1 0.0 0.0 
12 8 1 -17.67 9.2 9.1 5.2 0.0 0.0 
14. 8 1 -9.70 4.4 5.0 0.0 0.0 0.0 
16 8 1 -7.96 5.1 4.1 0.0 0.0 0.0 



3214  

h k 1 Fcalc(stass) Fobs (1 ) Fobs (2) Fobs (3 ) Fobs (4) Fobs (5) 
1 	9 1 2.75 0.0 0.0 0,0 0.0 0.0 
3 	9 1 11.68 6.1 6.6 4.0 0.0 0.0 
5 	9 1 1.75 0.0 0.0 0.0 0.0 0.0 
7 	9 1 3.77 0.0 0.0 0.0 0.0 0.0 
9 	9 1 7.55 0.0 0.0 0.0 0.0 0.0 

11 	9 1 1.37 0.0 0.0 0.0 0.0 0.0 
13 	9 1 2.77 0.0 0.0 0.0 0.0 0.0 
15 	9 1 3.10 0.0 0.0 0.0 0.0 0.0 
0 10 1 1.88 O.0 0.0 0.0 0.0 0.0 
2 10 1 10.52 4.7 5.2 4.0 0.0 0,0 
4 10 1 -18.20 6.3 5.9 4.1 0.0 0.0 
6 10 1 1.70 0.0 0.0 0.0 0.0 0.0 
8 10 1 7.54 0.0 0.0 0.0 0.0 0.0 

10 10 1 4.22 0.0 0.0 0.0 0.0 0.0 
12 10 1 1.14 0.0 0.0 0.0 0.0 0.0 
14. 10 1 3.39 0.0 0.0 0.0 0.0 0.0 
1 	11 1 -8.35 3.9 3.9 0.0 0.0 0.0 
3 11 1 -1.44 0.0 0.0 0.0 0.0 0.0 
5 	11 1 -8.25 0.0 0.0 0.0 0.0 0.0 
7 11 1 -5.87 0.0 0.0 0.0 0.0 0.0 
9 11 1 -1.81 0.0 0.0 0.0 0.0 0.0 

11 	11 1 -5.24 0.0 0.0 0.0 0.0 0.0 
13 	11 1 -2.74 0.0 0.0 0.0 0.0 0.0 
15 	11 1 -1.22 0.0 0.0 0.0 0.0 0.0 

0 12 1 12.51 4.7 5.1 4.1 0.0 0.0 
2 12 1 18.30 5.2 4.6 0.0 0.0 0.0 
4 12 1 16.13 5.1 5.7 4.2 0.0 0.0 
6 12 1 10.03 4.1 4.9 0.0 0.0 0.0 
8 12 1 12.81 6.2 5.9 4.3 0.0 0.0 

10 12 1 8.96 4.0 5.0 0.0 0.0 0.0 
12 12 1 5.40 0.0 0.0 0.0 0.0 0.0 
14 12 1 5.91 0.0 0.0 0.0 0.0 0.0 
1 	13 1 0.02 0.0 0.0 0.0 O.0 0.0 
3 13 1 4.47 0.0 0.0 0.0 0.0 0.0 
5 13 1 -0.4.8 0.0 0.0 0.0 0.0 O.0 
7 13 1 0.58 0.0 0.0 0.0 0.0 0.0 
9 13 1 2.66 0.0 0.0 0.0 0.0 0.0 

11 	13 1 -0.4.0 0.0 0.0 0.0 0.0 0.0 
0 14. 1 -14.25 5.1 4.6 4.0 0.0 0.0 
2 14. 1 -10.01 4.0 0.0 0.0 0.0 0.0 
4. 	14. 1 -9.77 5.4 6.1 4.6 0.0 0.0 
6 14 1 -11.29 6.2 6.0 4.3 0.0 0.0 
8 14. 1 -6.70 0.0 0.0 0.0 0.0 0.0 

10 14 1  -6.26 0.0 0.0 0.0 0.0 0.0 
1 	15 1 -0.83 0.0 0.0 0.0 0.0 0.0 
3 15 1 3.45 0.0 0.0 0.0 0.0 0.0 
5 15 1 0.45 0.0 0.0 0.0 0.0 0.0 
7 15 1 1.02 0.0 0.0 0.0 0.0 0.0 
9 15 1 2.24 0.0 0.0 0.0 0.0 0.0 
0 16 1 -2.18 0.0 0.0 0.0 0.0 0.0 
2 16 1 0.05 0.0 0.0 0.0 0.0 0.0 
4 16 1 -0.22 0.0 0.0 0.0 0.0 0.0 
6 16 1 -1.71 0.0 0.0 0.0 0.0 0.0 
1 	17 1 -1.75 0.0 0.0 0.0 0.0 0.0 
3 17 1 -0.22 0.0 0.0 0.0 0.0 0.0 
0 	2 0 -32.30 33.6 27.6 20.8 14.4. 11.7 
0 	2 1 -97.02 39.9 40.2 35.2 20.7 0.0 
0 	2 2 -24.06 26.2 20.7 14.7 10.1 8.1 
0 	2 3 105.42 42.4 40.1 35.1 19.6 0.0 



322. 

h k 1 Fcalc(stass) Pohs(1) Fobs(2) Fobs(3) Fobs(4) Fobs(5) 
0 2 	4. 9.49 10.1 6.6 4.0 0.0 0.0 
o 2 	5 -57.30 19.6 21.0 17.3 9.2 0.0 
0 2 	6 18.03 19.2 13.7 9.6 6.3 4..1 
0 2 	7 46.09 14.7 15.1 12.2 6.1 0.0 
0 2 	8 1.06 0.0 0.0 0.0 0.0 0.0 
0 2 	9 -42.57 15.2 14.6 12.7 8.4 0.0 
0 2 10 2.39 0.0 0.0 0.0 0.0 0.0 
0 2 11 25.00 8.7 9.4 7.6 4.1 0.0 
0 2 12 -8.33 7.9 4.6 0.0 0.0 0.0 
0 2 13 -19.10 5.2 4.9 4.0 0.0 0.0 
0 2 14 -0.06 0.0 0.0 0.0 0.0 0.0 
0 2 15 15.61 6.1 7.0 4.2 0.0 0.0 
0 2 16 -1.34 0.0 0.0 0.0 0.0 0.0 
0 2 17 -8.09 4.1 4.3 0.0 0.0 0.0 
0 2 18 2.86 0.0 0.0 0.0 0.0 0.0 
0 2 19 5.87 0.0 0.0 0.0 0.0 0.0 
o 4 	0 -20.38 18.7 12.7 8.7 5.3 4.1 
0 4 	1 24.22 9.6 10.1 8.4 4.2 0.0 
0 4 	2 35.17 33.2 25.2 20.6 14.2 11.1 
0 4 	3 -53.39 21.6 20.8 17.4 10.7 0.0 
0 4 4 -30.90 32.7 24.9 18.2 12.6 8.2 
0 4 	5 19.95 5.1 4.9 0.0 0.0 0.0 
0 4 	6 19.56 17.6 10.6 6.1 0.0 0.0 
0 4 	7 19.90 8.2 9.0 7.2 4.2 0.0 
0 4 	8 -22.92 24.1 17.7 13.1 9.1 6.1 
0 4 	9 26.58 10.1 11.1 9.6 5.1 0.0 
0 4 10 16.95 15.9 9.7 6.3 0.0 0.0 
0 4 11 -10.28 4.0 4.2 0.0 0.0 0.0 
0 4. 	12 -9.96 12.1 6.1 4.1 0.0 0.0 
0 4- 13 9.27 4.1 0.0 0.0 0.0 0.0 
0 4 14- 9.64 8.7 4.7 0.0 0.0 0.0 
0 4. 15 -10.15 4.2 4.2 0.0 0.0 0.0 
0 4 16 -6.10 5.3 0.0 0.0 0.0 0.0 
0 417 3.31 0.0 0.0 0.0 0.0 0.0 
0 4 18 3.34 0.0 0.0 0.0 0.0 0.0 
0 6 	0 62.05 59.7 50.9 40.2 29.2 21.7 
0 6 	1 21.88 8.7 8.6 6.7 0.0 0.0 
0 6 	2 -54.66 56.9 48.2 41.6 30.1 22.8 
o 6 	3 -0.41 0.0 0.0 0.0 0.0 0.0 
0 6 	4 48.73 51.4 42.7 33.1 22.4 14.7 
0 6 	5 19.22 7.2 6.9 4.6 0.0 0.0 
0 6 	6 -43.76 41.7 34.2 27.1 19.6 14.8 
0 6 	7 -14.17 5.2 5.6 0.0 0.0 0.0 
0 6 	8 32.49 34.1 26.0 20.1 14.2 10.7 
0 6 	9 2.10 0.0 0.0 0.0 0.0 0.0 
0 6 10 -25.42 24.2 18.2 13.5 8.7 6.1 
0 6 11 -10.38 4.7 5.2 0.0 0.0 0.0 
0 6 12 19.94 20.9 12.9 7.9 4.7 0.0 
0 6 13 5.95 0.0 0.0 0.0 0.0 0.0 
0 6 14 -13.02 12.1 8.0 6.0 0.0 0.0 
0 6 15 -0.86 0.0 0.0 0.0 0.0 0.0 
0 6 16 9.17 10.6 5.7 0.0 0.0 0.0 
0 6 17 3.95 0.0 0.0 0.0 0.0 0.0 
0 6 18 -6.50 5.8 0.0 0.0 0.0 0.0 
0 8 	0 2.62 0.0 0.0 0.0 0.0 0.0 
0 8 	1 -49.83 19.8 21.0 18.2 9.6 0,0 
0 8 	2 -13.23 14.7 10.1 6.3 0.0 0.0 
0 8 	3 36.94 12.2 11.9 9.1 6.2 0.0 
0 8 4 11.21 9.7 5.2 0.0 0.0 0.0 



323* 

h k 1 Fcalc(stass) Fobs(1) Fobs(2) Fobs(3) Fobs(4) Fobs(5) 
o 8 	5 -41.77 20.1 20.3 17.1 11.1 0.0 
0 	8 	6 -1.94. 0.0 0.0 0.0 0.0 0.0 
0 	8 	7 33.92 14.6 13.7 11.8 6.2 0.0 
0 	8 	8 8.69 9.2 5.2 0.0 0.0 0.0 
0 	8 	9 -21.82 10.1 11.1 9.4- 5.7 0.0 
0 	8 10 -5.62 4.7 0.0 0.0 0.0 0.0 
0 	8 11 21.62 8.6 7.9 5.7 0.0 0.0 
0 	8 12 0.76 0.0 0.0 0.0 0.0 0.0 
0 	813 -14.84 6.4 7.1 5.9 0.o 0.0 
0 	8 14 -3.81 0.0 0.0 0.0 0.0 0.0 
0 	8 15 8.51 4.0 4.2 0.0 0.0 0.0 
0 	8 16 1.88 0.0 0.0 0.0 0.0 0.0 
0 	8 17 -7.79 6.2+ 5.9 4.0 0.0 0.0 
0 10 	0 -18.09 19.7 13.6 8.9 5.7 4.1 
0 10 	1 1.88 0.0 0.0 0.0 0.0 0.0 
0 10 	2 -27.92 28.9 19.9 12.9 8.6 6.1 
010 	3 0.03 0.0 0.0 0.0 0.0 0.0 
0 10 	4 -25.02 23.8 16.3 12.1 8.5 6.3 
0 10 	5 1.79 0.0 0.0 0.0 0.0 0.0 
0 10 	6 14.10 12.7 8.7 6.1 0.0 0.0 
0 10 	7 -1.37 0.0 0.0 0.0 0.0 0.0 
0 10 	8 -19.07 21.2 13.6 9.8 6.3 0.0 
0 10 	9 0.10 0.0 0.o 0.0 0.0 0.0 
o 10 10 13.93 12.7 8.2 5.3 0.o 0.0 
0 10 11 -1.15 0.0 0.0 0.0 0.0 0.0 
0 10 12 -6.95 7.4 4.9 0.0 0.0 0.0 
0 10 13 0.73 0.0 0.0 0.0 0.0 0.0 
0 10 14 8.63 9.6 6.0 4.1 0.0 0.0 
0 10 15 -0.16 0.0 0.0 0.0 0.0 0.0 
0 12 	0 7.16 8.2 5.1 0.0 0.0 0.0 
0 12 	1 12.51 5.3 5.1 4.0 0.0 0.0 
0 12 	2 -13.73 14.9 9.7 6.4. 0.0 0.0 
0 12 	3 -9.19 4.1 4.6 0.o 0.0 0.0 
012 	4 12.23 13.6 8.2 5.3 0.0 0.0 
0 12 	5 10.90 4.2 4.1 0.0 0.0 0.0 
0 12 	6 -5.60 4.9 0.0 0.0 0.0 0.0 
0 12 	7 -9.06 4.1 0.0 0.0 0.0 0.0 
0 12 	8 9.63 10.2 6.3 4.2 0.0 0.0 
0 12 	9 5.84  0.0 0.0 o.o o.o 0.0 
0 12 10 -6.89 5.9 0.0 0.0 0.0 0.0 
0 12 11 -6.19 0.0 0.0 0.0 0.0 0.0 
0 12 12 2.85 0.0 0.0 0.0 0.0 0.0 
0 12 13 4.40 0.0 0.0 0.0 0.0 0.0 
0 12 14. -4.54 5.2 0.0 0.0 0.0 0.0 
0 14 	0 8.55 9.3 5.6 0.0 0.0 0.0 
0 14. 	1 -14.25 5.1 5.7 4.6 0.0 0.0 
0 14 	2 -5.62 5.9 0.0 0.0 0.0 0.0 
0 14 	3 9.64 4.1 4.6 4.1 0.0 0.0 
0 14 	4. 5.39 4.2 0.0 0.0 0.0 0.o 
0 14 	5 -12.48 5.3 4.9 4.1 0.0 0.0 
0 14 	6 -6.84. 5.9 0.0 0.0 0.0 0.0 
0 14. 	7 10.29 4.6 5.2 4.2 0.0 0.0 
0.14 	8 3.78 0.0 0.0 0.0 0.0 0.0 
0 14. 	9 -6.15 0.0 0.0 0.0 0.0 0.0 
0 14 10 -3.38 0.0 0.0 0.0 0.0 0.0 
0 14 11 7.16 0.0 0.0 0.0 0.0 0.0 
0 16 	0 -8.22 7.6 4.2 0.0 0.0 0.0 
0 16 	1 -2.18 0.0 0.0 0.0 0.0 0.0 
0 16 	2 8.06 9.3 5.3 0.0 0..0 0.0 



h k 1 Peale (stass) Fobs (1 ) Fobs (2) Fobs (3) Fobs (4) Fobs (5) 
o16 3 5.05 0.0 0,0 0.0 0.0 0.0 
o 16 4 -7.51 6.8 4.0 0.0 0.0 0.0 
0 16 5 -1.68 0.0 0.0 0.0 O. 0 0.0 
o16 6 6.66 6.9 0.0 0.0 0.0 0.0 
o 16 7 1.80 0.0 0.0 0.0 0.0 0.0 
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The observed structure factors given in the column of table (41) 

headed 
FOBS(1) may be summarized as follows:- 

hoo h = 2n 

oko k = 2n 

ool Z = 2n 

hoZ Z = 2n (h = 2n) 

okl k = 2n, Z = 2n 

okl k = 2n, Z# 2n 

hko h + k = 2n 
h = 2n &k = 2n) 

hko h + k = 2n 
h#2n & k#2n 

hkl h + k = 2n 

h#2n & k#2n 
k#2n & h#2n 
h=2n, k=2n, Z#2n 
h#2n, k#2n, /#2n, 

FOBS(1) = FCALC(STASS) 
FOBS(1) = FCALC(STASS) 
FOBS(1) = FCALC(STASS) 
FOBS(1) = FCALC(STASS) 
FOBS(1) = FCALC(STASS) 
FOBS(1) = to (FCALC(STASS)) 

FOBS(1) = FCALC(STASS). 

FOBS(1) to (FCALC(STASS)) 

i.eh, 
k or / F

OBS(1) = to 	(FCALC(STASS)) #2n 

The observed structure factors given in the column of table (41) 

headed FOBS(2) may be similarly summarized 

hoo h = 2n 

oko k = 2n 

001 Z = 2n 

hoZ 
	

= 2n (h = 2n) 

okl k = 2n Z = 2n 

okl k = 2n t#2n 

hko h + k. = 2n 
h = 2n & k = 2n) 

hko h + k = 2n 
h#2n & k#2n 

hkl h + k = 2n 

2 FOBS(2) = to 7 FCALC(STASS) 
2 FOBS(2) -  5 

	
7 to   FCALC(STASS) 
2 FOBS(2) = IT to 7 FCALC(STASS) 

- 4 to  i FOBS(2) 	FCALC(STASS) 

FOBS(2) = to 3 FCALC(STASS) 
= •i  FOBS(2) to FCALC(STASS) 

to 2  FOBS(2) = 	7 FCALC(STASS) 

FOBS(2) 	to i FCALC(STASS) 

h#2n & k#2n 	i.e.h. 
k#2n & h#2n 	k or Z F  h = 2n, k 2n t#2n #2n OBS(2) = 	to i FCALC(STASS). =  
h#2n, k#2n 	t#2n 

Similarly, the observed structure factors in the column of table (41) 

headed FOBS(3)  may be given as 

hoo h = 2n 

oko k = 2n 

ooZ Z = 2n 

hoZ Z = 2n Ch = 2n) 

FOBS(3) = 4 to1,FCALC(STASS) 
J:rp' FOBS(3) = to F  CALC(STASS) 

i  FOBS(3) - - to F CALC(STASS) 

FOBS 
	- i to45 F (3) - 	CALC(STASS) 
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oki k = 2n, Z = 2n 

Oki k = 2n, Z = 2n 

hko h + k = 2n 
h=2n & k=2n 

hko h + k = 2n 
h#2n &k02n 

hit/ h + k = 2n 
h#2n & k#2n 
k#2n & 
h=2n, k=2n, 102n 
h#2n,k#,2n, 102b  

F
OBS(3) 

2 '1 
7 to.7 FCALC(STASS) 

F
OBS(3) - 

4 to 4 FCALC(STASS) 
= 4 to 4 F F

OBS(3) 	CALC(STASS) 

 F
OBS(3) 

4 to - 4 FCALC(STASS) 

i.e 
 h,k, F

OBS(3) 	- 
4 to 4 F

CALC(STASS) 
or1 
#2n 

The observed structure factors given in the column head& . 

FOBS(4) of table (41) may be summarized as; 

hoo h = 2n 

oko k = 2n 

ooZ Z = 2n 

ha Z = 2n(h=2n) 

okl k = 2n,Z = 2n 

okZ k = 2n,/ 0 2n 

hko h + k = 2n 
h*2n & k=2n 

hko h + k = 2n 
h#2n & k#2n 

hkl h + k = 2n 
11#2n + k#2n 
k#2n + h#2n 
h=2n, k=2n, 102n 
h#2n, k#2n, 1=2n 

FOBS(4) = 4 to 4 FCALC(STASS) 

FOBS(4) = 4 to 4 FCALC(STASS) 

FOBS(4) = 4 to 4 F 
CALC(STASS) 

FOBS(4) 
 = 4 to 4 FCALC(STASS)

FOBS(4) F= 4 t 4 F 

OBS(4) 	

CALC(STASS) _ o 
4 t  4 F CALC(STASS) 

FOBS (4) = 4 to 1  
7  FCALC(STASS) 

FOBS(4) = 4 to 4 FCALC(STASS) 

i.e. 
h,k,  
on FOBS(4) = 4 to 4 FCALC(STASS) 
#2n 

The observed structure factors given in the column headed FOBS(5) 
in table (41) may also be summarized as; 

hoo h = 2n 
oko k = 2n 
ool 
	

= 2n 

hot 
	

= 2n (h = 2n) 
ok/ k = 2n, Z=2n 
ok1 k = 2n, /02n 

hko h + k = 2n 
h=2n & k=2n 

hko h + k = 2n 
h#2n & k#2n 

hkl h + k = 2n 
h#2n & k#2n 
k#2n & h#2n 
h=2n, k=2n, 1#2n 
h#2n, k#2n, /02n 

1 
FOBS(5) 

FOBS(5) = 4 to 4 FCALC(STASS) 
FOBS(5) = to 4 

4 to 4 FCALC(STASS) 

FCALC(STASS) 
FOBS(5) < 4.0 (no reflections observed) 

FOBS(5) = 4 to 4 FCALC(STASS) 

FOBS(5) < 4.0 (no reflections observed) 

i.e. 
h,k, FOBS(5) < 4.0 (No reflections observed) 
or Z 
#2n 



327. 
The precise interpretation of the reductions in the intensities 

of the reflections given in table (41) and of the streaking around 

lunes upon many of the Weissenberg photographs shown is difficult. 

At this time, it is not possible to give an accurate and precise, 

quantitative interpretation of these data. However, qualitative 

interpretations may be made. 

Rotation, Weissenberg and Precession photographs and the intensity 

datmgiven in table (41) show that all reflections with h, k or Z 

odd are appreciably weakened or, in some instances, non-existent. 

On Rotation photographs, for example, (figures (33-35)) this means 

that, instead of the repeat distance between layer lines for crystals 

mounted about the a-axis being r = 0.221 r.l.u., it has a tendencey 

to be c = 0.442 r.l.u. Similarly for crystals mounted about the b-axis, 

the repeat distance has a tendency to be C = 0.496 r.Z.u. instead of 

= 0.248 r.Z.u. and for crystals mounted about the c-axis C = 0.444 
r.Z.u. instead of C = 0.222 r.Z.u. Thus, even-order layer line 

photographs have strong, normal anhydrite reflections whereas, those 

of odd layer lines tend to show very weak, diffuse reflections or no 

reflections at all. 

Also, streaking around lunes (see section (7.7.4)) occurs more 

often and more intensely upon the odd-layer line Weissenberg photo-

graphs than on the even-layer line photographs. It must be stressed, 

however, that streaking around lunes occurs on both odd and even-order 

layer line photographs. Examples of the streaking around lunes are 

seen in figures (57) and (72) where the extension occurs around curves 

of constant b* and in figures (74), (75) and (76) where the extension 

is around lunes of constant c*. In other photographs, considerable 

extension around lunes of constant a* is observed. 

Photographs of some crystals show only the extension around lunes 

related to only one reciprocal axis direction, for example constant 

a*, b* or c*. Photographs of difficult crystals show simultaneous 

extension around lunes related to two axial directions, for example, 

constant a* and b*, a* and c* and b* and c*. The intensity and extent 

of this development around the two sets of lunes may be equal or 

unequal in each case. Other photographs of still different crystals 

simultaneously exhibit streaking around lunes of constant a*, b* and 

c*. Again the intensity and extent of this development around the three 

sets of lunes may be equal or unequal. Thus, the extension may occur 

around lunes related to all three reciprocal axial directions, and 
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be equal or unequal in intensity and extent. 

The tendency towards doubling of the repeat distance in reciprocal 

space due to the reduction of intensity on the odd-layer lines means 

that there is a halving of the repeat distance in direct space. Thus, 

the new lattice has a repeat distance of a/2, b/2 and c/2 rather than 

a, b and c. The diffuse streaking around a*, b* and c* implies that 

the arrangement of atoms is imperfect in any atomic plane parallel to 

(100), (010) and (001). Theie requirements that there is a halving 

of the repeat distance imperfect planes parallel to (100), (010) and 

(001) can be partially fulfilled by the following scheme: 

Imperfect (100) planes randomly displaced to one another by a/2 

b/2 and c/2. Imperfect (010) planes randomly displaced relative to 

one another by a/2, b/2  and c/2  and imperfect (001) planes randomly 

displaced relative to one another by a/2  b/2  and c/2. 

Thus the lattice of the Recent anhydrite is highly disordered 

with "mistakes" in the stacking sequences occurring in all three 

directions. 

The displacements of a/2, b/2  and c/2  may be represented dia-

grammatically in two dimensions. Firstly, consider the a b plane, 

then the lattice that may be drawn is a normal anhydrite lattice 

projected on to this plane with another lattice superimposed upon the 

normal lattice but with periods of a/2  and b/2. Similarly, the a c 

plane comprises a normal anhydrite lattice with another lattice super-

imposed upon it with periods a/2  and c/2. Finally, the b c plane 

includes, again, a normal anhydrite lattice with another lattice 

superimposed upon it with periods b/2  and c/2. These superimposed 

lattices, together with the original lattice comprise the complete 

framework called by Dornberger-Schiff (1956) the "stacking lattice". 

The projections of the respective stacking lattices on to the a b, a c 

and b c planes are shown in figures (90), (91) and (92) respectively. 

It must be stressed, however, that these are only crude, very approx-

imate, diagrammaticy representations of the truth. 

These figures (90-92) show that in neither the horizontal nor the 

vertical directions are the rows of points regular, there being 

displacements of half a cell edge in all directions. However, all the 

scattering points lie upon the stacking lattice and they must scatter 

in phase in directions corresponding to the diffracted beams from 

that lattice. Since both the horizontal and vertical cell edges of the 
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Figure 

ac plane stacking lattice of Recent anhydrite.' 

Scale lcm.= 5A.  

	Normal anhydrite lattice. 
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Filjure· 92. 

be plane stacl(ing lattice of Recent anhydrite. 
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direct lattice stacking lattices are half the corresponding cell 

edges of the normal anhydrite lattice, the corresponding horizontal 

and vertical cell edges of the reciprocal stacking lattice must be 

twice as long as that of the original reciprocal lattice. Thus, the 

intense spots seen on the even-layer lines correspond to diffraction 

from the stacking lattice with a period, in all directions, of one half 

of the normal anhydrite lattice. 

The probability of the occurrence of a half period shift in any 

direction will determine the intensity distribution arising from the 

stacking lattice. When the probability of a half period shift is low, 

then the lattices will be very similar to those of normal anhydrite. 

Also, the intensity of diffraction and its distribution will be 

similar to that expected from normal anhydrite. When the probability 

of a half period shift is high, then the resulting lattices will be 

similar to a combination of the three stacking lattices shown in 

figures (90-92). Therefore, when the probability is high, the distrib-

ution of diffracted intensity will be restricted to that arising from 

the appropriate stacking lattices. Consequently, as argued above the 

period in reciprocal space will be doubled. 

Normally, the relationship between the relative positions of the 

layers in the structure may be expressed in terms of stacking vectors. 

(Dornberger-Schiff (19560. However, since in the case of the Recent 

anhydrite there is a deduced shift of at.. b/
2  and c/2 as appropriate, z'  

in an irregular manner, in all three dimensions, it is thought that 

the concept of stacking vectors would be difficult to apply. 

Although many attempts have been made to quantify and fully 

elucidate the "stacking lattices" of the five types of Recent anhydrite 

for which data are given in table (41) using the order-disorder/ 

groupoid family approach of Dornberger -Schiff (1966), all methods 

have so far failed to supply an answer. However, research is still 

in progress upon this aspect of the crystallography of the Recent 

anhydrite. 

7.7.2 Additional sharp reflections lying upon lunes that are simper 

related to those of more normal anhydrite. 

The conditions limiting possible reflections for normal anhydrite 

crystals in the space-group Cmcm are, as discussed in Section (5.1.8): 

hid h + k = 2n hoo (h = 2n) 
old : (k = 2n) oko (k = 2n) 
hol : I = 2n (h = 2n) ooZ = 2n) 
hko : Ch + k = 2n) 
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However, as shown on some of the Weissenberg photographs, 

reflections are obtained from Recent anhydrite crystals that do not 

obey the above limiting conditions. These additional reflections lie 

upon lunes that are related in a very simple manner to the lunes 

expected from normal anhydrite. For example, figure (70), a [hkl] 

Weissenberg photograph, shows a reflection indexed as (101). Now, 

according to the limiting conditions for space-group Cmcm for re-

flections (ha) to occur, Z should be equal to 2n (and h = 2n). Thus, 

according to the limiting conditions, the reflection (101) should not 

occur. Figure (74), a [h1I] Weissenberg photograph, shows a reflection 

indexed as (011). According to the limiting conditions for reflections 

(okl), k should equal 2n and thus, the reflection (011) should not 

occur. Figure (78), a [1k1] Weissenberg photograph, shows a whole 

lune of reflections indexed as (121) including a reflection (120). 

According to the limiting conditions for reflections (hko), (h + k) 

should equal 2n and for reflections (hkl), (h + k) should again be 

equal to 2n. Thus, the reflections lying on the additional lune and 

the reflection (120) should not occur. 

For the express purpose of searching for additional reflections, 

a series of Recent anhydrite crystals were studied by the Weissenberg 

method using Moka and photographic exposure times of the order of 300 

hours. The results of this study are summarised below. The additional 

reflections that were observed were not all obtained from one crystal. 

Rather, the data given are a synthesis of the results obtained from all 

80 crystals studied. 

Table (42) Additional reflections lying on lunes simply related to  

those of normal anhydrite. Hoke 60Kv.15ma 

[hko] Weissenberg photograph 

hoo 	oko 	hko 
h = 2n, strong 	k = 2n, strong 	+ k) = 2n, strong when 

h # 2n,„ very weak k # 2n, very weak h even and k even 

(h + k) = 2n, weak when n odd 

and k odd (See section (7.7.1)) 

(h + k) #211. very weak. 
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rhiol Weissenberg photograph 

h01 
	

Ok1 
	

hk1 
1 2n. This should 

	
k = 2n, weak since 

	
/17k = 2n, weak since 

not occur 
	

1 2n (see section 	1 2n (See section 
(7.7.1)) 
	

(7.7.1)) 
However  
1 2n. Very weahleccur k 2n. Very weak 

[hk2] Weissenberg photograph 

h02 	Ok2 

h = 2n, strong 	k = 2n, strong 

11 2n, Very weak 
	

k 2n, Very weak 

[hk3] Weissenberg photograph 

h03 	Ok3 

1 = 2n. This should 	k = 2n. weak, since 
not occur 	1 A 2n (see section 

However 	(7.7.1)) 
1 A 2n. very weak occur.k L  2n, very weak 

[h01] Weissenberg 	 rtgah. 

h00 	001 
h = 2n, strong 	1 = 2n strong 
h A 2n, weak 	1 2n, very weak 

.1h11 , LssenliuLAioto. 

(h+k) A 2n, very weak 

hk2 

(h+k) = 2n, strong when 
h even and k even. 

(h+k) = 2n, weak when 
h odd and k odd (See 
section (7.7.1)) 

(h+k) A 2n, very weak 

hk3 

(h+k) = 2n, weak since 
1 A 2n (see section (7.7.1)) 

(h+k) A 2n, very weak 

hOl 
1 = 2n, (h = 2n) strong 
1 A 2n)  (h A 2n), very weak 

hi0 	Oil 	hil 

(h+k) = 2n, weak since 
k A 2n (h A 2n). (See 
section (7.7.1)) 

(k+k-)'0'24. very veak% 

k0,2n. Thus 
not occur 

However, 
k = 2n, very 

should 	h+k = 2n, weak since k p  2n 
(h # 2n). (See section 
(7.7.1)). 

weak occur h+k 2n, very weak. 

[Oki] Weissenberg photograph 

Ok0 	001 

k = 2n, strong 
k A 2n, very weak 

f1k11 Weissenberg photograph 

Okl 

k = 2n, strong 
k A 2n, very weak 

1 = 2n, strong 
,1 A 2n, very weak 

1k0 

h+k = 2n, weak since 

 

h 0 2n (k A 2n). (See 
section (7.7.1)) 

101 	1k1 

h = 2n. Thus should 	h+k = 2n, weak since h A 2n 
not occur. 	(k A 2n). (See section 

However, 	(7.7.1)). 
h A 2n, very weak 	h+k 2n, very weak. 

Those additional reflections lying on lanes that do not satisfy 

the limiting conditions for reflection of normal anhydrite are under-

lined. 

The reflections occurring that do not satisfy the limiting conditions 

are all very weak and are just visible to the naked-eye on the photographs 
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even after 300 hours of exposure. The limiting conditions for possible 

reflections compiled from the data presented in table (42) may be given 

as; 

hkl - no conditions 	h00 - no conditions 
Oki - no conditions 	Ok0 - no conditions 
hOl - no conditions 	001 - no conditions. 
hk0 - no conditions 

Thus, no systematic extinctions occur, and, therefore, the following 

deductions may be made regarding the absence of translational symmetry 

elements: 

(1) As no conditions on (h00), (OhO) and (001) no screw axes 

present along a, b or c. 

(2) As no conditions on (Oki), (h01) and (Oki) no glide planes 

perpendicular to a, b and c are present. 

(3) As no conditions on (hkl) an A,B,C,F or 1 lattice is not 

present. Thus, the lattice must be P. 

Therefore, if all reflections from the many crystals are considered 

together, the resulting lattice that may be delueed is primitive with 

no elements of translational symmetry. Since pure rotation axes and 

mirror planes do not cause extinctions, no deductions can be made con-

cerning their presence or absence. Thus, the lack of any extinction 

conditions will be similar for space groups with the same lack of trans-

lational symmetry, regardless of what other non-translational elements 

are added. Therefore, there are several space groups that will have 

identical appearances upon Veissenberg photographs. 

As stated in sections (7.2.2 and 7.3.3) there are individual compon-

ents of the Recent anhydrite that may be orthorhombic, monoclinic or 

triclinic. Therefore, all primitive space-groups lacking any trans-

itional symmetry elements in these three crystal systems must be con-

sidered as possible space groups to account for all reflections arising 

from the Recent anhydrite crystals. Thus, possible space groups are; 

Triclinic 	P1, PT 

Monoclinic 	P2, Pm, P2/m 

Orthorhombic P222, Pmm2,Pimmm 

The differentiation between these non-unique groups required further 

information to be obtained. Firstly, the Recent anhydrite is not 

thought to be optically active. Thus, the space group must contain 

either a mirror plane or a centre of symmetry and these requirements 

reduce the possible number of space groups to: 

Triclinic 	Pi (centro-symmetric) 

Monoclinic 	Pm (iairror plane), P
2
/m  (centro-symmetric). 

Orthorhombic Pmm2 (mirror planes), Pmmm ( 	" 	). 
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Secondly, a crude guide to the space group may be obtained from 

the number of molecules in the unit cell as each space group has a 

characteristic number of asymmetric units which are found within its 

unit cell. This number is dependent on the point group and the 

presence or absence of centring. The asymmetric unit of anhydrite 

consists of one molecule, so that the number of molecules in the cell 

will equal the number of asymmetric units. Since the space groups 

with corresponding extinctions (or, in this case lack of extinctions) 

generally belong to different point groups, the number of molecules 

can often suggest the proper space group. 

From the centrifuging separation method outlined in section 

(2.2.21) the density of the Recent anhydrite is known to be about 

2.95 grams/cm3. From the data presented earlier in this chapter 

and in section (6.5), assuming an approximately orthorhombic cell, 

the cell parameters of Recent anhydrite are shown to be 

a  =7.0 2, b It 6.25 2, c = 6.99 2, a = 900 0 t..900 and  y  ,900 

Also, chemical analysis shows the chemical composition to be approx-

imately, CaSO4. 

The mass of the cell consists of the mass of n, formula weights, 

or molecules, eaching having the mass L. Thus, 

nM Density of cell - D = V 

D (g/cm3) nk(in atomic mass units) x 1.160 x 1024(a /atomic mass unit) 
V(cm ) 

Thus, n - D(g/cm
3) x V (23) x 10-24  (cm3/23)  

Thus, the number of molecules per unit cell is 4. Now, the possible 

space groups remaining after the elimination of those that are optically 

active have the following cell contents: 

Since n =4, 	Triclinic P f 	- n= 2 
possible space 

Monoclinic Pm - n = 2. P
2
/
m 

n = 4 groups are ; 
P2/111 and Pmm2. Orthorhombic Pmm2 - n = 4. Pmmm n = 8. 

Therefore, these are the two space groups suggested on the basis 

of consideration of all the reflections from the Recent anhydrite. 

A possible source of false reflections is the misidentification of 

the Ko  spot from a strong reflection as a Ka  spot. Generally by 

selective filtering the K 
0 
 component is removed to a large extent, but 

the removal is rarely complete. Consequently, the Ko  reflection can 

mass 	of cell 
blow, 	Density of cell = Volume of cell 

M (atomic mass units) x 1.660 x 10
-24

(g/atomic mass unit). 

n for Recent anh rite e 2.95 x 7.0 x 6.99 x 6.25 
 x 10-24 

yd  
136.14 x 1.660 x 10-4 	3.99 
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usually be seen as a ghost near intense reflections. Normally, this 

causes no difficulty, but as indices become higher the gap between 

the two reflections becomes larger and the q. spot may be mistaken for 
a Ko< spot. For example: 

d*
0.10.0 

d* 0.9.0 

(MoK ) - 

(149K ) - a 

0.63225 _ 

= 

6.3225 r.l.u. 

r.l.u. 

bi  
'10 

0.7107 

b 

6.3963 
b/  b 

so that K 
a
from (0.10.0) will appear at very nearly the same location 

as the K
a
reflection of (0.9.0). However, (0.9.0) is not the only 

(OkO) reflection observed for which k 2n. Instead reflections of 

the type (010), (030) and (050) observed and these certainly cannot 

be attributed to MoK Also, (0.10.0) is quite a weak reflection fr 
(Fcalc(Stass) = -18.09). Since the K13;-filter should reduce Ka to K 

to about 500:1, it is unlikely that a (0.10.0) K e-eflection would be 

observed for such a relatively low intensity reflection. Thus, none 

of the observed additional reflections observed are due to a misin-

terpretation of Ka  reflections for Ka  reflections. 

A second source of addition reflections that are false involves 
the separation of K and K . This becomes visible only at high 

(122 
values of sin0 and is never very large. Since over the majority of 

the film K and Ka2 are nearly co-incident, a1 42 / 	resolution cannot 

be responsible for the additional reflections which occur at all 

values of sin 0. 

A third source of additional reflection is contamination of the 

X-ray tube. For example, if a copper X-ray tube is contaminated with 

iron, as sometimes does occur, the (040) reflection of FeKo< ( X= 
1.9273) will fall at the expected position of (050) of CUKa. lowever 

observed additional reflections of the type (0k0), k 2n, occur in 

all proper positions and not only in a few selected positions that 
happen to be co-incident with possible reflections from a contamin-

ating radiation. Thus the additional reflections are not due to the 

presence of a contaminating radiation. 

A fourth source of additional reflections is the possibility of 
"doubling" (Renninger effect), in which radiation reflected in turn 

from two strongly reflecting planes appears to arise by a single 

reflection from a third. Renninger spots are more sharp edged and 

well defined than normal reflections. The additional reflections 

observed from the 'accent anhydrite are weak and even more diffuse 

/9  
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than the already diffuse, normal reflections. Idso, the same reflec-

tions occur on photographs taken of the crystal mounted in different 

orientations. For example, (hk0) reflections that do not satisfy the 

limiting conditions of the Cmcm space group occur on [hk0] Weissenberg 

photographs as (hk0) reflections and on [h11] Weissenberg photographs 

as (h10) reflections. Now, the occurrence of a specific double 

(Renninger) reflection requires a particular orientation of the re-

ciprocal lattice around the vector between the origin of that lattice 

and the apparent source of the reflection. If the crystal is re-

mounted so that the reciprocal lattice is, effectively, rotated about 

this vector, the conditions for the observed double reflection are 

destroyed and the Henninger spot should vanish (Cohen et al (1963)). 

Thus the fact that the same additional reflections are observed on 

photographs of crystals mounted in different orientations is a good 

indication that the additional reflections are not due to Renninger 

effects. Finally, for a given orientation a particular Renninger 

effect will only be observed for a single wavelength. Thus, if photo-

graphs are taken using two different radiations, any reflections that 

appear on both are real. The additional reflections observed froth 

Recent anhydrite are seen on CU4x and holio( photographs and therefore 

the additional reflections can be safely regarded as not being due 

to Renninger effects. 

Thus, the additional reflections must be regarded as real and 

they reduce the Cmcm space group symmetry of anhydrite to either P2/
m 

or Pmm2. However, all attempts to solve the structure using all the 

reflections and the P
2
/m or Pmm2 space groups have so far proved 

unsuccessful. 

7.7.3 Additional weak reflections lying upon lunes which are related  
to those of anhydrite although not always in a simple manner. 

Ls stated in the previous section (7.7.2), there are many additional 

weak reflections observed upon Weissenberg photographs of Recent an-

hydrite crystals that lie upon lunes. These additional lunes are re-

lated to those of more normal anhydrite in a simple manner, in that 

the conditions limiting possible reflections for the space group Cmcm 

are merely reduced or lost altogether. however, as well as these 

additional reflections there are other extra reflections that also 

lie on lunes obviously related to those of more normal anhydrite but 

often these relations are quite complex. 

Figure (74), a [h11] Weissenberg photograph, shows the presence 

of additional, weak, smeary, reflections lying on the lune (111). 
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These reflections lie perfectly upon this lune and are quite easily 

indexed in terms of the reciprocal lattice of normal anhydrite. The 

indices assigned to these weak reflections are: (111), (111), (111 I) 

and (111i). 

The repeat distance about c* in normal anhydrite is approximately 

0.222 r.l.u. but the repeat distance of these additional reflections 

about c* is 0.11 r.l.u. Thus, in direct space, the repeat distance 

about c has been doubled from 6.952 to 14.02. This larger repeat 

distance is superimposed upon the normal c-axis repeat distance. 

however, no evidence is seen of any superimposition of another re-

peat distance upon a or b. 

Figure (76), a [1131] Veissenberg photograph, shows that upon the 

(130) composite reflection, at a E.-value of 0.26 r.l.u, are a series 

of fairly weak, small, sharp reflections. These small reflections 

lie perfectly upon the lune of constant c-value 0.26 r.l.u., extend 

over a horizontal range of 20
0 
and are evenly spaced around the lune. 

Detailed, accurate measurement of the spacing between these re-

flections shows that the repeat distance is equivalent to 0.0158 

r.l.u. In direct space this corresponds to a repeat distance of 

97.582 which is almost exactly equal to fourteen times the repeat 

distance along c. Therefore, if these additional reflections are 

consider to be of the type (131) they can be assigned indices in terms 

of the reciprocal lattice of a normal anhydrite._ These indices_are 

(130), (T 3 1/14)  (1 3 2/14)' (1.3  3/14'  ) (T 3 4/14
) and (1 3 5/14). 

If this interpretation is correct then the normal repeat distance 

about c* of 0.222 r.l.u. has been reduced to 0.0158 r.l.u. Thus, in 

direct space, the repeat distance about c has been increased fourteen 

times from 6.952 to 97.582. 

The repeat distance of this lune of weak, closely spaced reflec-

tions about a* is approximately 0.26 r.l.u. In direct space this 
1.5418 9 

corresponds to a repeat distance about a of  0.26  11. This is equal 

to 5.932 and is significantly less than the normal repeat distance 

about a of 6.992. 

Figures (79-86), a series of [h31] Weissenberg photographs, show 

the development of the (130) reflection from some of the Recent 

anhydrite crystals that exhibited the 97.582 repeat distance about 

c and the 5.932 repeat about a. is can be readily appreciated from 

the experimental conditions listed for those figures, the b* repeat 

distance varies from crystal to crystal. The minimum repeat distance 

about b* is 0.238 r.l.u. (figure (79)) and the maximum 0.254 r.l.u. 

(figure (86)). In direct space these correspond to a repeat dis- 
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tance about b of 6.472 and 6.06R respectively 

Thus, the Recent anhydrite crystals that show the 97.589 repeat 

distance exhibit other features. These may be summarized in the foll-

owing manner. The normal anydrite 6.992 a-axis dimension, has imposed 

upon it a repeat distance of 5.94 the b-axis dimension varies con-

siderably from crystal to crystal having a maximum value of 6.47Z and 

a minimum value of 6.06° and the 6.9511 c-axis dimension has superimposed 

upon it a repeat distance of 97.531. 

Figure (78), a [1kl] Weissenberg photograph, shows the presence 

of additional, weak. reflections lying upon a lune (111). These re-

flections are very restricted in the horizontal direction across the 

film but extend vertically over a distance of approximately = 0.08 

r.l.u. Thus, these reflections resemble vertical rods up the film. 

However, the most intense regions of these rods lie exactly upon 

the (111) lune and may be indexed in terms of the reciprocal lattice 

of normal anhydrite. The indices assigned to these rods are (11T, 

(111) , (111.1-) , (1iri) and (i1 1). 
The repeat distance about c* usually observed on Weissenberg 

photographs of anhydrite is, approximately 0.222 r.l.u. however, the 

repeat distance between these additional reflections is 0.11 r.l.u., 

just as that shown in figure (74). Thus, in direct space, the repeat 

distance about c has been doubled from 6.951 to 14.0R; This larger 

repeat distance isSuperimposed upon the normal c-axis repeat distance. 

however, no evidence is seen of any alteration of the repeat distance 

about a or b. 

In the above cases there has been a superimposition of another 

lattice upon the normal anhydrite lattice. I'Llong the c-axis, this 

new lattice has a dimension two or fourteen times the normal c-axis 

dimension and along the a-axis the lattice may be unchanged in dimen-

sion or may be reduced to 5.93fi. illong the b-axis there is little or 

no change in the dimensions but merely an increase in the limits of the 

observed range of values for b. The limiting observed values for b are 

6.471 and 6.061. 

When a disordered structure becomes ordered, a superlattice is often 

formed, the unit cell of which is larger than that of the disordered 

structure. This ordering process is accompanied by the appearance of 

faint reflections which are additional to the main reflections which 

originate from the disordered structure. Thus, since on the Weissenberg 

photographs of Recent anhydrite, there is evidence of a greatly 

enlarged c-axis dimension and weak additional reflections, it is suspected 
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that a superlattice exists within the Recent anhydrite structure. 

This new, larger, lattice is superimposed' upon a disordered, normal 

anhydrite lattice. 

The lattice upon which the disordered structure is based is called 

a sublattice of the structure that is in the process of ordering. In 

reciprocal space, the cell derived from this disordered structure will 

be larger than that derived from the superlattice. On the photographs 

of the Recent anhydrite, the disordered sublattice corresponds to the 

normal anhydrite lattice. 

Williams (1966) has applied a graphical method to the indexing of 

complex superlattice structures. This method is based upon the prop-

erties of Fourier transforms (Lipson and Taylor (1958)). In the con-

struction of Williams (1966), the reciprocal net of, for example, the 

[hk0] zone of the real space sublattice is drawn. Then, with each reciprocal 

latticepoint as a centre, circles of radiu$ dtki  corresponding to every 

one of the observed reflections from the ordering lattice are drawn. 

l'ach reciprocal lattice point is thus the centre of concentric circles and, 

from the convolution property of Fourier transforms as applied to X-ray 

diffraction data, the superlattice points in reciprocal space are the 

points where many circles intersect. 

Since only a few additional reflections were observed upon the Recent 

anhydrite photographs that could possibly arise from a superlattice, it 

was decided to try a Williams plot for the plane (hk1) of the Recent 

anhydrite. The assumption was made that the structure was orthorhombic. 

The distance of the plane (hk1) from the origin of the reciprocal 

lattice is (1801. This was known from the dimensions of the unit cell 

of the disordered structure. 

For each reflection the value of(d* 	0 kl 
2 - d*01 

2 
) was calculated and h  

with these values as radii, circles were drawn and the analysis carried 

out as before. 

It was hoped that using this approach the superlattice of the 

ordering structure of Recent anhydrite could be elucidated. However, due 

to the scarcity of superstructure reflections, the results obtained were 

not meaningful. 

7.7.4 Streakin around lunes of constant -value these lunes bein 
those of normal anhydrite. 

As was stated in section (7.7.1) streaking around lunes of constant 

c-value occurs upon the '!eissenberg photographs of the Recent anhydrite. 

Also, it was stated that this streaking occurred more often and more 
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intensely upon odd-layer lune Weissenberg photographs than on even-

layer lune photographs but that the streaking definitely existed 

upon both types of photograph. xamples of the streaking around lunes 

of constantE -value are seen in figures (57) and (72) where the extension 

occurs around curves of constant b* and in figures (74), (75) and (76) 

where the extension is around lunes of constant c*. In other photo-

graphs, not shown, considerable extension around lunes of constant 

a* is observed. 

Photographs of some crystals show extension around lunes related 

to only one reciprocal axis direction, for example, constant a*, b* or 

c*. Photographs of different crystals show simultaneous extension 

around lunes related to two axial directions, for example, constant a* 

and b*, a* and c* and b* and c*. The intensity and extent of this 

development around the two sets of lunes may be equal or unequal in each 

case. Other photographs of still different crystals simultaneously 

exhibit streaking around lunes of constant a*, b* and c*. Again, the 

intensity and extent of this development around the three sets of lunes 

may be equal or unequal. Thus, the extension may occur around lunes 

related to all three reciprocal axis directions and may be equal or 

unequal in intensity and extent. 

Figure (57), a f3k11 Weissenberg photograph shows extension around 

a lune of constant Evalue. This extension occurs symmetrically either 

side of reflection (310) from, approximately, (31%) to (311 . Thus, 

the streaking occurs around a lune of constant b*. 

Figure (72), a [hk3] Weissenberg photograph shows streaking around a 

lune of constant E-value of 0.248 r.l.u. This extension is symmetric-

ally distributed about the inferred positions of (013) and (513) and is 

continuous and quite intense. The limits of the streaking are from 

(113) to (-113) and from (TT3) to (1T3). Thus, this streaking again 

occurs around lunes of constant b*. 

Figure (74), a [1111] Weissenberg photograph, also shows streaking 

around lunes of constant E-value. This continuous streaking joins 

the reflections (111) to, presumably, (111), (113) to (113), (113) to 

presumably, (1115) and (T15) to (115). Thus, the extension occurs 

symmetrically about the inferred positions of (011), (013), (015) and 

(015) and occurs around lunes of constant c*. 

Figure (75), a [1121) leissenberg photograph, shows streaking around 

lunes of constant E-value. This extension is also symmetrically dis-

tributed about the inferred positions of (021), (023), (02f)and (025) 

and is continuous and quite intense. The limits of the streaking are 
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(.112 1) to, presumably, (2'6.2'1), (21 2 3) to, presumably, (2i 2 3), 

(21 2 1) to, presumably, (fi 2 f)and (2i 2 5) to al 2 5). Thus, this 

extension occurs around lines of constant c*. 

Figure (76), a [h31] IPieissenberg  photograph, also exhibits streaking 

around lunes of constant E-value. This continuous streakin joins the 

reflections (131) to, presumably, (131), (132) to (132), (133) to (133), 

(134) to (134), (135) to (135), (136) to (136), (131) to, presumably, 

(131), (132) to, presumably, (132) and (135) to, presumably (135). 

Thus the extension is symmetrical about the inferred positions of (031) 

(032), (033), (034), (035), (036), (031), (032) and (035) and occurs 

around lunes of constant c*. 

Figure (78), a bkl] 4eissenberg  photograph, whilst not showing 

extension around lunes does exhibit the presence of vertical rods lying 

across the lune (111). These rods have a very restricted horizontal 

extent but have a vertical range of approximately = 0.08 r.l.u. As 

mentioned in section (7.7.3) these rods may be indexed as (11f), (11i), 

(11ii) (1T17), (1Ti) and (110). 

The diffuse streaking  around the Mines is probably best summarized 

according  to the conditions limiting possible reflection. The data 

presented below were compiled from photographs of about 80 crystalS. 

As mentioned earlier in this section, different crystals exhibit strea-

ing around lunos to vastly different extents. 

Streaking  around lunes of constant a*  

c-mounted crystals  

(Ek0) Diffuse scattering  around lunes of constant a* and is symmet-

rically distributed about (h00). Occurs when h = 2n. 

Also, is symmetrically distributed about the imagined positions 

,af (h00) when h 2n. [From limiting  conditions of space group 

Cmcm (h00) only oco,:_ when h = 2n.] 

(Ek1= Diffuse scattering  around lunes of constant a* and is symmet-

rically distributed about the imagined positions of (h01). [From 

limiting conditions of space group Cmcm (h01) reflections do 

not occur when 1 4 2n]. Streaking occurs when h = 2n or 2n+1. 

(Ek2) Diffuse scattering  around hives of constant a* and is symmet- 

rically distributed about (h02), h = 2n. These streaks occur 

when h = 2n. 

Also, is symmetrically distributed about the imagined positions 

of (h02) when h 2n. 
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b-mounted crystals. 

(E01) Diffuse scattering around lunes of constant a* and is symmet-

rically distributed about (h00). Occurs when h = 2n. 

(01) Diffuse scattering around lunes of constant a* and is symmet-

rically distributed about (h10) where h A 2n. Streaking occurs 

when h 2n. 

(421) Diffuse scattering around lunes of constant a* and is symmet-

rically distributed about (h20). Occurs when h = 2n. 

Streaking around lunes of constant b* 

c-mounted crystals. 

(h40) Diffuse scattering around lunes of constant b* and is symmet-

rically distributed about (0k0). Occurs when k = 2n. 

Also, is symmetrically distributed about the imagined positions 

of (0k0) when k A 2n. 

(hE1) Diffuse scattering around lunes of constant b* and is symmet-

rically distributed about (Oki). Occurs when k = 2n. 

Also, is symmetrically distributed about imagined positions 

of (Oki) when k A 2n. [From limiting conditions of space group 
Cmcm (Oki) reflections only occur when k = 2n]. This streaking 

occurs when k 2n. 

(1)42) Diffuse scattering around lunes of constant b* and is symmet-

rically distributed about (0k2), k = 2n. Occurs when k = 2n. 

Also, is symmetrically distributed about imagined position of 

(0k2) when k A 2n. 
a-mounted crystals. 

(0E1) Diffuse scattering m,,a-1 11:1 	of constant b* and is symmet- 

rically distribu 	nbolJt 	Occu::s when k = 2n 

(141) Diffuse scatt 	lume:.; of constant b* and is symmet- 

rically distribct 
	

(i o), k 2n. Occurs when k A 2n. 
(2E1) Diffuse scattering around lunes of constant b* and is symmetric- 

ally distributed about (2k0), k = 2n. Occurs'when k = 2n. 

Streakingalound lines of constant c* 

(OkE) Diffuse scattering around lunes of constant c* and is symmet-

rically distributed about (001), 1 = 2n. Occurs when 1 = 2n. 

Also occurs symmetrically about imagined position of (001), 

1 A 2n. Occurs when 1 2n. 
(1kg) Diffuse scattering around liines of constant c* and is symmet-

rically distributed about the imagined positions of (101). [From 

limiting conditions of space-group Cmcm, (h01) reflections only 

occur when 1 = 2n and h = 2n.] These streaks occur when 1 = 2n 

or 2n + 1. 
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(2kg) Diffuse scattering around "lines of constant c*, and is symmet-

rically distributed about (201), 1 = 2n. Occurs when 1 = 2n. 

Also occurs symmetrically about the imagined position of (201), 

1 A 2n. Occurs when 1 A 2n. 

b-mounted crystals. 

(h0 e) Diffuse scattering around lunes of constant c* and is symmet- 

rically distributed about (000, 1 = 2n. Occurs when 1 = 2n. 

(htE) Diffuse scattering around lunes of constant c* and is symmet- 

rically distributed about (021). Occurs when 1 = 2n or 2n+1. 
(hWareaks around lunes of constant c*,1 = 2n or 2n+1. 

As stated earlier in this section the extent and intensity of the 

streaking around lunes upon Weissenberg photographs varies greatly from 

crystal to crystal. Some photographs exhibit little or no streaking, 

some show streaking around the lunes of only one reciprocal axis direction, 

for example a*, b* or c*. Other photographs show extension around lunes 

related to two reciprocal axis directions simultaneously, for example a* 

and b*, a* or c*. Other photographs show extension around lunes related 

to two reciprocal axis directions simultaneously, for example a* and b*, 

a* and c* and b* and c*. :ore rarely, photographs of one crystal will 

exhibit streaking around lunes related to all three reciprocal axial 

directions, a*, b* and c*. 

In section (7.7.1) streaking around lunes has already been interpreted 

in terms of stacking imperfections and a stacking lattice (Dornberger-

Schiff (1956)). Stacking imperfections tend to elongate a reciprocal 

lattice point into a rod normal to the stacking plane. The degree and 

exact nature of this elongation depends greatly upon the structure and 

the nature of the faulting. The extent of the streaking may be simulated, 

mathematically, as stated in section (7.7.1), by introducing the probab-

ility of a shift occurring and a stacking vector. This mathematical 

simulation has not been successfully attempted for the Recent anhydrate. 

The vertical rods seen upon figure (78), a [1kl] Weissenberg photo-

graph, are also thought to arise from the presence of stacking imper-

fections in the Recent anhydrite lattice. These imperfections have 

already been fully described in section (7.7.1). 

7.7.5 	Additional, weak,„ diffuse reflections lying upon lunes largely  
unrelated to those of anhydrite. 

Is well as the additional reflections already discussed in sections 

(7.7.2) and (7.7.3), other additional, weak, diffuse reflections are 

also present on some of the Weissenberg photographs of Recent anhydrite. 

These reflections lie upon lunes that are largely unrelated to those 

of anhydrite. 



346, 

Figure (69), a [hk0] Weissenberg photograph, shows, superimposed 

upon the diffuse scattering at low --.values'a series of extremely 

weak, diffuse maxima. These maxima are drawn out into streaks and lie 

upon a lune of c-value 0.27 rlu. This additional lune is very 

approximately, centred about the Recent anhydrite (h00) trace. Thus 

the (h00) axial trace of the Recent anhydrite and the 0.27 r.l.u. 

(5.7R) repeat distance of this additional phase are, to some degree , 

coincident. No sign of this additi-nal phase is observed about 

the (0k0) trace of 7-,2ent anh71Ii_e. 

Figure (70), a [hkl] Weissenberg photograph, shows the presence 

of large, diffuse reflections at about 0.20 r.l.0 [i.e. 2/5 of the 

0.50 r.l.u. repeat distance along the trace of (Oki)]. This measurement 

is consistent with a cell having a repeat distance of approximately 

7.558 or some multiple thereof. The reflections of this addition 

phase are centred about the (Oki) trace of Recent anhydrite. There- 

fore, the 7.558 repeat distance of this additional phase is co- 

incident with the b-dimension of the Recent anhydrite. No sign of 

this addition phase is seen about the imagined trace of (h01) of 

Recent anhydrite. 

Upper level equi-inclination Weissenberg photographs are taken 

at points determined by the reciprocal axis dimension along the 

axis of mounting of the crystal under examination. Since the figure 

(70) is a first level Weissenberg photograph of a crystal mounted 

about c, the photograph is of a crystal with dimensions a and b as 

calculated from the film and a 'c' dimension of 	• 

1.5418  
valye of layer lihe[hk1] 	R 

In this instance this equals 

1.5418 g :6.96 A 
0.2215 

Now, since the reflections of this additional phase occur upon 

the first level Weissenberg photograph, the dimension along the 

direction of mounting of this additional phase must, approximately 

equal that of c of Recent anhydrite. However, the reflection is diffuse 

and the c value of the particular layer line of this additional 

phase may be appreciably different from c = 0.2215 r.l.u. Thus the 

approximation of the dimension is not considered accurate. 
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Figure (74), a thli:1Weissen

47
berg photograph, shows the presence of 

very weak, diffuse, reflections lying upon Lunen largely unre- 

lated to those of anhydrite. The imagined trace of (011) of Recent 

anhydrite coincides very approximately with the point about which the fest-

oons of the additional phase are centred. The relationship between (h10) 

and the lunes of the addition phase are obscure but the configuration 

of the festoons of the additional phase indicate a reciprocal angle 

between the "axial" traces of about 60-70°. In real space, this corres-

ponds to an angle of 120-110°. 

Applying the same argument as in the discussion of figure (70) 

above, since these additional reflections fall upon a first level Weissen-

berg photograph, the dimension along the direction of mounting of this 

additional phase is approximately similar to that of b of the Recent 

anhydrite or some multiple thereof. However, the reflections are very 

diffuse and this value of the dimension of the additional phase along b 

of Recent anhydrite is not considered to be as good as the value obtain-

ed from figure (70). 

The repeat distance of the additional lunes about the imagined (011) 

trace of Recent anhydrite corresponds to a cell having a dimension of 

6.3k or some multiple thereof. This dimension is very approximately 

co-incident with (011) of Recent  anhydrite. 

Thus, in summary, the additional phase is considered to have a cell 

with the approximate dimensions- 

5.7R x 7.558 x 6.3k (or some multiple thereof) 

with one inter-axial angle being 110-120°. 

This additional phase is fully discussed in section (8) 
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CHAPTER 8  

ORIGIN OF THE RECENT ANHYDRITE  

8.0 Introduction  

As stated in the introduction to Appendix (6), it was hoped that 

experimental crystallization studies would give valuable data concerning 

not only the crystallization of gypsum but also upon the direct 

precipitation of anhydrite from solutions. However, this object was not 

entirely achieved since anhydrite was not directly precipitated from 

solution. In concentrated saline solutions at temperatures above 45°C, 

however, anhydrite was formed by the breakdown of gypsum. 

In this section, only a detailed discussion of the anhydrite 

synthesis experiments will be given. A detailed discussion of the 

calcium sulphate dihydrate crystallization experiments and results of 

these experiments will not be presented here since the discussion 

would, of necessity, be lengthy and not directly relevant to the immed-

iate problem. However, a general discussion of conditions of crystalliz-

ation in the sabkha sediments is given in Appendix (7). 

8.1 Synthesis of anhydrite  

From the table (4) given in section (A.6.3.2.1) of Appendix (6) 

it may be seen that in the experiments carried out in the particular 

solutions and at the temperatures studied, anhydrite formed from gypsum. 

The extent of this formation was not great during the 10 weeks duration of 

the experiments but it was significant. No hemihydrate was observed at 

any stage of the experiments and there were no significant differences 

in the extent of formation of anhydrite with the nature of the starting 

material. 

The experiments discussed in section (A6.3) of Appendix (6) do 

not provide conclusive evidence regarding the mechanism of formation of 

anhydrite in the solutions but they do permit certain tentative conclusions 

to be made. Since the original experiments had failed to precipitate 

anhydrite directly from the solutions, it did not seem likely that any 

solution and re-precipitation process could directly form anhydrite 

from the solutions. Thus, a transformation mechanism involving the 

solution of the dihydrate and reprecipitation of anhydrite could 

probably be discounted. Also, if anhydrite formed from gypsum via some 

intermediate (probably hemihydrate or y-CaSO4) then it would certainly 

be expected that some evidence of this intermediate should be found in 

the solid slurries in process of transformation. No such evidence was 
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found. Therefore, either no intermediates were ever formed and the 

transformation was direct or, the intermediates, if formed, almost 

immediately transformed to anhydrite or back into gypsum whilst the 

samples were being prepared for X-ray diffraction analysis. However, 

since the analytical method used, prior to the X-ray studies, involved 

placing 1 volume of slurry in 9 volumes of ethanol (as described in 

A6.2.1.12), it was considered that any hydrous or anhydrous form of 

calcium sulphate present in the solid phase would effectively be 

quenched. Therefore, if phases other than gypsum and anhydrite were 

formed then their presence should be revealed by X-ray diffraction 

analysis. Since no such evidence was found, it was thought, most likely, 

that no intermediates were ever formed. 

Thus, the most probable mechanism for the transformation of 

dihydrate into anhydrite would be by the direct dehydration of gypsum. 

This reaction may be represented 

CaS0
4'
2H
20 Gypsum 

Dehydration in > CaSOA  + 2H,0 
Anhydrite Into 

solution 

Solid state 

Full details of the anhydrite synthesis experiments are given in 

Appendix (6) Section (A.6.3). 

8.2 Comparison of Experimental Results with Previous Work. 

Posnjak (1938), from a study of solubility measurements obtained 

the transition temperature of gypsum to anhydrite, in the system CaSO4- 

H
2
0 with the activity of water equal to unity, as 42 + 2°C. Hardie 

(1967), however, upon the basis of transformation studies, obtained the 

transition temperature as 58 + 2°C. Van't Hoff (1903), upon the basis 

of a dilatometer study obtained a temperature of 63°C for the transformation 

of gypsum to anhydrite. Thus, there is considerable discrepancy in the 

literature upon the temperature of this transformation. 

The temperature obtained by Posnjak (1938) is well supported by 

the thermodynamic data of Kelley et al. (1941). These authors used 

the general relations for any reaction that; 

AG°  = AH°  - ThS°  and - dAG
r  . Aso 

dT 

where the superscript indicates standard condition (i.e. the value at 

unit fugacity and the temperature T) and Adr)  is the standard free energy 

change, All(r)  is the change in the enthalpy or heat content and ASc; is 

the change in entropy. 
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The change in enthalpy with temperature of a substance at 

constant pressure is equal to the heat capacity of that substance. 

That is, 

SH 
(ST) = C

p 
 

where the heat capacity (C p) is defined as the number of calories 

required to raise the temperature of that substance 1°C. 

Keli9(1941) measured heat capacities in the system CaSO4-H20 

and obtained the following results : 

CaSO4(anhydrite) C (cal./deg. mole.)(298.15 -450
o
K) = 14.10 + 0.033T 

20 (liquid, C (cal./deg. mole.)(298.15 -450°K) 	= 18.02 
water) P  

When a substance absorbs heat from its surroundings in any 

reversible process at constant temperature T, its increase in 

entropy is given by the amount of heat absorbed (SH) divided by the 

absolute temperature. 

ds = SH 
T 

By definition C = SH 
p 

Thus, at constant pressure : 

ds = (C dT) / / T 

CaS04.2H20' Cp (cal./deg. mole.)(298.15-450°K) 	= 21.84 + 0.076T 

and ST 	ST 
 T1 

Now, by the definition of Randall and Lewis (1923), the entropy 

of every substance in complete internal equilibrium is zero at 0°K(=T1). 

Thus at 298.15°K (=T2), 
298.15 

S
T
2 
- S

T
I 
 = d In T 

298.15 

=  S298.152.303 C d 1 	T 
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Using their values obtained for C, 	et al. (1941) 

o
P,  

thus obtained values for Sr at 298.15°K as : 

CaS0
4'

2H
2
0 	46.4 t 0.4 cal./deg. mole. 

CaSO
4 
(anhydrite) 	25.5 ± 0.4 cal./deg. mole. 

H2O (liquid water) 	16.8 cal./deg. mole. 

Since AH°  o products - 411
f 
reactants 

where AH
f 

is the heat of formation of a compound from its elements 

in their standard states at any specified temperature. 

Also, AC
P  = 
	C

P 
 products - C reactants. 

Another version of the equation 

C 
p 

may be written 

H
o 

( 	) 	ACp 

ST p 

Now, the equation for the heat capacity may be written 

empirically as : 

C = a + 2bT - cT 
2 

p 
which when substituted into 

SM 
= C

p 
p 

ST 

enables this equation to be solved. 

Thus, 6 c = A a + 2AbT -6 cT 2  

substituting this into 

S6 H°  

r ) 

ST p 

and integrating to obtain 

If; 	
A 6 HI  + 6 aT tabT2  + eT

""1  

where ,AH1 is a constant of integration. 
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Using the relationship 

A scr)T = 	ST products 	1/5  T reactants
So  

and Kelley's (1941) experimental data, for the reaction 

CaS04.2H20 = CaSO4 + 2H20 

6 Sr 298.15 = 25.5 + (2 x 16.8) - 46.4 = 12.7 cal./degree. 

However, Kelley (1941) uses 

S°  = 135.59 + 65.17 log T - 0.043T 
rT 

for the value of, O
rT' 

which at 298.15°K gives 

S°  r 208.15 22 12.85 cal./degree 

Using this last value of 4nS°  
r 298.15, 

A HOT  = 2495 + 28.30T - 0.0215T2. 

and 

A G° 	AH°  + lr 
rT 	rT 	TT' 

Kelley (1941) obtains 

II\G°rT  = - 2495 - 65.17T log T + 0.0215T2  + 163.89T 

This last equation gives 313°K (40°C) as the temperature at 

which gypsum, anhydrite and liquid water are in equilibrium at 1 
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atmosphere pressure. 

However, Zen(1962 and 1965) and Hardie (1967) point out the 

inconsistencies arising in the values obtained for A S°r298.15 and state 

that these discrepancies result from the use of an averaged integration 

constant in place of the constant consistent with the experimental data. 

The resulting small variations in the entropy have a large effect upon 

the value of A G°°,t.  

Hardie (1967) recalculated Kelley's (1941) data using more recent 

values of some parameters and obtained: 

A So
rT 

 = - 135.84 + 65.17 log T - 0.043T 

Using this equation and Kelley's (1941) original expression for 

A HrT' Hardie (1967) obtained: 

A GrT 
= 2495 + 164.14T + 0.0215T

2 
- 65.17T log T 

Thus, this value for A qT  gives 46°C (319°K) as the gypsum-anhydrite 

equilibrium tempterature. 

However, Hardie (1957) did a further calculation based entirely 

upon recent data and found: 

A H
o
rT 

 = - 2890 + 31.02 - 0.0262T
2 

A S
o
rT 
 = - 148.55 + 31.021nT - 0.0524T and 

AGo T = - 2890 + 179.57T + 0.0262T
2 - 71.44T log T 

r 

The last expression also gives 46°C as the equilibrium temperature 

but when all the possible errors involved in the above equations are 

considered, the equilibrium temperature calculated solely from the 

thermodynamic data is 46 + 22°C. 

The effects of dissolved salts upon this transition temperature 

have also been considered by Hardie (1967). For the dehydration 

reaction 

CaS0
4
.2H20 i CaS04 

+ 2H
2
0(liquid) 

If the solids are unchanged in compsotion, the pure solids and pure 

liquids at 1 atmosphere pressure being defined as standard states, then, 

2 	 \ (K) o=1T ' (.t122)(aRigi- Thusi(K) 
P:l.T --:- (a  H2.0 

2*- 

(aCaSO4.2H20) 

where K is the equilibrium constant at 1 atmosphere pressure and tem- 

perature T and a signifies activities. For any chemical reaction: 
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A GrT = A GT o + RT InK r 

or, for the transformation of gypsum into anhydrite 

A GrT = A GrT• + RT In aH2O 

From the above expression, it can be appreciated that any lowering of 

aH2O will decreaseAGrT and thus lower the equilibrium temperature. 

Using Hardie's (1967) data: 

A GorT  = - 2890 + 179.57T + 0.0262T
2 - 71.44T log T 

then 

A GrT = - 2890 + 179.57T + 0.0262T
2 - 71.44 T log T + 2RT In. aH20 

At equilibrium, A GrT  = 0, therefore 

A GrT• = 	RT In K 

For tht reaction under consideration 

A G
rT• 

= - 2 RT In aH
2
0 

i.e. - 2890 + 179.57T + 0.0262T2 - 71.44 T log T = - 2RT In aH2O 

In the solutions studied experimentally (Table 4, Appendix 6), 

the activity of water was, approximately, 0.993 to 0.994, the activity 

varying with temperature and concentration of the solution. Using 

these data in the above equation, the calculated transition temperature 

is 45°C. This is in very close agreement with the experimental data 

presented in Section (A.6.3) of Appendix (6). 

The experimental data given in this work thus closely agree: 

with the recalculated data of Kelley(1941) and the theoretical result 

of Hardie (1967). However, the present data disagree with the experi-

mental data of Zen (1962 and 1965) and Hardie (1967). In a solution 

where aH2O is equal to 0.993, Hardie's (1967) experimental data would 

predict a transition temperature of approximately 56°C. Zen's (1965) 

data, however, led him to conclude that in concentrated sodium 

chloride solutions bassanite rather than anhydrite was formed. Thus, 

whilst the disagreement with Hardie's (1967) data is merely one of 

temperature, the disagreement with Zen (1965) is more serious, involving 

the actual calcium sulphate phase formed during the transformation. 

These differences could all be due to small variations in the experi-

mental conditions. The parameters involved in crystal growth or phase 

transformations in solutions are briefly discussed in Appendix (7). 

The present study indicates that, even in solutions that are not 

highly concentrated, it is possible to form anhydrite at temperatures 
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likely to be encountered at the earth's surface. The actual temperature 

of the transformation found from the present study is some 11°C lower 

than that predicted from Hardie's (1967) data, but these present 

results are in far closer agreement with theoretical calculations than 

the earlier data. 

8.3 Discussion  

In Recent marine and non-marine evaporites gypsum is a widespread 

mineral. In such environments it is almost certainly a primary, 

direct precipitate from the saline solutions. It has been reported as 

occurring by Masson (1955) in S. W. Texas, Brankamp and Powers (1955) 

from the Persian Gulf, Morris and Dickey (1957) from Peru, Phleger 

and Ewing (1962) from Baja California, Wells (1962) from Qatar, 

Deffeyes at al. (1965) from Bonaire and by Kinsman (1966 and 1969a) 

from Abu Dhabi. 

The occurrence of anhydrite in Recent marine and non -narine 

evaporites is, however, rare. The only areally significant occurrence 

has been reported by Curtis et al. (1963) and Kinsman (1966 and 1969a) 

from Abu Dhabi. Rubanov et al. (1964) reported anhydrite from the 

Sarykamysh salt lakes in the U.S.S.R. where it was dispersed within the 

silty residue of the halite layers as pseudo-cubic crystals 20-40 p in 

size. However, it is only present to the extent of a few per-cent of 

the total sediment and the factors controlling the precipitation are 

not understood. Hurst, at al. (1966) reported Recent anhydrite as a 

surface layer in Death Valley, California, and Moiola and Glover (1965) 

reported the mineral from Clayton Playa, Nevada where it occurs in a 

sediment dump. 

In both of the last two occurences mentioned, anhydrite was 

thought to be forming by the stepwise dehydration of gypsum. This occurs 

with bassanite as an intermediate and without the presence of a liquid 

phase. The reaction postulated is; 

CaSO4.2H20 *dr.CaSO4.4H20 + 1% H2O  (gas) 

CaSO4. H2O4 	CaSo4  + 	H2O (gas)  

This reaction and the many other possible reactions that could 

conceivably occur have been fully discussed in Chapter (6) and various 

sections of Appendix (6) especially section (A6.3). It is obvious, 

however, that the Death Valley and Nevada occurrences of Recent anhydrite 

form in the dry and under entirely different conditions to those 

encountered in the presence of a solution phase. 
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Many authors, including Injak (1940), Conley and Bundy (1958), 

Murray (1964) and Zen (1965), using criteria relating to the pseudo-

morphing of anhydrite after gypsum, the lack of anhydrite in Recent 

deposits and the failure to experimentally synthesize anhydrite under 

pressure and temperature conditions consistent with surface environments, 

have considered that nearly all anhydrite was originally deposited as 

gypsum. In particular, Murray (1964) stated that nodular anhydrite 

represented a dehydration of early formed gypsum crystals. 

Other authors, notably Kinsman (1966 and 1969a) from field 

evidence and some analyses of the interstitial brines concluded that the 

Recent anhydrite from the sabkha at Abu Dhabi was a primary, diagenetic 

mineral not having a gypsum precursor. 

Of the Recent anhydrite occurrences, the Abu Dhabi one is 

probably the most significant. It is open to debate whether this 

deposit is truely primary as Kinsman (1966) suggests or whether it 

is formed by a dehydration process as outlined in Chapter (6) and in 

Section (A6.3) of Appendix (6). There is, however, an inconsistency 

in the field and experimental data since the latter and thermodynamic 

calculations predict that anhydrite should be quite widespread in 

Recent evaporite deposits. Far more commonly, however, gypsum is the 

calcium sulphate phase present. 

No experiments have directly precipitated anhydrite from'solutions 

at low temperatures even when, theoretically, it should be stable 

phase. Always, as demonstrated in Appendix (6), even at tempera=tures 

as high as 85°C, gypsum is the phase formed, often metastably. In 

the experiments discussed in Appendix (6) once the gypsum has formed 

it will persist meta stably for lengthy periods. Thus, Murray (1964) 

concluded that gypsum is always the primary precipitate and, within 

Recent evaporite sediments, if often exists metastably until high 

surface temperatures or burial causes a transformation to other calcium 

sulphate minerals. 

The experiments of Hardie (1967) showed that anhydrite could 

be formed at 1 atmosphere pressure and at temperatures that are not 

uncommon at the Earth's surface in certain regions. However, he also 

demonstrated that higher temperatures were necessary than would be 

theoretically predicted and stated that this was quantitatively consis-

tent with the widespread occurrence of gypsum. Also, he showed 

that his data agreed closely with the field data of Kinsman (1966). He 

concluded, therefore, that the scarcity of anhydrite in modern evaporite 
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deposits could reflect that conditions for its formation are seldom 

maintained for a sufficient length of time. By implication, since 

anhydrite is widespread at Abu Dhabi, the conditions for its formation 

must, therefore, be maintained for a sufficient duration of time. 

Thus, the occurrence of anhydrite at Abu Dhabi may reflect slightly 

ahno:mal conditions. 

This present study confirms that anhydrite can, indeed, form 

under conditions reasonably likely to be encountered at the Earth's 

surface even in waters of relatively low solinity (0.25 molal NaC1) 

and at 45°C. These results are in very close agreement with theoretical 

calculations. However, this transformation is very slow and only 

about li% by weight of anhydrite forms from gypsum in 10 weeks. 

In this present study of the transformation no intermediate phase 

was ever found. Thus, it is thought that an intermediate is not 

necessary in the gypsum to annydrite transformation. The many possible 

paths of this transformation are fully described in other sections. 

Therefore, upon the basis of the present experimental study it is 

considered that the Abu Dhabi anhydrite need not be primary in origin 

but could arise from the direct dehydration of gypsum. 

8.4 X-ray studies  

As stated in Section (8.3), according to Kinsman (1966 and 1969a) 

there is no field evidence for the anhydrite from Abu Dhabi having a 

gypsum precursor. However, as the results of the present transfotmation 

studies show, anhydrite could be reasonably expected to form froth.  • 

gypsum by a dehydration process. Also, from the data presented.in 

Chapters (3), (4) and (7)l it is known that the Recent anhydrite from 

Abu Dhabi is a highly disordered and anomalous crystalline phase. In 

particular, section (4.3.2) of Chapter (4) gives details of the amount 

of water present in Recent anhydrite crystals and section (7.7.5) of 

Chapter (7) indicates the presence of an additional phase. 

In order to find the causes of these two particular anomalies, 

further X-ray studies were carried out. These studies gave very 

satisfactory results. Although only 5 of the 80 Recent anhydrite single 

crystals examined showed any faint indication of the presence of this 

additional phase, with cell parameters 5.7 R x 7.55 R x 6.3 R (or 

multiples thereof) with one interaxial angle being 110 - 120°, in 

one of these 5 crystals the additional phase was sufficiently well 

developed to permit unambiguous identification. 
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Figure (93) is a zero-level precession photograph of a Recemt 

anhydrite crystal mounted about the c-axis and precessing about the b-axis. 

Thus, the photograph represents a [hoe] array. The period between the 

major vertical rows on this film is the reciprocal equivalent of 

x 6.97 R and corresponds to half the c-axial dimension. The period 
between the major horizontal rows is the reciprocal equivalent of 

x 6.99 R and corresponds to half the a-axial dimension. All these 
major reflections may be attributed to an anhydrite lattice. 

However, also on this film is distinct evidence of the presence 

of another lattice. The sub-vertical rows of this minor lattice 

coincide, approximately, with the vertical rows of the major lattice. 

The reflections of this minor lattice sub-vertical row are rotated by,, 

at the most, 10*in an anticlockwise direction with respect to the 

major lattice. The sub-horizontal rows of this minor lattice are 

inclined and do not exactly coincide with the orizontal rows of the 

major lattice. The sub-horizontal rows of this minor lattice are 

rotated by 15-20°  in a clockwise direction with respect to the horizontal 

rows of the major component. 

The angle between the sub-horizontal and sub-vertical rows of 

the minor lattice is, by measurement 66°. In direct space this is 

equivalent to 114°. From other Precession photographs in other orien-

tations of the same crystal;  (For example, figure (94)) it may be 

shown that the other two interaxial angles of this minor phase are 

both 90°. Thus, the minor phase is, almost certainly, monoclinic. 

If this minor phase is monoclinic, then the translation along 

the two minor axial rows of figure (93) may be calculated from normal 

reciprocal lattice relationships. The translation along the minor 

sub-vertical rows is equivalent to 2.84 R whereas, the translation 
along the inclined, sub-horizontal minor rows is equivalent to 3.14 R. 

The 2.84 R translation distance is approximately aligned with the 
a-axial direction of the major, Recent anhydrite, phase and the 3.14 R 
translation distance is approximately aligned with the major c-axial 

direction. 

The minor phase thus has a cell with one interaxial angle equal 

to 114°  and the other two both 90°  (i.e. a = y = 90°  and S = 114°  or 

8* = 66°) The axial dimensions obtained from figure (93) are 2.84 R 
and 3.14 R. Since these two dimensions include the angle B*, they are 

by convention a* and c* (or a and c in direct space). Thus, the minor 

phase has a cell with dimensions a = 2.84 R, c = 3.14 a (or some 
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1120.t_simdzite.. Noka 60kv. 1 m. a. 8 hours exnosure.• 

1,112t Precession •hoto a•h. C stal mounted about c-axis •recessing 

about b-axis. 	300, s = 25.98mm. rs  = 15.0mm. 	= 1 

This is a zero-level Precession photograph of a crystal mounted 

about the c-axis'and precessing about the b-axis. The period between 

be major vertical rows on this film is equivalent to a  x 6.97A and 

corresponds to half the c7axial dimension whereas the period between 

the major horizontal rows is equivalent to x 6.99A and corresponds 

to half the a-axial dimension. These reflections all arise from 

Recent anhydrite. 

However, also upon this film is definite"evidence of another 

lattice. The sub-vertical rows of this minor lattice co-incide with 

the vertical rows of the major lattice with the minor lattice reflections 

perhaps rotated by 10°, at the most, in an anticlockwise direction with 

respect to the major lattice. The sub-horizontal rows of this minor 

lattice are inclined, and therefore do not co-inside exactly with the 

horizontal rows of the major lattice. These sub-horizontal rows of 

the minor phase are rotated by, at the most, 20°  in a clockwise direction 

with respect to the horizontal rows of the major component. 

The angle between these two rows of the minor lattice is by measure-

ment 66°. This is equivalent to 114°  in direct space. From other 

Precession photographs in other orientations of this crystal (such as 

Fleur° (94)), it is known that the other two angles between the minor 

phase reciprocal axial rows are both approximately 90°. Thus, in all-

probability this minor phase is monoclinic. 
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If this assumption is correct then the translation along the two 

minor axial rows of Figure (93) may be calculated. The translation 

along the minor sub-vertical rows is equivalent to 2.84 A and the 

trnnslation along the inclined, sub-horizontal minor rows is equivalent 

to 3.14A . The 2.84A translation distance is approximately aligned 

with the a-axial direction of the majors  Recent anhydrite phase and the 

3.14A translation distance is approximately aligned with the major 

c-axial direction. 

* The minor phase thus possesses a cell with a 	of 66°  (p. 114°)  

and with two axial dimensions 2.84Ax 3.14A (or some multiples thereof). 

Since these two dimensions include the angle 13 * they are, by con-

vention a* and c* (or a and c in direct space). 
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Figure 93. 
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multiples thereof) and 8 = 114°. 

Figure (94) is a zero level Precession photograph of the same 

Recent anhydrite crystal as in figure (93). As before the crystal is 

mounted about the c-axis but now, the axis of precession is a. Thus, 

the photograph represents a [0 k 1] array. The period between the major 

vertical rows on this film is equivalent to 6.97 R and corresponds to 
the c-axial dimension. The period between the major horizontal rows 

is equivalent to 6.24 R and corresponds to the b-axial dimension. 
All these major reflections may be attributed to an anhydrite lattice. 

As upon figure (93), this photograph also shows evidence of the 

presence of a minor lattice. The vertical rows of this minor lattice 

coincide almost exactly with the vertical rows of the major lattice. 

The horizontal rows of this minor lattice coincide approximately with 

the horizontal rows of the major lattice. The minor lattice horizontal 

rows are indistinct but there does appear to be a small degree of 

rotation of the minor rows with respect to the major lattice. 

The angle between the horizontal and vertical rows of this minor 

lattice is 90°. Using the data obtained from figure (93) and photo-

graphs of other orientations of this same crystal, it is known that the 

other interaxial angles are 114°  and 90°. Using these data it is 

possible to calculate the translations along the minor axial rows of 

figure (94). The translation along the minor vertical rows on this 

film is the reciprocal equivalent of 7.55 R and the translation along 
the indistinct, minor, horizontal rows is the reciprocal equivalent of 

6.3 X. The 7.55 R translation distance is almost exactly aligned with 
the b-axial direction. 

From the data obtained from figures (93 and (94), the minor 

phase is thought to be monoclinic and possess a cell with a = 2.84 R, 
b = 7.55 ., c = 3.14 R (or some multiples thereof) and 8 = 114°. 
From the figure (94) it is thought that c = 6.3 R (i.e. approximately 

2 x 3.14 X). Also, it is known that the b-axis of the minor phase is 

almost exactly aligned with the b-axis of the major phase, the a-axis 

of the minor approximately aligned with the axis of major and the c-axis 

of the minor approximately aligned with the c-axis of the major. 

The axial coincidences obtained from figures (93 and 94) may 

be summarized thus; 

b 

aanhydrite = 6.99 R E abinOr = 2.84 R x n1 
anhydrite = 6.24 R E bminor = 7.55 R x n2 
canhydrite = 6.97 R E CTitOr = 3.14 X x na 

where n is an 
integer 
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Recentohylrite. MoKa. 60kv. 15m.a. 48 hours exposure. 

Okt) Precession photo a h. C. stal mounted about c-axis precessi rt.  

about a-axis.p... 300  s 25.98m.m. rs  15.0m.m.A = 1 
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This is a zero-level Precession photograph of a crystal mounted 

about the c-axis and precessing about the a-axis. The period between 

the major vertical rows on this film is eauivalent to 6.97A and cor-

responds to the c-axial dimension. The period between the major 

horizontal rows is equivalent to 6.24A and corresponds to the b-axial 

dimension. These reflections all arise from Recent anhydrite. 

As in Figure (93), this photograph also shows evidence of a minor 

lattice. The vertical rows of this minor lattice coincide almost 

exactly with the vertical rows of the major lattice. The horizontal 

rows of this minor lattice only approximately coincide with the hori-

zontal rows of the major lattice. The minor lattice horizontal ro-es 

are indistinct but there does appear to be a small amount of rotation 

with respect to the major lattice. 

The angle between the horizontal and vertical rows of this minor 

lattice is 900  and, by the same argument as discussed for Figure (93), 

the other interaxial angles are known to be 1140 and 90 	Using these 

data it is possible to calculate the translations along the minor axial 

rows of Figure (94). The translation along the minor vertical rows is 

equivalent to 7.55A and the translation along the indistinct, minor, 

horizontal rows is equivalent to 6.3A. The 7.55A translation distence 

is almost exactly aligned with the b-axial direction of the major, 

Recent anhydrite phase and the 6.3Atranslation distance is approximately 

aligned with the major c-axial direction. 
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From the above data and that presented in the discussion of 

Figure(93), the minor phase is known to possess a cell with a = 2.84A 

b = 7.55A, c = 3.14A (or some multiples thereof) and?. = 1140. 

From the Figure(94)it is thought that c = 6.31k (i.e. approyimately 

2 x 3.141k ). Also, it is known that the b-axis of the minor phase 

is almost exactly aligned with the b--axis of the major phase, the a-axis of 

minor approximately abed with the a-axis of major and the c-axis of 

minor approximately aligned with the c-axis of the major phase. 
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Fi,-;ure 94. 
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Anhydrite: a = 8 y = 90° 	tliAor: a = y = 90°;(3 . 114°  

On an A2/a - cell definition, the cell parameters of the 

mineral gypsum are; a = 5.67 R, 6 = 15.15 R, c = 6.28 R and 8 = 113°50'. 

These data very satisfactorily fit those of the additional phase 

present in the Recent anhydrite crystals. Thus, the addition phase 

is identified as gypsum and has the cell parameters; a = 5.68 a, 
b = 15.10 R and 6.s  114°. 

In the particular crystal of Recent anhydrite represented in 

figures (93 and 94), there is a very good alignment of the axes of 

the major, anhydrite, phase and the minor, gypsum phase. Similar 

axial alignments are also found in the other five crystals studied 

where the additional phase is present within the Recent anhydrite. It 

could be argued that the gypsum is present merely as a grain included 

within the anhydrite that, by chance, happens to be aligned with the 

major phase. Whilst this could be a possibility for just one crystal, 

it is highly improbable that all the grains of the gypsum would be 

included within the anhydrite with exactly similar orientations. 

Therefore, it is most probable that the gypsum minor component is 

genetically related, in some way, to major anhydrite phase. 

Of the many ways in which gypsum could be genetically related to 

anhydrite, three possibilities are: 

(a) The anhydrite is formed by a dehydration of gypsum. In 

this dehydration certain axial equivalents are preserved. 

(b) The anhydrite is in the process of undergoing rehydration 

to gypsum. In this rehydration certain axial equivalents 

are, again preserved. 

(c) Either gypsum or anhydrite is formed as a primary 

precipitate direct from a Sabkha brine. Conditions then 

change and the other calcium sulphate phase is deposited 

as an orientated overgrowth upon the pre-existing phase. 

The possibility (c), above, demands that either gypsum or anhydrite 

is formed as a primary precipitate. Whilst it is experimentally 

possible to precipitate gypsum directly from solutions at low temper-

atures, low pressures and moderate salinities, it has not been pos-

sible to experimentally precipitate anhydrite directly from solutions 

at low temperatures, low pressures and high salinities. Thus, if the 

experimental data are at all applicable to a sabkha brine, then gypsum 

would be the primary calcium sulphate mineral that formed from such 

solutions. 
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If the conditions then changed after the precipitation of 

primary gypsum, it is possible that anhydrite could form as an orientated 

overgrowth upon the pre-existing dihydrate. However, if such a growth 

of anhydrite upon a pre-existing gypsum crystal did occur, it would 

be, except at exceptionally rapid growth rates, a reasonably ordered 

phase. As was demonstrated throughout Chapter (7), the Recent anhydrite 

is a highly disordered crystalline phase. The degree of disorder 

exhibited by the Recent anhydrite crystals is simply not compatible 

with a phase formed by direct precipitation. Therefore, it is 

considered that the anhydrite is not a primary precipitate exhibiting 

orientated overgrowth upon a pre-existing gypsum crystal. Thus, 

mechanism (c) is not considered valid. 

The possibility (b) also demands a primary precipitation of anhy-

drite. As mentioned above, anhydrite has not been directly precipitated 

from solutions at low temperatures, low pressures and high salinities. 

Thus, a direct precipitation of anhydrite from a sabkha brine is 

contrary to the experimental evidence. Also, if anhydrite does 

precipitate directly, it is almost certainly, the stable calcium 

sulphate phase under the high salinity conditions prevailing within 

the sabkha brines. Assuming that the conditions do not alter too 

drastically within the brines, then it is highly unlikely that a stable 

anhydrite phase of lower free energy would rehydrate to a metastable 

(or unstable) gypsum phase of higher free energy. Thus, the possibility 

of a rehydration process is considered very unlikely. 

The possibility (a) demands a primary precipitation of gypsum. 

Such a crystallization process is compatible with all the experimental 

evidence. If the gypsum is the primary precipitate then, under the 

high salinity conditions existing within the sabkha brines, it is 

highly likely that it is a metastable phase. Assuming that the con-

ditions defining this metastable existence of dehydrate persist for 

a sufficient length of time, then, in order to attain the lowest 

possible energy state, the metastable phase should react to form the 

phase stable under these particular conditions. In the sabkha brines, 

the stable calcium sulphate phase is anhydrite. Thus, it is expected 

that primary, metastable gypsum should react to form stable anhydrite. 

However, the actual mechanism of this reaction is open to dis-

cussion. It is possible that the primary, metastable gypsum dissolves 

in the brine and a primary anhydrite re-precipitates. If this is the 

case, why did not anhYdrite form initially? It could be that direct 

nucleation of anhydrite from solutions is difficult under conditions 
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of low temperature, low pressure and moderate salinity. However, again 

the experimental evidence is against this process. Even in experiments 

of several months duration there is no indisputable evidence of 

direct nucleation of anhydrite from moderately to highly saline solutions 

at low temperatures and low pressures. Always, the evidence indicates 

a gypsum phase forming anhydrite without an intermediate solution and 

re-precipitation process. 

If the process is one of solution and reprecipitation, the growth 

should be reasonably ordered except at exceptionally rapid growth rates. 

As was stated earlier, the Recent anhydrite is a highly disordered 

crystalline phase. Such a degree of disorder is not compatible with a 

precipitation process. Also, a solution and re-precipitation process 

would not adequately explain the orientated relict gypsum grains 

present in some of the Recent anhydrite crystals. 

Thus, the mechanism of the production of anhydrite from gypsum 

is thought not to be via a solution and re-precipitation process. 

Consequently, it is thought that the most probable mechanism of the 

formation of anhydrite from primary gypsum is by a dehydration process 

in the solid state. 

The various conditions governing the many dehydration reactions 

of gypsum have been fully discussed in Chapter (6) and in section (A6.3) 

of Appendix (6). Also, the particular dehydration reaction(s) 

occurring in the experimental systems of this present study have been 

discussed earlier in this Chapter. These experimental studies indicate 

that no intermediate is necessary in this dehydration. Thus, the 

process taking place is probably one of direct dehydration of gypsum 

to anhydrite in the solid state. 

The crystal structure of gypsum has been fully discussed elsewhere 

in this present work. Briefly, the structure may be regarded as a 

"layer lattice" with layers parallel to (010). Two sheets of SO4 
groups are bound by Ca++ ions so as to form a strongly bonded double 

sheet. Successive double sheets are separated by sheets of water 

molecules. Thus, the water molecules are parallel to (010). 

If anhydrite is to form from gypsum by direct dehydration, then 

the sheets of water molecules parallel to (010) must be lost. Whilst 

the present studies do not indicate the precise mechanism of this 

dehydration, they do permit a deduction to be made. It has been 

demonstrated that the b-axis'of the Recent anhydrite is exactly 

aligned with the b-axis. of gypSum. :This relationship can result from 
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the simple collapse of the layers of water molecules. In order for the 

other, more approximate, axial alignments to be maintained, all that is 

necessary is that, as the water layers collapse, the calcium and 

sulphate ions undergo rotation and rearrangement within the (010) plane. 

If the proposed mechanism of dehydration is valid, then a collapse 

of a layered structure is taking place. It is probable that such a 

collapse would be irregular. Thus, anomalous X-ray diffraction effects, 

including stacking disorders, would be expected from crystals under-

going such a transformation. Therefore, the proposed process of the 

dehydration of gypsum to anhydrite is adequate to account for many of 

the anomalies within the Recent anhydrite crystals. On such•an 

interpretation, the anomalous water contents mentioned in Chapter (4) 

are due to water still remaining in the structure, the genetic relation-

ship between the gypsum and anhydrite observed upon some of the 

Recent anhydrite X-ray diffraction single crystal photographs is easily 

explained and all the anomalous X-ray diffraction effects observed are 

consistent with a collapse of the water layers of gypsum. Thus, it 

is probable that at least some of the Recent anhydrite from the 

sabkha at Abu Dhabi is formed by the direct dehydration of a ffpsum 

precursor. 

If such a dehydration process is taking place and since, in all 

probability, gypsum is a metastable calcium sulphate phase, then 

some of the gypsum crystals should exhibit evidence of the beginnings 

of this transformation. Again, X-ray diffraction methods have proved 

to be a valuable tool. 

On the odd-layer lines of Rotation photographs and on odd-level 

Weissenberg photographs, some of the intertidal zone gypsum crystals 

show a great reduction in intensity just as observed from the Recent 

anhydrite crystals. This reduction in intensity is very variable from 

crystal to crystal. Also, a very small number of all the different 

types of gypsum crystals listed in Chapter (3) show faint indications 

of other diffraction effects similar to those found from Recent anhy-

drite crystals including the presence of an additional phase. However, 

upon single crystal photographs of only one gypsum crystal could this 

additional phase be identified with any certainty. 

Figure (95) is a zero-level Precession photograph of a small, 

"pit-grown" gypsum crystal. This photograph is of a crystal mounted 

about the c -axis (6.29 R) and precessing about the b -axis (15.13 R). 

Thus, the lattice array upon the film is (hol]. The cell dimensions of 
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gypsum obtained from this film are; 

a = 5.67 R, c = 6.29 R and B = 114°. 

Figure (96) is, again, a zero-level Precession photograph of the 

same, small, Pit-grown", gypsum crystal. The crystal is still mounted 

about the c-axis (6.29 R) but is precessing about the a-axis (5.67 R) 

and the lattice array upon the film is [Oki]. The cell dimensions of 

gypsum obtained from this film are: 

c = 6.29 R, b = 15.13 R and a = 90°  

Thus, this gypsum crystal has cell parameters are: 

a = 5.67 R, b = 15.13 R and $ = 114°. 

However, also present upon these figures are faint indications of 

an additional phase. This additional phase present within the gypsum 

has measured cell parameters of: 

a = 3.495 R x nl  

b = 6.22 R x n2 	where n is an 

c = 6.96 R x n3 	
integer 

 

a = a 	y 	90°  

These measured values closely correspond to the cell of anhydrite. The 

cell of the additional phase present in the gypsum probably is; 

a = 6.99 R, b = 6.22 R, c = 6.96 R and a = 0 = y = 90°. 
The axial alignments of this anhydrite with respect to gypsum are; 

bgypsum = 15.13 R banhydrite = 6.22 R - this alignment is exact 
agypsum = 5.67 R 	anhydrite = 6.99 R these alignments are only approx- 

imate with rotation of axes of 
cgypsum = 6.29 R 	canhydrite = 6.96 R about 10-20°  with respect to 

the major gypsum phase. 

These axial coincidences are identical to those found in the 

Recent anhydrite crystals containing gypsum. Thus, the "pit-grown" 

gypsum does show signs of the beginnings of a dehydration directly to 

anhydrite. Therefore, the mechanism proposed earlier is further 

confirmed and supports the view that at least some of the Recent 

anhydrite originates by the direct dehydration of a gypsum precursor. 
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"Pit own!" 	 60 hours e osure. 

IL10C1221.2s21Lo:logra.ph, Crystal mounted about 6—axis, processing 

about b-axis.i.t.= 30o s = 25.98mm. rs  15.4am. A . 1 

This is a zero-level Precession photograph of a crystal mounted 

about the c-axis and precessing about the b--axis. The film is 

interpreted in section (8.4) in terms of a major gypsum phase and 

a minor anhydrite phase. 
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TIPit-rfrolm" p-crnsur7. NoKa. 60k-v. I 	. 60 ho'r's eynomr-.e. 

C2f," Precession photo rash. 024ystal 	 ed about c-axis nrecessinr,7 

about a-axis.p. 30°  s = 25.98 m.m. 	15.0m.n. 	= 1. 

This is a zero-level Precession photogra:oh of a crystal mounte0 

about the o-axis and' precessinc: about the b-axis. The fil n is intor- 

prated in section (8.4) in terms of a major (-yosum phase and a minor 

anhydrite phase. 
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CHAPTER 9  

MINERALOGY AND CHEMISTRY OF SAMBA EVAPORITES  

9.0 Introduction 

As has been mentioned previously, the occurtmace of anhydrite 
within the Recent sediments at AbuDhabi is the only, areally significant, 

Recent occurrence of this mineral known. Thus, the interpretation of 

the sequence at AbuDhabi is of great importance geologically. 

Shearman (1966) suggested that sulphate bearing sequences 

characterized by nodular anhydrite originated as add zone sediments of 

sabkha facies similar to those forming at AbuDhabi at the present day. 
Also, he stated that the sulphate bearing horizons in the Purbeckian 

of Southern England, especially those from the borehole at Warlingham, 

S. London are composed of a rhythmic repetition of sabkha cycles. 

According to Shearman (1966) each sabkha cycle consists of a vertical 

succession of near shore marble, intertidal and supratidal facies sedi-

ments, the latter with nodular anhydrite. 

In view of the importance of sablthaevaporites, as the final 

part of this present study, some quantitative mineralogical analyses 

of sabkha cycles were carried out. These analyses were obtained 

using the X-ray diffraction method given in Appendix (1). The analyses 

were of a complete sabkha cycle from the Recent sediments at AbuDhabi 

and of two Purbeckian cycles, obtained from the Warlingham borehole, 

S. London. These latter two cycles were from depths of 2,134 ft. and 

2,137 ft. 

Shearman and Shirmohammadi (1969) have demonstrated the use of 

strontium as a diagenetic indicatar in carbonates. Therefore, in 

order to see whether this element would serve:as a useful indicator 

in sabkha-type evaporites, analyses were carried out upon the one 

Recent and two ancient sabkha cycles. 

9.1 Methods  

The quantitative mineralogical analyses were carried out using 

the X-ray diffraction method given in Appendix (1). The strontium 

analyses were done using several different techniques including 

various X-ray flourescence and atomic ebser ption methods. The chemical 

results presented here have been averaged from several separate 

analyses of similar samples using the different analytical techniques 

mentioned previously, 
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9.2 Results  

Table (43) shows the quantitative mineralogical analyses and 

strontium contents of 15 samples taken at approximately one inch 

intervals along a sabkha cycle from the Warlingham borehole cone. 

The depth at which this particular cycle was obtained was 2,134 ft. 

Js can be seen, the minerals present are anhydrite, gypsum, 
calcite, dolomite, quartz and a trace of celestite. This cycle has 
been fully described by Shearman (1966). The strontium contents are 

all below 2,000 p.p.m. 

Table (44) shows quantitative mineralogical analyses and strontium 

contents of 21 samples taken at approximately one inch intervals along 
another sabkha cycle from the Warlingham borehole cone. The depth 

at which this particular cycle was obtained was 2,137 ft. 

As is readily apparent the minerals present are anhydrite, 

gypsum, calcite, dolomite, celestite and quartz. Except where celestite 

is present, the strontium contents are all below 2,000 p.p.m. 

If all the 36 samples represented in tables (42) and (43) are 

considered together as a series of simultaneous equations then the 

following, approximate, strontium contents may be calculated. 

calcite ad dolomite 	200 p.p.m. 

gypsum 	 1,400 p.p.m. 

anhydrite 	 1,400 p.p.m. 

quartz 	 less than 100 p.p.m. 

celestite 	 474,000 p.p.m. 

Of these results, the most reliable are those for gypsum anhydrite and 
celestite. Indeed, the calculated value of the strontium content of 
celestite agrees very closely with the theoretical value of 477,025 p.p.m. 

Table (45) shows quantitative mineralogical analyses and 

strontium contents of 46 samples taken at approximately one inch 

intervals along a core of a sabkha cycle from the Recent sediments at 

Abu Dhabi. The minerals present are anhydrite, gypsum, aragonite, 

calcite, high magnesian calcite, dolomite, magnesite,' quartz and 

feldspar. In all cases the st;ontium contents are below 10,000 p.p.m. 

It has been proved impoSH.ble to calculate consistent values for 

the strontium contents of all the individual minerals present. 

However, the ranges in the values obtained for the individual strontium 

contents are: 
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calcite and high magnesian calcite 	600 - 900 p.p.m. 

dolomite 	 400 - 650 p.p.m. 

anhydrite 	 3,000 - 6,000 p.p.m. 

gypsum 	 2,800 - 5,000 p.p.m. 

aragonite 	 5,000 - 6,500 p.p.m. 

quartz 	 less than 100 p.p.m. 

feldspar 	 less than 100 p.p.m. 

magnesite 	 150 - 300 p.p.m. 

9.3 Discussion 

From the data given above it may be seen that, where comparable 

minerals are present in both the Recent and the ancient sabkha cycles, 

the calculated strontium contents of the Recent individual evaporite 

minerals are always at least twice those of the comparable Purbeckian 

minerals. Thus, during diagenetic processes strontium has been lost 

from sabkha type evaporite minerals. 

Samples taken from the 2,137 ft. sabkha cycle at Warlinghare 

contains up to 30 weight percent celestite. However, samples from 

the Recent sabkha cycle examined only have a faint indication of the 

presence of celestite. If the two sequences are genetically similar, 

then an origin must be found for the vast mass of celestite occurring 

in the Purbeckian cycles. It is considered that the masses of 

celestite originated from strontium released during the diagenesis of 

sabkha evaporites originally rich in this element. 

The values obtained of 5,000 - 6,500 p.p.m. of strontium in the 

Recent arogonite are about 10-240 lower than that predicted from the 

distribution co-efficient data of Kinsman (1969b) and about 20-400 

lower than the observed values of Kinsman (1969c). The explanation 

for these discrepancies is not known. 
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TABLE 43 

WARLINGHAM BOREHOLE  

(DEPTH: 2,134 ft. AMOK.) 

so uence. Mineralo ical anal ses to nearest o 	roximatel one inch intervals. 

Sr. content Specimen Anhydrite Gypsum Calcite Dolomite Celestite Quartz 	m in p.p.. No. 	 i  Comments 

1 25 48 7 16 — 4 1,080 

2 3 15 16 60 — 6 440 

3 47 48 1 3 — 1 1,380 

4 12 36 15 30 — 6 1,050 

5 85 11 1 1 — 2 1,360 

6 75 22 I Trace — 2 1,400 

7 83 13 1 — 3 1,480 

8 93 4 1 — 2 1,440 

9 92 7 1 — — 1,420 

10 99 1 111••■ — 1,420 

11 96 6 *Mb MVO — — 1,420 

12 74 23 1 Trace — 2 1,290 

13 45 39 11 2 — 3 1,280 

14 41 29 21 2 — 7 1,180 

15 17 14 57 2 Trace 10 1,880 

High Sr. 
confirms 
trace 
Celestite 



379* 

TABLE 44 

ITARLINGRAM BOREHOLE 

(DEPTH: 2,137 ft. APPROX.) 

roximately 	intervals  

Specimen Anhydrite Gypsum Calcite Dolomite Celestite Quartz Sr. content 	Comments 
No. in p.p.m. 

1 27 13 36 2 10 12 47,350 
2 45 7 26 Trace 7 15 34,500 

3 63 7 17 6 7 30,050 

4 70 10 14 - Trace 6 4,240 

5 95 2 3 - - Trace 1,470 
6 100 - - - 1,460 
7 98 1 1 - - - 1,430 
8 100 - - - - - 1,200 
9 100 - - - - - 1,360 
10 100 - - - - - 1,410 
11 100 - - _ - - 1,400 
12 87 3 - _ - - 1,440 
13 100 - - - 1,380 
14 89 6 3 - - 2 1,420 
15 78 7 7 4 4 20,350 
16 73 8 8 Trace 8 3 40,700 
17 59 18 7 Trace 12 4 55,050 

18 47 8 10 1 30 4 139,500 
19 45 9 12 Trace 30 4 140,500 
20 72 11 4 1 12 Trace 54,450 
21 47 16 4 Trace 28 5 130,200 
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TABLE 45 

RECENT SABKHZ, CYCLA ABU DHABI 

yzaL...seau2R22.ilne 42zft.ssLs.,EaLyasLL92tu1, 	 % of avDroximatel one-inch intervals. 

.r.3.Eh 

	

Arogo7 Cal- 	Dole- Meld- Speci- Anhy- Gypsum 	nitd 	cite 	r.....14- 	., 	Ma3nesite Quartz 
men No . drite 	

,,  
maLuo 	par 	Sr Content Cements 

nesian 
Calcite 

1 8 53 - 8 - 25 6 920 
2 61 - e - 24 7 720 
3 13 3 50 10 - 15 9 1,140 
4 40 1 30 - 8 - 18 3 1,930 
5 12 55 - 6 - 22 5 980 
6 22 3 39 9 - 21 6 1,310 
7 24 4 42 - 9 4 14 3 1,450 
0 8 21 2 40 - 8 4 19 6 1,260 
9 31 2 26 8 11 18 4 1,380 
10 34 3 23 - 7 15 15 3 1,550 
11 16 2 6 - 8 59 6 3 820 
12 32 2 2 - 6 42 5 11 1,260 
13 34 2 - 2 28 33 1 1,260 
14 67 4 2 - 2 22 2 1 2,520 
15 73 3 3 - 3 15 3 3 2,550 
16 91 4 - - 5 1 4,150 
17 43 2 - 4 47 3 1,600 
18 71 3 - 3 21 1 1 2,450 
19 86 4 - 2 7 1 3,340 
20 84 4 - 1 10 1 2,730 
21 81 3 - 1 15 - 2,690 
22 87 4 - 1 7 1 2,940 
23 88 2 1 8 1 3,280 
24 92 2 - - - 1 4 1 3,490 
25 91 4 - - - 1 4 - 3,450 
26 89 2 4 - - 1 4 - 3,480 
27 49 21 9 2 2 Trace 15 2 4,850) 	Traces 
28 1 10 6 3 3 - 76 1 2,900)Celestite 
29* 4 39 37 7 6 Trace 4 3 7,960) 	present? 
30* 2 44 24 6 6 Trace 14 4 7,240) 
31* 4 21 47 7 11 3 4 3 8,200) 
32 9 7 59 6 11 2 3 2 1 4,720 
33 3 3 71 5 10 2 3 3 5,260 
34 6 3 65 7 10 2 3 3 1 5,490 
35 6 2 66 6 12 2 2 3 1 4,310 
36 3 1 73 6 12 2 - 3 4,790 
37 4 Trace 70 7 13 1 2 3 4,830 
38 2 1 70 9 10 3 2 3 4,630 
39 1 77 6 11 1 - 3 5,120 
40 2 2 75 6 10 1 1 3 5,080 
41 3 12 64 4 11 2 1 2 1 4,490 
42 1 1 75 6 12 2 - 2 1 4,910 
43 62 9 15 9 - 4 1 4,490 
44 1 73 7 12 2 1 4 1 5,070 
45 1 1 74 8 12 1 - 2 1 5,180 
46 1 1 70 9 12 2 - 4 1 5,010 

* These samples are from the intertidal zone. 
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CHAPTER 10  

SYNTHESIS AND SMEARY  

10.0 Introduction 

Calcium sulphate minerals are widespread throughout the geo-

logical succession, but the discovery of anhydrite within the sediments 

of the sabkha at Abu Dhabi was the first recorded, natural Recent 

occurrence of this mineral. This anhydrite occurs within the capillary 

zone of wind blown sands and other intertidal sediments above the 

permanent water table. However, Kinsman (1966) has recently reported 

a few occurrences below this level. 

Characteristically, the anhydrite occurs as nodules which range 

in size up to 9 inches or more in diameter and are spherical to 

discoidal in shape. The nodules enclose a certain amount of extraneous 

material. 

The crystals of anhydrite are small, often broken along cleavages 

and frequently pospess curved edges parallel to (010) and ragged 

terminations parallel to (001). Indeed, the only crystal face developed 

to any extent is _100) and that is far from perfect. Crystals are 

flattened parallel to (100), elongate parallel to the c—axis and 

lanceolate in outline. They exhibit 3 good cleavages mutually at right 

angles. 

Measurements of refractive indices correlate closely with the 

published data. However, under crossed polars some of the crystals 

exhibit a peculiar variety of brush polaryation, whereby, the 

extinction diverges from the ends of the crystal towards the centre 

rather than from the centre towards the ends. 

To help find the cause of these anomalies, detailed crystallo-

chemical studies have been made, comparing the Recent anhydrite with 

anhydrite, of similar nodules, in Jwassic rocks from the borehole at 

Warlingham, S. London and also with late, diagenetic anhydrite from 

Stassfurt. 

10.1 X—ray powder diffraction methods  

Step scanning of anhydrite reflections from a lattice spacing of 

3.880.2. to 0.9162i was carried out for both the Recent anhydrite and the 

Warlingham anhydrite. The raw count data was then computed, a Rachinger 
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correction made (Rachingor (1948)) and the corrected data plotted 

using a Calcomp plotter. 

Compared with the simple, sharp diffraction peaks of the Jurassic 

sample, the Recent anhydrite shows much broadened, multiplicate peak. 

Examples of these peak profiles are shown in figures (97-102). 

The peak profiles exhibited by the Warlingham sample are those 

expected from a well—ordered crystalline material, whereas those from 

the Recent anhydrite are typical of those of disordered phases. 

Thus, the Recent anhydrite is considerably less well ordered than 

its ancient counterpart. This is especially significant since the 

Warlingham sequence is probably the Purbeckian analogue of the Recent, 

Trucial Coast Sequence. 

10.2 Infra—rod methods  

Infra red spectra of the Warlingham and Recent anhydrites have 

been run under varying experimental conditions. Comparisons of these 

spectra show considerable differences between the Warlingham and 

Recent anhydrites. The spectra obtained from the Warlingham anhydrite 

agree closely with other published spectra of anhydrite. However, 

there are several anomalous features obseived in the spectra of the 

Recent anhydrite. These anomalies are interpreted as purturbations of 

the sulphate ion within the structure. Also, the spectra of the 

Recent sample provide clues as to the various relationships of small 

amounts of bonded water present within the Recent anhydrite. 

10.3 X—ray single—crystal diffraction methods 

Using both Weissenberg and Precession cameras, single crystal 

photographs have been taken of more than 80 crystals of Recent anhydrite, 

a cleavage flake of Warlingham anhydrite and a perfectly formed single 

crystal from the Stassfurt deposit. The photographs of the Warlingham 

and Stassfurt samples show diffraction spots typical of small, well 

ordered, single anhydrite crystals. The photographs of the Recent 

anhydrite, however, show that this anhydrite is disordered with the 

type and extent of the disorder varying from crystal to crystal. This 

is shown by figures (103-106) which were plotted from micro—densito-

meter scans across the (310) reflection of some of the anhydrite crystals 

studied. 

Prom an examination of the single—orystal photographs of Recent 

anhydrite, the following conclusions have been made: 
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(1) Morphologically single crystals are, in fact, a preferentially 

orientated aggregate of plates parallel to (100). 

(2) Some of the spot shapes are thought to be consistent with those 

predicted to arise from crystals containing screw dislocations. 

(3) Each plate of each crystal is composed of small, crystallographi-

cally similar, mosaic.  blocks slightly misorientated with respect 

to one another. 

(4) Some of the small blocks are misorientated 90°  with respect to 

the major component. 

(5) Determinations of the lattice parameters show that there is a 

considerable range of cell sizes present in each crystal and 

that some of the cells are not crthorhombic. 

(6) All crystals enclose foreign mineral grains including celestite 

and aragonite. 

(7) There are reductions in the intensity of reflections arising 

from the normal anhydrite space groups (Cmcm). These reductions 

are interpreted in terms of a stacking lattice. 

(8) Additional reflections are present lying upon lunes that are 

simply related to those of anhydrite. These additional reflec-

tions are due to a loss of symmetry of the Recent anhydrite cell. 

(9) There is some evidence of the presence of a super-lattice. 

(10) The streaking-out and diffuseness of reflections around lunes of 

%Teissenberg photographs are interpreted as the expression of 

stacking disorders. 

(11) Some crystals of Recent anhydrite show large, additional diffuse 

reflections. These lie on lunes that are largely unrelated to 

those of anhydrite. The cell dimensions derived from these 

diffuse reflections are: 

a = 5.68R, b = 15.10R, c = 6.28R and B = 114°  

These compare closely with those of gypsum, viz.; 

a = 5.68R, b = 15.158 x = 6.29X and B = 113°501 

(12) Whilst the lunes of this additional phase are largely unrelated 

to those of anhydrite, the axial traces of both this additional 

phase and the anhydrite are, in appropriate cases, coincident. 

The equivalences determined are: 
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Recent anhydrite 

— 
= 
_ 
= 

= 

Minor phase 

a (6.9950 

b (6.242.) 

c (6.970 

a (5.68) 

b (15.108) 

c (6.288) 

(13) Similar anxial coincidences are found in single crystals of 

sypsum thought to be undergoing decomposition to anhydrite in 

the concentrated sabkha brines. 

Thus, informatiin from both powder and single—crystal X—ray 

diffraction methods show that the Recent anhydrite is highly disordered, 

whereas, the ancient anhydrites are well ordered. 

10.4 Discussion 

The Recent anhydrite contains 3,000 — 6,000 p.p.m. of strontium, 

whereas, the Purbeckian anhydrite contains about 1,400 p.p.m. of the 

same element. Chemical analyses (not presented here) also reveal the 

presence of both sodium and chlorine in the Recent anhydrite in amounts 

as yet undetermined. The Purbeckian anhydrite contains little or no 

sodium or chlorine. 

Chemical substitutions of sodium for calcium together with chlorine 

for sulphate yield electron hole centres. The presence of such centres 

may be identified by an electron spin resonance technique. Detailed 

results obtained using this technique will not be presented here, but 

the Purbeckian sample gave reasonable evidence of an orthorhombic 

symmetry, whereas, the Recent anhydrite specimen confirmed the presence 

of electron hole centres and a highly disordered mineral phase. 

The extent of substitution of all these trace elements, acting 

alone or together, is not sufficient to cause the vast differences 

observed in the X—ray diffraction pak profiles. 

In view of the evidence presented in section (10.3) above it is 

considered that some of the Recent anhydrite found in the sabkha at 

Abu Dhabi had a gypsum precursor. The crystals showing evidence of an 

additional gypsum phase are in an intermediate stage of the dehydration. 

This dehydration process is thought to be quite rapid sincemost of the 

crystals within the nodules have already converted to anhydrite. This 

transformation is in agreement with the available experimental data. 

10.5 Later Diagenesis  

From a comparison of the Purbeckian and Recent anhydrites of 

sabkha type, it has been shown that during later diagenesis there is 
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an ordering of the anhydrite lattice. Lattice defects are signifi-

cantly reduced, "crystals" that are preferentially orientated aggregates 

become single-crystals and there is a reduction in the strontium 

content which is, in itself, an ordering process. A precise time 

scale for this ordering cannot be fixed bUt it is thought that it will 

be accomplished within the sabkha itself. 
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APPENDIX 1 

The quantitative/semi-quantitative analysis of carb nate sulphate sedi-
ments by X-ray diffraction  

A.I.1 Introduction  

For investigations into sedimentary sequentes, a modal analysis of 

knowledge of relative mineral proportions is essential if samples for 

detailed chemical analysis are to be chosen to greatest effect. This 

appendix gives the details of the development of an X-ray diffraction 

method of mineralogical analysis and its application to the quantitative 

and semi-quantitative analysis of minerals, excluding the clays, from two 

evaporite sequences, one from the Recent sabkha at Abu Dhabi, Trucial 

Coast and the other from the Jurassic rocks from the borehole at Warlingham, 

S.London. 

Many workers have used counter diffractometry in the quantitative 

minerological analysis of two or three component mineral mixtures or 

analysis of simple calcite-dolomite-aragonite sediments. Also, the 

stability of X-ray generators and the reproducibility of diffraction peak 

heights of materials, especially quartz, have been demonstrated by several 

investigators [Klug and Alexander (1954), Weiskirchner (1960)3. However 

little work has been done on the reproducibility of diffraction peak 

heights or areas of those minerals generally found in sedimentary rocks 

because of the problems of absorption and flourescence. 

These effects can be overcome by mixing-in an internal standard [see 

Schmalz (1958)], but if many samples are to be run, the time factor may 

be prohibitive. In the case of marine evaporites, however, it is demon-

strated in this appendix that a reasonably accurate estimate of mineral-

ogical composition can be made without addition of an internal standard. 

The quantitative technique developed has involved investigation into 

the effects of both procedural and instrumental variables on reproducibility 

and accuracy. However, before any investigation of procedural or instru-

mental variables or any production run was carried out, the instrumental 

stability and ganiometer error was calibrated against the (111) peak 

(at 3.135A) of silicon using a standard silicon block. 

The procedural variables investigated included: 

(1) Effect of grinding methods and grain size on.diffracted intensity, 

reproducibility and accuracy. 

(2) Effect of method of mounting on diffracted intensity, reproducib-

ility and accuracy. 
• • 



(3) Effect upon reproducibility of the number of diffraction peaks 

measure. 

The effect -1 upon diffracted intensity, reproducibility and accur-

acy of the following instrumental variables were investigated. 

(1) Electronics of the recording unit. (Phillips P.W. 1051 recording 

unit - valve electronics and Phillips P.TI. 1352/00 recording unit -

transistorized electronics.) 

(2 ) Type of counter used to measure diffracted intensity. (Pro-

portional and scintillation counters.) 

(3) Radiation. (C117 nickel filtered at 40 Kv and 20 m.n. and 

CoKa, ion filtered, at 38 Kv and 24 m.oL.) 

(4) Divergence and anti-scatter slits. (+°, 1°  and 2°) 

(5) Receiving slits. (0.1 and 0.05mm.) 

(6) Scanning speed. (4°, r, 1°  and 2°  20 per minute with varying 

chart speeds and with scanning speed x time constant equal to 1 or 2) 

(7) Multiplying constant on diffracted intensity to give full scale 

deflection on the chart recorder. 

(8) Step-scanning at selected points (peak tips, half-peak heights) 

and over whole reflections. 

(9) Absorption effects. 

A.1.2 Procedural variables  

A.1.2.1. Grain-size and grinding  

A.1.2.11 Grain size  

For quantitative X-ray diffraction work, it is essential that results 

should be reproducible. It has been shown by Alexander, Klug and Klummer 

(1948) that there is a relationship between maximum peak intensity and 

fine particle size and by Birks (1945) that reproducibility and particle 

size are related. Reproducibility depends on a completely random or 

completely preferred orientation and either of these states of orienta-

tion are dependent on fine particle size. Thus, a relationship exists 

between peak intensity, particle size and reproducibility. 

Several grain size fractions from an initial grain size of 89p down 

to less than 0.5i were separated by sieving down to 400 British Standard 

mesh, and settling and centrifuging below this. After the less than 

4p fraction was centrifuged out, the mean grain size of this remainder 

was ascertained either by measurement of a large number of grains with 

a calibrated eyepiece or by measurement of spot size and counting the 

number of spots on X-ray diffraction powder photographs of this fraction 

[Andrew (1954) after Stephens and Barnes (1937)1 
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The diffracted intensities of peaks above backgroUnd of seven 

different back-loadings, into standard Philips cavities, of the several 

different size fractions in the range r,p,to leis than 0.5u obtained by 

sievtlg and cent.:Efugin 	1). 	varly 	diffecriut methods 

for each loading. For eae4 	a intcr_;;Ity measurement:., men re- 

lative intensity was plotte:i again3t grain-sine. Thus, profiles of relat-

ive intensity versus 7xa!_-cfne ,=eize obtained for the minerals calcite, 

dolomite, aragonite, 	e Mite , gypsum and anhydrite. These profiles 
are shown in figt,,zo',3 

The mean relate 	was greater from size fractions in the 

range 4-20u for all 	minerals investigated. This was -attributed to 

a reduction of extinction effects. The reduction of intensity in the less 

than 40 fractions was due to the development, at grain surfaces, during 

grinding, of a thin, "amorphous" layer on particles of less than 0.5u 

in size. This layer contributed to X-ray absorption and thus caused 

intensity loss. [Tatlock (1966). Howarth (Personal communication, 1968)] 

Also, above a grain size of 25u, there was a similar reduction in rela-

tive intensity, but this was due to extinction effects. 

It is of interest, however, to compare the rate of intensity loss 

in the greater than 25u fractions of aragonite and anhydrite with that 

of the other minerals investigated. Usually, in passing through the 

si=-rang2. :7:5-.?gp, the relative intensity fell from about 98% of maximum 

to about 55-.:3 t--)Z 	'ilowever, in the cnse of aragonite, the 

intenolt:y 	';;:L7, of r. •: 	at 24p mean grain-site to 23% of max- 

inn in the slne rowe 	an,l, in the case of anhylrite, from 97% 

of maximum at 2rli mean grain,-1ze to 78% of maximum in the 76-89p 

fraction. However, when 50%, by weight, of quartz of similar grain size 

was mixed with each size fraction, the profiles adopt a more normal form. 

This is shown in figures (3 and 6). 
It is thought that the presence of angular quartz particles destroyed 

any preferential orientation that arose during mounting. Thus, the 

abnormalities in the mean relative intensity versus particle size profiles 

of aragonite and anhydrite were related to preferential orientation 

effects. Preferred orientation enhanced the intensity of the chosen 

peak. In the case of the (002,020) anhydrite peak, it acted against the 

intensity reduction due to the increase in extinction effects brought 

about by the particle-size increase. Thus, there was a far gentler 

rate of intensity loss than was normal. However, in aragonite, the 

inferred preferred orientation diminished the intensity of the chosen 

(111) peak and acted with extinction effects to give a far greater rate 

of intensity loss than was normal. 
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A.1.2.12 Grinding;  and reproducibility. 

To do detailed grain-size Analyses on each sample is impractical and 

it is more convenient to have intensities and reproducibilities as P. 

funlil of tJAAnding time, all p~-!nkIng being done under acel-:'ne. 

it L, aaselttial, to find a conveient grinding time for produetior runs 

that would not cause too great an intensity loss an a conanquenc:,  of too 

fine a particle size elle to cr.:cen.ilv! grinding, 

The plots ,:.)1!: .!ris.??- ;: time 11. 7x731, relative intensity (figures 7-':1) 

show that reprolbility of rulative intensity from the initial 89-76p 

fraction varied from mineral to r_leral, the "average", represented by 

dolomite, being ± 25-•,,.!7.. One e:Itreme, represented by anhydrite, being 

+ 10% and the other extreme, represented by aragonite, being in excess 

of + 100%. The variation at the extremes was thought to be due to 

differences in preferred orientation effects, the preferential orientation 

of anhydrite being reproducible from loading to loading whereas that of 

aragonite was not. 

Reproducibility of relative intensity measurements were made at 

several different times on seven different loadings of seven different 

1 gram samples ground under as near identical conditions as posdible up 

to a total grinding time of 85 minutes. Also, reproducibility and rel-

ative intensity were measured on different specimens of the same mineral, 

each specimen being treated identically. 

Well crystalline minerals, giving sharp diffraction peak profiles, 

showed little variation in reproducibility between different specimens of 

the same mineral, even when only peak heights were used to measure 

intensities. If only peak heights 'were measured on relatively poorly 

crystalline material, such as the Trucial Coast suite of minerals, there 

was considerable variation in reproducibility of relative intensity 

between well and poorly crystalline examples of the same mineral. However 

if peak areas of the disordered and peak areas (or peak heights) of the 

ordered were compared, both reproducibility and intensity were similar. 

[An exception to this is the Persian Gulf dolomfte number 459. This is 

dealt with in a later section of this appendix] 

Any amount of grinding, no matter how brief, will produce a broad 

spectrum of particle sizes and any extended period of grinding will produce 

an ever increasing proportion of particles less than 0.5p in size, with, 

as a consequences  loss of diffracted intensity. Unfortunately, although 

there was found to be a loss of diffracted intensity at smaller particle 

sizes, there was no improvement in the reproducibility of intensity 

measurements. Thus, a balance had to be achieved between grinding time 

and reproducibility of results. It was found, during the course of this 
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work,-mainly by trial and. error, that optimum results were achieved with 

a period of 25 minutes hard-grinding or 10 minutes grinding in a Tema 

mill and 10 mlnuteo hard-grding on 1 gram samples. These grinding periods 

corresponded to maximum intensity and a reproducibility of + 7-10%. 

Grinding for these periods, under acetone, was found to produce no 

discernable effects in the minerals themselves. Even in gypsum, which 

might have been expected to show dehydration effects, there were no signs 

of structural disintegration. However, periods of extended grinding 

(above 1 hour) did lead to dehydration in gypsum. 

A.1.2.2 Mounting techniques  

In this investigation back loading into a standard Phillips cavity 

was used as a mounting technique for powders. This technique was found 

to give the most reproducible results. However, other techniques were 

tried, using, as a test of reproducibility, the intensity of diffraction 

from the less than 40 fraction, found to give reproducibility of + 5% 

by the back-loading technique. The reproducibilities, on the less than 

411 fraction, given by various loading techniques, with comments are shown 

in table (1) 

Table (1) 

Reproducibilities obtained from intensity measurements on the less than  
4p fraction by differing mounting techniques. 

	

Wanting Method Reproducibility of 	Comments 
	 relative intensity 	 

Smear-mounting 
(Using various 
techniques to 
obtain a "s tan-
dard smear 

Surface not reproducible between 
samples. Thus, intensity measurements 
vary from sample to sample. 

+ 10% 	"Standard" smear still gives a 
reproducibility of only + 10%. For 
all smearing techniques, only small 
amounts of sample are necessary. 

Surface not reproducible between 
samples. No advantages over smear-
mounting. 

Surface presented to k-ray beam is 
flat and reproducible. Less than 
0.5 grans of powder needed 

Smear-mounting 
(Acetone as 
mounting medium) 

+ 10-15% 

Cavity mount. 
(Front-loading) 

Cavity mount 
(Back-loading 
against a glass 
slide.) 

A.1.2.3 Effect of number of diffraction peaks measured  

Reproducibility was found not to be a function of the total number 
of diffraction peaks measured. It did not seem to matter whether the 
intensity measurements (either peak heights or peak areas) were made upon 

• 
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,just the strongest peak of a particular mineral phase or the total summed 

intensity of the three strongest peaks of that phase. In fact errors 

were probably lower when only one peak was used and, as will be shown in 

a later section, interferences from other mineral phases were at a 

minimum. 

A.1.3 Instrumental variables  

A.1.3.1 Effect of electronics of the recording unit. 

Using nickel filtered Cu eradiationat 40 KV and 20m.a. the diffrac-

ted intensity from the same loading of the less than 4u fraction of 

standard mono and multi-mineralic, artificial mixtures was measured using 

both a Phillips transistorized diffractometer recording unit (P.N. 1352/00) 

and a Phillips valve diffractometer recording unit (P.W.1051). 

The transistorized electronics showed not only a higher count rate 

but also a slightly better reproducibility between loadings, bringing the 

latter down to + 5%. The higher count rate is probably useful when 

dealing with minor phases but the improvement in reproducibility was not 

thought to be significant when overall errors are considered. 

A.1.3.2 Effect of type of counter  

Under similar running conditions to above and again using the less 

than 4u fractions and with optimum counter voltages, the scintillation 

counter showed count rates of 1.25 to 1.50 times that of the proportional 

counter, the reproducibility of intensities being similar. Thus, as above, 

the higher count rates given by the scintillation counter may be of use 

in the detection and analysis of minor phases. 

Neither of the two above variables showed any significant effect upon 

intensity ratios obtained from bi and multimineralic powders. Thus, once 

reproducibility had been attained, the type of recorder-unit and type of 

counter were of little consequence except in the analysis and detection 

of minor phases. 

A.1.3.3 Effect of radiation 

The radiations used in this investigation were nickel filtered CU Ka  

at 40 Kv and 20 m.a and a wavelength of 1.5418A and iron filtered Co Ka 

at 38Kv and 24 m.a and a wavelength of 1.7889X using a "high powered" 

cobalt tube. The cobalt radiation, by virtue of its longer wavelength 

obviously gave a greater separation of peaks and this was useful in resol-

ving overlapping peaks. However, it was thought that it would be necess-

ary to use only cobalt radiation for another reason. 

Since all proposed methods of intensity measurement obtained peak in-

tensity above background, the background must be kept as low and uniform 
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as possible. A cause of background irregularities is fluorescence and 

of the elements likely to cause fluorescence under CuKci  radiation, only 

iron and manganese are present in the marine environment in significant 

amounts. Furthermore, in the evaporites, for which this method was 

developed, chemical analysis has found amounts of these elements to be 

less than 11/4, insufficient it was thought, to cause appreciable 

fluorescence. 

To test this hypothesis, peak intensity ratios were measured using 

both CuKa and Coft radiation. By experiment it was thus found that 

there was no difference in peak intensity ratio measurements, on the same 

sample, upon changing the radiation and ratios obtained, using either 

radiation, from the same calcite-dolomite, calcite-aragonite and calcite-

anhydrite samples were identical. 

Therefore, for this suite of minerals, differences in background 

intensity due to fluorescence were negligible and intensity ratios of 

peak intensity above background for mineral pairs were strictly comr 

parable using both Cati  and CoKet  radiation. 

A,1.3.4 Effect of divergence and anti-scatter slits.  

Phillips, the manufacturers, advise the use of i°  divergence and 

anti-scatter slits in the range 8-18°  20, 1°  slits in the range 18-46°  

20 and 2° slits from 46°  to 75°  20. With the exception of the main (7.568) 

gypsum peak, all the reflections used in the analysis of "production" 

runs could be obtained using the 1°  slit system. However, it was hoped 

that even the main gypsum reflection could be adequately dealt with 

using the 1°  slit system and thus, no change of slits would be necessary 

during a run. 

To test this, scanning runs were made over the main (020) gypsum 

peak using both i°  and 1°  slit systems. Whilst using the e slits lowered 

background intensity and gave more symmetrical peak profiles, the 1°  slits 

gave a higher peak intensity. Also, using the larger slit system only 

reduced the reproducibility of the peak intensity by a further + 1-2% and 

thus it was proposed to use the 1' slit system over the entire scanning 

range. 

A.1.3.5 Effect of receivinpj slits  

It is obvious that use of 0.05mm receiving slits will improve resol-

ution of overlapping peaks but this improvement in resolution will only 

be achieved at the expense of a reduction in peak intensity. Experiment-

ally, it was found that use of either the 0.05mm at 0.10mm receiving slits 

did not alter the ratio of intensities of peaks provided that all compon-

ents were present in excess of 10 weight per cent. Below 10 weight per 
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cent relative errors' in-measurement of peak intensity using the 0.05mm 

receiving slit were greater and thus the reproducibility of results 

was lessened. 

Where solid-solution, disordered phases were present (e.g. high 

magnesian calcite), high resolution was essential and it was found ad-

visable to use fine receiving slits. In order to overcome the resultant 

intensity loss, the scale factor controls were used. The increase in 

error by using these controls was no more than 2-3%, in the case of 

valve electronics, and, count rates obtained using these controls and those 

of the transistorized electronics are strictly comparable (e.g. count 

rates obtained using a scale factor of x 8 were, in the case of transis-

torized electronics, to within + 1%, to twice the count rates obtained 

at a scale factor of x 16). 

A.1.3.6 Effect of scanning speed  

To check the effect of varying the scanning speed on the reproducib-

ility of intensities and intensity ratios, samples of mono and multi-min-

eralic mixtures were run at is, 1°, 1°  and 2°  20 per minute scanning 

speed without taking the sample from the sample-holder between making the 

variations in running conditions. Although this meant that machine 

stability was not checked after each run, as normal, it did mean that 

the sample surface presented to the X-ray beam each time was identical. 

The machine stability was, however, tested at the beginning and end of 

each batch of runs in the usual manner. 

In well ordered minerals, the measured reproducibilities in intensity 

measurements were; 

2°  20 per minute + 12% 

1°  20 per minute + 	8% 

1°  20 per minute ± 6% 

i°  20 per minute + 6% 

In disordered minerals, the measured reproducibilities in intensity 

measurements were: 

2°  20 per minute + 14% 

I°  20 per minute + 10% 

1°  20 per minute + 	8% 

A°  20 per minute ± 6% 

Thus, reproducibility was enhanced at slow scanning speeds, espec-

ially when disordered minerals were present. However, scanning at 1°  

20 per minute was found to be slow and impractical if many samples were 

to be analysed. Thus the best compromise scanning speed for all types 
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of sample was 10  20 per minute. 

A.1.3.7 Effect of instrumental multiplying_constants  

It would be advantageous, provided that no extra, significant, in-

accuracies resulted, to use the instrumental scale multiplication controls 

when examining the intensity of weak reflections. This would enable the 

amount of minor phases present to be determined more accurately. 

The accuracy of these controls was tested by measuring the diffracted 

intensity from a standard silicon block using scale factor controls x 8 

and x 16 and various multiplying controls. It was found that diffracted 

intensity obtained under one set of conditions could be converted to those 

obtained under a different set of conditions merely by applying the appro-

priate multiplication factors. In the case of valve electronics, the 

inaccuracy in doing this conversion was only + 2.3% and, in the case of 

transistorized electonics the inaccuracy was less than + 1%. Thus, the 

intensity of weak reflections could be magnified using the multiplying 

controls, the increase in the accuracy of the measurement more than 

offsetting the inaccuracies resulting from the use of the multiplying 

constants. 

A.1.3.8 Effect of step-scanning methods upon intensity measurements  

In section ( 6) the effect of variation in scanning speed upon repro-

ducibility of intensity measurement was examined. However, this intensity 

can also be obtained as a number of counts in a fixed time of both peak 

and background rather than as a recorder trace. Two variations of this 

technique exist; 

(a) Counting at a few, pre-determined points and 

(b) Counting over entire peaks and background. 

A.1.3.81 Counting at a few, pre-determined points  

This method involved obtaining a count rate or number of counts in 

a fixed time at a few, pre-determined points. The method had obvious 

disadvantages in that a scan had to be made of each sample before the 

exact counting positions (e.g. peak tip, half peak height) could be deter-

mined to within instrumental and measurement error. This procedure was 

reasonable for well crystalline, pure, homogeneous substances but the 

minerals were so rarely this, that even if a scan was made, it was always 

open to doubt whether the pre-determined point could be accurately found. 

Therefore, it was considered, that counting at predetermined points was 

little better than the scan which preceded it. 
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A.1.3.82 Counting over entire peaks and background 

In this technique, equivalent to a slow scan, the diffracted intensity 

in a pre-set fixed time was measured in intervals of (say) 1/100.  of 2.e 

and the output was as a total number of counts in:-the pre-set time. Thus 

by summation of the total number of counts above background over the 

entire range of the peak an accurate measure of the diffracted intensity 

could be obtained. 

The measurement of peak intensities and intensity ratios by this meth-

od gave in the 4-25p size range, a reproducibility from sample-loading 

to sample-loading of the same mineral of + 3-4% for well crystalline 

phases and + 5-6% for more disordered phases (e.g. high magnesian cal-

cite). This method was the most accurate for obtaining diffracted inten-

sity especially if long pte-set times were used. It was obviously, at 

times, slow but the process was later automated [Frost & Whitehead 19711. 

Peak intensity ratios obtained by this method were strictly comparable 

to those obtained by more normal scanning methods but had the advantage 

of being more reproducible. For example, in a 50-50 weight per cent 

calcite-dolomite mixture of correct grain size, the 

Intensity (211) Calcite/  
'Intensity (211) calcite + Intensity 

(211) dolomite 

was equal to 0.545 + .020 using this method and a fixed counting time 
of 40 seconds 

and equal to 0.543 + .053 using a scanning speed of 1°  20 per minute. 

Thus, since the intensity ratios themselves do not vary with the 

method of measurement and merely the reproducibilities alterl in drawing 

the calibration graphs of peak intensity ratios for various mineral mix-

tures, a step-scanning method was used to obtain the data points. The 

calibration graphs were thus drawn from data obtained using the most 

reproducible and accurate method of all those tried. 

Step-scanning was not, of necessity, slow, for the pre-set fixed 

counting time could be set at 1 or 2 seconds per point, equivalent to 

a scanning speed of 1°  or I.  20 per minute. Thus, a detailed count of 

peak intensity could be made at a rapid rate. Also the presence of minor 

phases down to about 1% by weight could be found merely by increasing 

the counting time over a small angular range so that random counting 

fluctuations were eliminated and by making the appropriate divisions to 

convert all results to the same time scale. This division increased 

the inaccuracy by less than +1%. 

The most useful application of step-scanning was probably in dealing 

with disordered phases. The application in finding the total counts from 
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a phase such as high magnesian calcite was obvious and if a really 

accurate measure of high magnesian calcite was desired then step-scanning 

had to be used. Also, step scanning enabled an accurate measure of high 

magnesian calcite in the presence of low magnesian calcite. to be made. 

The use of the step-scanning method partially eliminated the need 

for very strict selection of standards providing that the mineral of the 

sample and standard showed similar degrees of order or disorder. Where 

the degree of order or disorder was comparable, although the maximum 

diffracted intensity varied, summation of the total counts gave similar 

values. Thus, the total diffracted intensity, from the same peak, was, 

to within experimental accuracy, comparable for similarly ordered and 

similarly disordered samples. 

This was verified by using the step-scanning method to make diffrac-

ted intensity measurements from five different, purified dolomite 

samples. Pour of these dolomites were well ordered but not necessarily 

stoichiometric (a Jura dolomite, a hydrothermal dolomite from Zambia, 

a Warlingham dolomite and a U.S. Bureau of Standards dolomite No.88) and 

one was a highly disordered Trucial Coast dolomite (no.459). 

When total counts over the sharp peaks of all of the ordered dolomites 

were obtained they were found to be strictly comparable in spite of 

differences of their environment of formation and small differences in 

their chemistry. The results were similar to within + 3% and reproduc-

ibilities were identical. 

However, the exception was the disordered Trucial Coast dolomite. 

Peak heights from the 4-25p fraction of this were not at all reproducible 

being + 30% and the heights were only i to of those obtained from the 

well ordered specimens. If total counts were obtained by a step-scanning 

method then the reproducibility of this total was + 10%, only slightly 

worse than the reproducibility for well ordered samples. However, sum-

mation of the total counts across the (211) peak of this disordered 

sample gave a value of only 44% of the total counts across the identical 

peak of the U.S. Standard No.88 dolomite. Thus, when dealing with 

highly disordered minerals, it was considered essential that the cali-

brating standards were of a similar degree of disorder to the sample or 

else serious errors resulted. 

A similar investigation of the (002,020) peak of three different 
anhydrite samples (Stassfurt anhydrite, a Warlingham anhydrite and a 

Trucial Coast anhydrite) showed that the peak height intensity of the 

two, ancient, ordered samples was greater and more reproducible than 

the Recent, disordered sample. The total counts, across the peak, of 
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the ordered samples were identical whereas the total counts across 

the same peak of the disordered sample were 91Z of the ordered value. 

Again, the disordered sample showed a reproducibility in the 4-25p 

fraction of + 10%. 

It would seem from the above, brief, investigation that, provided 

that standard and sample exhibited the same degree of order or dis-

order, the standards need not necessarily be chosen from the samples 

to be analysed. 

However, the disordered evaporites from the Trucial Coast were 

nowhere nearly as disordered as even the better ordered clay minerals.  

Also, the trace-element content of most calcium carbonate/calcium 

sulphate evaporates was constant within relatively narrow limits and 

consequently diffracted intensities from comparable peaks were 

likely to be not too dissimilar. Thus, a quantitative X-ray diffrac-

tion method for mineralogical analysis of evaporite sediments was 

likely to he simpler to develop than for other mineral suites. 

A.1.3.9 Effect of absorption  

Although the relative diffracted intensity from mono and multi-

mineralic artificial samples might be reproducible within strict limits, 

differences in absolute diffracted intensity could arise from differ-

ences in mass absorption coefficient due to variations in chemical 

composition between samples. If a sample contained both weak and 

strong absorbers, then the peaks of the weakly absorbing component 

were lower in comparison with those of the strongly absorbing component 

given a 50-50 ratio of the two components. If the mineral phases 

present exhibited wide variation in mass absorption coefficient, mix-

tures of these minerals also showed wide variation in the 'bulk" mass 

absorption coefficient (i.e. absorption by the matrix). 

The evaporite sediments examined originated by the partial 

evaporation of the chemical system Ca
4+ 

 - Mg 
4+ 
- CO

3 
- SO

4 
- H2O 

(plus minor Sr ), the Na
+
, te and Cl being removed from the sedi-

ment either by natural processes or by repeated washings prior to 

analysis. In such a system, which roughly approximates a sabkha 

brine without Nat, K+  and Cl , the high absorbers manganese, iron and 

titanium are not present in large amounts and are unlikely to greatly 

affect the mass absorption coefficient of the matrix. 

To test this, two approaches were used; 

(a) Calculation of mass absorption coefficients of likely com-

ponents for CuK
a 

and CoK
a 
radiation. 

(b) Measurement of peak intensity ratios for calcite/dolomite in 
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a varying matrix of gypsum/anhydrite and for gypsum/anhydrite in a 

varying calcite/dolomite matrix. 

A.1.3.91 Calculated mass absorption coefficients  

Using values obtained from International Crystallographic Tables, 

Volume III, the mass absorption coefficients of the minerals calcite, 

high magnesian calcite, dolomite, anhydrite, gypsum, celestite, magnesite, 

quartz, orthoclase, albite and anorthite were calculated for both CuKa 

CoKa. Whilst the relative magnitude of mass absorption coefficients for 

CuKa and CoKa were not strictly comparable for the mineral phases 

examined, differences were small when the experimental error (±25%) in 

these coefficients was considered. The calculated coefficients for CuKa 

are shown in table (2) below: 

Table (2) 

Calculated mass absorption coefficients (CuKa) for sabkha minerals  

Mineral Chemical Composition Hass absorption 	Proportion 
Coefficient (CuKa) 	sediments 

Calcite (Aragonite 

High magnesian 
calcite 

Dolomite 

Gypsum 

Anhydrite 

Celestite 

Magnesite 

Quartz 

Albite 

Anorthite 

Orthoclase 

CaCO3  

(C110.811g0.2) CO3  

(Ca0.5 
It 

 0.5)CO3 

CaSO4.2H20 

CaSO
4 

SrSO4 

MgCO3  

SiO
2 

NaAlSi
3
0
8 

CaAl
2
Si
2
0
8 

K Al Si
3
0
8 

70 

6! 
47 

61 

74 

79 

19 

34 

34 

49 

52 

'Nfajor 

Minor 

• Detrital 
(Generally 
minor) 

Since the accuracy of these coefficients was not high it4was consid-

ered that with the exception of magnesite, they might be regarded as 

approximately equal. Especially as, in most samples, gypsum, anhydrite, 

calcite (aragonite), high magnesian calcite and dolomite made up 952 

of the sample. In other cases, the differing mass absorption coeffic- 
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cents might lead to error. 

Amounts of quartz and feldspar were generally small, but some samples, 

especially those from the surface, of the sabkha, were high in these 

components. The error in determining large amounts of these phases was 

probably quite large being not only due to any error in calibration 

methods, but also due to the presence of iron hydroxides around detrital 

grains. 

Other samples consisted of either magnesite and "matrix" mixtures or 

celestite and "matrix" mixtures. In these cases binary mixtures of 

calcite and either magnesite or celestite were made, the mass absorption 

coefficient of calcite (70) being taken to represent the mass absorption 

coefficient of the "matrix". Relative proportions of magnesite and 

celestite in actual samples were obtained from intensity measurements 

and the use of calibration graphs of intensity ratios obtained from the 

binary mixtures with calcite. This approximation did increase the error, 

but, except in a few cases, the amounts of magnesite plus celestite were 

small. 

A.1.3.92 Experimental measurement of intensities in varying matrices  

Since the majority of samples were of calcite (aragonite), high 

magnesian calcite, dolomite, gypsum and anhydrite and since the calcul-

ated mass absorption coefficients were similar, it was thought that the 

mass absorption coefficient of the matrix could be assumed constant. This 

hypothesis was checked using the step-scanning method. Peak intensity 

ratios were measured for calcite and dolomite mixtures of known ratios 

in binary mixtures only and binary mixtures plus 25%, 50% and 75% calcium 

sulphates . Similarly, peak intensity ratios were measured for gypsum 

and anhydrite mixtures of known ratio from binary mixtures and binary 

mixtures plus 25%, 50% and 75% of calcite and dolomite. 

The experiment was repeated for the cases. 

1. Varying calcite - dolomite ratios, 

(a) In the presence of 25% sulphate matrix 

(i) Gypsum : Anhydrite = 1 : 3 
(ii) Gypsum : Anhydrite = 2 : 2 
(iii) Gypsum : Anhydrite = 3 : 

(b) In the presence of 50% sulphate matrix, variations 

as (i), (ii) and (iii) above 

(c) In the presence of 75% sulphate matrix, variations 

as (i), (ii) and (iii) above. 



2. Varying gypeum-anhydrite ratios 

(a) In the presence of 25% carbonate matrix 

(i) Calcite : Dolomite 	1 : 3 
(ii) Calcite : Dolomite 	2 : 2 
(iii) Calcite : Dolomite = 3 : I 

(b) In the nresence of 50% carbonate matrix, variations 

as (i), (ii) and (iii) above 

(c) In the presence of 75% carbonate matrix, variations 

as (i), (ii) and (iii) above. 

In all cases examined, intensity ratios obtained, from samples having 

similar calcite-dolomite or gypsum-anhydrite ratios but of different 

matrix compositions, were within the limits of reproducibility of ratios 

obtained from repeated measurements upon the same sampe and within the 

range obtained from repeated measurements upon the pure, binary mixturs. 

Thus, variation in mass absorption coefficient would and did not seem 

to be critical in this suite of minerals and reasonably accurate analysis 

of these multi-component mixtures could be made by intensity ratio 

measurement and comparison of these intensity ratios with calibration 

graphs made from binary mixtures. 

A.1.4 Calibration graphs and accuracy  

Having investigated all the above procedural and instrumental var- 

iables, a series of calibration graphs of intensity ratios from binary 

mixtures using both Cu1Z and CoKo; were drawn for both transistorized and 

valve electronics. Since there was no difference in ratios obtained from 

either radiation and either electronics, the graphs finally decided upon 

were those drawn from the total count, step-scanning method. This 
method, as shown above, gave the most reproducible results. 

In most cases, the calibration graphs were drawn with reference to 
calcite but some cross-checks were made. For example, the dolomite-

arihydrite graph obtained experimentally could be predicted, within exper-
imental limits, by calculation using the experimental calcite-anhydrite 

and calcite-dolomite graphs. Similar cross-checks were made using 

calcite-gypsum, anhydrite-gypsum and thus calcite-anhydrite, calcite-

dolomite, calcite-aragonite and thus dolomite-aragonite, calcite-

anhydrite, 

 

 calcite-aragonite and thus aragonite-anhydrite. All results 

were consistent. 

In all, calibration graphs were drawn for all binary pairs in the 

system- calcite-aragonite-high magnesian calcite-dolomite-gypsum-

anhydrite system. In addition, graphs of the pairs calcite-disordered 

dolomite, calcite-magnesite, calcite-quartz, calcite-albite, calcite- 
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anorthite, calcite-orthoclase, calcite-celestite, calcite-Recent 

anhydrite, aragonite-quartz, aragonite-orthoclase and aragonite-celestite . 

Also, graphs were drawn not only for the intensity ratios obtained by 

direct comparison of the main peaks but also for intensity ratios ob-

tained by comparison of the summed intensity of more than one peak and 

comparison of the main peak of calcite with minor peaks of both quartz 

and celestite. 

Graphs were drawn relating peak position to chemical composition 

for the (211) calcite/high magnesian calcite peak and the (211) dolomite/ 

calcium-rich dolomite peak. Much of the calcite calibration was taken 

directly from the work of Graf and Goldsmith (1955) but the dolomite 

calibration was original. 

A few checks were made at a scanning speed of 1° 20 per minute, the 

proposed speed for "production" runs, so that instrumental effects such 

as dead-time and lack of response could be demonstrated. Using the peak 

position and the lattice spacing obtained, at this scanning speed of the 

(111) silicon peak, from a standard silicon block, the corrected position 

of the (211) peaks of one pure low magnesian calcite, two high magnesian 

calcites, one standard dolomite (U.S. Bureau of Standards No 88) and 

seven calcium-rich dolomites were plotted against known chemical compos-

ition. When allowances and corrections were made for instrumental 

variables these data correlated well with that of Graf and Goldsmith 

(op.cit.) Thus, their far more detailed data were used to plot the peak 

shift graphs but their data were converted, by use of the silicon 

calibration, for direct use with the two goniometer heads available. 

These calibration graphs were periodically checked and recalculated when 

the goniometers were realigned. 

To test the accuracy of the proposed method, some 70 artificial 

mixtures were made. These mixtures consisted of known ratios of minerals 

likely to be encountered, the mixtures themselves having been ground for 

10 minutes in a Tema mill and for 10 minutes by hand. Using running 

conditions of 1°  20 per minute scanning speed, 0.05mm receiving slit, 

1°  divergence and anti-scatter slits, CuK'a 
or CoK

a 
and a chart speed 

run 
of x 40. These samples were thenrhen only deli cheystaalixed phases wer e 
present, measured compositions were accurate to + 10% of known amount 

present, when peak heights were used as a measure of peak intensity and 

+ 8% of nominal value when peak areas were used to measure intensities. 

If disordered phases were present, then accuracies were + 18% of nominal 
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value and + 12% of nominal value when peak heights and peak areas res-

pectively were used as a measure of peak intensity. Accuracy was not a 

function of the number of diffraction peaks used to determine the amount 

of a particular mineral in a particular mixture. 

The dummy runs, therefore, supported the validity of the method but the 

method had also to be checked against chemical analyses of actual samples 

some from the sediments of the sabkha at Abu Dhabi and some from the 

Warlingham borehole. Fortunately, however, both sets of samples have a 

low clay mineral content. 

The chemical analyses were redetermined as follows- 

A.1.4.1 The Warlingnam samples 

(i) CO3--  determined gravimetrically and distributed between calcite 

and dolomite, as demanded by the calcite I dolomite ratio measured by 

X-ray diffraction. 

(ii) SO
4 

determined gravimetrically and distributed between 

gypsum, anhydrite and celestite as demanded by the ratios measured by 

X-ray diffraction. 

(iii) Mg++, determined by X-ray fluorescence, attributed all to the 

dolomite, the dolomite composition calculated from the X-ray diffraction 

peak-shift graphs. 

(iv) Ca++, determined by Xrray fluorescence, attributed to the 

appropriate minerals as according to ratios determined by R-ray diffract-

ion and mineral composition. 

(v) Sr++, determined by X-ray fluorescence attributed as follows_ 

calcite and dolomite - 200 p.p.m 
gypsum 	- 1400 
anhydrite 	- 1400 
celestite 	- remainder 

These strontium contents were measured on purified samples of these 

minerals by X-ray fluorescence. 

(vi) All 112
0 attributed to gypsum, this being analysed by weight 

loss. 

A.1.4.2 The samples from the Abu Dhabi sabkha  

(i) 003 determined gravimetrically and distributed between calcite, 

aragonite, high magnesian calcite, dolomite and magnesite in the ratios 

as determined by X-ray diffraction. 
grave 

(ii) SO
4 

determined 	metrically and distributed between anhydrite,
A  

gypsum and celestite in the ratios as determined by X-ray diffraction. 

(iii) Mg, determined by X-ray fluorescence, attributed to dolomite, 

calcite, high magnesian calcite, in the-ratior*aa.determined by X-ray 

• " 
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diffraction and to the high magnesian calcite and dolomite according 

to mean chemical composition as determined from the peak-shift cali-

bration graphs. 

(iv) Catt, determined by X-ray fluorescence, attributed to dolomite 

calcite, high mgnesian calcite, aragonite, gypsum and anhydrite in the 

ratios as determined by X-ray diffraction and to the calcite, high 

magnesian calcite and dolomite according to mean chemical composition 

as determined from the peak-shift calibration graphs. 

(v) Sr++, determined by X-ray fluorescence, attributed as follows- 

calcite and high magnesian calcite - 900 p.p.m. 
dolomite 	 - 650 p.p.m. 
anhydrite 	- 6000 n.p.m. 
gypsum 	 - 5000 p.p.m. 
aragonite 	- 650Q po.r6 
nagnesite 	- 300 0:ivia 
. 	+, . 	 . lart)itrury) 
celestite 	- remaiOder:' 

(vi) All H2O attiiiiii6a4to gypsum, this being analysed by weight 

loss. 

In the case of the Warlingham samples, chemical and R.ray analyses 

correlated to within + 5%. However, in the case of the disordered samples 

from the Trucial Coast, X-ray estimates of percentage were lower than those 

demanded by the chemical analyses. This was probably due to the total 

counts from the disordered phases being slightly lower than was correct. 

This error caused an underestimation of badly crystalline phases and an 

overestimation of well crystalline (e.g. aragonite) components. Even 

so, chemical data and X-ray data correlated with + 152. This error on 

the amounts present could, however, be found by stricter methods of 

recalculation of the chemical data and more extensive chemical analysis. 

Analysis of further samples from the Trucial Coast by Mr. P.R. Bush 

showed that chemical and diffraction analyses agreed to within + 122 in 902 

of the samples examined. Of the remaining 102 of samples about 52 agreed 

to within ± 15-20%. Samples that showed greater error than this fell 

into the following categories; 

(a) Surface samples high in quartz and feldspar content. 

(b) Surface samples high in quartz and feldspar content and with more 

than 12 iron present. This iron being present around the detrital grains. 

(c) Samples with a high percentage of Recent anhydrite. Here, the 

increase in error was due to; 

(i) The disorder in the Recent anhydrite 

(ii) Preferential orientation effects within the powder as a 

Whole and within single crystals of the anhydrite 



(iii) Failure to attain optimum grain size. The platy 

nature of the anhydrite "crystals" makes grinding difficult. 

(d) M3ny of t grsis in the disordered samples (e.g. dolomite and 

aragonite) are less than 2p in size. This causes a lessening in diff-

racted intensity. 

A.1.5 Diffraction peaks used durin&the analysis,  

For many analyses of this type, it was essential that peaks of one 

mineral should ideally, be free from overlap by peaks of another mineral. 

In a multi-component system, such as dealt with here, the ideal sit-

uation was not encountered. However, only one strong peak for each 

mineral was needed to make intensity measurements for both "production" 

and calibration purposes. [The preceding investigation has shown the 

reproducibility and accuracy are not notably increased by the use of 

more than one peak.] 

In the minerals examined, it was, perhaps, fortunate that there were 

sufficient peaks free from overlap to permit fairly rapid and accurate 

analyses, At a scanning speed of 1°  20 per minute and the slit systems 

specified, the diffracted intensity from a peak, of a well ordered 

mineral, present in excess of 20 weight per cent, in the 20 range 10-40°, 

returned to background levels within + 0.5°  of 20 of the peak tip. Thus, 

separations of about 0.75°  of 20 were advisable. 

However, if this separation was not possible to achieve, maximum 

peak intensities could be adjusted by subtraction, for the effects of 

overlap providing that half of the peak was free from overlap. This 

only required a separation of peak tips of about +0.40°  of 20. The 

subtraction entailed drawing-in peak profiles so as to make a complete 

and symmetrical peak. The contribution of the overlapping peak, to 

the intensity of the peak for which measurement was sought, could be 

measured together with the total intensity and the desired intensity 

calculated as- 

Intensity(desired) 
in Total Intensity - Intensity (Due to overlapping 

peak) 

Similarly, profiles could be approximated for disordered peaks and 

subtracted as above. More accurately, for disordered minerals, exhib-

iting overlapping peaks, a total count across the peaks had to be made 

and counts due to overlap estimated and substracted. 

Table III shows the diffraction peaks used in the mineralogical 

analysis of the ordered Warlingham samples and disordered Trucial 

Coast samples, overlapping peaks and comments upon eliminating the 

added intensity due to these overlaps. 
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Conclusion  

If a detailed investigation is carried out prior to any "production" 

runs, suites of evaporite minerals may be satisfactorily analysed by 

YE-ray diffraction. For well-ordered mineral phases an accuracy of + 10% 

can be easily achieved, whereas, for disordered phases considerable care 

must be taken to obtain an accuracy of 4- 12-15%. The greatest accuracy 

that can be hoped for is + 6-8% in the case of well-ordered phases and 

+10% for disordered phases. This degree of accuracy entails the use 

of a very slow, step-scanning method and is not very practical for large 

numbers of samples. 
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Table 3 

to determine intensity ratios of 
evaporite.  

minerals present in sabkha-type Peaks used 

Mineral Reflection 
Index 

Position (Two-Theta) Impairing 
CuKa 	CoKa_ 	Overlaps 

Gypsum 020 11.40 13.58 None 

Anhydrite 002,020 25.44 29.64 None 

Argonite 111 26.18 30.50 Quartz 
(101) 

Quartz 101 26.53 31.06 Aragonite 
(111) 

Feldspar 002,040, 27.46- 32.00- Celestite 
220, etc. 28.08 32.72 (210)  

Calcite 211 29.40 34.28 Gypidn 
(141) 

High 211 29.50- 34.40- Gypsum 
Magnesian 30.10 35.10 (141) 
Calcite Calcite 

(211)  

Celestite 211 30.04 35.02 Calcite 
(211) 

•• .1 	• 
• HUH Nag 

pesian 
Calcite 

210 27.04 31.50 Feldspar 
peaks 

Comments 

Use of 1°  lits increas 
background and peak in 
tensity: reproducibil-
ity not impaired 

Contribution of quartz 
to aragonite found by 
symmetrical profile-
drawing technique and 
appropriate subtracti4 

Contribution of aragon 
ite to quartz found by 
symmetrical profile-
drawing technique and 
appropriate subtractio 

No really satisfactory 
method of resolution 

Contribution of gypsum 
to caltite.sfoufid:by .1 
symmetrical profile-
drawing technique and 
appropriate subtractio 

Use total count across 
gypsum (141), calcite 
(211) and make approp-
riate subtractions to 
find individual inten-
sities 

Contribution of calcit 
to celestite found by 
symmetrical profile-
drawing technique and 
appropriate subtractil 

No suitable method to 
obtain celestite (211) 
intensity. Use celes-
tite (210) peak 

Contribution of feld-
spar peaks to celesti 
found by symmetrical 
profile-drawing tech-
nique and appropriate 
subtraction 



Mineral Reflection 
Index 

Position 
CuKa 
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Table 3 Cont. 

(Two-Theta) Impairing 
CoKa 	Overlaps 

. 

Dolomite 211 31.02 36.18 Aragonite 
(002) 

Calcium- 211 30.70- 35.80- Aragonite 
rich 
dolomite 

31.10 36.30 (002) 

Magnesite 211 32.63 41.88 Celestite 
(112) 

Comments 

Intensity of aragonite (002 
calculated from aragonite 
(111) and subtracted to 
give intensity of dolomite 

Intensity of aragonite (002 
calculated from intensity 
of aragonite (111) obtained 
by counting. This calcul-
ated count intensity then 
subtracted from total count 
across aragonite (002) and 
dolomite (211) to give in-
tensity of calcium-rich 
dolomite (211). 

Contribution of celestite 
to magnesite found by 
symmetrical profile-draw-
ing technique and approp-
riate subtraction. 
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AFFJAMIX (2)  

A2.1 Ste 	Scannin Techniaue and C •utek Pro eras SC3 4 5 6 & 10 

The Phillips P.W. 1352/00 diffractometer control unit for the 

p.w. 1050/25 wide range coniometer used in this study had facilities 
for a step-scanning control. (P.W. 1364). This control enabled 

ither the time taken to attain a certain fixed number of counts to be 

recorded and printed out or the total number of counts in a pre-

determined fixed time to be recorded and also printed out. Various 

combinations of both facilities could be used but normally the number 

of counts in a fixed time was found to be the more convenient method. 

Initially, the step-scanning was carried out as a continuous 

process with count data being obtained from both the "dead space" 

between the peaks and the peaks themselves. This method was tine 
wasting in the extreme if details of background variations were not 

required. Therefore, certain additions were made to the apparatus. 

Firstly, an automatic control device was linked to control the 

movement of the goniometer.. This enabled data to be collected only 

from the peaks and the background adjacent to the peaks on either side. 

When the previously defined point was reached the control unit rapidly 

moved the goniometer head to the next defined position. Thus, "dead 

space" readings were not collected. (This control device is fully 

described in a pamphlet by Trost and Whitehead 1971). Secondly, a 

tape punch was added so that all count data were recorded on five hole 

tape. This latter addition eliminated the tedious -bask of punching 

all the print-out data on to computer cards. 

The actual technicue consisted of beck-loading a mineral powder, 

with or without an internal staudara, into a Standard Phillips cavity, 

the powder having previously been ground to a particle size of less then 

34.i and all particles less than 2-Am removed. The powder was then 

back-loaded against a glass slide in order to ensure that the surface 

presented to the X-ray bean 'ias perfectly flat. A preliminary scan 

was made at a speed of 10  or 20  20/minute over the thole renge to be 

examined by the step-scanning technique and the peak positions found 

drectly from a diffractometer trace. 

The slit systems were as follows: 

10 - 750 	20 	10  Divergence and anti-scatter slits. 

0.1 rocoiving slits 



75 155° 
	

20 	4°  Divergence and anti-scatter slits 

0.2 receiving slits 

These slit systems were chosen. in order to give the best compromise 

between intensity and resolution and to require least attention during 

a complete run from 10 - 155°  20 

Using the peak positions obtained from the rapid diffractometer 

trace, the angular (28) position at which scn.nning was to begin and 

end for each peak(s) was decided upon, making sure that the peak(s) 

commenced at and returned to background intensity. The values for 

the beginning and end of each peak and the overall starting position 

were punched on to a five hole control tape. The overall finishing 

position of a particular sub-run was decided according to the 20 

position where the slit system was manually changed. The step interval 

used was normally 0.01°  28 up to a value of 86°  28 and 0.02°  20 from 

86°  to 155°  20. The time of counting at each step interval was varied 

according to the requirements of a run but normally it was set at 40 

or 100 seconds. 

If no internal standard had been previously mixed with the 

sample, calibration of goniometer error was obtained using a Phillips 

standard silicon tablet as an external standard. This tablet was run 

under identical conditions to the sample run itself and "counts above 

background" data were obtained for the silicon (111), (220), (422) and 

(440) peaks. 

All data were then computed according to one of the S.0 series 

oR competer programs. These programs were written by Mr. N. T. Frost 

and carry out the following computations. 

A2.2 S.C.3 and 5.C.4  

These programs both defined the peak maximum as the initial point 

after which the number of counts started to fall. Thus, the programs 

were of little use with the broad, multiplicate peaks typical of 

disordered phases but were quite adequate for dealing with more normal 

X-ray diffraction peaks. 

The programs obtained a quadratic line fit to the values of sets 

of five points each about 50%, 62.5%, 75% and 87.5% of maximum peak 

height on both the low and high angle side of the peak. The peek 

position was then computed as the mid-point between each of the 50% 

of peak heth values, each of the 62.5% of peak height values, each of 

the 75% of the peak height values and each of 87.5% of peak height 
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values. The program also took 5, 10 and 15 values about the defined 

peak tip and obtained a quadratic line fit through the three sets of 

points. The peak position was then computed as the point of inflexion 

in the calculated quadratic equation. 

A Rachinger correction into Cle and. 	was not done. 
1 

A2.3 The Rachinger Correction  

Any X-ray diffraction peak, when filtered radiation is used, is 

made up of two component parts due to the alandas components of the 

CXmean radition. The Cxl and CS radiations have slightly differing wave 

lengths and consequently, in order to satisfy the Bragg relationship 

nA= 2d Sing, the 8 value for a constant value of d will vary according 

to the difference in }between the two components. Thus, any X-ray 

diffraction peak profile is composed of an overlap of an OCI  and OS 

peak. At low values of 0, the two component peaks are virtually co- 

incident, but as sin 0-4 1, the resolution between the CC and 	perks 

becomes appreciable and even complete separation may result. 

The Rachinger correction used in the computer programs S.C.5 

and after, found the 20 value of the maximum counts above background 

for any peak. At this position, the resolution of the Ocand 0S 

components, the backgroune intensity and assuming the following 

relationship: 

C(mean = 2/3000+ 1/3 O (Rachinger 1948) 

This meant that the intensity at the first or first few points 

of any peak was defined as being entirely due to the CX
1 
component, 

the intensity at the last or last few points entirely due to C1S2  and 

in between the relative intensity of the CXtand O components was a 

function of the resolution between the wavelengths and the relative 

strengths of the two components. The programs assumed the above 

relationships, assumed that the Oliprofile was identical to the Or2  

profile and adjusted intensities so that the C( component was removed. 

The resulting CX4profile was then treated according to one of the 

programs below. 

A2.4 S.C.5 
20 

This program defined the peak maximum as the position at which 

the highest number of counts above background occurred. A Rachinger 

correction was then done on all the data points and a calculated Cki  

profile found. A quadratic line fit was then made to five points on 

the calculated 0
(I
profile about each of the 5096 of maximum counts 



positions, each of the 62.5% of maximum counts positions, each of 

the 75% of maximum counts positions and each of the 84% of maximum 

counts positions. The peak position was then computed as with S.C.3 and 

4. The program also took all the values in the calculated CX1profile, 

above 70% peak maximum, 80% peak maximum and 90% peak maximum and 

obtained a quadratic line fit to each set of points. The peak position 

was then computed as the point of inflexion in the calculated quadratic 

equation. 

A2.6 S.C.6 

This was identical to S.C.5 but the computed C41profile was 

drawn out using a Calcomp plotter. This gave a good visual record 

of the peak profile. 

S.C.5 and 6 were a little better for treating mulitplicate peaks 

than S.C.3 and 4 but still only a quadratic fit vas obtained. 

A2.7 S.C.10  
This version used a library line fitting program called "Polyfit" 

and obtained a fourth order polynominal fit to count data about the 

peak maximum and about each of the 50%, 62.5%, 75% and 87.5% values 

of maximum peak intensity. Otherwise, the program was similar to 

S.C.5 in its manner of treating the data. 

This program probably gave the best peak positions for the 

broadened multiplicate peaks typical of disordered minerals. 

As tests of reproducibility of both the step—scanning method and 

the computer programme, . data were obtained- from several scemnings 

under differing conditions across various silicon peaks. The silicon 

tablet was removed between each successive run using a 40 second fixed 

time. This was to test differences arising from insertion of the 

silicon tablet. However, the tablet was not removed between the last 

40 second fixed time scan and the 20 second fixed time scan that followed. 

The data show that results were reproducible between loadings 

using the same fixed time and between runs using different fixed times. 

No runs were made taking out and re—inserting the tablet and changing 

the fixed time but results show that error arising out of the use of 

an external rather than an internal standard is not great providing 

great care is taken of the condition of the external standard and the 

insertion of the external standard after each run. 
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A3.0 Introduction  

Before discussing the interpretation of the X-ray single-crystal 

photographs and the detailed X-ray powder diffraction "peak" profiles 

of the Recent anhydrite, it is first necessary to describe various 

structural defects which may occur within a crystal and to describe the 

effect of these defects and other parameters upon a diffracted X-ray 

beam. The purpose of this Appendix is to provide the reader with a 

detailed review of the literature on the topic of structural defects 

in crystalline materials. 

A3.1 The nature of a crystal  

An "Ideal crystal" may be represented by a perfectly periodic 

lattice with the lattice points occupied by atoms. However "Real 

crystals" depart significantly from this behaviour. 

Ewald (1914) and. Darwin (1922) develope&the idea of a "mosaic" 

crystal with blocks of 10
-4  - 10 cm in linear dimension mutually 

disorientated by small angles. This concept was further extended by 

Bragg and Burgers 	who visualized the mosaic structure as being 
 

on two scales, a micromosaic. with blocks less than 10
-4 

 cm in linear 

size. These latter blocks are produced during growth or as a result 

of any process that produces dislocations in the crystal. All mosaic 

blocks, no matter the size, are separated from adjacent blocks by a 

dislocation wall. 

This concept of mosaic blocks, especially the micromosaic blocks. 

of Ewald (op. cit.) and Darwin (op. cit), were used to explain why 

the diffracted intensity from a "real" crystal is some 10 to 100 times 

weaker than that expected from a "perfect" crystal. 

A3.2 Dislocations  

It has been described above how a dislocatiOn is, essentially a 

linear defect which develops within the interior of a crystal at the 

margins of two or more adjacent zones. Simply, there are two types of 

dislocation: 
(i) Edge 

(ii) Screw 

A3.2.1 Edge dislocations  

These arise when atomic planes terminate in the interior of a 
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crystal and the edge of this plane of terminations creates an edge 

dislocation. The atomic distributions in planes adjacent to this 

edge are distorted according to the magnitude and the extent of the 

dislocation. 

A3.2.2 Screw dislocations  

Screw dislocations arise when the atomic planes from a single 

screw surface bent along a screw line. During each circuit of the 

screw along the dislocation line the surface rises or falls by a 

distance that is equal to a whole number multipe of the lattice 

spacing. This displacement in both magnitude and direction corresponds 

to the Burgers' vector. 

Various kinds of reaction both chemical and physical arise along 

dislocations of both types. Dislocations may interact with each other 

liberating a certain amount of energy and resulting in a more stable 

lattice or, lattice deformations nay arise around dislocations to 

produce a stress field. Also dislocations may react with impurity atoms 

and the concentration of these atomic inclusions and substitutional 

point defects within the stress field of a dislocation may bring about 

changes in the mechanical properties of the crystal since these foreign 

atoms decrease the dislocation mobility. However, the internal 

strains resulting, within the crystal, from a dislocation, leads to 

the formation of microcracks. These microcracks associated with 

dislocations are surfaces within the crystal (internal surfaces) 

along which chemical reaction can occur. Since these surfaces are 

associated with stress and, generally, the presence of impurities 

along lines of dislocation, those areas tend to be regions of more 

rapid chemical reaction than unstressed mrul chemically more pure 

regions. 

A3.2.3 Diffraction effects of an edge dislocation  

"Jillis (1956 and 1957) showed that the diffraction effects 

resulting from an edge dislocation are complex, for the result for a 

reflection (h k 1) depends not only upon h, k and 1 but is further 

complicated as Poisson's ratio enters the calculations. His main 

result was that if the Burgers' vector of the dislocation lies in 

the X—lattice direction, then the diffracting region increases in an 

almost linear fashion with h and dependsvery little upon 1. Also, 

the scattering by an edge dislocation far from reciprocal lattice 

points is best represented by fine streaks joining lattice points of 

the same "1" with faint curved arcs parallel to these streaks. 
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A3.2.4 Diffraction effects of a screw dislocation 

`Nilson (1949) and Frank (1949) have calculated the diffraction 

theory for a screw dislocation and the variation of spot shape in 

reciprocal space due to the presence of such a structural defect. 

This will be given in some detail as it is considered that the 

results are of considerable significance in the interpretation of 

some of the Recent anhydrite single crystal photographs. 

Consider a crystal with a screw dislocation of Burgers' vector 

nb lying along the Z—axis where b is the axial parameter in this 

direction, then it can be appreciated that the presence of such a 

dislocation does not alter the translational periodicity along the 

Z—axis. Wilson (op. cit.) then stated that reflections from, in 

this case, the (h k 01  planes are unaffected as displacements have 

no component normal to the reflecting plane. However, for other 

reflections, the intensity at the ideal reciprocal point is zero 

because to every atom there corresponds an atom obtained from it by 

a rotation of 1 /n1 about the axis which scatters in the opposite 
phase. The dislocation crystal has rotational symmetry and the 

reciprocal lattice regions are therefore hollow rings about the 

ideal reciprocal lattice point. 

Wilson continued that to find the radii of these rings for 

various values of 1, the helicoidal reflecting surfaces must be 

divided into sections with the centre at the axis and the diffraction 

from the centroid of each section must be obtained. Around the 

centroid the lattice distortion consists of a rotation bg the (001) 

planes around the radial direction. The associated distortion of 

the reciprocal lattice consists of an equal rotation of (001) about 

the same axis. A large part of the helicoidal section deviates only 

slightly from this tangent lattice rila the diffraction maxima 

correspond to those for this tangent lattice as it moves around the 

helical locus of the centroid. 

Using this concept and approximation 'Wilson shoved that the 

diffraction maximum is a ring formed by the intersection of the plane 

1 = constant and its axis (001). This pattern is shown in figure (1). 

More exact calculations by Wilson have shown that the rings of the 

diffraction maximum in reciprocal space are surrounded by subsidiary 

rings. 
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A3.3 Extinction 

Diffraction within a crystal can cause a reduction in the energy 

of the primary, incident beam even if, absorption is very small. This 

reduction in energy is extinction and is, to a large extent, depen-

dent upon the crystalline perfection of the sample. 

A3.3.1 Primary extinction 

In an ideal crystal where reflecting planes are parallel, a 

diffracted wave is reflected again, by the proceeding plane, and is 

propagated in the direction of the incident beam. If t single 

reflection occurs the difference in phase between incident and 

reflected waves is 7.112 and after a double reflection n 

Thus, there is partial extinction and reduction in amplitude of the 

incident bean upon its passing into the interior of the crystal. 

This extinction is called "primary" extinction. 

When the incident beam has passed through about 10 
4 planes 

its amplitude is reduced to zero. 

A3.3.2 Secondary extinction  

As given above, primary extinction relates to a perfect crystal 

but in an imperfect crystal diffraction occurs over the whole of its 

volume. However, a reduction in the intensity of the primary beam 

will occur whilst it passes through the crystal as a result of 

reflections from several, optically independent zones. This extinc-

tion is termed secondary and, since the reflecting planes are not 

parallel, no definite phase relations exist between incident and 

reflected beams. 

Thus, the perfection of the crystal itself has a profound 

effect upon the intensity of the diffracted bean. Auleytner (1968) 

has given a scheme of several different types of mosaic structure 

each leading to different extinction effects. 

(a) Crystals of small blocks with small disorientation between 

blocks. 

(b) Crystals of large blocks with perfect structure and with large 

disorientation between each block. 

(c) Crystals of intermediate orientations and with small blocks 

but with larger regions of stronger disorientation. 

(d) Crystals with large, strongly disorientated regions, e.g. 

layer structures with layers slightly disorientated in 



oertain regions. (Gypsum is en example of such a crystal). 

(e) Crystals of large blocks with a minute mosaic and large 

disorientation. 

As stated, each of the above categories give rise to different 

extinction effects. Secondary extinction is very strong in single 

crystals having small, slightly disorientated blocks. Crystals having 

large slightly disorientated blocks give rise to a large primary 

extinction but a small secondary extinction. Crystals possessing small, 

strongly disorientated blocks give rise to small primary and small 

secondary extinction. 

A3.4 Effect of block orientation 

The diffraction pattern obtained from a "single" crystal is 

strongly dependent upon the orientation of the mosaic blocks with 

respect to the incident beam. 

During the rotation of a crystal the points of the reciprocal 

lattice intersect the surface of the 2wald sphere. If the oscillation 

of the crystal is confined to a sufficiently narrow range, only one 

reciprocal lattice point will enter the reflecting position. In 

the oscillating film method using a monochromatic beam, the width 

of a diffraction line is dependent largely upon the broadening of 

the reciprocal lattice points. This broadening is due to the devi-

ation of the reciprocal lattice points of particular mosaic blocks 

from the mean positions of such points. 

The tilting of the blocks about the direction of crystal 

rotation also influences the diffraction line profile. For example, 

during rotation of the reciprocal lattice around the Z-axis, individual 

parts of the point (100) intersect the Ewald sphere. If, due to 

mosaic block disorientation, the parts of this reciprocal lattice 

point are extended, intersection with the Ewald sphere will occur over 

an extended portion of the rotation rather than a short portion of 

the rotation as is usual. Should this extension of the reciprocal 

lattice point occur then the diffraction line will be split and 

broadened. 

Should the mosaic blocks be tilted within the crystal plane (i.e. 

around the X-axis in the case of the (100) reciprocal lattice point) 

then no change in the diffraction line profiles occur during rotation. 

However, again considering the (100) point, a tilt around the Y-axis 
causes a broadening of the reciprocal lattice in a direction which is 



nearly vertical. 

If the beam is, however, divergent only an insignificant shift 

of the line should occur in the horizontal plane when the film is 

oscillated about the Z-axis. If the shift, x, is the displacement 

due to broadening of the reciprocal lattice point in the direction 

AC then, as the point A of the reciprocal lattice point intersects 

the Ewald sphere, the point C of the same reciprocal lattice point 

lies outside the sphere. Rotation about Z will cause the point C to 

intersect the Ewald sphere and will simultaneously cause the previously 

recorded reflection from "A" to be shifted by an amount 

For small values of d, may be approximated as follows: 

=- ‘I( ( d2  ivt) -C(
2 
) 

fON 

The distance between A an B islfd and the angle $corres-

ponds to an arc x.c( is the angle of tilt about the y-axis which is 

parallel to the crystal surface and perpendicular to the trace of 

the incident beam. 

If the block disorientation is small, 4) is small and cannot 

be easily observed. 

The effect of block orientation are shown in figures (2 - 4) 

(After Auleytner (1968). 

A3.5 Effect of surface roughness  

The extent of the effect of surface roughness upon the shape of 

reflections during diffraction is dependent largely upon the degree 

of surface roughness. If the surface is very rough and damaged the 

reflections aredsplaced and the effect is similar to that due to 

the tilt of mosaic blocks. 

A3.6 Effect of particle size and strain on diffraction 

To determine the effect of particle size upon the intensity 

of the diffracted beam it is usually assumed that the crystal is 

composed of a large number os small perfect blocks similar in struc-

ture to the crystal as a whole. It is also generally stated that 

the diffracted waves from each block are incoherent. 

If the dimensions of the particle are a x b x c then the lattice 

points in reciprocal space are diffused throughout a region of 

a-1 x  b-1 x c-1. The effect of this on a diffracted X-ray beam is 

shown inthe figure (5). 
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Let 0 be the fixed centre of reciprocal space then X0 is the 

incident bean. Now, considering the effect observed upon a rotation 

photograph, the reciprocal lattice rotates with the crystal about an 

axis through O. In the figure, the reciprocal lattice point G is 

approaching the reflecting sphere and is diffused by the particle 

size effect into a region A1A2, B1B2. Points on the line B1GB2  

will intersect the reflecting sphere at the same reciprocal lattice 

point and give rise to reflected waves in the same direction. 

Thus, the broadening of a diffraction lino is determined solely 

by the extent of A1A2  in reciprocal space along the reflecting normal 

OG. The extreme points R1R2  at which the reciprocal region inter-

sects the sphere are the intersection of the lines perpendicular 

to OG, AiRi  and A2R2, with the Ewald sphere. 

Using this type of approach Averbach and Darren (1949) have 

shown that the separation R1R2  is given by: 

R
1
R
2 
= AlA2 sec 0 

and that the line width is: 

P =R1112/k = coast (A/ t) Sec 0 

where t is the particle thickness normal to the reflecting planes. 

By differentiation of the Bragg equation, the strain broadening 

(is) due to a strain (e= Sd/d) normal to the reflecting planes may 

be found. 

From the Bragg relation: 

0 = E - /1s/cot 8 
Now, if it is assumed that the contributions of broadening due 

to particle size (yip) and strain (/s) to give the total broadening 

(I) , then the latter is given by: 

B =IL tan 0 + coast ( AR) sec 

or 44  Cose = E4L Sin 8 const/t . 

A plot of /Ace's° against''  sin0 should then give a straight 

line from whichE and t could be determined. 

Probably, direct addition of /p and /s can never be justified 

except in a few simple cases. However, from above, it is readily 

apparent that only at small angles of deflection is particle size 

broadening dominant. More generally, the major part of the broaden- 



ing is due to strain although the particle size contribution is not 

small enough to neglect. 

This type of approach has been extended and supplemented with a 

Fourier analysis of the shape of individual diffracted lines. (Warren 

and Averbach (1952)). Although this method is powerful there are 

serious difficulties in separating the precise contributions of strain 

and particle size broadening (Williamson aye, Smallman (1954) and 

Warren (1959)). 

A3.7 The diffraction effects of isomorphous chemical substitutions  

The systematic isomorphous substitution of ions into a crystal 

lattice can cause distinct effects upon the diffraction pattern 

from that lattice. Firstly, a distinct and systematic shift in the 

positions of the diffracted maxima can occur. The actual shift is 

related to the degree of isomorphous substitution and corresponds 

to alterations in interplanar spacings. Secondly, if the substitution 

occurs to any great extent, the diffraction line profile can become 

highly irregular and significantly broadened. These two features 

reflect the degree of disorder within the crystal and the formation 

of small mosaic blocks each possessing slightly different lattice 

parameters and interplanar spacings. Thirdly, chemical substitutions 

can lead to the appearance of diffuse reflections in the diffraction 

pattern. 

A3.8 Diffuse scattering 

The interaction of an X—ray beam with a regular periodic atomic 

lattice is the usual condition for Bragg reflections to occur. 

These reflections may then be seen as spots on single—crystal 

photographs. However, most crystalline lattices depart from a regular 

periodicity or else have, within the lattice, irregular distributions 

of groups of atoms possessing certain patterns. 

The irregularities in overall periodicity in the distribution 

of certain groups may give rise to diffuse reflections which are of 

great value in further illucidating the structure of the crystal. 

A3.8.1 Historical review of early work on diffuse scattering  

The early work upon diffuse scattering dates from the very 

earliest days of X—ray diffraction studies. Debye (1914) in order 

to account for some intensity diminutions of reflections developed 

a theory of thermal vibrations of atoms which was extended by 
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axon (1923) and Moiler (1923) to take account of the anisotropic 

nature of crystals. The work showed that thermal motion of atoms 

at all temperatures is due to the superposition of a great number of 

elastic waves of many frequencies and travelling in many directions. 

This would cause a definite diminution in the intensity of X—ray 

reflections. 

The diffuse reflections themselves were not studied until 

Laval (1939) and Zachariasen (1940)and other authors who attributed 

the diffuse scattering to the effect of the continuous travel of 

elastic waves through the crystal. Other authors, however, including 

Raman (1941) supposed that the X—rays themselves generated the 

waves that gave rise to the diffuse scattering. The waves thus 

generated were supposed to be directly related to the infra—red 

spectra of the crystals in which they were produced. 

Subsequent work has shown that phenomena related to diffuse 

scattering can be divided into two groups: 

(a) Explanation of the effects in terms of thermally excited 

elastic waves. ( Faxen (op. cit.) and Waller (op. cit.)) 

(b) Explanation of the effects in terms of particular features 

of the static atomic arrangement within the crystal. (Various 

authors)..  

Here, the discussion will be restricted to the effects and features of 

group (b) and research into the diffuie scattering associated with 

structural defects had proceeded along many lines (e.g. layered 

structures and order — disorder problems). Also there have been 

various theoretical and experimental studies relating diffuse scat-

tering to lattice defects such as solid solutions and dislocations. 

A3.8.2 Diffuse scattering from solid solutions and dislocations  

Then impurities are not randomly distributed as isolated atoms 

or molecules but are segregated into plates or rods a static distor-

tion of the lattice occurs. In most cases the diffraction effects 

of this distortion can be resolved into the equivalent of a series 

of plane eaves all parallel to the plane of the platelet or length 

of the rod. 

The diffraction pattern due to such plane waves consists of 

spikes corresponding to a succession of satellite reflections distri-

buted along the direction of normal to the wavefront. The analysis 

of the intensity distribution within such platelets gives information 



concerning the nature of the platelets or rods. 

This information is. especially useful when two separate 

phases separate during the growth of the crystal. 

A3.8.3 Diffuse scattering from structural imperfections  

The permanent random displacement of atoms or molecules from the 

positions they would occupy in a perfect crystal can be described in 

terms of an order - disorder phenomenon. Such displacements cause a 

distribution of the diffuse scattering in all directions including those 

far removed from the normal Bragg reflections. Thus, much information 

can be gained, concerning the regularity of the atomic or molecular 

arrangement within the crystal by studying the diffuse scattering at 

points far removed from the main reflections. 

There have been many studies of structural imperfections in 

crystals by observation of the diffuse scattering. Haugin (1928) 

studied the diffuse layer lines on rotation photographs of biotite nica 

and demonstrated that these effects could be satisfactorily explained 

by faults in the stacking of successive atomic layers ("stacking faults"). 

Wilson (1947) studied order - disorder phenomena in alloys and 

showed that diffuse discs arranged perpendicularly to the X, Y and 

Z axes are related to the atomic distribution of one atomic type relative 

to another. He (Wilson) (1949, 1952, and 1955) also showed that screw 

dislocations in the crystal lattice gave rise to disc-shaped diffuse 

scattering. He stated that scattering in reciprocal space due to the 

presence of a screw dislocation adopts a distinct pattern. Except 

for reflecting planes parallel to the dislocation axis, the intensity 

of the reflection at the centre of any disc is zero with the plane of 

the disc perpendicular to the axis of the screw dislocation. This has 

been dealt with in parts 2.2 and 2.4 of this section. 

The diffraction effects from an edge dislocation have been dealt 

with by Willis (1957) (see parts 2.1 and 2.3 of this Appendix). 

Jeffrey (1953) studied the distribution of sharp and deffuse 

reflections from a Voelastonite crystal and noticed the occurrence 

side by side of sharp and diffuse reflections. He used b-axis oscil-

lation and Weissonberg photographs to show that whereas the even order 

laser line photographs were sbmrp, the odd order law line photo-
graphs Imre welt with spots drawn out fre‘o streeks cerrespendiag to a 
constant value of a*. 

Dornhorger-Schiff (1956) treated systematically order - disorder 
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structures especially those consisting of the irregular stacking of 

perfectly regular layers. This concept of the "stacking lattice" 

aids the interpretation of Jeffrey's photographs and the deduction of 

a one—dimensional disorder in the woolastonite studied. 

As all scattering points lie upon the "stacking lattice" they 

must all scatter in phase in directions corresponding to the diffracted 

beams from this lattice (figures 6 and 7). Since the horizontal cell 

edge of the stacking lattice is one half the corresponding cell edge of 

an undistorted lattice, the horizontal cell edge of the distorted 

reciprocal lattice must be twice that of the original reciprocal lattice, 

the sharp spots, on this model, corresponding to diffraction from the 

stacking lattice. 

Jeffrey's photographs shoved diffuse spots for indeces of the 

type Oa 1 1),(11 3 l) etc. and are elongated along a*. From the "stacking 

lattice" concept of Dornberger—Schiff it follows that since the diffuse 

spots are only diffuse in a*, the arrangement of atoms must be perfect 

within any atomic plane parallel to (100). Also, k is odd for all 

diffuse spots and even for all sharp spots and this implies that the 

stacking lattice has a cell dimension of b/2  in the Y—axis direction. 

The two conditions are satisfied if perfect (100) planes are randomly 

asplaced with respect to one another, and if the relative displacement 

of neighbouring (100) planes is + b, — 2' 

As stated above, diffuse scattering may arise from any structural 

departure from stacking regularity in layered structures. If the 

structure is composed of identical parallel atomic planes which are 

displaced parallel to one another in a regular or irregular manner 

from the ideal positions of a perfect lattice then the irregularity 

is one dimensional. If, however, the structure consists of parallel 

chains of atoms which are displaced sideways relative to one another 

from their ideal positions, then the departure from structural regularity 

is two dimensional. Three dimensional disorder results from local 

expansion or contraction of the lattice due to the insertion of foreign 

atoms or atomic groups. 

Thus, disorder of atomic arrangement may be associated with parallel 

planes and chains or localized blocks of different lattice parameters. 

Diffuse scattering can arise from all of these factors acting either 

single, doubly or all together. 

The concept of Dornberger—Schiff has been continued by many 
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authors including Dornberger—Schiff (1964, 1966) and. Durovic (1968). 

This latter author solved the order — disorder crystal structure of 

rlig3S2C1 from X—ray diffraction patterns which contained both sharp 

spots and diffuse streaks with maxima upon them. He interpreted tho 

structure in terms of equivalent layers and shoved that for each layer 

there were two possible positions relative to the preceding layer, so 

that the pairs formed by the preceding layer and the given layer in 

either of the two positions were geometrically equivalent. 

Since the structure was disordered, as evidenced by the diffuse 

streaks, no space group could be assigned to it. However, he demon-

strated that all the crystals investigated contained blocks of three 

dimensionally periodic structures and that in most cases these structure 

blocks possessed symmetries which were special cases of the order -

disorder groupoid family used to describe the symmetry of the structure 

as a whole. For a detailed treatment of the description of symmetries 

by groupoid families, the reader is referred to Dornberger—Schiff 

(1964 pp. 16-18). 

A3.8.4 Variations of the Structure Factor. (Adapted from Uilson (1970) 

It is, by now, obvious that, although in an ideal crystal all the 

component unit cells are similar in size and shape with the same atom 

types in the same spacial arrangement, there are many ways in which 

non—ideal crystals can arise. In a non—ideal crystal the component 

unit cells may differ in both size and shape and the atomic arrangement 

of atoms within the different unit cells may be different even though 

the unit cells themselves fit together more or less perfectly. Under 

such circumstances, although the crystal lattice may be more or less 

perfect, the space—group rules are only partially obeyed. These depar-

tures from the ideal condition are most common in layered structures, 

but three dimensional examples are known. 

Bragg (1940) has shown that a three dimensional pattern of mis-

takes is possible only if there are exactly four different types of 

atomic arrangements. This theoretical treatment of Bragg (op. cit.) 

confirms the classical three dimensional disorder case of AuCu, (Jones 

and Sykes (1938)). At low temperatures, a crystal of this alloy consists 

of one of the four cell types. However, if the crystal is cooled too 

rapidly for complete thermodynamic equilibrium to be attained, segre-

gation of gold atoms occurs into different atomic positions in different 

parts of the crystal. These so—called "anti—phase nuclei" then coalesce 

forming a crystal with a domain structure, there being different arrange- 
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ments in different parts of the crystal. The whole crystal then dif- 

fracts as if it were single for reflections common to the simple-

cubic and the face-centred cubic structure, but as if it were a number 

of small crystals given only by the simple-cubic structure. Reflec-

tions with mixed indoces, so-called "super-structure" reflections, are 

then diffuse in comparison with the main reflections. 

Wilson (1962) gives the intensity of scattering as a function of 

H K, L as: 

I(HIKIL) = 	Fn  F empf 27ti{(nrni ) H+(n2-n; ) 
n n' 

K+ (n3  + n3  )1,33 

and, by applying statistical ideas to this equation a general expression 

for the intensity of the reflection as a function of position in recip- 
e 

rocal space. Putting n1 = nl  + ri1, n2  = n2  + m2  and n3  = n3  + m3, 

the above equation becomes: 

I(H,K,L) =ED F*+m 
 expi-Ini(m1  H + m2  K + m3  L)) n n 	k 

n m 
* 1 

= Eur, n F  nmjexpi-butml  H + m2  K + m3 I)) 
on n 

Thus, the double summation has been broken into two stages, the 

sum within the square brackets containing no exponential factors. In 

favourable cases this can be evaluated for postulated models of mistakes. 

Physically, the interpretation is as follows: 

Starting with the cell nl, n2, n3, the cell m1  a along the 

a-axis, m2  b along the b-axis and m3  c along the c-axis is found. 

Having found them, the structure factor of the first cell and the com-

plex conjugate of the structure factor of the second cell are multi-

plied together. These products for all pairs of cells having sane 

separation are then added. 

For cells near the surface of the crystal it is not possible to 

find the second cell as this lies outside the crystal itself. The 

number of products to be added, therefore, is the number of unit cells 

comon to the crystal and its companion ("ghost of Wilson (1962)) 

displaced by the translation mia, rat  b, m3  c. If this common volume 

is Vm and II is the volume of a unit cell, then If% is the number of 

such pairs of cells. This is ordinarily a large number and, instead 

of adding the individual products FF* for the pairs of cells, the total 

number of cells is multiplied by the average value of this product. 

Calling this average: 
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Ym = Crp.F*n+r2 

the general equation for the intensity of reflection as a function of 

position in reciprocal space becomes: 

I(H,K,L) = U 	Vm Ym exp 27ti (01 11+02K+m3  L)) L)1  
ns  

If Ym is a smooth function of re, it is usually convenient to confine 

attention to the immediate neighbourhood of a particular lattico point 

(h k 1) and to replace the summation over m by an integration. Sub-

stituting: 

H = h + K = k + L= 1 + u, 

u, v, and y being proper fractions, then the general intensity equation 

can be re-written as: 

I(u,v,u) = U 	 Vi exp{-2Ki (miu + m2v + m314,) 
111 

since the integer olh,m2k, m31 do not affect the value of the expon-

entials. Substituting further, 

x =m1 ' a 	y= m2 
b, z= m3  0, 

the snr'ration can be replaced by the integration, 

I(u,v,u) = (U abc)67 \f(x,y1z)Y(x,y1z) exp -2mi (ux/a +77/b + 

Itz/c)i  dyd x dz.] 

Thus, the problem reduces to calculating; 

(a) the volume common to the crystal and its companion ("ghost" ) 

translated by x,ylz and 

(b) the mean value of FP* for cells related by the same transla- 

tion. 

Neu, "(a)" is purely geometrical and the calculation can, in principle, 

for any definite crystal shape. "(b)", houever, depends upon postulating 

a statistical model of hoer the changes in atomic arrangement occur. 

For mistakes at random it has the form: 

Y(x,y, z) = 1F21 exp(-pox' 
where 0414 are non-negative constants for any particular reflection, 

but may have different values for different reflections. Evaluation 

of the integrated general intensity equation, above, for the case of the 

AuCu3  alloy leads to disc-like regions of high intensity in reciprocal 

space, the disc being always perpendicular to the direction corres-

ponding to the unpaired index. 

Mistakes are particularly frequent among the layer structures and 
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if axes are chosen so that a and b lie in the layerox and 	are 

zero butX is non-zero for at least some reflections. The corres-

ponding regions of high intensity are then needlelike and elongate in 

the direction of c. If mistakes are very frequently, the needles may 

join up so that there are continuous rods of high intensity in recip-

rocal space. 
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Appendix 3 

FiPure 1 

The reciprocal space of a crystal containina.  a screw 

dislocation. (After Wilson, 1955) 
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Fi.c.Irre 2  

Tilting of mosaic blocks. 

Let shift be a: (i.e. displacement of th9 reciprocal lattice 

Points of a particular mosaic block from mean positions of points). 

':!hilt point A, belonging to the reciprocal lattice Point intersects 

the Ewald sohere,b,the point C, belonging to the same reciprocal lattic.:,  

point is still outside the sphere. Upon rotation about Z, butcC, °,  
the point C now intersects the Ewald sphere. Meanwhile, the point 

has passed through an angle CO. (Modified after Auloytnor, 
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1. • 

• Figure 2.  



The reciprocal lattice and Ewald construction of lattice point A. 

This view is exaggerated. Also shown is the effect of intersection 

occurring over an angular range 00. [See Figure 2.] (After 

Auleytner, 1968.) 
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Fi 71.1.re 3.  

C3 

• ,ur 3. 



Figure 4  

The Ewald sphere intersecting diffuse points of the reciprocal 

lattice. [After Auleytner, 1968] 
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Ma-MI 

Particle-size broadening in a rotation photograph. XD is the 

fixed incident beam, and the reciprocal lattice rotates about its 

origin O. The reciprocal lattice point G is broadened by the sm9.11 

size of the particle into a region of dimensions Al  L2  and Bl  B,. 

The reflecting sphere is OR2  Rl. The points R, and R2, which 

the extreme points at which the reflecting region_ intersects the 

reflecting sphere, are determined solely by the extension Al  A2  

the -T.electinr,  normal OG and not by the extension 3 3 in a dircctim 

Tlarc.11e1 to the refle:tinr,  Plane. (-After . 2.rren, 1959] 
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Figure  
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Figure Z. 

a • 

Diagram of the stacking lattice which comprises 
all the points of figur 6. (After Dornberger-
Schiff, 1956.) 
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A5.0 Introduction  

As a first stage in a study of certain aspects of the 

crystallization of calcium sulphate hydrates from saline waters, 

the solubilities of two calcium sulphate hydrates in doubly distilled 

water and in some aqueous electrolyte solutions at temperatures from 

25°-85°C have been determined. These data are reported here. 

Much work has been carried out on the solubility of the various 

calcium sulphate hydrates, in distilled water, over a wide range of 

temperature, but relatively little has been reported on the solubility 

of these hydrates in aqueousielectrolyte solutions, other than sodium 

chloride. 

Bock (1) has obtained the solubilities of anhydroqs CaSO4  and 

CaS0
4
.2H

2
0 in concentrated aqueous solutions of NaC1 at temperatures 

from 25°  to 50°C. Marshall, Slusher and Jones (8) and Marshall and 

Slusher (9 & 10) have determined the solubilities of CaSO4(anhydrite), . 

CaS04.
111
2
0(hemihydrate) and CaS04.2H20(gypsum) in solutions of 0 to 4 

molal NaC1 at temperatures from 40°  to 200°C and have discussed 

certain thermodynamic relationships. Power, Pabuss and Satterfield 

(13 and 14) give the solubilities of anhydrite and gypsum and the so-

called "transient" solubilities of the more soluble "soluble anhydrite" 

and p( and13 hemihydrate from 35°  to 110°C and from 0 to 1.0m NaC1 

solutions. Furby, Gluekauf and McDonald (4) have obtained the solubility 

of CaSO4 
in sodium chloride solutions over a range of concentrations 

at temperatures up to 100°C. 

Sveshnikova (20, 21 and 22) gives the values of calcium sulphate 

dihydrate solubility for a few concentrations of aqueous KC1 solutions 

at one temperature. Kuznetsov (6) obtained values for CaSO4.2H20 

solubility in aqueous solutions of various CaC12  concentrations at 

20°C. Cameron and Bell (2) and Harkins and Paine (5) determined 
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values of dihydratesolubility in aqueous solutions of MgSO4, of differ-

ing concentrations, at 25°C. Kuznetsov (6) obtained values for 

CaS0
4
.2H

2
0 solubility in aqueous hydrochloric acid solutions at 

25°C and several concentrations and Ryss and Nilus (16) for the 

same salt in aqueous HC1 solutions at 25°C. Cameron and Seidell (3) 

give the sypsum solubility values for aqueous solutions of MgCl2, of 

several concentrations, at 25°C as do Van Veldhuizen (24) and Shternina 

(17, 18 and 19). 

The solubility of calcium sulphate hydrates in so-called "see-

salt" solutions of several concentrations and differing temperatures, 

has been dealt with by authors including Partridge and White (11), 

Tanaka, Nakamura and Hara (23), Posnjak (12), Langelier, Caldwell 

and Lawrence (7), Furby, Gluekauf and McDonald (4) and Marshall 

and Slusher (10). The latter two groups of authors also demonstrate 

the profound effect upon the solubility of calcium sulphate hydrates 

of the divalent magnesium ion. 

This paper presents data concerning the solubilities of CaSO4. 

2H
2
0 and p-CaS0

4
.111

2
0 in doubly distilled water and in aqueous 

solutions of NaCl, KC1, CaC12, MgSO4, HC1 and MgC12  at concentra-

tions up to 0.25 molal and from 25°  to 85°C. 

A5.1 Experimental Procedures  

A5.1.1 Preparation of p-CaSO .11122 

Using an agate pestle and mortar, Analar grade 

CaSO4.2H20 (for analysis see Table I)was ground under acetone for 

10 minutes. The resulting powder was then spread thinly on the bottom 

of a crystallizing dish, covered with an up-turned filter funnel and 

placed in an oven at 120°  to 130°C for 24 hours . 

The product was then examined for remaining dihydrate by 

X-ray diffraction and the water content of this solid determined by 

A.S.T.M. pro6edure C471-61. This procedure involves washing the 

solid and igniting in a muffle furnace for 1 hour at 400°C. Upon 

reweighing, the weight loss is the bound-water content. Using this 

method the water content of several repeated samples of different 

batches of solid product was found to be between 6.0 and 6.8 weight 

per cent. This compares well with a stoichiometric value for hemi - 

hydrate of 6.2%. 

Different batches of solid were made before each run, a small 

sample from each being examined for water content. Any solid product 
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not used immediately was stored in a .desiccator, above phosphorus 

pentoxide. The product was always gently ground before use in the 

subsequent experiments. 

Table II shows the peak positions and refined lattice parameters 

of the product (p-laaso4.11120). 

A5.1.2 Experimental determination of the "transient" solubility of  

-CaS0 .1H2
0 and the solubility of CaS0 	2 .2H 0 in doubly 

4--- 
distilled water and in aqueous solutions of Nei, KC1, CaC12, 

NgSO4, HC1 and NgC1 usin -CaS0 .1H2
0 as a starting material  

A5.1.21 Apparatus 

The double distilled water or aqueous electrolyte solution 

was contained in a 1-liter flask covered with a multi-socket flat-

flange cover fastened to the flask by a strong clip. Through the 

central socket of the cover, a P.T.F.E. stirrer, 11 cm in size, was 

placed, together with a suitable stirrer guide. The stirrer was 

driven at all times during the experiment at approximately 300 r.p.m. 

p-CaSO4.11120 was admitted to the solution trough the largest 
socket in the cover. This socket was kept stoppered except when 

samples of the solutions were being taken. All other sockets not in 

use were always kept stoppered. 

The whole apparatus was immersed in an oil bath, the temperature 

of which was controlled to + 0.1°C. 

Samples of solution/slurry were withdrawn from the flask by 

means of an accurately calibrated, grade A, 1 ml. pipette. The 

slurry was filtered during the withdrawal procedure. The filter 

consisted of a 2-inch rubber tube, containing several rolled and 

compressed plugs of borosilicate glass wool, attached to the end of 

the pipette immersed in the solution. 

The preparation of this multi-stage filter was critical but, 

with practiced preparation of these plugs, samples withdrawn from 

the slurry were completely clear. Anew filter tube was used for 

each sample. 

The solution sample, after removal of the filter tube, was run 

into a 25 ml conical flask containing 10 ml of doubly distilled 

water. The purpose of this 10 ml of water was to dilute the sample, 

thus preventing precipitation, before analysis, of the less soluble 

CaS04.2H20 from the supersaturated solution. 



A5.1.22 Preliminary runs  

Preliminary work had shown that the "transient" solubility 

of the hemihydrate depended not only upon the temperature, composition 

and concentration of the solution but also upon the amount of excess 

solid added to the solution. An example of this dependence is given in 

Table III as a summary. 

In view of this dependence, for each electrolyte, at each 

concentration, pilot runs were made at 25°  and 85°C in order to 

determine the approximate solubility ofia-CaS04
.1112

O. An approx-

imate, often quite arbitrary, amount of13-CaSO4.1-1120, thought to 

correspond to a slight excess of the "transient" solubility value, 

was added to the solution under examination. From the resulting slurry, 

filtered 1 ml samples were withdrawn each minute for about 30 minutes. 

These samples were analysed and the maximum values taken as the 

approximate "transient" solubility. Having obtained these approx-

imate values at 25°  and 85°C, values at other temperatures were est-

imated by interpolation. 

A5.1.23 Experimental Procedure  

An amount of lightly ground, solidg-CaSO4.020 was weighed 

out to give an approximate excess of 1.2 grams of solid per 1000 grams 

of water over and above the amount predicted, from the preliminary work, 

P-Cto correspond approximately to the solubility value of 	aSO4.11120 

in the particular solution under examination. Thus, in all experiments, 

there was, initially, a constant excess of solid hemihydrate. 

The solid was then added to the stirred solution and filtered 

samples were withdrawn from the slurry every half minute until 5 
minutes had elapsed, every minute until 30 minutes, every 5 minutes 
until 360 minutes, every 15 minutes until 480 minutes and then, if 

possible, every 30 minutes until 48, 72 or 100 hours according to the 

experiment. Upon withdrawal, the samples were run into the conical 

flasks mentioned previously. 

A5.1.24 Method of analysis  

The 1 ml. samples were analysed for calcium using E.D.T.A. 
run out of a micro-burette calibrated to 0.02 ml. This method of 

analysis is described in Vogel (25). 

In the presence of calcium in the original electrolyte solution 

(i.e. in the calcium chloride solutions), samples of the solution, 

with no added solid, were taken at the beginning of the experiment and 
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titratod with E.D.T.A. Solid was then added and samples analysed as 

usual. The difference between the calcium content of the filtered 

solution of solution plus solid and of the solution alone gave the amount 

of calcium present because of the dissolution of the solid. 

In the presence of magnesium in the aqueous electrolyte solution, 

Patton and Reeder's technique was used with Patton and Reeder's re-

agent as the indicator. This analytical procedure is fully described 

in Vogel (25). 

Using the above techniques both the "transient" solubility of 

f
kaSO4.11120 and the solubility of CaSO4.2H20 were obtained in the 

same experiment. 

A5.1.3 Determination of the solubilitycILLS2412:1120, using 
CaS0 .2H2 

 0 as the starting material in solutions and at 
----4--- 
temperatures similar to those used previously  

All methods used were similar to those previously described. 

The gypsum was ground and always added in an excess equivalent to the 

excess of 1.2 grams of hemihydrate per 1000 grams of water used 

previously. Again, preliminary work had established the approximate 

equilibrium solubility for a particular solution at 250C and 850C 

by stirring a slurry of CaSO4.2H20 for 48 hours. Values at other 

temperatures were interpolated from these two values. However, it 

must be noted that in these experiments, the solubility was not depen-

dent upon the amount of solid added. 

In the solubility determinations, the gypsum slurry was stirred 

for at least 48 hours and several filtered samples taken. These 

samples were titrated with E.D.T.A. as previously. 

Thus, values for the solubility of CaSO4.2H20 in aqueous solu-

tions of various electrolytes were obtained. Values determined in 

this way did not differ significantly from the final values of the 

experiments using prCaSO4.1H20 as the starting material and, there-
fore, are not reported separately. 

A5.1.4 Reproducibility and accuracy 

The reproducibility of the solubility values and precision of 

the determinations were well within the limits expected from the 

apparatus and techniques used. Repeated experiments and repeated 

samples were reproducible to within, approximately, + 0.5 to 1.0 
Results for the solubilities of 13—CaSO4.1H20 and CaSO4.2H20 



A5-G4 

in different aqueous electrolyte solutions at temperatures between 

25°  and 85°C are shown in Tables IV to XVI. 

A5.2 Discussion  

A5.2.1 Dissolution of -CeS0 	0 

As illustrated in the figures of Power, Fabuss and Satterfield 

(15 & 16), the dissolution of p-CaS04' 12H2  0' 
 as followed by the amount 

of calcium present in solution, does not approach a maximum, equilib-

rium solubility. Rather, the amount of calcium in solution reaches 

a maximum, called by Power, Fabuss and Satterfield (15), the "tran-

sient" solubility of the hemihydrato, and then diminishes towards a 

lower value. This lower value corresponds to the equilibrium solu-

bility of less soluble dihydrate and is reached after, at the most, 

48 hours. Values for this equilibrium value are not significantly 

different from those obtained in experiments using dihydrate as a 

starting material. Therefore„ the dissolution of the more soluble 

hemihydrate initially establishes a supersaturation with respect to 

the less soluble dihydrate which then crystallizes from the solutions. 

A5.2.2 Solubility measurements  

The results given here are in close agreement, where data 

exist , with previous work. The correspondence of the present results 

with those of Marshall et el. (8, 9 and 10) is particularly mocked. 

The effect of temperature, concentration and composition of the 

various solutions is clearly demonstrated. Where the aqueous elec-

trolyte solution contains a common ion, the solubility of the calcium 

sulphate hydrate is lower than in the pure aqueous solution. Hoe-

over, when an ion is present, in solution, that forms a MS04°  or 

MS04  ion pair to a considerable extent (e.g. Mg
2+ 

+ SO4
2 

MgS04  and Na+ + SO
4
2- 	

NaS04) and no common ion is present, 

the solubility of the particular calcium sulphate hydrate is enhanced. 
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TABLE I 

ANALYSIS OF CaSO4 2H
2
0 USED AS STARTING MATERIAL  

(IMPURITIES ONLY) 

Substance 	0 Analysis ('wO) 

HC1 insoluble matter 

Free acid (H2  SO4  ) 

Carbonate(C0r) 

0.01 

0.01 

0:01 

Chloride (C1) 0.002 

Nitrate (NO3—) 0.002 

Arsenic (As) 0.00004 

Iron (Fe) 0.0003 

Lead (Pb) 0.0002 

Magnesium (Mg) 0.01 

Strontium (Sr) 0.008 

Barium (Ba) 0.0005 

Potassium (K) 0.004 

Sodium (Na) 0.001 

Loss on ignition (H20) 20.85 
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TABLE II  

INTERPLAMR SPACINGS (IN ANGSTROMS), RELATIVE INTENSITIES, 

MILLER INDICES AND REFINED LATTICE PARAMETERS OF THE SOLID  

PRODUCT (p-CaS0  .11122). 

(Ni. filtered CuNix, 	= 1.5418 R. Silicon internal standard. 

Counts measured with proportional counter and0<lA(2 correction made 

according to Rachinger (15). Indexed as Hexagonal.) 

a = 6.968 R. 	c . 6.346 P. 

d R 	/1..._.nwi 	hid 	d R 	LIIMX 	11k1 
211 

403 

301 

300,103 

301 

212 

504 

220 

311 

362 

310 

400 

312 

6.005 100 100 2.140 14 

4.350 1 101 2.128 4 

3.455 52 110 2.108 4 

2.007 1 

3.294 4 111 1.914 6 

3.001 87 200 1.841 ) 
) 14 

2.797 59 102 1.838 ) 

2:708 ) 201 1.731 3 
) 8 

2.706 ) 313 1.728 5 

2.350 3 112 1.694 10 

2.335 4 4]. 1.660 7 

2.265 6 210 1.498 1 

2.190 1 202 1.472 3 
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TABLE III  

VARIATION IN "TRANSIENT" SOLUBILITY OF -CaS0 . H2O 2- 
WITH AMOUNT OF SOLID ADDED. (pgaso4lig 0 ADDED TO 

DOUBLY DISTILLED WATER.)(CALCIUM CONCENTRATION IN 

GRMS. Ca / 106  GRMS. WATER). 

Temperature °C 

Amount of p-CeSO4.11320 

added. 	(In grams). 

Maximum calcium 

concentration in soln. 

25.1 9.9278 2410* 

25.1 13.4394 2700 

25.1 15.0003 3700 

45.0 5.0013 1400 

45.0 7.0004 1600 

45.0 7.1755 1650* 

45.0 10.9985 1820 

85.0 3.8002 718* 

85.0 4.0018 850 
85.0 9.9990 975 

* This result corresponds to the 1.2 gram excess p-CaSO4.11120 

used in the data tables of this publication. 



TABLE IV  

SOLUBILITY OF CaS04.1100 IN DISTILLED WATER AT DIFFERING  

TEMPERATURE. IN GRAMS CALCIUM/106  GRAMS WATER. 

Concentration 

Temperature °C 	Calcium  

25 608 

30 609 

35 622 

40 625 

45 630 

55 615 

65 592 

75 565 

85 534 
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TABLE V 

SOLUBILITY OF CaSO .2H 0 IN NaC1 SOLUTIONS OF VARIOUS  

CONCENTRATIONS AND AT DIFFERING TEMPERATURES. 

IN GRAMS CALCIUM/10
6
GRAMS WATER. 

Molal concentration Temperature °C 

of NaC1 25 35 45 55 65 75 85 
0.0000 608 622 630 615 592 565 534 
(Distilled water) 

0.0100 + .0002 641 654 651 636 612 585 556 
0.0200 + .0002 678 691 684 668 645 620 587 
0.0500 + .0002 779 784 782 772 748 712 673 
0.1000 + .0003 911 814 907 890 863 835 802 
0.1500 + .0004 1002 1011 1006 989 967 942 908 
0.2500 + .0005 1151 1172 1162 1144 1120 1091 1058 
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TBLE VI  

SOLUBILITY OF CaS04' 2H2 
 0 in KC1 SOLUTIONS OF VARIOUS  

CONCENTRATIONS AND AT DIFFERING TEMPERATURES. 

IN GRAMS CALCIUM/106  GRAMS 'WM. 

Molal concentration Temperature °C 

of KC1 25 35 45 55 65 75 85 

0.0000 608 622 630 615 592 565 534 
(Distilled water) 

0.0100 ± .0002 635 648 645 633 608 580 553 

0.0200 + .0002 670 682 677 662 642 614 580 

0.0500 ± .0002 757 770 766 754 732 700 657 

0.1000 + .0003 873 888 886 868 842 813 782 

0.1500 ± .0004 970 983 980 963 940 916 880 

0.2500 + .0005 1120 1136 1125 1107 1082 1054 1020 
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TABLE VII  

SOLUBILITY OF CaSO4.2H20 IN CaCl2  SOLUTIONS OF VARIOUS  

CONCENTRATIONS AND AT DIFFERING TEETERATURES. 

IN GRAMS CALCIUM/106  GRAMS MATER. 

Molal concentration Temperature °C 

of CaC12 25 35 45 55 65 75 85 

0.0000 608 622 630 615 592 565 534 
(Distilled mrater) 

0.0100 + .0002 598 615 615 605 582 556 523 

0.0200 + .0002 590 605 607 597 573 546 515 

0.0500 + .0002 562 577 579 566 545 518 485 

0.1000 + .0003 517 531 534 520 499 471 441 

0.1500 + .0004 473 487 491 476 455 428 400 

0.2500 + .0005 395 407 414 399 375 351 324 



A5-14. 

TABLE VIII  

SOLUBILITY OF CaS04.21120 in MgSO
4  SOLUTIONS OF VARIOUS  

CONCENTRATIONS AND AT DIFFERING TEWERATURES. 

IN GRAMS CALCIUM/106  GRAMS ULTER. 

Molal concentration 

of 14ESO4  25 35 

Temperature °C 

45 	55 	65 75 85 

0.0000 608 622 630 615 592 565 534 
(Distilled uater) 

0.0100 + .0002 543 560 566 551 529 502 470 

0.0200 + .0002 501 515 522 502 486 460 430 

0.0500 + .0002 452 464 474 454 439 414 385 

0.1000 + .0003 430 441 453 433 420 395 367 

0.1500 + .0004 429 442 451 433 419 395 368 

0.2500 + .0005 441 452 464 444 431 407 379 
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TABLE IX 

SOLUBILITY OF CaS0 .2H 0 IN HC1  SOLUTIONS OP VARIOUS  
• 

CONCENTRATIONS AND AT DiFFERING TEMPERATURES  

IN GRAMS CALCIUM/106  GRAMS WATER. 

Mola concentration Temperature °C 

of HC1 25 35 45 55 65 75 85 

0.0000 608 622 630 615 592 565 534 
(Distilled crater) 

0.0100 + .0002 685 700 705 692 669 640 611 

0.0200 + .0002 741 758 760 745 720 689 657 

0.0500 + .0002 899 913 912 895 868 836 803 

0.1000 + .0003 1159 1175 1172 1155 1127 1095 1061 

0.1500 + .0004 1392 1409 1403 1387 1360 1326 1293 

0.2500 + .0005 1870 1888 1880 1863 1835 1799 1764 
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TABLE X 
In- 

SOLUBILITY OF CaSO4.2 1SOLOPIONSOPVIOUARS 

CONCENTRATIONS AND AT DIFFERIM TEMPERATURES  

IN GRAMS CALCIUM/106  GRAMS WATEL 

Molal concentration Temperature °C 

of MgC12  25 35 45 55 65 75 85 

0.0000 608 622 630 615 592 565 534 
(Distilled vater) 

0.0100 + .0002 738 754 756 740 717 690 658 

0.0200 + .0002 835 850 850 835 810 785 750 

0.0500 + .0002 1054 1070 1068 1055 1030 1003 976 

0.1000 + .0003 1309 1322 1320 1305 1280 1251 1220 

0.1500 + .0004 1505 1520 1515 1495 1470 1435 1401 

0.2500 + .0005 1783 1797 1785 1760 1732 1695 1660 
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TABLE XI  

SOLUBILITY OFp—CaS0 .H2O IN NaCl SOLUTIONS OF VARIOUS 

CON a TIONS AND AT DIFFERING TEMPMATURES. 

IN GRAMS CALCIUM/10
6 GRAMS MATER. 

Molal concentration Temperature °C 

of NaC1 25 35 45 55 65 75 85 

0.0000 2410 2005 1650 1358 1115 .895 718 
(Distilled water) 

0.0505 + .0002 2705 2305 1945 1650 1425 1205 1025 

0.0804 + .0003 2860 2465 2100 1820 1600 1360 1200 

0.1020 + .0003 2965 2570 2215 1920 1690 1480 1310 

0.2507 + .0005 3605 3210 2860 2555 2340 2130 1955 
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TABLE XXI  

aSO4.4H2O IN KC1 SOLUTIONS OF VARIOUS  

CONCMITRATIONS AND AT DlifielAING TEMMATURES. 

IN GRAMS CALCIUM/106  GRAMS ITATI!,i-t. 

Molal concentrations Temperature 00 

of KC1 25 35 45 55 65 75 85 

0.0000 2410 2005 1650 1358 1115 895 718 
(Distilled water) 

0.0535 + .0002 2723 2320 1960 1675 1425 1215 1045 

0.0806 + .0003 2840 2450 2100 1805 1560 1340 1190 

0.1102 + .0003 2980 2595 2245 1945 1700 1495 1130 

0.2515 + .0005 3572 3180 2850 2540 2290 2110 1940 
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TABLE XIII  

t. 

SOLUBILITY OF -CaS0 . 20 IN CaC1, SOLUTIONS OF VARIOUS  

CONCENTRATIONS AND AT DIFFERING TEMPERATURES. 

IN GRAMS CALCIUM/106  GRAMS WATEU. 

Molal concentration Temperature °C 

of CaC12 25 35 45 55 65 75 85 

0.0000 2410 2005 1650 1358 1115 895 718 
(Distilled Water) 

0.0500 + .0002 1894 1498 1154 860 630 NPG. N14. 

0.0800 + .0003 1795 1396 1055 758 535 NPG, NPG. 

0.1000 + .0003 1683 1283 946 644 NPG. NPG, NPG. 

0.2500 + .0005 123'c 842 494 NPG. NPG. NPG. NPG. 

NPG. = No Peak. Solubility limited by gypsum solubility. 
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TABLE XIV 

SOLUBILITY OF —CaSO .-H2O IN MgSO4  SOLUTIONS OF unious  

CONCENTUTIONS AND AT DikkERING T 

 

LTURES. 131 1. 

 

IN GP.U1S CALCIUM/106  GRAMS NATAL 

Molal concentration T(1mperature °C 

of MgSO4  25 35 45 55 65 75 85 

0.0000 2410 2005 1650 1358 1115 895 718 
(Distilled -water) 

0.0500 + .0002 1583 1190 845 603 UPG. NPG. 

0.0Q00 + .0003 1467 1070 725 492 UPG, NPG. 

0.100j + .0003 1399 996 656 NEG. NPG. PPG. BEG. 

0.2500 + .0005 1381 990 648 U1-G. NPG. NPG. NTO,, 

PPG. = No Peak. Solubility limited by gypsum solubility. 



TABLE RV 

SOLUBILITY OF-S041 20 IM HC1 SOLUTIONS OF VARIOUS  2— 

CONCMITRATIONS AND AT Dint-MING TEMEDPATITIMS 

IN GRAMS CALCIUM/106  GRAMS WATER.  

Molal concentrations Temperature °C 

of HC1 25 35 45 55 65 75 85 

0.0000 2410 2005 1650 1358 1115 895 718 
(Distilled water) 

0.0500 + .0002 3125 2710 2460 2155 1910 1690 1520 

0.0800 + .0003 3576 3162 2810 2515 2260 2036 1856 

0.1000 + .0003 3772 3365 3010 2705 2460 2230 2060 

0.2500 + .0005 5857-  5446 5090 4775 4525 4295 4108 

r. 
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TABU XVI 

SOLUBILITY OF -CaSO 	0 IN MgC1a  SOLUTIONS OF VARIOUS 

CONCENTRATIONS AND AT DIFFERING 

  

TURES 

 

I' V' 

  

IN GRAMS CALCIUM/106  GRAMS WATER. 

Molal concentration Temperature °C 

of MgC12  25 35 45 55 65 75 85 

0.0000 2410 2005 1650 1358 1115 895 718 
(Distilled voter) 

0.0500 + .0002 3660 3265 2905 2610 2376 2147 1972 

0.0800 + .0003 4118 3720 3374 3068 2325 2598 2419 

0.1000 + .0003 4260 3865 3516 3214 2976 2752 2576 

0.2500 + .0005 5584 5191 4836 4538 4302 4074 3896 
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'APPENDIX 6  
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A6.0 Introduction 

After the solubilities, reported in Appendix 5, were established, 

the next stage in the study of certain aspects of the crystallization 

of calcium sulphate hydrates was a detailed experimental investigation 

into the crystallization processes of these hydrates. Initially, it 

was hoped that this investigation would not merely be a study Of gypsum 

crystallization but would also give valuable data concerning_the 

precipitation of anhydrite from solutions. This object was not entirely 

achieved in that anhydrite was not directly precipitated from the 

solutions. However, in the more concentrated saline solutions and at 

temperatures above 45°c., anhydrite was formed by the breakdown of 

gypsum. 

The crystallization studies reported here were carried out in 

aqueous solutions and in aqueous solutions of Nei, KC1, CaC12  and 

NgC12 at concentrations up to 0.25 molar and from 25
o to 85oc. 

A6.1 2xperimental  

The procedures used to achieve a supersaturated solution with 

respect to calcium sulphate dihydrate were several. One method, 

(I.1.1.) achieved a supersaturation by dissolution of the relatively 

soluble calcium sulphate hemihydrate q-CaSO4.11120). In these experi-

ments crystallization occurred in the presence of a slurry of solution 

plus particles. A second method (1.1.2.) achieved a supersaturation in 

a similar manner but in this case the solution plus slurry was filtered. 

Here, crystallization occurred from a solution that appeared clear. 

Experiments of the filtered type have been done only at 25°c. 



A further method of achieving  a supersaturatiaa(1.2.1) was by 

the mixing  of two equimolar solutions, one containing  the calcium ion 

and the other the sulphate ion. Obviously, in this type of experiment, 

crystallization occurred from a solution that was initially clear. 

A similar method of achieving  a supersaturation was used for further 

experiments (1.2.2.). However, in this series of experiments crystal-

lization occurred in the presence of a controlled amount of added aged 

calcium sulphate dihydrate seed crystals. 

All experiments were carried out in a dust free room with a 

controlled environment with the exception of the series (1.1.2.) Uork 

had shown that in crystallization experiments, where the solution was 

initially free of solid particles, dust particles from the atmosphere 

could have a drastic effect. 

The experimental procedures referred to above will now be dis-

cussed in detail. 

A6.1.1 Experiments where a supersaturation was achieved using  

y  -cas041222.  
In order to study crystallization in the absence of a supporting  

electrolyte, a supersaturation with respect to calcium sulphate di-

hydrate was obtained by the dissolution of the relatively soluble 

y .0aSO4.11120. This species is appreciably more soluble than the 

dihydrate at temperatures up to 100°C. The hemihydrate used in this 

study was prepared using  the method described in Appendix 5. 

A6.1.1.1. Experiments where crystallization occurred from a slurry 

A6.1.1.11 Apparatus  

The doubly distilled water or aqueous electrolyte solution 

was contained in a 1 litre flask covered with a multi-socket flat 

flange cover fastened to the flask by a strong  clip. Through the cen-

tral socket of the cover, a P.T.F.E. stirrer, 11 cm. in size was placed, 

together with a suitable stirrer guide. The stirrer was driven at 

all times during  the experiments at 300 r.p.m. 

y -CaSO4.1H20 was admitted to the solution through the largest 
socket in the cover. This socket was kept stoppered except when solution 

samples were being  taken. All other sockets not in use were always 

kept stoppered. The whole apparatus was immersed in an oil-bath, the 

temperature of which was controlled to + 0.1°C. 

Samples of solution/slurry were withdrawn from the flask by 



means of an accurately calibrated, grade IC 1ml. pipette. The slurry 

was filtered during the withdrawal procedure. The filter consisted of 

a two inch rubber tube, containing several rolled and compressed plugs 

of borosilicate glass wool, attached to the end of the pipette immersed 

in the solution. 

The preparation of this multi-stage filter was critical, but, 

with practiced preparation of these plugs, samples withdrawn from the 

slurry were completely clear. A new filter was used for each sample. 

The solution sample, after removal of the filter, was run into a 

25 ml. conical flask containing 10 ml. of doubly distilled water. 

The purpose of this quantity of water was to dilute the sample, thus 

preventing precipitation, before analysis, of CaSO4.2H2O from the super-

saturated solution. 

A6.1.1a2 Preliminary experiments  

Preliminary experiments had shown that the "transient" 

solubility of the hemihydrate (see Appendix 5), and thus the super-

saturation achieved, relative to the dihydrate, depended not only upon 

the temperature, composition and concentration of the solution but also 

upon the amount of solid added to the solution. In view of this 

dependence, at each concentration, pilot runs were made at 25°C and 

85°C to determine the approximate solubility of y-CaSO4.1H20. These 

pilot runs have been fully described in Appendix 5. 

A6.1.1.I3 Experimental procedure  

An amount of lightly ground solid y-CaSO4.1H20 was weighed 

out to give an approximate excess of 1.2 grams of solid per 1000 grams 

of solution over and above the amount predicted, from the preliminary 

experiments, to correspond, approximately, to the solubility value of 

-CaSO4.11-120 in the particular solution under examination. Thus, in 

all experiments of this type, there was, initially, a constant excess 

of solid hemihydrate present. 

The solid was then added to the stirred solution and filtered 

samples were withdrawn from the slurry every half minute until five 

minutes had elapsed, every minute until 30 minutes, every five minutes 

until 360 minutes and every 15 minutes until 480 minutes. If possible, 

samples were then taken at 3G minute intervals until 48, 72 or 100 

hours had passed. Upon withdrawal, the samples were run into the 

conical flask mentioned previously. 
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A6.1.1.14 Analytical method  

The 1 ml. samples of solution were analysed for calcium 

using E.D.T.A. from a micro-burette calibrated to 0.02 ml. This 

method of analysis is described in Vogel (1962). 

In the presence of calcium in the original electrolyte solution, 

that is, when the hemihydrate dissolution and dihydrate crystallization 

occurred in the presence of calcium chloride, samples of solution, with 
no added solid, were taken at the beginning of the experiment and 

titrated with E.D.T.A. Solid was then added and samples analysed in 

the usual manner. The difference between the calcium content of the 

filtered solution of solution plus solid and of the solution alone 

gave the amount of calcium present due to hemihydrate dissolution. 

In the presence of magnesium in the aqueous electrolyte solution, 

the Patton and Reeder's technique was used, using Patton and Reeder's 

reagent as the indicator. (Vogel (op. cit.) .) 

Using the above techniques, the "transient" solubility of 

1-CaSO4.11120, the course of the crystallization of the dihydrate and 

the solubility of CaSO4.2H20 were obtained in the same experiment. 

A6.1.1.2 Experiments where crystallization occurred from a filtered 

solution at 25
o
C  

A6.1.1.21. Apparatus and Experimental method 

The doubly distilled water or aqueous electrolyte solution 

was contained in a 2 litre wide-necked conical flask. Through the neck 

of this flask a P.T.F.E. stirrer was placed. This stirrer was driven 

at all times during the experiments at about 1000 r.p.m. The flask 

was immersed in a water-bath, the temperature of which was controlled 

to ± 0.4°C. 

A large, known, controlled excess of 1-CaSO4.1H20 was stirred 

vigorously for 1 minute into 1500 ml•of solution. The resulting 

suspension was then rapidly filtered by suction through a large fritted-

glass plate of maximum pore size 1.5p, a sterilization filter (HP.EKS), 

a series of hardened filter papers of mean pore size 1.1 to 0.4 and 

a borosilicate glass-wool filter. During this filtration the solution 

was constantly agitated. 

About 1 litre or less of this filtered solution was allowed to 

pass into a 1 litre flask set up in an oil bath in a manner similar to 

that described in (1.1.11). The whole process of dissolution, fil- 



tration and passage of the solution into the crystallizing vessel took 

about 2 minutes. 

Samples of the solution were withdrawn from the flask by a method 

similar to that used previously and samples were analysed as before. 

At the commencement of a crystallization run, that is, when all the 

solution was in the 1 litre flask, several separate 1 ml_samples were 

taken in order to establish the initial level of the supersaturation. 

At 25°C in distilled water, for example, the solution produced 

in the manner described above had a relative supersaturation, with 

respect to the dihydrate, of about 300%. Various other supersaturations 

below 300% were achieved by the rapid dilution of the required volume 

of the filtered solution. Vhere two volumes of similar supersaturation 

were required, two filtration systems were used together and similar 

volumes of the 300% supersaturated solution wore allowed to pass into 

two identical crystallizing vessels set up in the usual manner. 

The filtration techniques used above have obvious limitations, 

but subsequent attempts to improve this procedure have not been success-

ful since clogging of the filters by either hemihydrate particles or 

by particles of crystallizing dihydrate prevented the flow of solution. 

Although examination of samples of the initial solution by turbidimetrio 

methods seemed to indicate that the solutions were completely free of 

solid particles, later work has led to the conclusion that there were 

still some of these particles present to act as nuclei during the 

subsequent crystallization. 

A6.1.1.22 Analytical methods  

Analysis for calcium was carried out using E.D.T.A. and 

methods similar to those described in (1.1.14). Additionally, however, 

some analyses were carried out using an atomic absorption spectrophoto-

meter (Unicam S.P.90). 

A6.1.2 Experiments where supersaturation was achieved by the mixing 

of two, equimolar solutions. 

In this technique, a supersaturation with respect to calcium 

sulphate dihydrate was obtained by the rapid mixing of two solutions, 

one containing the calcium ion and the other the sulphate ion. Using 

this method, it is obvious that a supporting electrolyte will always be 

present during an experiment. 
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A6.1.2.1 Unseeded experiments  

A6.1.2.11 Apparatus  

The apparatus and experimental set-up used was identical to 

that described in (1.141). However, in the experiments of type (1.2), 

no -CaSO4.11120 was used. Instead, a supersaturation relative to 

calcium sulphate dihydrate was achieved by the rapid mixing, in the 

crystallizing vessel of two solutions, one containing the sulphate ion 

and the other the calcium ion. 

0.6.1.2.12 Preparation of stock calcium solution  

A stock, 0.48 molar calcium chloride solution was obtained as 

follows. The appropriate weight of Anala1 calcium carbonate was 

weighed out and the powder transferred to a 2 litre beaker using a small 

volume of water. To this mixture concentrated Analat hydrochloric acid 

was added dropuise until effervescence ceased and the resulting solution 

was clear. This solution was then diluted with doubly distilled water 

and gently heated to boil off any carbon dioxide. The solution was 

allowed to cool and then neutralized with a minimum volume of a con-

centrated sodium hydroxide solution. The resulting solution was then, 

after cooling, transferred to a volumetric flask and diluted to the 

appropriate volume. 

Large volumes (5 litres) of this stock solution were made up 

and, for use in crystallization experiments, this stock solution was 

diluted to imicium concentrations of 0.24, 0.12 and .06 molar. 

06.1.2.13 Preparation of solutions containing the sulphate ion 

Since both the calcium chloride solution and the solution 

containing the sulphate ion contributed to the supporting electrolyte, 

the material, from which the sulphate containing solution was made, 

was 'varied according to the supporting electrolyte desired. The 

solids from which these solutions were made were the Lnalai salts 

Na2SO4.10H20, K2SO4. and 11004.7H20. Solutions of these salts were 

made up at concentrations of 0.24, 0.12 and 0.06 molar as required. 

A6.1.2.14 Experimental method 

500 ml. of the diluted stock calcium chloride solution 

were transferred into a 1 litre crystallizing flask, immersed in an oil 

bath. All openings in the flange lid were then stoppered and the 

solution left until it had attained the temperature of the bath. Then, 

500 ml. of the desired sulphate-ion containing solution were made up, 
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in a volumetric flask, to a concentration identical to that of the 

calcium containing solution, This volumetric flask was stoppered and 

then immersed into the oil bath until it attained the temperature of 

the oil bath. 

Wien this equilibrium temperature had been 

was placed into the crystallizing vessel and the 

stirred at 300 r.p.m. To this stirred solution, 

solution of equal concentration was added gently 

due attention being paid to avoid any splashing. 

Immediately after mixing, several filtered 

were taken by the method described in (1.1.11). 

at intervals similar to those stated in (1.1.13) 

analysed by E.D.T.A. as described in (1.1.14). 

reached, the stirrer 

calcium solution 

the sulphate ion 

but rapidly with 

samples of solution 

Samples were taken 

and all samples 

Using this method to achieve a supersaturation, nucleation of 

calcium sulphate dihydrate crystals occurred in a solution in which 

no foreign solid nuclei were initially present. However, in these 

experiments, nucleation and growth were not considered as being truly 

homogeneous since vessel walls, the stirrer and, perhaps, small 

bubbles in the solution could provide sites for heterogeneous nucleation. 

A6.1.2.2 Seeded experiments  

A6.1.2.21 Apparatus  

The apparatus was identical to that described in section 

(1.2.11). Also, the solutions were prepared in the manner described in 

section (1.2.11) and (1.2.13). However, there were certain differ-

ences all related to the production and introduction into the solutions 

of the seed crystals. 

A6.1.2.22 Preparation of calcium sulphate dihydrnte seeds 

The seeds used in these experiments were those produced 

in the runs described in (1.2.1). For example, in a seeded experi-

ment at 0.12 molar calcium concentration in the presence of sodium 

chloride as the sup eorting electrolyte, the seeds used were those 

produced at 0.12 molar calcium concentration with sodium chloride as 

the supporting electrolyte obtained from the run described in (1.2.1). 

Another example was that for a seeded experiment at 0.06 molar calcium 

concentration in the presence of potassium chloride as the supporting 

electrolyte, the seeds used were those produced at 0.06 molar calcium 

concentration with potassium chloride as the supporting electrolyte 
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obtained from the run of the typo (1.2.1). 

Once the seed crystals were produced by the procedure described 

in (1.2.1) they were transferred, together with their supernatant 

liquor, to a flask of suitable volume. The seed crystals wore kept in 

these flasks at 25°C for a period of three weeks and were shaken 

periodically. 

This procedure was carried. out so that the crystals wore suitably 

"aged" ("Os-Wald-ripened") before their use as seeds. 

Also, before use, the crystals were filtered from the supernatant 

liquor, washed with doubly distilled water and allowed to dry on the 

filter paper in the dust-free room. 

A6.1.2.23 Experimental procedure  

500 ml. of the dilute stock calcium chloride solution 

(0.24, 0.12 or 0.06 molar) were placed in a 1 litre crystallizing 

flask immersed in an oil bath. Then, using the data concerning the 

solubility of calcium sulphate dihydrate (Benton et al (op.cit.)) in 

the supporting electrolyte at the concentration that would be obtained 

when the two starting solutions were eventually mixed at the experi-

mental temperature, a sufficient amount of dried, calcium sulphate 

dihydrate seed crystals were added to the 500 ml. of diluted calcium 

chloride solution so as to give an excess of solid approximately 

equivalent to that used in (1.1.1). All openings in the lid were then 

stoppered and the solution plus seeds were allowed to attain the 

bath temperature. 

The 500 ml. of the appropriate sulphate-ion solution were 

prepared and stored as described in (1.2.13). 

The two solutions were then mixed as described in (1.2.14) 

with constant stirring at 300 r.p.m. After mixing solution samples 

were analysed according to the techniques given in (1.1.11), (1.1.13), 

(1.1.14) and (1.2.14). 

Using this technique to achieve a supersaturation with respect to 

the dihydrate, both nucleation and growth occurred upon controlled 

areas of seed-crystal surface, the initial areas being approximately 

comparable in all cases. 

A6.2 Results  

A6.2.1 Results of ex eriments where su•ersaturation was achieved 
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A6.2.1.1 Crystallization of CaSO4.21120 from a "slurry" of  

-CaS0 .1E22 

The crystallization of the dihydrate from a hemihydrate 

slurry is, obviously, a very complex process. Therefore, before any 

of the results of the experiments where dihydrate crystallization 

occurred from a hemihydrate slurry can be described, it is first 

necessary to discuss the various factors that affect the hemihydrate 

dissolution. Any variable that has an effect upon this di—eolution will 

cause an alteration in many of the parameters involved in both the 

dissolution and crystallization process. Those alterations may include 

variations in the dissolution rate of the hemihydrate, the magnitude 

of the "transient" solubility of the hemihydrate, the concentration and 

size of the hemihydrate particles in the slurry and the super- 

saturation with respect to the dihydrate. 

The experimental methods used and the results obtained from 

studies that were undertaken in an attempt to elucidate the influence 

of the many variables upon the dissolution and subsequent crystallization 

are given, in detail, in the sections (2.1.11) and (2.1.12) that 

follow. A summary of the results concerning the crystallization of 

the dihydrate is given in section (2.1.13). 

A6.2.1.11 Dissolution ofl-CaS04111120 - solution studies  

As illustrated in figure (1), the dissolution ofl-CaSO4.t.E20, 

as followed by the amount of calcium present in solution does not 

approach a maximum, equilibrium solubility. Rather, the amount of 

calcium in solution reaches a maximum, called by "'over, Pabuss and 

Satterfield (1966) and in Appendix 5 the "transient" solubility of the 

hemihydrate, and then diminishes towards a louer value. This lover 

value corresponds to the equilibrium solubility of the less soluble 

dihydrate and is reached after, at the most, 48 hours. Thus, the 

dissolution of the more soluble hemihydrate establishes a supersaturation 

with respect to the less soluble dihydrate which eventually crystallizes 

from the solutions. 

The values for the "transient" solubility of -CaS0.11120 and 

for the solubility of CaS02.2H20 in a number of aqueous electrolyte 

solutions at several temperatures have been given in Appendix 5. 

The shape of these dissolution/crystallization curves is influ-

enced by several variables including: 

(1) Temperature and supersaturation with respect to the dihydrate. 
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(2) Amount off-CaSO4.11120 added. 

(3) Concentration and composition of the solution 

A6.2.1.111 Meet of temperature and supersaturation with  

respect to the dihydrate  

The effect of temperature on the dissolution/crystalliz-

ation curves is illustrated by the comparison of figure (1) with 

figure (2) referring, respectively, to 250 and 75oC. It can be seen 

that the time taken to reach maximum (A) increases with temperature. 

Also, with an increase in temperature, the duration of peak super-

saturation (B) lengthens significantly. "B" is defined as the time from 

which the calcium content in the solution first exceeds the final 

equilibrium solubility value of dihydrate until the time when the calcium 

content decreases from its maximum value. 

The time, after the start of an experiment, of the end of "B" 

varies, with the maximum value of the calcium concentration attained 
during the dissolution. This variation appears to be insensitive to 
temperature and is shown in figures (3-5). 

All these figures show that at high values of maximum calcium 

concentration, the end of "B" occurs very shortly after the start of 

the experiment whereas, at low values of maximum calcium concentration, 

the end of "B" can occur up to about 90 minutes after the start of the 

experimental run. Figure (3) shows the plot of the end of "B" against 

maximum calcium concentration for the dissolution of raSO4i11.20 

in doubly distilled water, figure (4) shows similar data obtained in 

0.25, 0.10, 0.08 and 0.05 molal magnesium chloride solutions and figure 

(5) shows similar data obtained in 0.2515, 0.1102, 0.0806 and 0.0535 

molal potassium chloride solutions. The curves shown in figures (3-5), 

where they overlap and where they refer to rimilar maximum calcium 

concentrations, are almost coincident. Eowever, there is a faint 

suggestion that in the presence of any concentration of magnesium 
chloride and for similar values of maximum calcium concentration 

attained, the end of "B" occurs sooner than in any concentration of 

potassium chloride. Also, for similar values of maximum calcium 

concentration attained, the end of "B" occurs sooner in the presence 

of any concentration of potassium chloride than in distilled water 

solutions. 

The dependence of the length of "B" upon the coefficient of 

supersaturation 	vith respect to dihydrate is illustrated, for 

distilled water solutions, in figure (6). y is defined as: 
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mean calcium concentration during "B" 
	

C 

equilibrium calcium concentration (dihydrate) Cs2  

Data related to B and for the-CaSO4.11120 dissolution in 

distilled water are given in Table (1). 

Using plots of the typo of figure (6) it may be shown that the 

inferred shortening of "B" with added electrolytes present is, in 

fact, quite marked. Although the difference between the times of the 

end of "B" in the different solutions at comparable maximum calcium 

concentrations is slight, it must be remembered that in both magnesium 

chloride and in potassium chloride solutions, both the concentration 

and the composition of the electrolyte has an appreciable enhancing 

tls. 	solubility. Thus, values of "1r for similar 

of maximum calcium concentration in the different electrolyte solutions 

at the different concentrations will decrease appreciably in 0.05, 

0.08, 0.10 and 0.25 molal magnesium chloride and 0.0535, 0.0806, 

0.1102 and 0.2515 molal potassium chloride solutions as compared with 

the aqueous solutions. 

Plots of log "s" against log "B" for the different electrolyte 

solutions referred to above show quite a simple pattern. Figure (7)  

shows the plots of log Tt against log "B" for aqueous solutions and 

solutions of 0.05, 0.08, 0.10 and 0.25 molal magnesium chloride. As 

can be seen, all these plots are approximately parallel straight lines 

and there is a shift towards the log B axis with increasing electrolyte 

concentration. Figure (8) shows similar data for 0.0535, 0.0806, 

0.1102 and 0.2515 molal potassium chloride solutions. Again, these 

plots are approximately parallel lines, and again there is a shift 

towards the log B axis with increasing electrolyte concentration. 

Figure (9) shows a plot of log "s" against log "B" to compare a 

0.08 molal magnesium chloride solution with a 0.0806 molal potassium 

chloride solution. Again the two plots are parallel but with the 

magnesium chloride line somewhat nearer to the log B axis than the 

potassium chloride line. This indicates that for similar values of 

"dr, the duration of "B" is shorter in magnesium chloride solutions 

than in potassium chloride solutions of similar concentration. 

Figures (7) and (8) show.  that for similar values ofK, the duration 

of "B" in both magnesium chloride and potassium chloride solutions is 

shorter than that in distilled water. 
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TABLE (1)  

VLRIATION OF "B" WITE TEE COEFFICIENT OF SUPERSATURATION (X) ITITH 

RESPECT TO CaS0 .2H 2O. 4--- 

(Dissolution of 1-CaS042H20 in doubly distilled uater.) 

Temperature 

°C 

B 

(In minutes) 
log 10  B. Mean 

during B. 
log 10 

25 9.5 0.9777 2.85 0.4548 

35 13.25 1.1222 2.35 0.3711 

45 18.00 1.2553 2.21 0.3444 

55 24.00 1.3802 1.88 0.2742 

65 29.00 1.4624 1.83 0.2625 

75 53.00 1.7243 1.55 0.1903 

85 88.00 1.9445 1.33 0.1239 



A6. 2.1.112 Effect of amount of BaS24,21E20 added upon "transi-

ent" solubility of the hcmihydrate  

Power et al (op. cit.), who carried out similar dissolution 

experiments using the ‘-soluble anhydrite, which has identical dissolution 

properties to /-CaSO4.11120, state that in aqueous solutions, " 	 

increasing the initial charge .. of soluble hemihydrate added from 

5 grm. to 10 grm. had no significant effect upon the solubility curve." 

However, in this study, it has been found that the "transient" solubility 

of the hemihydrate depends not only upon temnerature, composition 

and concentration of the solution but also upon the amount of solid 

--CaSO4.11120 added to the solution. An example of this dependence is 

given in Table (2) for distilled water at three different temperatures. 

The results may be best summarized by stating that no matter 

the composition or temperature of the solution, an increase in the amount 

of i-CaSO4.1B20 added to the solution increases the maximum calcium 

concentration attained and a decrease in the added amount decreases the 

maximum value obtained for the "transient" solubility of the hemihydrate. 

Also, the time taken to reach the maximum calcium concentration is 

decreased by an increase in the amount of solid added and increased 

by a decrease in the amount of added solid. Both these effects would 

appear to be related in some way to the area of solid surface available 

for dissolution. 

An increase in the amount of solid hemihydrate added has 

another important effect upon the dissolution/crystallization curves, 

this being that an increase in the amount of added hemihydrate causes 

an increase in the rate of dihydrate crystallization after the "transi-

ent" hemihydrate solubility has been reached. This increase in the 

rate of gypsum precipitation is probably related to two factors. 

Firstly, an increase in the amount of hemihydrate added brings about 

an increase in the maximum value of the "transient" solubility and 

thus an increase in the maximum supersaturation relative to the dihy-

drate. Soeondly, the increase in the amount of bemihydrate added is 

thought to increase the number of nuclei available for dihydrate 

crystallization. 

A6.2.1.113 Effect of concentration and composition of the  

solution  

As described in (1.1.111) the presence of a supporting 

electrolyte has several effects upon the dissolution/crystallization 
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TABLE (2)  

VARIATION IN TRANSIENT SOLUBILITY OF y-CaSO4.1-1-120 VIE' AMOUNT OF  

SOLID ADDED. ( t-CaSO4.V.20 ADDED TO DOUBLY DISTILLT-11 TJATER.) 

(Calcium concentration in firms. Ca / 106  crms Crater). 

Temperature 00 	Ariount of y -c asoir  1112o 
added.. 	(In grams). 

Maximum calcium 

concentration in soln. 

25.1 9.9270 2410- 

25.1 13.4394 2700 

25.1 15.0003 3700 

45.0 5.0013 1400 

45.0 7.0004 1600 

45.0 7.1755 1650* 

45.0 10.9985 1820 

85.0 3.8002 718* 

85.0 4.0018 350 

85.0 9.9990 975 

* This result corresponds to a 1.2 gram excess of y -caso4.1/21120. 



curves. The predominant effect of the added electrolyte is to alter 

both the maximum value of the "transient" solubility of hemihydrate and 

the value of the equilibrium dihydrate solubility and thus altering, to 

a certain extent, the supersaturation with respect to the dihydrate. 

These alterations in supersaturation and associated variations in the 

parameters "A" and "B" have been fully described in (1.1.111). 

The composition and concentration of the supporting electrolyte 

have one further interesting effect upon these dissolution/crystallization 

curves. In figure (10) periodic and oscillatory variations in the 

calcium content of the solution are shown. The period of these oscil-

lations ("C") is not only dependent upon the temperature of the solution 

but more significantly upon the concentration and composition of the 

mlution. For example, in distilled water, at 25°C, these oscillations 

are of very long period and small amplitude, whereas, in the most 

concentrated potassium chloride and magnesium chloride solutions they 

are of much shorter period and of variable amplitude. 

A6.2.1.12 Dissolution of 1-CaSO4.2H30 - solid phase studies 

It has been mentioned in (1.1.112) that an increase in the 

amount of hemihydrate added to the solution leads to an increase in the 

number of nuclei available for dihydrate crystallization. One mechan-

ism by which an increase in the number of nuclei could occur when the 

amount of hemihydrate added is increased you'd be by the conversion, in 

the solid, of hemihydrate particles into dihydrate particles. This 

change could occur either throughout the particle or just tit the sur-

face, and either would have the effect of seedinE the system with 

dihydrate crystals. 

In order to study this possibility, a series of experiments 

were carried out. However, since the experimental methods used in this 

series were peculiar only to this study, the experimental techniques 

are described here rather than in section (1). 

A6.2.1.121 Experimental methods  

The experimental methods used in the study of the solid 

phases present were, in most respects, similar to those used in section 

(1.1). The only exceptions wore that instead of 1 ml. of filtered 
solution sample being taken from the slurry at the intervals given in 

(1.1.13), 10 mis. of unfiltered sample were taken, The frequency of 

sampling vas every half-minute until 3 minutes had elapsed, ever 1 

minute until 6 minutes had elapsed and every 2 minutes until 20 minutes 



A6-1 64, 

had elapsed. 

Samples of the solution plus slurry were withdrawn by a calibrated 

10 ml. pipette, the neck of which had been widened to permit passage 

of the particles without the occurrence of clogging. These samples 

were then rapidly added to 85-90 mis. of 96% ethanol contained in a 

100 ml. conical flask. The purpose of the ethanol was to stop the 

dissolution oq-CaSO4.020, stop the crystallization of Ca804.21120 

and prevent the conversion oft -CaSO4.020 to CaSO4.21120. The slurry/ 

ethanol mixture was then filtered using  a Buchner funnel and vacuum 

flask. The solid was allowed to air dry and was retained for either 

quantitative X-ray diffraction analysis or quantitative infra-red 

absorption analysis. 

A6.2.1.122 The quenching  of the reaction by ethanol  

The effectiveness of ethanol in stopping  the dissolution of 

y -CaSO4.11120, stopping  the crystallization of CaSO4.2H20 and preventing  

the solid phase conversion ofi -CaSO4.151120 vas tested using  the experi-

mental methods described in sections (1.1) and (2.1.121). The appropri-

ate amount of y-CaSO4.11120 was added to distilled water at 25°C so 

as to give an excess of approximately 1.2 grms. per 1000 grms. of 

water over and above that required to satisfy the "transient" solubility 

of the hemihydrate under these experimental conditions. Then, after 1 

minute had elapsed, a 10 ml. sample of slurry was removed and immediately 

filtered as described in (2.1.121) without the addition of ethanol. 

Since the solid phase was still in contact with the aqueous medium 

during  the filtration, the reaction continued. Upon examination of 

this solid by X-ray diffraction techniques (see section 2.1.1232) it 

was found to consist only of the dihydrate. 

Similar experiments were carried out and senarate 10 ml. samples 

of slurry were removed from different solution/slurry mixtures after 1 

minute of the reaction had elapsed. However, instead of filtering  

immediately, these samples were immediately pipetted into various 

volumes of ethanol : slurry ratios of 1 : 1, 2 : 1, 4 : 1, 6 : 1, 

8 : 1 and 10 : 1 were obtained. 

The solid residue vas, in each case, then examined by X-ray 

diffraction techniques. Figure 	 shows a diffractogram over the 

range of 10-16° 20 of the initial hemihydrate showing  the diffracted 

intensity of the (100) reflection of himihydrate. Figure (12) shows 

the diffractogram, run under similar conditions, of the 10 ml. sample 
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that had been filtered immediately without the addition of any ethanol. 

As can be seen in figure (12) the only reflection that is 

visible on this diffractogram is the (020) gypsum reflection. Ne sign 

of the (100) hemihydrate reflection is seen. Figures (13-18) show 

diffractograms run under similar conditions using the solid obtained 

from the 10 ml. samples of slurry that had been mixed with various 

volumes of ethanol. The data obtained from these figures are summar-

ized in Table (3). The data in this table are expressed as alter-

ations in the ratio: 

Diffracted intensity hemihydrate (100) reflection 

Diffracted intensity hemihydrate (100) reflection + 
Diffracted intensity dihydrate (020) reflection 

with changes in the ethanol : slurry ratio. 

The Table (3) shows that the intensity ratio increases with en 

increase in the ethanol : slurry ratio until the diffracted intensity 

of the (020) dihydrate reflection is no longer observe& and the ratio 

of intensities is unity. The intensity ratio is unity at ethanol : 

slurry ratios in excess of 9 : 1 and therefore at these high ethanol : 

slurry ratios the reaction has been effectively quenched. Consequently, 

in the exneriments to study the solid phase, 10 mis. of slurry were 

pipetted into 90 mis. of ethanol, thus giving en ethanol : slurry 

ratio of 9 : 1. The ethanol : slurry mixture was, in all cases, 

violently shaken and then filtered, the solid retained and later 

examined by X-ray diffraction or infra-red techniques. 

A6.2.1.123 Techniques used in the examination of the soli& phase  

For the quantitative and qualitative analysis of the solid 

phase two techniques were used: X-ray diffraction and infra-red ab-

sorption analysis. The X-ray diffraction technique was the more 

useful but the infra-red technique required only a very small amount 

of sample. 

A6.2.1.1231 Infra-red analysis  

In the infra-re& spectrum of CaS0
4
.2H

2
0, absorption associ-

ated with they beinding mode of the (H-0-H) molecule occurs at 

about 1620 and 1680 cm
-1
. However, in the spectrum of 13-CaSO4.11120 

absorption only occurs at 1620 cm
1
. ratioed to the total intensity 

at 1620 cm
1
. may be used to give en approximate, quantitative estimate 

of the amount of gypsum in a mixture of dihydrate and hemihydrate. 
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TABLE (3)  

Mr..FEIMENTAL 1.TORK ON TILT :.kTil'CTIV.52ESS 

Ethanol/slurry ratio 

OF OUENCHING BY ETHANOL 

Ip 

I11 	+ 	ID 

starting material 1.00 

(pure hemihydrato 

0 : 	1 0.00 

(aqueous filtering) 

1 	: 	1 0.14 

2 : 	1 0.38 

4 : 	1 0.63 

6 : 	1 0.81 

8 	: 	1 0.95 

10 : 1 1.00 

n - intensity of the hemihyarate reflection at 14.7728 

Cu Ks 

ID - intensity of the ahyclrmto reflection at 11.56°20 

Cu Ka 
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This is best done by the Preparation of suitable calibration • 

graphs. 

The dried solid sample was ground under acetone using an agate 

pestle and mortar. Then, 1.0 mg. of sarple together with 300 mg. of 

potassium bromide were ground and mixed together for about 5-6 minutes 

in a ball mill. The resulting mixture was then pressed into a 

transpearent disc using an evacuated die and a pressure of 30 tons 

per sq. in. for about 1 minute. 

The infra-red spectrum of the clear disc was then run over the 

range of 1400 -1600 cm-1 (see figure (19) ). A calibration graph was 

then constructed from the intensity ratios obtained from the spectra 

of discs made from a series of dihydrate hemihydrate mixtures cf which 

the weipht ratios were known. Using this calibration graph, it was 

relatively easy to obtain the hemihydrate dihydrate weight ratio of 

samples taken during an actual experimental run. 

A6.2.1.1232 X-ray diffraction analysis  

The quantitative X-ray diffraction analytical methods used in 

this study yore essentially similar to those described in Appendix 1. 

There, the various variables involved in the quantitative analytical 

determination of sea-water evaporate samples by X-ray diffraction methods 

are discussed. 

In this study, the dried samples were prepared for analysis by 

X-ray diffraction by first grinding the sample under acetone in an 

agate pestle and mortar for about 7 minutes. Then, a slurry of ground 
sample plus acetone was smeared on to a glass microscope slide and 

spread until the surSace was flat and oven. The sample was then 

Placed in a CuKa nickel filtered X-ray beam and examined according to 

the conditions given in Appendix 1. 

A calibration graph of the ratios of the diffracted intensities 

of the (010) hemihydrate peak at 14.77
o 
20 for CuXa and the (020) 

dihydrato peak at 11.56°  20 for CuKa was plotted using standards of 

known hemihydrate to dihydrate ratio and the ratio given in (2. 1.122). 

Using this calibration graph, the ratio of the diffracted intensities 

obtained from the dried, ground samples were then measured. Thus, 

the hemihydrate to dihydrate weight ratio in the experimental samples 

eras calculated. 
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L6.2.1.124 Results of solid-state studies  

The results of the solid phase work on -he dissolution of 

1-CaSO4.11I20 have been fully dealt with by Marshall (1971). Since, 

however, the solid state conversion of y-C,SO4.11-120 into CaSO4.2H20 

is of particular importance in the crystallization of the dihydrate, 

the results of studies relating to this conversion will be given hero. 

L6.2.1.1241 Txidence for the solid phase conversion of t-CaS02.1H20 

into CaS0  .2H4--- 
 0 a 

When 1-CaSO4.11120 is put into an aqueous or aqueous electrolyte 

solution, it dissolves and eventually CaSO4.2H20 crystallizes from the 

supersaturated solution according to the mechanism: 

Cam  + SO4 
+ 2H20 ---p CaSO

4.2H20 
pntn. 

However, in the course of this and other studies, appreciable evidence 

has been found which suggests that not only is dihydrate formed by the 

precipitation mechanism given above, but that some may be forma by a 

direct, solid state rehydration of the hemihydrate into the dihydrate. 

The X-ray diffractogram figure (20) is of a simple mechanical 

mixture of the initial hemihydrate and of a standard of calcium sul-

phate dihydrate powder, the weight ratio of the two components being 

chosen so as to be comparable with the weight ratio obtained from the 

analysis of the sample whose diffractogram is sho*.rn in figure (21). 

The figure (20) shows the presence of the (020) gypsum reflection at 

11.56°  20 and the hemihydrate (100) reflection at 14.77°  2A. As can 

be seen both peaks are relatively smooth and symmetrical in profile and 

show no broadening other than that resulting from instrumental causes, 

slight disorders in the crystalline particles due to strain resulting 

from grinding and particle size effects. 

The X-ray diffractogram, figure (21), is of a typical sample taken 

from aqueous solution, shaken with 90 ml of ethanol and filtered as 

described earlier. This figure (20) shows appreciable broadening on 

the high angle side of the (020) dihydrate reflection and the low angle 

side of the (100) hemihydrate reflection. 

The broadening of these peals reflects the appearance in the solids 

present of a degree of crystalline disorder. Evidence for this 

disorder is not seen, however, either in the hemihydrate that was used 

at the beginning of the experiment or in the dihydrate that is precipit-

ated from the supersaturated solution during crystallization is completed. 



This process, whatever its nature, has been effectively quenched by the 

violent shaking of the sample slurry with ethanol and thus, the sample 

shown in figure (21) shows the process at a stage before its completion. 

Although the broadening of both the (020) dihydrato reflection 

and the (100) hemihydrate reflection is probably due to the same 

process, no significance should be attached to the fact that the 

broadening occurs on the high angle side of the dehydrate reflection 

and the by angle side of the hemihydrate reflection with, perhaps, 

some degree of overlap occurring. The precise nature of the (100) 

direction in the crystal structure of y-CaSO4.1:1120 is unknown since the 

crystal structure itself is, to say the least, uncertain. However, 

the nature of the (020) direction in the gypsum structure is well known. 

A6.2.1.1242 Discussion of the evidence for the solid phase conversion 

2 
0 into CaS0 .2H 0 

- 	4--- 2- 

Examination of the crystal structure of the dihydrate shows that 

the (020) plane is parallel to the layers of water molecules that lie 

between successive pairs of adjacent layers that contain the Ca++  ions 

and the S0-4- groups. Although many reflections of the samples of 

dihydrate examined exhibited some degree of broadening, none exhibited 

it to such an extent as reflections of the type (MO). Thus, the 

disorder predominantly effects those planes that are parallel to the 

layers of water molecules. 

Evidence of the ease of the solid state dehydration of Gypsum to 

hemihydrate and both "soluble" and "insoluble" nxihydrite and of the 

rohydration of "soluble" anhydrite and hemihydrate to dihydrate in 

cmueous and aqueous electrolyte solutions has been given by Johnson 

(1967), Hardie (1967) and earlier in this present work. They all show 

that the dehydration and rehydration processes predominantly occur along 

directions that are parallel and related to (0k0) directions in the 

dihydrate structure. 

Thus, from a consideration of previous work and of the results 

presented in (2.1.1241) it is thought that, upon the addition of hemi-

hydrate to an aqueous or aqueous electrolyte solution, although the 

majority of the hemihydrate dissolves, some of the hemihydrate is 

converted, in the solidstate, to a disordered variety of the dihydrate. 

This disordered variety orders very rapidly since, at the end of the 

experiment, the dihydrate produced shows little evidence of crystalline 

disorder. 
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The dihydrate produced by the solid phase conversion is then 

available to act as seed nuclei for dihydrate crystallization from the 

supersaturated solution. Uhether-this solid phase conversion occurs 

only at the surface of the hemihydrate particles or whether the whole 

particle is converted is, for the purpose of the particle acting as a 

nucleus, relatively unimportant since growth from the solution will only 

occur at the surface of the nucleus. Thus, provided that the surface 

is converted it does not greatly matter whether the "core" of the 

particle is hemihydrate or dihydrate. 

This solid state conversion also may aid explanation of some of 

the features mentioned in (2 1.1.112). In that section it is stated 

that an increase in the amount of solid hemihydrate added causes an 

increase in the rate of dihydrate crystallization after the "transient" 

solubility of the hemihydrate has been achieved. This increase in the 

rate of precipitation may be related to two factors. Firstly, the 

increase in the amount of added hemihydrate increases the maximum value 

of the "transient" solubility and thus the supersaturation with respect 

to dihydrate. Secondly, if the solid state conversion of hemihydrate 

into dihydrate does occur in these solutions, then an increase in the 

amount of hemihydrate added increases the number of particles available 

to undergo this conversion. This effectively would increase the number 

of seed nuclei available for dihydrate crystallization and thus increase 

the rate of crystallization. 

A6. 2.1.13 Summary of the variables affectinp the crystallization of  

CaSO .2110fron.-Cas0 ,t.2Lf20 slurry  

As stated in the introductory portion of section (2 1.1), the 

crystallization of the dihydrate from a hemihydrate slurry is extremely 

complex. An attempt has been made in sections (2 1.11) and (2 1.12) to 

describe and discuss in detail the effect of various variables upon the 

dissolution/crystallization processes. However, since these data form 

a considerable number of sections and subsections of the text, this 

section (2 1.13) will briefly summarize the results obtained. 

Section (2.1.111) has dealt with the effects of temperature and super-

saturation with respect to the dihydrate on the dissolution/crystalliz-

ation curves. In this section it is shown that the duration of the 

period "B" varies with and that there is a systematic variation of 

the relationship between log zrand log B in aqueous and aqueous elect-

rolyte solutions. 
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Section (2 1.112) has dealt with the effect upon the rate of 

dihydrate crystallization of the amount ofi-CaSO4.41120 added to the 

solution. It is shown that by the addition of extra hemihydrate, the 

maximum value of the "transient" hemihydrate solubility is increased 

and thus the supersaturation with respect to the dihydrate is increased. 

Also, an increase in the amount of hemihydrate added increases the number 

of nuclei that can be converted, in the solid state, to dihydrate and 

thus act as seed nuclei. Both the increase in the supersaturation and 

the possible increase in the number of seed nuclei will cause an increase 

in the rate of dihydrate crystallization. 

Section (2 1.113) describes the effects of the concentration and 

composition of the solution upon the crystallization of the dihydrate. 

The predominant effect of both composition and concentration of the 

supporting electrolyte is to alter the value of both the "transient" 

solubility of the hemihydrate and of the equilibrium solubility of the 

dihydrate. Also, the effects of composition and concentration of the 

solutions upon the amplitude and the period of the oscillations in 

calcium content of the solution ("C") is described. 

Sections (2 1.1241) and (2 1.1242) discuss the effects of the 

solid-phase conversation of hemihydrate into dihydrate on the dihydrate 

crystallization and how, by this process, seed nuclei of dihydrate are 

thought to arise. An excess of 1.2 grms. hemihydrate per 1000 grips. of 

solution over and above the amount required to satisfy the "transient" 

hemihydrate solubility were always present in the solutions. This 

amount, at least, would be available for the conversion in the solid 

state. Thus, in all cases the supersaturated solutions would be seeded 

automatically with dihydrate and thus the rate of dihydrate crystalliz-

ation would probably be rapid. 

A6 2.1.2 Results of filtered experiments at 25°C 

Before giving the results obtained from these experiments, it is 

first necessary to define the terms that will be used in the graphs and 

tables. These terms are; 

Ci = initial calcium concentration. 

Ct = Calcium concentration at time t. 

CS2 	Calcium concentration corresponding to the equil- 

ibrium dihydrate concentration. 

All the concentration terms used above are expressed as grams 

calcium per 106 grams water. 



The following terms are used to define the degree of supersetur- 

ation; 

Qii 	Initial absolute suporsaturation = Ci — Cs2 

y i = Initial relative supersaturation = Ci — Cs2  

Cs2 

(Generally expressed as 	x 100 1). 

Iri = Initial Coefficient of supersation = 	+ 1. 

OCt = Absolute supersaturation at time t.= C — Cs2 

B 	= Relative supersaturation at time t = C 
t
— Cs2 

1 t 
Cs2 

(Generally expressed as Yt x 100/). 

Irt  = Coefficient of supersaturation at time t = Ct 
/Cs2 = 	1  

= Length of induction period in minutes. 

This nomenclative is similar to that used by Khamskii (1969). 

A6 2.1.21 Effect of supersaturation on the crystallization of calcium  

sulphate dihydrateoat 25°C  

The figure (22) is a plot of time elapsed, in minutes since the 

start of the experiment, against the calcium content of the aqueous 

solution. This figure (22) demonstrates both the general form of a 

crystallization experiment and the effect of increasing the superset-

uration. 

In each case, the plot may be divided into three distinct sections, 

these sections being determined by the variation in the calcium content 

of the solution with time. Initially, there is an induction period of 

constant calcium concentration. Following the end of the induction 

period, the calcium content of the solution decreases quite rapidlylith 

time as crystallization and growth occurs. At the end of this second 

portion of the curve, the calcium content of the solution again shows 

little variation with time and remains fairly constant near to the 

equilibrium value Cs2. This third portion represents the period of 

"ageing" ("Ostwald ripening"). 

Figure (22) shows that, at high values of i, the induction period 

is short and growth fairly rapid while, at lover values of Yi, the 

induction period is long and growth rather less rapid. 

A5.2.1.211 Effect of supersaturation on induction period  

Figure (2S) shows the relationship between relative supersaturation 

(vi) and the induction period (Ti) for the nucleation and crystallization 
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of the dihydrate from aqueous solutions and 0.025 molal potassium chloride 

solutions at 25°C. Figure (24) shows a similar comparison between 

aqueous solutions and 0.025 molal calcium chloride solutions at 25°C 

Figure (25) shows the relationship between logKi  and log ti for the 

nucleation and crystallization of the dihydrate in filtered aqueous 

solutions at 25°  where the supersaturations were achieved by the dis-

solution of 1-CaSO4.1H20 and where nucleation and crystallization 

occurred in the presence of a slurry. 

(Although these figures show data for the nucleation and crystal-

lization of the dihydrate in aqueous and aqueous electrolyte solutions, 

the data dealing with the aqueous electrolyte solutions will be des-

cribed fully in a later section. Only the data relating to the relative-

ly simple filtered aqueous solutions will be given in this section.) 

Examination of figures (23) and (24) shows that the measured 

induction period decreases almost exponentially with increasing relative 

supersaturation. 

A striking feature is the parallelism of the three lines drawn 

in figure (25). The two lines obtained from the results of experiments 

using both filtered aqueous solutions and filtered solutions in 0.025 

molar potassium chloride solutions at 25°C are close together, the line 

for experiments with added electrolyte present being nearer to the 

log13; axis than the line for the aqueous solution experiments. The 

line obtained for the unfiltered runs in aqueous solutions is, however 

much nearer to the logtj axis than the other two lines but is still 

parallel with them. The slope is -4. It should be noted that the 

values forti used in the data plotted for the unfiltered experiments 

are not strictly comparable with thel:i values used in the other two 

plots. In the data from the data from the filtered experiments,17i is 

the true, measured induction period while, in the data obtained from the 

unfiltered experimentsti is arbitarily defined as the duration, in 

minutes, of the maximum supersaturation obtained during the crystalliz-

ation experiments described in sections (1 1.1 and 2 1.1). Thus, 

here, for the unfiltered experiments, the value forlri differs slightly 

from the "B" value defined earlier. 

A6 2.1.212 Effect of supersaturation upon dihydrate growth rates. 

Figure (22) shows that, following the induction period, there is a 

portion of the crystallization curve corresponding to the growth of 

calcium sulphate dihydrate cyrstals. In the time represented by this 
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second part of the curve, the rate of calcium loss from the solution will, 

therefore, be directly related to the rate of dihydrate crystallization. 

Also, this rate will be dependent upon other factors such as the number 

of nuclei that are available for crystallization and the supersaturation 

of the solution at any time. 

Nancollas (1968) has written an equation for the rate of calcium 

loss from a supersaturated solution as; 

dt
dCa  = hn (m-ms)Z  

where rcdCa- is the rate of calcium loss and is a negative quantity, k an 
overall rate constant, n the total number of sites available for growth, 

m the concentration of the free calcium ions in solution and, since the 

experiments were carried out at equimolar calcium and sulphate ion 

concentrations, m is also equal to the concentration of the free sulphate 

ion in solution, ms  is the equilibrium solubility concentration of free 

calcium ions in solution and Z a power term not necessarily an integer. 

In the use of this equation it is assumed that changes in the number 

of growth sites may be neglected. The calculation of the concentrations 

of the free ions in solution is tedious and assumptions made in empirical 

equations used to perform this evaluation are not necessarily valid, 

especially in solutions of high ionic strength. Therefore, in this 

study, although many evaluations of the free ion concentration were 

made and used in the above equation, it has been found that, to a first 

approximation, the equation written above could be modified to: 

dCa = ?stn (Cat  - Cas2) Z. 

Where kt 
is still a rate constant although not the true, kinetic rate 

constant; Ca
t 
is the calcium concentration at the time t and Cast is 

the equilibrium solubility concentration of calcium in a saturated 

dihydrate solution. 

Consequently, in an attempt to evaluate the term Z, plots (Figure 
dC 

26) were made of log(Ca 	Ca  
s2) against log 	

a 
(77) for the filtered 

experiments carried out in aqueous solution. These plots cover only 

the period of crystallization and growth and not the induction "ageing" 

periods. These plots are all parallel straijit lines with a gradient of 

2, this being the value of Z. Also, it is apparent that there is a 

progressive shift of these lines towards the log (-ECa/at) axis with 

an increase in the value of I from 103.6 7. (line 1) to 213.6V. (line 

6). Thus, at first sight the above, modified equation satisfactorily 

represents the crystallization and Growth data over a large supersatur- 
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ation range. 

However, further examination shows that at the lower super- 

saturations (e.g. line 1) the range, over which a plot of log (Ca - t 
dCa 

Cas2) against log (77) gives a straight line of slope 2, is restricted 

in extent and only represents a small portion of the second part of the 

corresponding crystallization curve. (Figure (22) ). Tbus, at the 

lover supersaturations the modified approximate equation and its inherent 

assumptions are only valid for a very restricted portion of the crystal-

lization process, whereas, at higher supersaturations both the modified, 

approximate equation and the assumptions made appear valid over the larger 

part of the crystallization process. 

At the lower supersaturations, if plots of log(Cat -Ca 2) against 

log (-
dCa/

dt
) are made so that the whole of the second part of the 

crystallization curve of figure (22) is covered then no simple curve 
it 

may be fitted through all the data. Neither iAimproved by substituting 

the free ion concentrations for the total concentrations. 

Thus, at the lower supersaturations, over the major part of the 

crystallizations process the equations quoted above and the assumptions 

made are invalid. However, these equations do represent at least Dart 

of the crystallization process at low suporsaturations and at higher 

supersaturations the representation becomes increasingly good. This 

trend may be a consequence of an increased validity of the assumption that 

the number of growth sites, n, does not change with time, as the super-

saturation under consideration is increased. 

A6.2.1.22 Effect of tie presence of supportin electrolytes upon the 
crystallization of calcium sulphate dihydrate at 25°C  

The presence of a supporting electrolyte has a considerable effect 

upon the crystallization of the dihydrate from the filtered solutions. 

J major effect is to alter the equilibrium solubility, Cs2. Conse-

quently, in order to compare similar supersaturations with respect to 

the dihydrate in the presence of different aqueous electrolytes it was 

first necessary to obtain appropriate values for Cs2. Such data have 

been reported in Appendix 5. 

Figure (27a) shows the crystallization of CaSO4.21120 as a function 

of 	and in 0.025 molal potassium chloride solutions at 25°C. This 

figure 27a) may be compared directly with figure (22) and again shows 

that at high values oil i the induction period is short and growth 
fairly rapid while lower values ofh the induction period is appreciably 
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longer and growth rather less rapid. 

Figures (27b) and (28) show the crystallization of CaSO4.2H20 in 

solutions of various potassium and sodium chloride concentrations 

respectively withli constant at 112.5 V. and at 25°C. These figures  

(27b) and (28) shows a similar effect with increasing electrolyte con-

centration to that shown in figure (27a). 

Pi;ure (29) shows the crystallization of CaSO4.2H20 from aqueous 

solution 0.060 molal potassium chloride solution and 0.059 molal sodium 

chloride solution at 25°C and with Yi approximately constant. Crys-

tallization of the dihydrate from aqueous solutions shows a long induction 

period, whereas, crystallization from the potassium chloride and sodium 

chloride solution shows induction periods that are relatively short, 

the induction period in the potassium chloride solution being slightly 

shorter than that in the sodium chloride solution. 

It is readily apparent from figures (27-29) that the most sig-

nificant effects of composition and concentration of the supporting 

electrolyte are upon the induction period although some effects upon the 

growth portion of the curves are noticeable. Those various effects will 

now be described in more detail. 

L6.2.1.221 The effects of suporsaturation and composition and concent-

ration of the supporting electrolyte on the induction period 

The effects of supersaturation and concentration and composition 

of the supporting electrolyte on the induction Period are various and 

will be dealt with separately. Thus, section (2.1.2211) deals with the 

effects of supersaturation (2.1.2212) deals with the effects of the vari-

ation of the concentration of the supporting electrolyte and section 

(2.1.2213) deals with the effects of the variation of the composition- of 

the supporting electrolyte. 

A6.2.1.2211 The effect of the supersaturation upon the induction period 

Some idea of the effect of increasing supersaturation upon the 

length of the induction period may be obtained from figure (22). How-

ever, a more accurate picture is given by figure (23)  . This shows the 

relationship botweeny aneri for the nucleation and crystallization of 

dihydrate from aqueous solutions and 0.025 molal potassium chloride 

solutions at 25°C. Similar data are plotted for aqueous solutions and 

0.025 molal calcium chloride solutions also at 25°C in figure (24). 

Thus the measured induction period decreases in an almost exponential 
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manner with increasing Yi, as was noted for the aqueous solutions in 

section (2.1.211). 

The effect of supersaturation upon the induction period is also 

demonstrated in figure (25) which shows plots of log (11) against log 

('Ci) for experiments using filtered aqueous solutions. This figure has 

been discussed, already, in section (2.1.211). 

A6.2.1.2212 The effect of the concentration of the supporting electro- 

W2...11222 -52132222;211  

The effect of the concentration of the supporting electrolyte upon 

the induction period of dihydrate crystallization may be easily shown 

by the examination of the figures (27a and b, 23 and 29). 

Hovever, the effect is better illustrated in figure (30) where 

the length of the induction period in minutes ('ri) is plotted against 

the molality of the supporting electrolyte solution at constant super-

saturation with respect to dihydrate and at 25°C. Curve (1) on this 

figure (30) is for data concerning the length of the induction period in 

sodium chloride solutions of various moralities and curve (2) gives 

similar data in potassium chloride solutions. The length of the 

induction period increases quite rapidly with a decrease in the molality 

of the supporting electrolyte. The variation in the length of these 

induction times at similar concentrations and at similar values of 
B 
li but in different supporting electrolyte solutions will be discussed 

in the following section (2.1.2213). 

L6.2.1.2213 The effect of the composition of the supporting electrolyte  

upon the induction period  

The effect of the composition of the supporting electrolyte upon 

the induction period is shown by a comparison of figure (22) with 

figure (27a), figure (27b) with figure (28) and by figure (29). How-

ever these data are much better illustrated by comparison of figures 

(23, 24 and 30). 

Figure (23) shows the relationship between B.  andTi at 25°C 

in aqueous solutions (curve (1) ) and 0.025 nolal potassium chloride 

solutions (curve (2) }. At similar values of ii, the length of the 

induction period in the potassium chloride solutions is always shorter 

than the length of the period in the aqueous solutions. For example, 

at a Yi value of 200./.,Ti is about 106 minutes in 0.025 molal pot-

assium chloride solution and about 305 minutes in aqueous solution. 



Figure (24) shows similar data for the len-th of the induction 

period in aqueous solutions (curve (1) ) and calcium chloride solutions 

(curve (2) ). At similar values of /i, the length of the induction 

period in the 0.025 molal calcium chloride solutions is always shorter 

than in the aqueous solutions. For example at a li value of 2007., 

the induction period is about 5 minutes in the 0.025 mold calcium
gg 
 

chloride solution and about 33 minutes in aqueous solution. At a 

value of 100V. the induction period is found, by extrapolation, to be 

about 63 minutes in the 0.025 molal calcium chloride solution and about 

305 minutes in the aqueous solution. Also, comparison of the curve (2) 

of firnre (23) with the curve (2) of figure (24) shows that at similar 

supersaturations,Ti is greater in the solutions with 0.025 molal 

potassium chloride as the supporting electrolyte than in solutions with 

0.025 molal calcium chloride as the supporting electrolyte. 

Figure (30) shows plots of the length of the induction period for 

dihydrate in minutes against the concentration of the supporting elec-

trolyte solution at constant supersaturation uith respect to the dihydrate 

and at 25°C. Curve (1) on this figure (30) is for data concerning 

sodium .chloride solutions and curve (2) for data concerning potassium 

chloride solutions. It can be seen that at constant supersaturation and. 

at similar concentrations of supporting electrolyte the induction period 

is shorter in the potassium chloride solutions than in the sodium 

chloride solutions. For example et /1 = 122.57.,1:1 = 96 minutes in 

0.015 molal potassium chloride solution and 112 minutes in 0.015 molal 

sodium chloride solution. At /i = 112.57.,Ti = 52 minutes in a 

0.045 molal potassium chloride solution and 64 minutes in a 0.045 molal 

sodium solution. 

In summary, it may be stated that, at similar values of /i and, 

where appropriate, at similar concentrations of supporting electrolyte, 

the induction period will be longest in simple aqueous solutions and 

shortest in solutions with calcium chloride as the supporting-  elec-

trolyte. The lengths of the induction periods of dihydrate in the 

different supporting electrolyte solutions has a sequence that is; 

Aqueous solutions> sodium chloride solutions> potassium chloride 

solutions> calcium chloride solutions. 

A6.2.1.222 The effects of supersaturation and composition and concen-

tration of the supporting electrolyte upon the dihydrate  

growth rates  

Just as the effects of supersaturation and concentration and 
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composition of the supporting electrolyte on the induction period are 

various, the effects of similar variables unon the growth rates of the 

dihydrate crystals are many. Therefore, in order to describe these 

effects, each variable will be considered separately. Thus, section 

(2.1.2221) deals with the effects of supersaturation, (2.1.2222) deals 

with the effects of the variation of concentration of the supporting 

electrolyte and section (2.1.2223) deals with the effects of the 

variation of the composition of the supporting electrolyte on the dihy-

drato growthrates. 

A6.2.1.2221 The effect of supersaturation upon the dihydrate growthrate  

Figure (31) shows plots of log (Cat— Cas2) against log ( — "-ca  /at) 

for the crystallization of dihydrate in 0.025 molal potassium chloride 

solutions at various values ofi i and at 25°C. It is important to- note 

that these plots (1-8) were made only over the period of the second portion 

of the curves of figure (27a) i.e. only the part of the curves repre-

senting crystallization and not those portions representing the induc-

tion period end "ageing". (cf. section 2.1.212). These plots are 

parallel, straight lines with a gradient of 2, being the value of Z. 

Also, there is regular shift in the position of these, lines towards the: 

log ( dCa/dt) axis with an increase in ii from 75.6.1. to 264.6%. 

Thus, it would appear that over a wide range of supersaturation the 

modified, approximate equation satisfactorily represents the crystal-

lization and growth data. 

However, it is apparent from figure (31) that at the lower super—

saturations (e.g. line (1) ) the range, over which the plot of log 

(Cat Cas2)  against log (—
dCa/ idt ) gives a straight line of slope 2 is 

very restricted in extent and represents only a small portion of the 

second part of the corresponding crystallization curve. (Figure (27a) ). 

Thus, at the lower supersaturations both the modified, approximate 

equation and its inherent assumptions are only valid for a very restricted 

portion of the crystallization process, whereas, at higher sunersatur-

ations both the modified, approximate equation and the assumptions made 

appear to be valid over the larger part of the crystallization process. 

14 possible reason for invalidity of the equation has been briefly men-

tioned in section (2.1.212). 

A6.2.1.2222 The effect of the concentration of the supporting elec-

trolyte upon the dihydrate growth rates  

Figures (32 and 33) shows plots of log (Cat  — Ce.s2) against log 
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( —dC a/dt
) for the crystallization of dihydrate at 25

oC where the 

value of bi is constant at 112.57. but at various concentrations of the 
potassium chloride supporting electrolyte from 0.000 molal (aqueous 

solution) to 0.060 molal. 

Figures (34 and 35) show similar data again at 25°C and again 

Tritqi = 112.5 /. but at various concentrations of the sodium chloride 

supporting electrolyte from 0.000 molal (aqueous solution) to 0.059 

molal. 

All data in figures (32-35) would, if drawn upon a single figure, 

be parallel straight lines of gradient 2, the value of Z. Also, in 

figures (32 and 33) and ficiures34151e.n 	there is a regular shift 

in the position of the plot towards the log 
dCa/dt

) axis with an 

increase in the concentration of the supporting electrolyte from 0.000 

molal (line (1) of figure (32) ) to 0.060 molal potassium chloride 

(line (3) of figure (33) ) and from 0.000 molal (line (1) of figure (34) ) 

to 0.059 molal sodium chloride (line 3 of figure (35) ). However, it 

is apparent from figures (32 and 33) and from figures (34 and 35) that 

at the lower concentrations of supporting electrolyte solution (e.g. 

line (1) of figure (31) and line (1) of figure (34) ) the range over 

which the plots are straight lines of gradient 2 are again very res-

tricted. This restricted range represents only a small portion of the 

second part of the corresponding crystallization curves of figures 

(27b and 28). Therefore, the effect on the rate of dihydrate growth, of 

an increase in the concentration of the supporting electrolyte is similar 

to the effect of increasing the value of 

A6.2.1.2223 The effect of the composition of the supporting elcc-

trolvte upon the dih drat° growth rates 

The effect of the composition of the supporting electrolyte upon 

the dihydrate growth rates may be appreciated in a superficial manner 

by the comparison of figure (22) with figure (27a) and figure (27(b)  

with figure (28). However these data are much better appreciated by the 

comparison of approximate plots of log (Cat 
— Cas2

) against log (
dCa/dt). 

First, comparison of figure (26) with figure (31) indicates that 

the presence of a 0.025 molal potassium chloride solution does not alter 

the value of Z from that found in aqueous solutions and that, essentially, 

the effect on the rate of dihydrate growth of a potassium chloride 

supporting electrolyte is similar to the effect of a small increase in 

supersaturation (ii). 
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Secondly, comparison of figure (32) with figure (34) and figure (33) 

with figure (35) shows that for supporting electrolytes of potassium 

chloride and sodium chloride of similar concentration and similar 

there is little, if any, difference in the extent, magnitude and 

manner of the dihydrate growth process. The suggestion is, therefore, 

that the growth process is not as sensitive to the composition of the 

supporting electrolyte as is the length of the induction period. 

A6.2.2 	Results of Ex eriments where Supersaturation as Achieved b 

the Mixing of twp E5uimolar Solutions. 

A6.2.2.1 Egiultsofu 'eneous" 

A6.2.2.11 The Effect of Supersaturation, Concentration and Composition  

oftheS Electrolean urthe 

Induction Period. 

Plots of time elapsed since the start of the experiment against 

the calcium content of the solution show that in unseeded ("homogeneous") 

systems, just as in the filtered systems described earlier in section 

(2.1.2) the crystallization plots can be divided into three distinct 

sections. Initially, there is an induction period of constant calcium 

concentration. In the filtered systems dealt with earlier, induction 

periods upre only about 300 minutes in length, even in the solutions of 

lowest supersaturation, However, in the unseeded systems, the measured 

induction periods, at similar low supersaturations and in solutions of 

comparable composition, have lengths of the order of hours rather than 

minutes as in the previous sections. 

Following the end of the induction period, the calcium content of 

the solution decreases quite rapidly with time as crystallization and 

growth takes place. Although the end of the induction period in these 

unseeded experiments is generally not as aigtinct as in the filtered 

systems, the rates of growth, in solutions of comparable composition and 

at similar supersaturations, are not that different from those obtained 

in the filtered systems. At the end of this second Portion of the plots, 

the calcium content of the solution varies little with time and remains 

fairly constant near to the equilibrium value Cs2. This third portion 

of the curve represents the period of Ostwald ripening, 

Just as in the filtered experiments, the induction peej.od had 

quite a simple relationship with the initial relative supersaturation 

(t). At high values of 	the induction period is short, whilst at 

lower values ofpithe induction periods are appreciably longer and 



growth rates rather less rapid. 

A6.2.2.111 The effect of suPersaturation and concentration of the 

supporting electrolyte 

In this series of experiments, since the supersaturation with 

respect to the dihydrate was achieved by the mixing of tiro, eouimolar 

solutions, one containing the calcium ion and the other the sulphate ion, 
when the initial supersaturation was increased there was, automatically 

an increase lathe concentration of the supporting electrolyte. Thus 

the effects, upon the induction period, of increasing initial super—

saturation and of increasing supporting electrolyte concentration cannot 

be separated. Therefore, in this section they are considered together. 

Figure (36) shows the relationship between initial relative super—

saturation( .)and the induction period ('r.) for the nucleation and 

crystallization of dihydrato in solutions 0.03, 0.06 and 0.12 molar 

with respect to calcium sulphate, in corresponding concentrations of 

sodium chloride as the supporting electrolyte and at 25°C. Figures  

(37 and 38) show similar datarelating to solutions of identical con-

centrations with respect to calcium sulphate and comparable concen-

trations of the sodium chloride supporting electrolyte but at 45°  and 

65°C respectively. 

Similar curves may also be plotted from data pertaining to solut-

ions of identical concentrations with rspect to calcium sulphate at 

25°C, 45°C and 65°C but in corresponding concentrations of potassium 
chloride or magnesium chloride as the supporting electrolyte. 

Examination of all the figures (36-38) shons that the measured 

induction period decreases in an almost exponential manner with increasing 

initial relative supersaturation and  the accompanying increase in the 
concentration of the supporting electrolyte. The comparison of these 

curves with similar curves obtained from the data presented in the 

section (2.1) is useful. It shows that compared with the filtered 

systems, the unseeded ("homogeneous") systems have induction periods 

that are an order of magnitude longer if the comparison is made, where 

possible, of solutions of similar supersaturation and corresponding 

supporting electrolyte solution. 

The figure (39) shows plots of ler% y against log Ti  for the 

nucleation of calcium sulphate in solutions with sodium chloride as 

the supporting electrolyte at 25°C (line 1), 45°C (line 2) and 65°C 

(line 3). These plots are all straight lines. Line 1 is nearest to 
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the logt. axis, line 2 very slightly farther away and the line 3 the 

fartheStfremtheloCt.amis. Also, the gradient of the line 1 is 

slightly more negative than -8.35. Line 2 has a similar gradient and 

line 3 less negative (-8.30). That is, the lines become less steeply 

negative as the temperature increases. 

These two systematic effects (i.e. the shift of the lines away 

from t'ae logT axis and the slight decrease in the negative gradient) 

indicate that there is a slight temperature effect on the length of the 

induction period. This grill be dealt with in a later section. Also, 

the gradient of these lines is much more negative than those of figure (25) 

(section 2.1.2111) which have a gradient of -4. The reasons for these 

differences in the magnitudes of the gradients are almost certainly 

complex but are probably partially related to decreases in the length 

of induction period associated uith increasing temperature and to 

decreases in the length of the induction period associated with increasing• 

concentration of the supporting electrolyte. This latter to of vari-

ation has already been mentioned in connection uith the filtered experi-

ments in section (2.1.2212). 

Figure (40) shoos plots of log ?S' against logt i  for the nucle-

ation of calcium sulphate in solutions with potassium chloride as the 

supporting electrolyte at 25°C. (line 1), 45°C (line 2) and 65°C 

(line 3). These plots are again all straight lines. Line 1 being 

nearest to the log -ti  axis, line 2 very slightly farther affray and the 

line 3 the farthest from the loet i  axis. The gradients of these 

lines vary from -8.37 (line 1) to about -8.20 (line 3) uith line 2 

intermediate between these tiro values. 

Figure (41)  shoes similar data but in solutions with magnesium 
chloride as the supporting electrolyte at 25°C (line 1), 45°C (line 2) 

and 65°C (line 3). These plots are also all straight lines and again 

line 1 is nearest to the log i axis, line 2 slightly farther away 
and line 3 the farthest from the. logTi  axis. The gradients of these 

lines vary from -8.16 (line 1) to about -8.93 (line 3) with line 2 

intermediate between these values. 

Both these figures (40 and 41) show.  the two systematic effects 

described previously when dealing with figure (39). Thus, all figures 

(39, 40 and 41) seem to indicate that as well as there 

being a slight temperature effect on the length of the induction period 

there is also an effect due to the concentration of the supporting 

electrolyte. 



L6-36i 

A6.2.2.112 The effect of the composition of the supportin, electrolyte  

The effect of the composition of the supporting electrolyte is 

shown by the comparison of figure (36) with comparable data at 25°C in 

potassium chloride and magnesium chloride solutions, of figure (37) 

with comparable data at 45°C in the various supporting electrolytes and 

of figure (38) with comparable data in the different solutions at 65°C. 

A similar comparison may also be made of the figure (39) with figures (40 

and 41). The nature of all these figures (36-41) has been dealt with in 

the previous section (II 2.111). 

Comparison of figure (36) relating to the length of the induction 

periods at 25°C in sodium chloride as the supporting electrolyte with 

comparable data with potassium chloride or magnesium chloride as the 

supporting electrolyte, shows that, at similar values of the initial 

supersaturation (ii), the induction period is appreciably shorter in 

solutions with magnesium chloride than in solutions with potassium 

chloride or sodium chloride as the supporting electrolyte. The length 

of the induction periods, at similar values of 3.., in solutions with 

potassium chloride as the supporting electrolyte are slightly shorter 

than those with sodium chloride as the supporting electrolyte. 

A similar comparison may be made of figure (37) relating to the 

length of the induction periods in sodium chloride as the supporting 

electrolyte at 45°C with comparable data in potassium chloride or 

magnesium chloride solutions. Similarly, the figure (38) showing the 

length of the induction periods in a sodium chloride supporting elec-

trolyte at 65°C may be compared with the comparable data, in potassium 

chloride or magnesium chloride solutions. All these data show that 

at similar values of the initial relative supersaturation (t), the 

induction periods are always shortest, by far, in the magnesium chloride 

solutions and always slightly shorter in potassium chloride than in 

sodium chloride solutions. 

These inferences can also be obtained by the comparison of the 

figures (39, 40 and 41). It can be seen from these figures that the 

line 1 of figure (41), relating to dihydrate nucleation at 25°C in 

magnesium chloride solutions, is appreciably closer to the log 's 
axis than the comparable lines (at 25°C) in potassium chloride solutions 

(figure (40)) and sodium chloride solutions (figure (39)). The line 

at 25°C in potassium chloride solutions is slightly closer to the log 

17i  axis than the comparable line in sodium chloride solutions. 
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Comparisons of figures (39, 40 and 41) may be made for the lines 

relating to 45°C and 65°C in the three solutions. Such comparisons all 

give the same pattern, that is, that at any given temperature, the 

magnesium chloride line is appreciably nearer to the log T axis than 

the potassium chloride or the sodium chloride lines. Also, the potas-

sium chloride line is always a little closer to the log 1:i 
axis than 

the sodium chloride line at the same temperature. Thus, at similar values 

of 	and at identical temperatures, the induction period is always 

appreciably shorter in magnesium chloride than in potassium chloride 

solutions and slightly shorter in the potassium chloride than in he 

sodium chloride solutions. 

Examination of the figures (39, 40 and 41) shows, as stated 

earlier, that the magnitude of the negative gradient decreases slightly 

with increasing temperature in a given supporting electrolyte. Compari-

son of the similar lines for a particular temperature in figures (39, 

40 and 41) shows that, at that temperature, the gradients are always. 

slightly more steeply negative in the magnesium chloride solutions than 

in the potassium chloride and sodium chloride solutions. There does not 

seem to be any difference in the gradients between potassium chloride and 

sodium chloride solutions. These differences in the magnitude of the 

negative gradient between magnesium chloride and potassium chloride and 

sodium chloride at a particular temperature are not thought to be signi-

ficant. 

A6.2.2.113 The effect of temperature  

The effect of temperature uponthe induction period of dihydrate 

may be seen from a comparison of figure (36) relating to dihydrate 

nucleation in sodium chloride solutions at 25°C, with figure (37) showing 

dihydrate nucleation, again in sodium chloride, but at 45°C and with 

figure (38) dealing dihydrate nucleation in sodium chloride solutions 

at 65°C. Similar data may be also plotted at 25°C, 45°C, and 65°C but 

with either potassium chloride or magnesium chloride as the supporting 

electrolyte. 

Comparison of any of these sets of data shows that in the same 

supporting electrolyte of similar concentration and at identical values 

of i iP $ the induction period is always shorter at 45°C than at 25°C and 

always shorter at 65°C thAn at 45°C. 

This effect may also be appreciated from any one of the figures 

(39), (40) and (41).,,  These figures show plots of loge against log 
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1:i  in sodium chloride, potassium chloride and magnesium chloride 

supporting electrolyte solutions respectively. Each of these figures 

shows three lines, one relating to 25°C, one to 45°C, and the other to 

65°C. The 25°C line in each figure is the one nearest to the log Ti  

axis, the 45°C slightly farther away and the 65°C line the farthest from 

the logt axis. Also, the 25°C line in each figure has the most steep 

negative gradient, the 45°C line slightly less negative and the 65°C line 

the least negative. 

In no cases are these changes very great but both the shift 

away from the log Ti  axis and the changes in the magnitudes of the 

negative gradients are seen in all three diagrams. These shifts and 

the gradient changes are always consistent and seem to indicate a 

distinct effect upon the induction period of these unseeded ("homogene-

ous") systems with increasing temperature. However, it is difficult 

to say what this effect is precisely since there are also parallel 

effects related to the concentration of the supporting electrolyte. 

Because of the way the supersaturation is achieved, these effects, 

related to the concentration of the supporting electrolyte, will always 

be present. It is important to note, however, that the temperature 

effect in these unseeded ("homogeneous") systems does not seem as 

great as in the systems where a supersaturation was achieved using 

1-CoB04.2H20 with the system remaining unfiltered (section 2.1.1). 

A6.2.2.12 The effect of supersaturation, concentration and composition  

of the supporting electrolyte and temperature upon the dihydrate  

,growth rates  

Following the induction period there is, as has been mentioned in 

section (2.1.212), a portion of the crystallization curve corresponding 

to the growth of calcium sulphate dihydrate crystals. In the time 

represented by this second part of the curve, the rate of calcium loss 

from the solution is directly related to the rate of dihydrate crystal-

lization. 

The approach used in this section is essentially the same as 

used in the earlier sections. However, in the approximate equation 

used earlier, in section (2.1.212), to describe the rate of calcium 

loss from the solution, an important parameter is n, the number of 

growth sites. In this previous section (2.1.212) it was assumed that 

the number of growth sites remained constant during the experiment. In 

the experiments considered in this section, since the systems are 

"homogeneous", there is a distinct change in the number of growth sites 
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between the beginning and the end of the experiment. 

If, however, the approximate equation is only applied to data 

obtained after the end of the induction periods, then this equation 

still seems to describe the growth process quite accurately. This 

means that, to a first approximation, the number of growth sites, 

participating in the crystallization, does not significantly alter 

during the crystallization process. Thus, it would seem that the 

majority of the active growth sites originate from processes that take 

place during the induction periods. 

A6.2.2.121 The effect of supersaturation and concentration of the  

Supporting electrolyte 

As mentioned in section (2.2.111), since the supersaturation 

with respect to the dihydrate was achieved by the mixing of two, equimolar 

solutions, one containing the calcium ion and the other the sulphate ion, 

anincreaseinthevalueoff.automatically leads to an increase in 

the concentration of the supporting electrolyte. Therefore, the 

effects, upon the growth rates of the dihydrate, of increasing 
and of increasing the supporting electrolyte concentration, are consider-

ed together. 

The figure (42) shows plots of log (Cat 	Cas2)  against log 

( dCa/dt) for the crystallization of dihydrate in solutions 0.03, 

0.06 and 0.12 molar with respect to calcium sulphate, in corresponding 

concentrations of sodium chloride as the supporting electrolyte and at 

25°C. figures (43) and (44) show similar clata in solutions of identical 

concentrations with respect to calcium sulphate and comparable concen-

trations of the sodium chloride supporting electrolyte but at 45°C and 

65 C respectively. Similar plots may also be derived from data per-

taining to solutions of identical concentration with respect to calcium 

sulphate at 25°C, 45°C, and 65°C, but in corresponding concentrations 

of potassium chloride or magnesium chloride as the supporting electrolyte. 

It may be noted, that the plots in all the figures (42-44) show 

data obtained only from that portion of the crystallization curves corres-

ponding to growth and only from the part of that portion that was 

distinct from the preceeding portion (the induction period) and the 

succeeding portion (the "ageing" period). 

The figure (42) shows that the plots are all straight lines with 

a gradient of approximately 2, this being the value of Z. Also, there is 

a regular shift in the position of these lines towards the log ( - dCa/dt) 



axis with an increase in the concentration (i.e. tho supersaturation) 

of the solution with respect to calcium sulphate. The line referring 

to a solution 0.03 molar with respect to calcium sulphate, in sodium 

chloride solution at 25°C is furthest from the log ( - dCa/dt) axis. 

(N.B. As well as being the solution of lowest supersaturation with 

respect to calcium sulphate, this solution is also the one having the 

lowest concentration of the supporting electrolyte). The line relating 

to a solution 0.06 molar with respect to calcium sulphate, in sodium 

chloride solution at 25°C is nearer the axis and the line relating to a 

solution 0.12 molar with respect to calcium sulphate in the sodium 

chloride supporting electrolyte at a similar temperature is the nearest 

to the log ( - dCa/dt) axis. 

It is apparent from figure (42) that at the lowest supersaturation 

(i.e. 0.03 molar with respect to calcium sulphate) the range over which 

the plot of log (Ca t- Cas2) against log ( - dCa/at) gives a straight 

line of slope 2 is very restricted in extent and only represents a very 

small part of the corresponding crystallization curve. Thus, at the 

lowest supersaturation both the modified, approximate equation and its 

inherent assumptions are only valid for a very small portion of the 

crystallization process. The reason for this is related to the fact that 

the end of the induction period at this lowest supersaturation is not 

definite and is very indistinct on the crystallization curve. There 

seems, in fact, to be a period Ithengoxrith is occurring at the same time 

as the production of further nuclei. Then follows a short period when 

the rate of calcium loss does follow the predictions of the approxi-

mate equation. However, this period is very short and after there is 

yet another indistinct portion of the crystallization curve during -which 

it is inferred that both "ageing" and the last vestiges of growth are 

occurring. 

At the higher supersaturations on figure (42) (i.e. 0.06 and 0.12 

molar with respect to calcium sulphate) the modified, approximate 

equation and its inherent assumptions appear valid over an increasing 

range of the crystallization process. The line referring to an initial 

concentration of 0.12 molar with respect to calcium sulphate is, thus, 

far less restricted in extent than the one referring to 0.06 miler with 

respect to calcium sulphate. 

Since, at these higher concentrations with respect to calcium 

sulphate, there is automatically, a corresponding increase in the con-

centration of the supporting electrolyte, the effects described above 
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arenobonlyrelatedtotheincreasedvalueY..Instead, the effects 
1 

seen in the log (Car  - Cas2) - log ( 	aCa/dt) plots (viz: the range 

over which the plots are straight lines, the regular shift towards the 

log ( - ECa/,,) axis and the constant gradient) are not only a function 
ae 

ofY 1  
. but are also related to the concentration of the supporting elec-

trolyte. 

In all the other figures (43&44) a similar pattern may be seen. 

In all of these figures, the gradient of these lines is approximately 

two and all the lines are parallel. All figures show a progressive 

shiftinthelinestellardstheleg(-aCtlidO withincreasingY.and 

corresponding increase in the concentration of the supporting electrolyte 

when lines at a similar temperature and in the same supporting 

electrolyte are compared. Again, when comparing lines at a similar 

temperature and in the same supporting electrolyte there is a pro-

gressive and systematic increase in the range over which the plots are 

straight lines as the value of li  and the concentration of the support-

ing electrolyte increase. This latter observation seems to indicate 

thatasthevalueofLand the concentration of the supporting elec-

trolyte increase the approximate equation, representing the rate of 

calcium loss from the solution more adequately describes the rate of 

growth of dihydrate crystals from aqueous solutions. 

A6.2.2.122 The effect of the composition of the supporting electrolyte  

The effect of the composition of the supporting electrolyte upon 

the dihydrate grovh rate may be appreciated by a comparison of the log 

(Cat - Cas2
) - log (c - dCa/dt

) plots for solutions having different 

supporting electrolytes, but at similar temperatures and at a series of 

values of 11 11. for each electrolyte. This can be best accomplished by 

comparison of figure (42) with comparable data at 25°C in potassium 

chloride and magnesium chloride solutions of figure (43) with comparable 

data at 45
o 
 i C in the various supporting electrolytes and of figure (44) 

with comparable data in the different solutions at 65°C. 

The comparison of the plots of figure (42) with comparable data 

in potassium chloride or magnesium chloride solutions at 25°C, shows 

that at similar values of B. with respect to the dihydrate, the lines 11 
in potassium chloride are straight over a very slightly greater range 

and a very little nearer to the log ( - acadi) axis than the compar-

able lines in sodium chloride. The gradient of all lines is 2. Thus, 

essentially, the effect of potassium chloride supporting electrolyte as 
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compared with a sodium chloride electrolyte is similar to a very small 

increase in the values of 1  
D. and the concentration of the supporting 

electrolyte in the sodium chloride solution. 

A similar comparison may be made for data pertaining to potassium 

chloride and magnesium chloride solutions, again at 25°C. Such a com- 

parison shows that at similar values of 	with respect to dihydrate,
li  

the lines in magnesium chloride are straight over a more extended range 

and a little closer to the log ( - dCa/dt
) axis than the comparable 

lines in potassium chloride. Thus, again the effect of magnesium 

chloride supporting electrolyte as compared with a potassium chloride 

electrolyte is similar to a small increase in the values of 1  D. and the 

concentration of the supporting electrolyte in the potassium chloride 

solution. 

If a comparison is made between sodium, potassium and magnesium 

chlorides as the supporting electrolytes, it is readily seen that the 

effect of magnesium chloride is greater than that of potassium chloride 

when compared with sodium chloride. In no cases are these effects upon 

the log (Ca t- Cas2)  - log ( - dCa/du  
,) plots very great. The suggestion 

is, therefore, that the growth processes of the dihydrate are not as 

sensitive to the composition of the supporting electrolyte as the 

processes related to dihydrate nucleation that occur during the induction 

period. 

If figures (43) and (44) relating to dihydrate growth in sodium 

chloride solutions at 45°C and 65°C, respectively, are compared with 

similar data in potassium chloride and magnesium chloride solutions at 

45oC and 65oC then similar effects to those already described are 

observed. In all cases and at all temperatures, the effects of the 

composition of the supporting electrolyte upon the dihydrate growth 

rates are small compared with the effects of the composition of the 

supporting electrolyte upon the induction periods. 

A6.2.2.123 affect of temperature  

The effect of temperature upon the f,,,,routhlate of dihydrate may be 

seen from a comparison of figure (42) relating to dihydrate growth in 

sodium chloride solutions et 25°C, with figure (43) showing dehydrate 

growth again in sodium chloride, but at 45°C and with figure (44) 

dealing with dihydrate nucleation in sodium chloride solutions at 65°C. 

Similar data may also be plotted at 25°C, 45°C and 65°C, but with either 

potassium chloride or magnesium chloride as the supporting electrolyte. 
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Comparison of any of these sets of datashous that in the same 

supporting electrolyte of similar concentrations and at comparable values 

of h the plots of log (Cat  - Cas2) against log ( 	dCa/at) are always 

straight parallel lines of gradient 2. However, under identical conditions 

of concentration, the 45C line is always closer to the log ( - dCa/,,) 

axis than the 25°C line and the 65°C always closer than the 45°C line. 

This effect is not great but is quite distinct. Also, the range of the 

straight line at 45°C is greater, at identical conditions of concen-

tration, than at 25°C and the range at 65°C is greater than at 45°C. 

This latter effect again is not great but distinct. 

Thus, the effect of an increase in temperature is also similar to 

a small increase in B i 
 and the concentration of the supporting elec-

trolyte. Also, an increase in temperature seems to lead to the approx-

imate equation being a more adequate model of the whole of the dihydrate 

growth process. As has been mentioned, temperature has no measurable 

effect on the value of the gradient of the log (Ca t
-Cast) log 

( - dCa/dt) lines. 

A6.2.2.2 Results of the seeded experiments  

Just as in the series of experiments described in section (2.2.1), 

the supersaturation with respect to the dihydrate was achieved by the 

mixing of two equimolar solutions, one containing the calcium ion 

and the other the sulphate ion. Mien, the initial supersaturation 

was increased there was, automatically an increase in the concen-

tration of the supporting electrolyte as in the previous series of 

experiments. 

However, in the experiments, whose results are given here, the 

crystallization was carried out in the presence of "aged" dihydrate 

seed crystals. The seeds used in these experiments were those 

produced in the runs described in sections (1.2.1) and (2.2.1). For 

example, in a seeded experiment at 0.12 molar with respect to:alcium 

sulphate in the presence of sodium chloride as the supporting electro-

lyte, the seeds, used were those obtained at 0.12 molar with respect 

to calcium sulphate with sodium chloride as the supporting electro-

lyte produced in the runs described in sections (1.2.1) and (2.2.1). 

The seeds were added to a calcium chloride solution of the 

required concentration. The amount of seed to be used was calcul-

ated using the data concerning the solubility of calcium sulphate di-

hydrate (Appendix 5) in the particular supporting electrolyte at the 
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concentration that would be obtained when the starting calcium ion 

solution and sulphate ion solution were eventually mixed at the 

temperature of interest. The actual amount used was sufficient, in 

each experiment, to give a solid excess, in the mixed solution equiva-

lent to that used in the experiments using hemihydrate as a starting 

material. 

	

A6.2.2.21 	The effect of Supersaturation, Concentration and 

Composition of the Supporting Electrolyte and Temperature  

upon the Induction period  

	

A6.2.2.211 	The Effect of Supersaturation and Concentration of the  

Supporting Electrolyte  

As mentioned previously, in experiments whore the supersaturation 

with respect to calcium sulphate was obtained by the mixing of two 

eouimolar solutions, any increase in the initial value of the super-

saturation automatically led to an accompanying increase in the con-

centration of the slipporting electrolyte. Therefore, as before the 

effects upon the crystallization of dihydrate due to variations in 

these two quantities must be considered together. 

The figure (45) shows the relationship between 1 B . and'  . 1 
for the nucleation and crystallization of calcium sulphate dihydrats 

in solutions that are 0.03, 0.06 and 0.12 molar with respect to 

calcium sulphate, in corresponding concentrations of sodium chloride 

as the supporting electrolyte, and at 25°C. Figures (46 and 47) 

show similar data dealing with solutions of identical concentrations 
with respect to calcium sulphate and comparable concentrations of the 

sodium chloride supporting electrolyte but at 45°  and 65°C respectively. 

Similar curves may also be plotted from data pertaining.  to solutions 

of identical concentrations with respect to calcium sulphate at 25°C, 

45°C and 65°C, but in corresponding concentrations of potassium 

chloride or magnesiumchloride as the supporting electrolyte. 

The examination of all these figures (45 - 47) shows that the 
induction period decreases in an almost exponential manner with 

increasing fi  and accompanying increase in the supporting electro-

lyte concentration. The comparison of these curves with similar 

curves obtained from the data presented in the sections (2.1.2) and 

(2.2.1) is useful. This comparison shows that the induction periods 

in the seeded systems are much shorter than those observed in the 

unseeded ("homogeneous") systems (section 2.2.1) and, approximately, 



are of the same order of magnitude as those observed in the filtered 

systems (section (2.1.2)) if the comparisons are made, where possible, 

between solutions of similar supersaturation and corresponding sup-

porting electrolyte solution. 

The figure (40 shows plots of log against log T i  for 

calcium sulphate nucleation in solutions with sodium chloride as 

the supporting electrolyte at 25°C (lino 1), 45°C (line 2) and 65°C 

(line 3). These plots are all straight lines with line 1 nearest to 

the logt i  axis, line 2 slightly farther away and the line 3 the 

farthest from the log; t
i 
 axis. The gradient of all lines is 

—2.35, there being no variation in the gradient with temperature 

increase. 

Figure (49) shows plots of log S' against log'C i  for the 

nucleation of calcium sulphate dihydrato in solutions having potassium 

chloride as the supporting electrolyte at 25°C (line 1), 45°C (line 

2) and 65°C (line 3). Figure (50) shows similar data but in solutions 

having magnesium chloride as the supporting electrolyte at 25°C 

(line 1), 45°C (line 2) and 65°C (line 3). As in figure (48) all 

these plots are straight lines with, in figures (49) and (50) 

line 1 being nearest to the log i  axis, line 2 slightly farther 

away and line 3 the farthest from the log' t i  axis. The gradient of 

all lines is about —2.39, there being no variation in the gradient 

with increase in temperature. 

All the figures (48 — 50) show the slight systematic shift 

away from the log T i
axis with increasing temperature. This indi-

cates that there is a significant effect upon the induction period 

related not only to the initial value of and the associated value 

of the supporting electrolyte but also to the temperature of the 

experiment. 

A6.2.2.212 The effect of the Composition of the Supporting Electrolyte  

The effect of the composition of the supporting electrolyte is 

shown by the comparison of figure (45) with comparable data at 25°C 

in potassium chloride and magnesium chloride solutions, of figure (46) 

with comparable data at 45°C in the various supporting electrolytes 

and of figure (47) with comparable data at 65°C in the different 

solutions. A similar comparison may be made of figure (48) with 

figures (49) and (50). The description of the figures (45 — 50) has 

been given in the previous section (2.2.211). 



Comparison of the figures (45) relating to the length of the 

induction periods at 25°C in sodium chloride as the supporting electrolyte 

with comparable data with potassium chloride or magnesium chloride as 

the supporting electrolyte shovs that, at similar values of f i, the 
induction period is much shorter in solutions with magnesium chloride than 

in solutions with potassium chloride or sodium chloride as the supporting 

electrolyte.AtsimilarvaluesofB.the induction periods in solutions 

of potassium chloride as the supporting electrolyte are slightly shorter 

than those in sodium chloride. 

A similar comparison may be made of figure (46) relating to the 

length of the induction periods at 45°C, in a sodium chloride supporting 

electrolyte, with comparable data with potassium chloride or magnesium 

chloride as the supporting electrolyte. Also, the figure (47) shoving the 

length of the induction periods in a sodium chloride supporting electrolyte 

at 65°C may be similarly compared with the comparable data in potassium 

chloride or magnesium chloride solutions. All these data show that at 

similar values of 131  the induction periods of the dihydrate are 1 
always shortest in magnesium chloride solutions and always slightly 

shorter in potassium chloride than in sodium chloride. 

These inferences can also be obtained by the comparison of the 

figures (48, 49 and 50). It can be seen from these figures that the line 

1 of figure (50) relating to dihydrate nucleation, at 25°C in magnesium 

ohloridosolutionsisclosertothelogt.axis than the comparable 

lines(at 25°C) in potassium chloride solutions (figure 49) and sodium 

chloride solutions (figure 48). The line at 25°C in potassium chloride 

is slightly closer to the log 	axis than the comparable line in 

sodium chloride solutions. 

Similar comparisons of figures (48, 49 and 50) may be made for 

the lines relating to 45°C and 65°C in the three solutions. Such 

comparisons all result in the same pattern, that is, that at any given 

temperature the magnesium chloride line is appreciably nearer to the log 

ir. axis than the potassium chloride or sodium chloride lines. Also, 
the potassium chloride line is all:ays a little closer to the same axis 

than the sodium chloride line at the same temperature. Thus, at 

sirailnrvalueson 1  a  3. 	
i) 	at identical temperatures, the induction 

period is always considerably shorter in magnesium chloride than in 

potassium chloride solutions and slightly shorter in potassium chloride 

than in sodium chloride solutions. 
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Comparison of the figures (48, 49 end 50) with the similar figures 

Of section (2.2:112) (i.4J. i'ieures 19, 40 and 41) show that, in the seeded 
systems, the magnitude of the displacements towards, or allay from, the 

log 't
i 
axis in the solutions of different composition is not so great 

as the displacements found in the comparable unseedod (homogeneous) 

systems of section (2.2.112) at similar temperatures. 

A6.2.2.213 The effect of Temperature  

The effect of temperature upon -he induction period of dihydrate 

may be seen from a comparison of figure (45) relating to dihydrate 

nucleation in sodium chloride solutions at 25°C with figure (46) show-

ing dihydrate nucleation, again in sodium chloride but at 45°C and 

with figure (47) dealing will dihydrate nucleation in sodium chloride 
solutions at 65°C. Similar data may also be plotted at 25°C, 45°C 

and 65°C but with either potassium chloride or magnesium chloride as 
he supporting electrolyte. 

Comparison of any of these sets of data shows that in the some 

supporting electrolyte of similar concentration and at identical values 

of B., the induction period is very slightly shorter at 65°C than at 

25°C. The results for 45°C are not really distinct from the data at 
65°C and at 25°C, but they do appear to be somewhere between the other 
two sets of results. 

This effect may also be appreciated from any one of the figures 

(48), (49) and (50). These figures show plots of log against loglr. 

in, respectively, sodium chloride, potassium chloride and magnesium 

chloride as the supporting electrolyte. Each of these figures shows three 

lines, one relating to 25°C, one to 45°C and the other to 65°C. The 

25°Clineineachfigureisveryslightlynearertothelogt.vecis 

than the 45°C line and the 65°C line farther away from the some axis 
than the 45°C line. This effect is very slight indeed an if experi-

mental errors are considered then the data pertaining to the 45°C line 

would overlap both the 25°C and the 65°C lines. However, the data 

relating to 25°C would just be distinct from that relating to 65°C. 
As mentioned earlier there is no effect upon he gradient of the lines. 

Compared with the temperature effect described in the unsex:clod 

(homogeneous) systems, the effect due to temperature in these seeded 

systems is very slight. In fact, the temperature effect on the induction 

period in these seeded systems might almost be regarded as insignificant. 



A6 2.2.22 Effect of Supersaturation, Concentration of the Supporting 

Electrolyte and Temperature wen the Dihydrate Growth Rates  

As was first mentioned in section (2.1.212), there is, following 

the end of the induction period, a portion of the crystallization curve 

corresponding to the growth of the calcium sulphate dihydrate crystals. 

In the period represented by the second portion of the crystallization 

curve, the rate of calcium loss from the solution is directly related to 

the rate of dihydrate crystallization. 

The approach used in this section is similar to that used in the 

section (2.1.212). In the approximate equation used to describe the 

rate of calcium loss from solution in section (2.1.212) an important 

parameter is n, the number of growth sites. In the section (2.1.212) 

it was assumed that the number of growth sites remained constant during 

the experiment. In this section, since the initial weight excess of 

seed. was quite large and since the seeds were initially small, the 

surface area and, therefore, the number of sites available for crystal 

growth would be very large. Thus, it was considered that the absolute 

number of such sites would change very little during these seeded 

experiments and that, consequently n could be regarded as being constant 

during the experiments. 

A6 2.2.221 The Effect of Supersaturation and Concentration of the  

Supportiw.  Electrolyte  

As mentioned earlier in section (2.2.211) since a supersaturation 

with respect tote dihydrate was achieved by the mixing of two, equimolar 

solutions, one containing the calcium ion and the required weight of 

seed crystals and the other the sulphate ion, any increase in the value 

of D. is automatically accompanied by an increase in the concentration 
1 

of the supporting electrolyte. Thus, the effects upcn the dihydrate 

Eroirthratesofincreasing 
11  
B.aa increasing the supporting electrolyte 

concentration must be considered together. 

The figure (51) shows plots of log (C0.,— Cas2)  against lob; 

(— dCa/) for the crystallization of calcium sulphate dihydrate in 

solutions 0.03, 0.06 and 0.12 molar with respect to calcium sulphate 

and in corresponding concentrations of sodium chloride as the sup-

porting electrolyte and at 25°C. Figures (52 and 53) show similar data 

in solutions of identical concentrations with respect to calcium sul-

phate and in comparable concentrations of scdium chloride as the sup-

norting electrolyte, but at 45°C and 65°C respectively. Similar plots 



may also be derived from data pertaining to solutions of identical 

concentration with respect to calcium sulphate at 25°C, 45°C and 65°C 

but in corresponding: concentrations of potassium chloride or magnesium 

chloride as the supporting; electrolyte. 

It must be stressed, however, that the plots in all the figures 

(51 - 53) show data obtained from only that portion of the crystalliz-

ation curve correspondingto growth and from only the part of that 

portion that was distinct from the proceeding portion (the induction 

period) and the succeeding portion (the "ageing" noriod). However, 

compared with the curves described for the unseeded (homogeneous) 

systems in section (2.2.121), the distinction, in these seeded experi-

ments, between the induction period and the growth nortion of the 

curves is in all cases far sharper. 

Figure (51) shows that all the plots are straight lines with a 

gradient of approximately 2, this being the value of Z. Also, there is 

a regular shift in the position of these lines towards the log (- (lea/dt) 

axis with an increase in the concentration (i.e. the supersaturation) 

of the solution with respect to calcium sulphate. The line referring to 

a solution 0.03 molar with respect to calcium sulphate, in sodium 

chloride solution at 25°C is furthest from the log (- dCa/dt  ) axis. 

This line also relates to the lowest concentration of the supporting; 

electrolyte. 

The line relating to a solution 0.06 molar with respect to calcium 

sulphate in sodium chloride solution at 25°C is nearer to the same 

axis than the 0.03 molar line. The line referring to a solution 0.12 

molar with respect to calcium sulphate in the sodium chloride supporting 

electrolyte at a similar temperature is the nearest to the log (- dCa/
dt) 

axis. 

It can be soon from fiPurc (51) that at the lowest supersaturations, 

that is, 0.03 molar with respect to calcium sulphate, the range over 

which the plot of log (Cat  - Cas2) against log (- CCa/dt • ) gives a 

straight line of slope 2 is quite restricted in extent and renresents 

only a relatively small part of the corresponding crystallization 

curve. Thus, at the lowest supersaturation both the modified, approximate 

equation and its inherent assumptions are only valid for a smell portion 

of the crystallization process. However, if this line for the seeded 

system is compared with the line in the unseeded (homogeneous) systems 

(section (2.2.121)), relating to a similar supporting electrolyte, at 

a similar supersaturation with respect to calcium sulphate and at 25°C, 
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it can be seen that the range over which the plot gives a straight line 

of slope 2 is greater in the seeded system than in the comparable 

unseeded (homogeneous) system. Thus, the modified, approximate 

equation seems to better represent the growth processes in seeded than in 

unseeded systems. The reason for this may be related to the production 

of further nuclei during the growth period in both seeded and unseeded 

systems with, in the unseeded systems, this nuclei production occurring 

much more extensively during the growth period than in the seeded systems. 

At the higher supersaturations on figure (51) (i.e. 0.06 and 0.12 

molar with respect to calcium sulphate) the modified, approximate equation 

and its inherent assumptions appear valid over an increasing range of 

the crystallization process. The line referring to en initial concen-

tration of 0.12 molar with respect to calcium sulphate is, thus, far 

less restricted in extent than the one referring to 0.06 molar with 

respect to calcium, sulphate. The line relating to the highest initial 

value of y appears to represent virtually the whole of the crystalliz-
ation growth process. 

Since, at these higher concentrations Irith respect to calcium 

sulphate, there is, automatically, a corresponding increase in the 

concentration of the supporting electrolyte, the effects described above 

are not only related to the increased value ofy i. Instead, the 

effects seen in the log (Cat Cas2) 
 plots (i.e. the range over which 

the plots are straight lines, the regular shift towards the log (— cra/dt) 

axis and the constant gradient) are not only a function of B. but arc 

also related to the concentration of the supporting electrolyte. 

In all the other figures (52 — 53) a similar pattern may be seen. 

In all of these figures (52 — 53), the gradient of these lines is 

approximately two and all the lines are parallel. All figures show a 

progressive shift in the lines towards the lo;; (— dCa/a,) with increasing 

B. and corresponding increase in the concentration of the supporting 
11 
electrolyte when lines at a similar temperature and in the same supporting 

electrolyte are compared. Again, when comparing lines at a similar 

temperature and in the same supporting electrolyte, there is a progres-

sive and systematic increase in the range over which the plots are 

straight lines as the value ofli  and the concentration of the supporting 

electrolyte increase. This latter observation seems to indicate that 

as the value of ii  and the concentration of the supporting electrolyte 

increase, the approximate equation, representing the rate of calcium 

loss from the solution more adequately describes the rate of dihydrate 
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crystal Eromth from aqueous solutions. 

A6 2.2,222 Effect of Composition of the Supporting Electrolyte,. 

The effect of the composition of the supporting electrolyte upon 

the dihydrate growth rate may be appreciated by a comparison of the 

several log (Cat Cas2)/  log (- dCa/
at) plots for solutions having 

different supporting electrolytes but at similar temperatures and at a 

series of values ofB i 
 for each supporting electrolyte. This can best 

be accomplished by a comparison of figure (51) with comparable data at 

25°C in potassium chloride and magnesium chloride solutions, of figure 

(52) with comparable data at 45°C in the various supporting electrolytes 

and of figure (53) with comparable data in the different solutions. 

The comparison of the plots of figure (51) with comparable data 

in potassium chloride solutions at 25°C, shows that at similar values 

of . with respect to the dihydrate, the lines in potassium chloride are 

straight over a very slightly greater range and a very little nearer to 

the log (- dCa/it) axis than the comparable lines in sodium chloride 

solutions. The gradient of all lines is 2. Thus, essentially, the 

effect of potassium chloride supporting electrolyte as compared with a 

sodium chloride electrolyte is similar to a very small increase in the 

values ofB. and the concentration of the sodium chloride supporting 

electrolyte. 

A similar comparison may be made for data pertaining to potassium 

chloride and magnesium chloride solutions, again at 25°C. Such a com-

parison shows that at similar values ofB. with respect to dihydrate, 

the lines relating to magnesium chloride are straight over a more 

extended range and a little closer to the log (- dCa/at) axis than the 

comparable lines in potassium chloride. Thus, again the effect of the 

magnesium chloride supporting electrolyte as compared with a potassium 

chloride supporting electrolyte is equivalent to a small increase in the 

values of land the concentration of the potassium chloride supporting 

electrolyte. 

If a comparison is made between sodium, potassium and magnesium 

chlorides as the supporting electrolytes, it is readily seen that the 

effect of magnesium chloride is much greater than that of potassium 

chloride when the comparison is made with sodiuf chloride. In no cases 

are these effects upon the log (Cat  - Ca,2)/loE(- '‘'Ca/dt) plots very 

great. The suggestion is, therefore, that the growth processes of the 

dihydrate are not as sensitive to the composition of ths, supporting 
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electrolyte as the processes related to dihydrate nucleation that occur 

during the induction period. 

If figures (52) and (53) relating to, dihydrate growth in sodium 

chloride solutions at 45°C and 65°C, respectively, are compared with 

similar data in potassium chloride and magnesium chloride solutions 

at 45°C and 65°C, then similar effects to those already described aro 

observed. In all cases and at all the temperatures studied, the effects 

of the composition of the supporting electrolyte upon the dihydrate 

growth rates are small compared with the effects of the composition of 

the supporting electrolyte upon the induction periods. 

A6 2.2.223 Effect of Temperature  

The effect of temperature upon the growth rates of the dihydrate 

crystals may be seen from a comparison of figures (51) relating to 

seeded dihydrate Towth in sodium chloride solutions at 25°C with figure 

(52) showing dihydrate growth, again in sodium chloride solutions but 

at 45°C and with figure (53) dealing with dihydrate growth in sodium 

chloride solutions at 65°C. Similar data may also be plotted with 

either potassium chloride or magnesium chloride as the supporting 

electrolyte and at 25°C, 45°C and 65°C. 

Comparison of any of these sets of data shows that in the same 

supporting electrolyte and under identical conditions ofB and concen-

tration of the supporting electrolyte, the 65°C line is very slightly 

closer to the log (- dCa/Et
) axis then the 25°C line. The 45°C line 

is in an intermediate position between the other two lines but is 
distinct from neither of them. This temperature effect is very slight 

indeed and is nowhere near as great as the similar effect observed in 

the comparable unseeded_ systems (section (2.2.213)). 

A further hint of another temperature effect is that the range 

of the straight line at 65°C seems to be always slightly greater than 

the range of the comparable line in 25°C. This latter effect is, 

however, not distinct. 

Generally,the effect of en increase in temperature is similar to 

a minute increase in the values ofB. and the concentration of the 
1/ 

supportin electrolyte. However, in the seeded systems, the effect of 

temperature upon the growth rates is very slight indeed and is much less 

than the small effects due to temperature observed in the unseeded 

(homogeneous) systems. 
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1.6 3 Synthesis of anhydrite  

A6 3.0 Introduction 

knhydrite may form from solutions supersaturated with respect 

to this phase by two main processes. Firstly, the anhydrite may precipi-

tate directly from the solutions or, secondly, a hydrate or other 

anhyrous form of calcium sulphate may be directly precipitated first 

from the solutions and this other form of calcium sulphate is then 

transformed into anhydrite. 

If anhydrite is directly precipitated from solution then the 

mechanisms will be similar to those already discussed in this I,ppendix. 

However, if the transformation to anhydrite occurs from some other form 

of calcium sulphate and the transformation occurs in contact with a 

solution, then three mechanism are possible. 

(1) The other form of calcium sulphate, once it has been precini-

tated, re dissolves into the solution and anhydrite is then 

precipitated. 

(2) Direct dihydration of a calcium sulphate hydrate to anhydrite 

with the loss of structural or zeolitic water. 

(3) Step rise dehydration of a calcium sulphate hydrate through an 

intermediate hydrous or crhydrous form eventually forming 

anhydrite. 

In this present study, the hydrate of calcium sulphate always 

formed from the crystallization experiments was the dihydrate, gypsum. 

Thus, the three transformation mechanisms, above, should be considered 

to refer to the transformation of gypsum to anhydrite. 

This conversion of gypsum to anhydrite in solution may be 

expressed as the reaction: 

CaSO4.2H20(solia)  CaSO4( Solid) 4- 2112°(Liquid) 

The equilibrium constant may be written in terms of activities as; 

x (aH 0)2  = a  CaSO4 	2 a CaS0.21120 

If the reacting materials are pure crystalline CaS00  and 

CaSO
4
.2H

2
0 and purG liquid h20 at 1 atmosphere, pressure and at a 

constant temperature then the above equilibrium constant simplifies to 

2. 
X = ( a  

Ir0)  
2 
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Therefore, at a particular temperature, if the solids do not alter 

in composition, the equilibrium is independent of the comnonents in the 

co-existing solution. 

The transformation will also be affected by temperature and the 

initial particle size of the dihydrate. Both the nucleation time and 

the reaction time decrease with increasing temperature and decreasing 

water activity. That is, both nucleation and growth of the forming 

phase are accelerated by those changes. Particle size will affect the 

surface area of the transforming phase and since reaction rates are 

partially dependent upon-ho surface area available for reaction, an 

increase in the surface area available for reaction will increase 

the rate of that reaction. 

Studios upon the a/hydration of gypsum whilst submerged in aqueous 

solutions have shown that the composition and the concentration of the 

solutions have a significant effect upon both the reactions that occur 

ana the mechanisms by which these reactions occur. Taperova (1950 

showed that the concentration of phosphoric acid in solution determined 

-what reaction would occur at a particular temperature.. Eetelaar and 

Buijmann (1954) repeated some of the -experiments of Taperova and showed 

that certain of the reactions observed by Taperova occurred through 

a solution process. This, they claimed was evidenced by the decrease 

in the radioactivity of the phosphoric acid solutions. 

Ostroff (1964) and Ostroff and Metier (1966) studied the dehyd-

ration of CnSO4.21120 in the presence of aqueous solutions containing 

both sodium and mc.cnesium chlorides at 90.5°C. 2.ven though the Tree 

energy relationships indicated that gyT2sum should convert directly to 

anhydrite, Ostroff observed that hemihydrato formed first which then 

transformed to anhydrite. However, he admitted that the transition of 

to intermediate homihydrate to the anhydrite Iras rapid and concluded 

that anhydrite would only form from gypsum when conditions of trans-

formation of dihydrate to homihydrata also occurred. 

Droste and Grim (1959) studied the dehydration of the dihydrate 

under conditions not dissimilar from those of Ostroff and concluded . 

that the transformation occurred by solid - solid transformation. They 

found no indication of any intermediate steps or liquid phases occurring 

during the transformation. 

Many workers have obtained isolated values for the transition 

temperature of the dihydrate - anhydrite eouilibrium have been deter- 
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mined from the intersections of relative solubility curves and from the 

direct observation of the effect of temperature on overall crouth and 

reaction rates. Using the intersection of the solubility curves of 

dihydrate and anhydrite in aqueous solutions, Partridce (1929) found 

that the temperature for the cypsum-anhydrite transition was 37°C. 

(1937) found the same transition to occur at 42°  U M 	 C in utter and 

Posniak (1938.  and 1940) found the transition to be 30°0 in sea-  water 

concentrated 4.8 times. 

Tanaka, Uakamuta andHara (1931), Toriumi, Kuunhara andk:ara (1933) 

and katuno, Kocanemara and Para (1941) calculated the temperature 

for dihydrate - anhydrite transitions from the intersections of solu-

bility curves measured in son-waters concentrated to various derees. 

These authors correlated values of the reciprocal of the equilibrium 
.  

temperature with lot of the valour p 	
Pressure ratio /P

O 
 and found the 

correlating; equation to be; 

locio( /Po) = -373.64 T + 1.2010 

there P is the vapour pressure of sea water, P the vapour pressure of 
o 

pure linter at the same temperature E,,nei.T is the equilibrium temperature 

in derrees Kelvin. This data is partly summarized in Furby, Gluehauf 

and McDonald (1968) . 

lincDonald (1953) examined the thermodynamic data on the equilibrium 

between dihydrate and anhydrite and derived thermodynamic relationships 

for the effect of lithostatic pressure on the solution of the phases in 

pure uater ana saturated sodium chloride solutions. Using the available 
data at 40°C he determined that the relationship between the pressure 

of the system and equilibrium temperature was approximately linear and 

that the slopes of the pressure ar!cinst temeerature lines vas aluays 

creator in the saturated sodium chloride solutions than in the vater 

solutions. 

Various authors includinc Neuman and 'Jells (1938) have shown that 

the rate of dehydration of hemihydrate to anhydrite is faster than the 
T 	of dihydrate to hemihydrate for the same PH20. Thus the 

latter reaction is the controllilKf step for the conversion of dihydrate 

to anhydrite. /Aso, New=n and ills demonstrated, usine. X-ray dif-

fraction techniques, that the addition of liquid water resulted in the 

transformation of y-cc,s04  to y-CaSO4  being appreciably quickened. 

Johnson (1967) shouod the effects of temperature, concentration 

and :rater activity upon dihydrate transformations. He demonstrated 
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that in concentrated sodium chloride and sea-uater solutions (i.e. at 

lover activities of outer) the transformations occurred more rapidly 

and at far lover temperatures. He indicated that the dihydrato to hemi-

hydrate transformation occurred via a reaction that, to a certain extent, 

involved the solution and that nucleation predominantly occurred upon the 

(010) cleavage planes of the dehydrate due to inherent imperfections 

upon this plane. He concluded that the transition of dihydrnto to an-

hydrite occurred through the hemihydrate but thought that the hemi-

hydrate - anhydrite transition vas rapid. 

Rodgers, Trnmpier and Groves (1960) gave details of the prepar-

ation of anhydrite seeds from gypsum in the presence of concontrnted 

sulphuric acid at temperatures below 50°C. Llso, they indicated the 

influence of the particle size of gypsum upon this transformation. 

Zen (1965) found that the direct precipitation of anhydrite, from 

solutions supersaturated with respect to calcium sulphate, could not be 

achieved at temperatures belou 70°C. He found that this as true even 

if the solutions had been seeded uith anhydrite prior to the experiment. 

Ho vas also of the opinion that hemihydrata vas the dehydration product 

of gypsum in solutions containing sodium chloride and below 
 70 C. 

Hardie (1967) investigated the gypsum-anhydrite equilibrium at 

one atmosphere pressure. He stated that, nrovided that the solids did 

not change in composition, the equilibrium at constant pressure and 

temperature vould be a function of the activity of water only and inde-

pendent of the constituents of the solution. In his experiments he 

started vith synthetic gypsum, synthetic anhydrite or 1 : 1 mixtures 

and stirred these materials in solutions of known, calculated vater 

activity(a
2
H 	 He He found that the a /4 0= 0.960 at 55, 0.845 at 

2 39°C and 0.770 at 25°C. His data also indicated that in sen-unter 

saturatec, Ilith halite, gypsum should. dehydrate above 18°C. 

Hardie also had some comments on the mechanism of =sum to anhydrite 

especially in relation to the three nossible mechanisms mentioned earlier 

in this introduction. In a feu of Hardiels experimental runs anhydrite 

vas produced from gypsum. This anhydrite, identified by X-ray diffraction, 

formed as a rind and along clenvage crncksf the ,:ypsum crystals. 

There :ras no trace, in the X-ray diffraction patterns of the hemihydrate. 

Thus, Hardie concluded that the anhydrite, formed from the initial gypsum 

seeds, originated from to direct dehydration of gypsum. This dehydration 

began at the crystal surfaces where the water could be transferred to 
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the solution phase. 

In his er,)eriments Hardie failed to directly nrecinitate anhydrite 

from supersaturated solutions and always gypsum crystallized metastably 

under conditions Where anhydrite was stable. He quoted this inability 

to precipitate anhydrite as the most comnalling evidence against a solu-

tion-precipitation mechanism for the dehydration of gypsum to anhydrite 

in aqueous media. 

Ridge and Beretka (1969) stated that the dehydration of r-,vpsum to 

anhydrite was most probably a recrystallizatien reaction. If this was 

no then no intermediates were necessary in he dehydration process. Also, 

they indicated that in aqueous media this transformation was slow at low 

temperatures (below 60°C) and that only a few per cent of anhydrite were 

formed after about four months. 'However, they said that the process 

was slightly quickened. if orthorhombic calcium sull)hate seeds wore 

added. 

From the discussion given in this introduction, it can be seen 

that there is considerable dispute as to the way in which anhydrite 

forms from gypsum in solutions. Indeed, some workers indicate that 

anhydrite cannot form from the dehydration of gypsum in concentrated 

sodium chloride solutions below 70°C. Therefore, in an attempt to 

elucidate the mechanism of transformation of gypsum in aqueous and 

saline solutions and to confirm the results of the crystalloraphic 

studies given earlier, an experimental investigation was undertaken. 

In this present study anhydrite was never precipitated directly from 

solutions. Always, when anhydrite was formed, it was from pre-existing 

gypsum crystals. 

This section will present the preliminary results of experiments 

demonstrating the formation of rtnhydrite from gypsum in aqueous electro-

lyte solutions at 45°C and above. 

A6 3.1 :CXoerimental procedures  

A6 3.1.1 Starting materials  

The starting materials used in all the transformation studies 

were those obtained from the crystallization exneriments described in 

sections 1 and 2 of this Appendix. Thus, the gypsum starting material 

had been formed by the processes; 

(i) From hemihydrate Gypsum formed fron this startinc,  material 

originated in two ways. Firstly by solution of the homihycirate, 
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creation of a supersaturabion Idta ros-lect to dihydrate and 

direct precipitation of the dihydrate 

(i.e. CaSO4.1112 	n 0  	++ solutio Ca + so, + 20 

Ca
++ 

 + SO 	+ 2Z
2
0 

precipitation CaSO
4.2H20 ) 

4  

and secondly by the direct transformation of thu hemihydrate to 

the dihydrate in the solid state 

(i.e. CaSO4.11/20 + 111120 	 Transformation ' 4 -2 ■ CcS0 .211.  0) 

Those processes have been discussed in this Appendix (L6 2.1.12). 

(ii) From solution Gypsum formed directly from solution in the absence 

of dihydrate seed crystals. 

(iii) From solution Gypsum directly precipitated from solution but in 

the Presence of dihydrate crystals. 

Therefore, by using gypsum that had been formed in three different ways 

any doubt that there was any anhydrite contamination in the hemihydrate 

is eliminated. 

A6 3.1.2 Procedure  

After the completion of the crystallization experiments described 

in sections 1 and 2, the solution and solid products of the experiments 

carried out at 45°  and 65°C and in the -3resence of a sodium chloride 

supporting electrolyte of 0.24 — 0.25 molar were kept. Thus, in all 

the transformation studies were carried out upon six solutions (i.e. the 

hemihydrate experiments at 45°  and 65°C, the unseeded dihydrate experi-

ments at 45°  and 65°C and the seeded Eihydrate experiments at 45°  

and 65°C.) The reaction vessels containing these slurries were then 

completely stoppered in order to prevent evaporation losses. The 

solutions were kept in a thermostattod oil—bath at 45
0 
 of 65°C as 

appropriate in the dust free enclosure. Lt all times the solutions were 

kept stirred at 300 r.n.m. and it as thought that no evaporation loss 

occurred through the stirring mechanism as the stirrer guide not only 

comprised a ground class stopper but also an oil—seal, two P.T.F.fi. 

sealing washers and a tightening cap. 

Prior to the transformation studios samples of the solid products 

of the crystallization techniques were examined by X—ray diffraction 

techniques. The products of the transformation studies yore examined 

using similar methods after a reaction time of 10 weeks had alapsod. 
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L6 3.1.3 X-ray diffraction techniques  

The Quantitative estimation of gypsum, hemihydrato and 

anhydrite was carried out usinii, the methods described in Appendix 1 for 

the estimation of gypsum and anhydrite combined with the X-ray methods 

described in section (A6 2.1.12) of this Appendix for the estimation 

of eypsum and homihydrate. Thus by usinL: the (020) Lypsum reflection, the 

(010) hemihydrate and the (002), (020) anhydrite reflections a quantit-

ative estimate of the amounts of those phases present in the solid 

products could be made. Using these intense reflections and the optimum 

counting techniques given in Appendix 1, it was thought that all phases 

present in excess of loo could be detected. 

L6 3.1.4 Activity of water in solutions  

It is well known that the activity of any component of a 

solution nay be given by the ratio of the furacitios: 

a. = fi/fi°  

Neu, at one atmosnhore total pressure an approximation may be made 

that water vanour is an ideal gas. Doing this, the fugacitios in the 

above equation may then be replaced by the nartial pressures of H2O: 

o a
1120 = H2

0 /- 7  0 -2 

Now, if the standard state is taken as pure liquid water at cne atmos-

phere pressure and the temperature of the reaction, then the activity is 

unity. 

Also, since the solubilities of gypsum and anhydrite are generally 

very low in the sodium chloride solutions a further approximation may 

be made. This is that the vapour pressures of these solutions saturated 

with calcium sulphate may be approximated by the vapour pressures of the 

solutions containing no calcium sulphate. The data used to calculate 

the activity of water in the edium chloride solutions at the two tomnera-

tures of the study were taken from the International Critical Tables 

and from Earned and Owen (1958). Ho further chocks on the activity 

of the water were carried out. 

L6 3.2 Results 

L6 3.2.1 :2111f27  examination of the 'products of the transformation 
studies  

After the stirred vessels had boon kept at a constant 

temperature for 10 weeks, the solid products were removed and examined 
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by X-ray diffraction techniques. The results of the transformation 

studies are summarized in table (4) belov: 

Table (4) 

Results of the transformation studies 

Starting material 

Composition of Composition of 
product at eel Temperature Concentration of a 	Product, at end 
of crystalliz- 	f°C) 	solution 	

II 0 -- 
■ 2 of transform- 

ation experiment 
(t) 	

ation run (P 

Gypsum 100 Gypsum 9S.; 
i-CaSO4.11120 Hemihydrate 0 45 0.2507 m Han .9927 Hemihydrate 0 

Anhydrite 0 nhydrate 

Gypsum 100 Gypsum 99 
Unseeded solution Hemihydrate 0 45 0.2400 m UaC1 .9930 Hemihydrate 0 

Anhydrite 0 Lnhydrite J. 

Gypsum 100 Gypsum 
Seede0 solution Hemihydrate 0 45 0.2400 m HaC1 .9930 IThmihydrate 0 

Anhydrite 0 Anhydrite it 

Gypsum 100 Gypsum 95' 
f-CaSO4.4EH20 Hemihydrate 65 0.2507 m liaC1 .9940 Eemihydrate 0 

Lnhydrite 0 Lnhydrite 

Gypsum 100 Gypsum 95 
Unseeded solution Hemihydrate 0 65 0.2400 m I1aC1 .9943 Hemihydrate 0 

Anhydrite 0 Anhydrite 5 

Gypsum 100 Gypsum 95 
Seeded solution Hemihydrate 0 65 0.2400 m IIaCl .9943 Hemihydrate 0 

Anhydrite 0 ;:nhydrite 5 

Thus, it can be seen from table (4) that, in these solutions at both 

temperatures studied, anhydrite formed from gypsum in the solutions. 

The extent of the formation was not great during the 10 ueehs of the 

experiments but it was significant. plc hemihydrate was observed at any 

stage of the experiments and there were no significant differences in 

the extent of anhydrite formationvith ho nature of the starting material. 

Uhilst these experiments did not provide conclusive evidence as 

to the mechanism of formation of anhydrite from `ysum in the solutions, 

they die. enable certain opinions to be formed. Since the original experi-

ments had failed to preciPitate anhydrite directly from the solutions, 

it die. not seem likely that any solution and re-precipitation process 

could directly form anhydrite from the solutions. Thus a transformation 

mechanism involvinf .  the solution of the aypsum and reprecipitation 
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of anhydrite could probably be discounted. Also, if anhydrite formed from 

gypsum via some intermediate (probably the hemihydrate or y-CaSO4) then 

it would certainly be expected that some evidence of this intermediate 

should be found in the solid slurneo in process of transformation. No 

such evidence was found. Therefore, either no intermediates were ever 

formed and the transformation was direct or, the intermediates, if 

formed, almost immediately transformed to anhydrite or back into gypsum 

whilst the samples were being prepared for X-ray diffraction analysis. 

However, since the analytical method used, 'prior to X-ray study, involved 

placing 1 volume of slurry in 9 volumes of ethanol (as described in 

A.6.2.1.12), it was considered that any hydrate or anhydrous form of 

calcium sulphate present in the solid phase would be effectively quenched. 

Therefore, if phases other than gypsum and anhydrite were formed then 

their presence should be revealed by X-ray diffraction techniques. 

Since no such evidence was found it was thought most likely that no 

intermediates were ever formed. 

Thus, the most likely mechanism for the transformation of dihydrate 

into anhydrite would appear to be by the direct dehydration of gypsum. 

The reaction may be represented- 

Dehydration in  CaS0
4
.2H

20 	Solid state 	
> CaSO, + 211.)0 

Gypsum 	 Anhydrite Into 
solution 

The experimental studies on the transformation therefore supported the 

conclusions drawn from the crystallographic studies presented earlier. 

A6.3.2.2 Visual examination of the solid phases  

The gypsum produced in the crystallization experiments consisted 

of elongate needles about 100 microns in length. Under crossed polars 

the crystals exhibited first order white or grey interference colours. 

After the transformation experiments, the gypsum still showed a similar 

morphology but there was some evidence of a splitting along a cleavage 

and an undulose extinction which might be indicative of a straining of 

the crystal lattice. 

The solid product produced after the transformation consisted mainly 

of the needle like gypsum crystals. However, a small amount of a second 

phase was present. This second phase consisted of small platy crystals 

with two curved edges, two jagged edges and with two prominent cleavages. 

Under crossed polars these crystals were birefringent with a hint of brush 

polarization. No refractive indices were measured on these grains 

mainly due to their size (20-40i). 
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From the X-ray studies this second phase would seem to be anhydrite 

and this was confirmed by the taking of an X-ray powder photograph. 

The interplanar spacings of this phase were very similar to the A.S.T.M. 

data quoted earlier. Figure (54) shows an enlarged micrograph of some of 

the anhydrite crystals. The marked morphological resemblance of some of 

these crystals to some of the Precent anhydrite crystals is particularly 

noticeable. 

The relationship of the experimental results presented in this 

section to the formation of anhydrite in the Recent sabkha has already 

been discussed. 
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Induction time  as a function ofIX1_or Izaca solutIons„Re2ativo supercai:urat..lon,_ 
03) ,_1:212.5%..25.0°C.  
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Crystallization of Caq04 1.2112  0  in 0.025  molal KC1 solutions at va-rious relati.7e , ' 
supersaturations  (p). plots of log(Cat-CaS2  ) against log (-dCa/d.t),."lior.o;--,eneous  

nucleation". 25 C. (Data points not plotted for the sake of clarity.) 
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Crystallization of caso4.2H2o  in KC1 solutions of different rnolalities. Plots of 
logcC.-7C-j.k) against log (—dCa./dt). 	constant at 112.5%. "Homogeneous nucleation". 
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Figure 33. 
■ t • 

1.= 	0.025m. KC1.  

2.= 00.045m. KC1.  

3.. 0.060m,  KC1. 
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1.= • 0.025m. Naci, 
2.. x  0.045m. NaCl. 

3.. d  0.060m. NaC1. 

Crystallization of CaSO4.2142d in NaC1 solutions of different molalities. Plots of  

1sog(Cat-Cas2) against log(-01.6aidt). p constant at 112.5%:Homogeneous nucleatio/r.25°C. 
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Relationshibetweeniratialmlativeuerturatie 

NaCl. solutions at 2,5'C'. Homogeneous nucle::,:,ion.(Unseeded.) 
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against logTi  Sbdium chloride supporting electrolyte. Line 

line 	65°G. Homogeneous nucleation. 
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Relationship between initial relative supersaturation 
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APPEND4X 7 

General discussion of the pretipitation of evaporite 
minerals from Sabhka brinee and the experimental study 
of calcium Sulphate dihyd-rate and anhydrite 

A.7.0 Introduction  

The solubility data and crystallization experiments were 

dealt with in Appendix (6) and here, it is proposed to generally 

discuss the processes, other than solubility relationships, that ars 

involved in the precipitation of a phase from solution. 

Precipitation may be divided into four main processes, each 

overlapping the other time-wise. According to Nielsen (1964) these 

processes are 

NUeleation of the new phase 

(ii) Growth of the new phase 

(iii) TRipening" 	1969) 

(iv) Recrystallization. 

These processes are discussed here but it must be stressed that 

any general conclusions., regarding the precipitation of evaporite 

minerals from Rabhka brines, are tentative since many factors, some 

probably still unknown, may profoundly influence the precipitation. 

These influences may differ from mineral to mineral and, for 

example, the precipitation of the hydroxide, brucite VAg(0112)) is 

likely to be far more complex than some other evaporite minerals. 

In this case, the additional problems affecting crystallization are 

related to the fact that chemical reactions must occur involving 

loss of water and reactions between (OH)  groups. Also, the 

precipitation as well as being concentration, temperature and 

bile dependent will also be a function of pH. 

A.7.1 Nucleation  

Even in carefully controlled experiments, nucleation is diffi-

cult to observe and thus, any discussion of nucleation in such a 

complex system as a concentrated natural brine within the sediments 

of the sabkha must, of necessity, be of an empirical nature and not 

of the theoretical and experimental approach as developed by Bennema 

(1967). However, certain generalizations can be made as in all cases 

nucleation occurs when a certain supersaturation is reached and, 

once achieved, proceeds quite rapidly. 
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Two types of nucleation may be distinguished, homogeneous (spontan-

eous) and heterogeneous nucleation. Homogeneous nucleation occurs 

without the precipitation or interference of other substances by combin-

ation and interaction of dissolved ionic and molecular species. Hetero-

seneous nucleation begins on "seed" particles of foreign material upon 

which the dissolved ions or molecular species are deposited by processes 

such as adsorption, until a proper nucleus is formed. Since these 

"seeds" are "impurities", in the broadest sense, it is obvious that in a 

sabkha brine there will be many potential sites of heterogeous nucleation 

and the number of available sites is likely to vary with the "freshness" 

Of the brine. Thus, in the capillary zone of the sabkha sediments the 

number of potential sites for heterogeneous nucleation will be periodically 

replenished, this replenishment being associated with the rise of fresh 

brines during the hot day and their continued evaporation and renewal during 

this period. 

In solutions where only homogeneous nucleation is occurring, the 

nucleation rate will be concentration dependent, but in solutions where 

heterogeneous nucleation is occurring, the nucleation rate will not only 

be concentration dependent but will partially depend on the presence of 

"impurities", not directly involved, chemically, in the precipitation 

reaction. If, in a natural brine, a correlation can be found between • 

precipitation of a particular mineral phase and the presence of an 

"impurity", then this correlation may aid a guess as to whether the 

nucleation of that particular mineral phase is predominantly homogeneous 

or heterogeneous. It is felt that any nucleation in sabkha brines is 

likely to be both homogeneous and heterogeneous, but mainly the latter. 

As is mentioned above, nucleation occurs when a certain supersaturation 

is reached. Thus supersaturation is likely to bear some relationship to 

some of the fundamental properties of nuclei. These are given below. 

Supersaturation (S), itself, may be defined by; 

S 	
Actual concentration - Saturation concentration  

Saturation concentration 

where 13 sir relative supersaturation 

S (1) 

Thermodynamically, supersaturation is related to chemical potentials 

and the change in free enthalpy (AG) during nucleation is given by the 

differences in chemical potentials of the substance in question per mol-

ecule in the dissolved Cud and in the solid (u2) state and by the surface 

tension a. The chemical potential of a solute species (i) in a solvent 



(s) (here it is water) at constant pressure (o) and temperature (T) 

may be expressed as; 

duffs/PT RT dlr ais 	(2) 

where ais is the activity of species i in solvent a and is related to 

concentration, and thus supersaturation. In the usual way, R is the 

gas constant and T the absolute temperature. Upon integration equation 

(2) becomes 

is - 
u
is + RT In ais -  

where uts  is a quantity dependent on pressure, temperature and the 

nature of the solvent. The chemical potentials p) and u2  are related 

to the change in free enthalpy (AG) during nucleation by ; 

AG = -n (u1-p2) + 0 F 	 (4) 

where n is the number of molecules in a nuclei and F = nn f. (f=(3v) 

v being the volume of a molecule) 

It has been found, from a consideration of the quantities involved 

(Bennema (1967)), that for small values of "n", AG is always positive 

and thus, small nuclei will redissolve. However, when the number of 

molecules in a nucleus exceeds a certain critical value (0) growth 

will begin. That is, 41  a saturated solution, a precipitate will only 

form when an energy barrier (AGfA) has been overcome and the presence 

of this barrier may cause a solution to exist metastatelly for a long 

period of time without precipitation. 

As is shown by the Gibbs-Kelvin equation, the radius (r) of nuclei 

forming in a certain solution is related to the supersaturation of that 

solution as; 

2v a  r = 

	

	 (5) 
InC+1) 

Thus, in a stable, experimental situation, at a given supersaturation 

S, only particles of one particular size are present, this size decreas-

ing with increasing supersaturation. However, equation (5) gives no det-

ails on the concentration of sub-nuclei in the supersaturated solution 

which is as strongly dependent upon supersaturation as is the value of 

n'0. If therefore, the supersaturation * I 	 aLaititab. 4ftlug; was 
vamber of nuclei capable of growth into crystals is small, but above 

this critical supersaturation, there is such a large number of critical 

nuclei that precipitation is almost instantaneous. 

It is not too difficult to imagine a situation within a sabkha brine, 

in the capillary zone of evaporation and replenishment, where, one 

(3) 



instant, the supersaturation is far below the critical value and the 

next moment far above this value. The small "crystals" formed by 

nucleation in solution, are, generally, even under relatively stable 

conditions, very imperfect, containing many crystal imperfections. Such 

"crystals" are not in thermodynamic equilibrium with the environment 

and this deviation from equilibrium increases with increasing supersatur-

ation, that is, with increasing rate of the formation of small 'crystals". 

Consequently, in the capillary zone, even the oscillation of physical 

conditions is likely to give rise to many small crystallites associated 

with rapid nucleation of differing sized small nuclei and rapid growth 

at high supersaturations. Any "crystals" and nuclei formed in such an 

environment are likely to be highly imperfect due to the alternation of 

physical conditions. The presence of impurities will add further to this 

departure from thermodynamic equilibrium and further increase the number 

of lattice imperfections-  present. Thus, any "crystallite" precipitating 

from sabkha brines, in the capillary zone would be expected, solely 

from theoretical considerations, to be riddled with imperfections. 

A.7.2 Growth 

Once a nucleus has achieved a critical state, growth into a crystal 

occurs in small steps. There are two main theories of crystal growth, 

the first (Kassel -Stranski) is a molecular kinetic theory of ideal, 

perfect growth and the second (Burton, Cabrera and Frank) is a theory 

of ideally imperfect dislocation growth. 

A.7.2.1. Kossel-Stranski Model  

This is a model of stepwise growth and deals with the relative energy 

of non-equivalent sites on the surface of the crystal. However, the theory 

ignores crystalline imperfections and introduces a number of simplifying 

assumptions in the growth processes. The crystal surface is supposed un-

deformed, the growth is assumed to occur at absolute zero and no account 

is taken of the medium at low supersaturations. The theory does give a 

detailed explanation of crystal shapes, of the discontinuous character of 

growth and the driving energy of perfect, uniform growth. Also, when 

first proposed, this theory stressed, for the first time, and put on to a 

more profound level, the concepts of edge growth sites and equilibrium 

shape and its relation to equilibrium kinetics. 

However, the theory implied that there would be a range of supersat-

uration and undersaturation within which the crystal would neither grow 

nor dissolve. This is not found experimentally. Also, the later work of 

Burton, Cabrera showed that the supersaturation implied by the theory at 

which growth should begin, would be about 100 times greater than the 
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experimentally observed supersaturation values at which growth starts. 
This contradiction is resolved in the model of Burton, Cabrera and 

Prank. 

A.7.2.2 Burton, Cabrera and Frank model  

Unlike the theory of ideal growth, this theory incorporates growth upon 

screw dislocations where sites are energetically favourable for the depos-

ition of ions or molecules, the screw dislocations being continuously 

propagated in the form of a growth spiral. Since the steps, arising during 

growth, are produced by the screw dislocations, the formation of two dimen; 

sional surface nuclei is no longer necessary as in the theory (A.7.21) 
and growth, in the form of a spiral will continue for faces of low index, 

continuously. If sufficient dislocations are present, growth can occur 

even at low supersaturations. This agrees with experimental observations 

and growth spirals have been observed and photographed. 

A.7.2.3 	Discussion of _growth processes. 

However, the growth of a real crystal, even in controlled experiments 

is so complex that all its aspects cannot, at the moment, be explained by 

a single, unifying theory; !,ome facts being better explained by the molec-

ular klaet*e theory of Kessel and Stranski and others by the screw:dis-.  

location theory of Burton, Cabrera and Frank. The various processes that 

are important during the growth of a real crystal may be listed as; 

(i) Molecular or ionic diffusion to the surface of the growing crystal 

within the solution. 

(ii) Adsorption of ions or molecules on to that surface from the 

solution. 

(iii) Processes occurring at the surface including the transport of the 

ion or molecule on the surface, to a suitable growth site and the state 

transition of the ion or molecule. All these processes may be conveniently 

termed "surface reaction". 

All rates of growth are, of course, concentration dependent but the 

process of adsorption (ii) is probably rapid and thus, the rate determining 

steps for crystal growth are either diffusion or "surface reaction". The 

experimental results presented in Appendix (6).- possibly indicate that in 

a pure system, over a wide concentration range, the growth of CaSO4.2H20 

could be dependent on the rate of surface reaction. However, it is known 

that other crystals, for example potassium perchiorate, posseasa growth 

rate dependent upon diffusion in the solution. Thus each substance seems 

to have its own growth rate characteristics which may be totally dependent 

upon the presence or absence of impurities in the system. 
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The conditions of experimental growth must, however, be regarded as 

"ideal" and it is known that the composition and structure of a crystal 

formed in a multicomponent system are determined by the equilibrium 

diagram for that system if the conditions of crystal growth are close to 

those of equilibrium. However, if the departure from equilibrium is con-

siderable, both composition and crystal structure will be dependent upon 

crystallization kinetics and thus, a purely thermodynamic treatment of 

conditions could lead to inaccurate or incorrect results. 

Even under experimental "ideal" conditions, solution-grown crystals have 

a thermAynamically unbalanced structure with respect to the distribution 

of impurities and density of structural defects. What, therefore, the 

crystals growing in the capillary zone of the sabkha from concentrated, 

natural brine will be like cannot.be accurately predicted. In the sabkha, 

conditions being "dynamic" rather than "static", there will be little 

chance for equilibrium to be atsined. If equilibrium were ever attained, 

in the capillary zone, it would only be for a short while since diurnal 

variations in physical conditions, such as temperature, may possibly cause 

the crossing of the boundary between the stability field of one solid 

phase and another. As the conditions alter so rapidly any crystals 

growing in such an environment would have unstable impurity levels and 

crystalline-imperfection densities. 

Although the conditions under which the experiments were carried out 

bear little or no relationship to those of the Sabkha itself, the experi-

ments are useful in hinting at possible growth mechanisms occurring in 

the natural environment. However, great care must be taken in extra-

polating from experimental to natural conditions as in the natural envir-

onment impurities present only in trace amounts may exert a profound in-

fluence on the kinetics of crystal growth. 

In order to influence growth kinetics impurities must be taken up by 

either the nucleus or by the growing crystal and this uptake resembles 

growth in that it is determined not only by processes occurring within 

the solution, such as diffusion, but also by processes occurring at the 

surface of the nucleus or growing crystal. The impurity uptake will 

only be entirely determined by the phase diagram of the system when the 

growth rate is small compared with the bulk diffusion rate. Since, how-

ever, the diffusion coefficient in the solid state is small (the diff-

usion coefficient, D, in a crystal may be of the order of )0-17  cm.2  isec) 
this condition is extremely severol especially at low temperatures. Using 

the values of Chernov (1902) for the distance (a) of the general order 



of atomic distance, that is, the height of a monatomic growth step, the 

rate of growth (0, can be obtained as V - DA. Substituting appropriate 

values in this relationship, for the growth rate to be small compared 

with diffusion coefficient V << D/arx1P-3°cmisec. Thus, at low temperaturs 

for impurity uptake to be governed entirely by the phase diagram of the 

system, the growth rate must be very slow indeed. 

From field evidence (Bush 1972) it is known that crystals grow, in 

the Sabkha, to an appreciable size in a matter of months. Assuming 

that the above values are somewhere near correct and that the rate of 

growth (v) for equilibrium uptake of impurities is smaller by a factor 

of 10 2  than the rate quoted above (i.e. V ■ 1012 .cmfsec), then, for the 

crystals to have an equilibrium value of impurity content, they would take 

at least 10,000 years to reach the size of 1 centimetre. Even if the 

values quoted are greatly in error, the difference between 10,000 years and 

a few months is sufficient to demonstrate that any crystals growing in 

the sabkha will have impurity contents that are not governed by the 

relevant phase diagram. Indeed, it seems likely that in any naturally 

occurring precipitation reaction from aqueous solution the uptake of 

impurities is not only governed by thermodynamic considerations but 

also, to a large extent, by kinetic factors of crystal growth. 

Whatever actually governs the amount of impurity taken up by a pre-

cipitating crystal from a solution, the presence of impurities has large 

effects upon uniformity, shape and growth of crystals. The impurities may 

act in one or more of the following ways; 

(i) By incorporation of the impurity into the growing crystal either 

as a true, isomorphous substitution or associated with or held in other 

crystal imperfections. 

(ii) By selective adsorption on certain faces. This process may 

retard or promote the rate of growth and thus will alter the growth shape 

of the crystal formed. 

(iii) By altering the face surface energies relative to one another 

and to the medium. These may be considered, on the Kossel-Stranski 

molecular-kinetic theory, as changes in growth site energies especially 

those of the "repeatable" sites and the initial growth position on a 

surface. 

Impurities, present at levels of less than 1 p.p.m. may have a profound 

effect on crystal growth and in any natural environment many impurities 

may act in similar or differing ways all at the same time. Obviously, 

the crude experiments, described in Appendix (6) do not consider the 

action of all the impurities that may be present. The ones considered 

are those that at the present scale of knowledge, appear to be the most 

aIN 



A7-8 

important 

A.7.3 "Ripening" 

Precipitation from solution yields imperfect crystals, the lower the 

supersaturation at which the crystals formed the less imperfect they are. 

Such crystals are not in thermodynamic equilibrium with the solution and 

the deviation from equilibrium will increase with increasing supersaturation 

that is, with the increasing rate of formation of small crystals. 

All crystals will try to attain perfection, since, in a perfect crystal 

the free enthalpy, particularly the surface free enthalpy, is at a minimum 

but this perfect state is rarely, if ever, reached. With the decreasing 

supersaturation, brought about by the crystallization itself, the small 

highly imperfect crystals will show a tendency to redissolve and form larger, 

less imperfect crystals. This process is called by Lieser (1969) "ripening" 

and the difference from the process of recrystallization is minimal except 

that in the former a solution pbv:L Is essential whereas, in the latter, 

a solution phase need not be present. 

The Gibbs-Kelvin equation quoted earlier (equation (5)) relates crystal 

size, in equilibrium with a solution at a certa_lin supersaturation, with 

supersaturation and surface tension. The equation does not include any 

parameters that take account of the degree of crystalline disorder for the 

effect of such a state cannot be accurately determined at present. However 

Nielsen (1964) has qualitatively considered such factors and states that 

small, highly imperfect crystals dissolve whilst larger crystals continue 

to grow this process leading to a decrease in crystalline disorder and an 

increase in average crystal size. 

This ripening process is subject to the same processes as crystal growth 

itself and may be given as: 

(i) Surface reaction processes including dissolution of the ions or 

molecules from smaller crystals, the transition of the ionic or molecular 

species on to the surface of the larger crystal and the transport of the 

species on the surface to a suitable site 

(ii) Adsorption of the ions or molecules on the surface of larger 

crystals 

(iii) Diffusion of ions or molecules from the surface of the small 

crystal into solution and from solution on to the surface of a larger cry-

stal. 

In the Oswald model of ripening a solution phase is necessary for the 

process to proceed. However, in the natural environment, within the capill-

ary zone of the sabkha, all the solution medium will be evaporated away 

and the possibility for a ripening pr)cess to remove all the small. imnerfect 



crystals will be greatly reduced. Thus, any crystalline imperfections 

present in small crystals grown at high supersaturations will be "frozen-

in", having no chance to be eliminated by a "ripening" process in the 

solution. It is, therefore, considered that any early loss of crystalline 

imperfections (i.e. recrystallization), in the capillary zone of the 

sabkha, is far more likely to be governed by solid state processes, even 

though diffusion in that state may be slow, than by a "ripening" process 

occurring in solution. This ripening process is, however, observed in the 

experiments where the crystals are always precipitated in the presence 

of a solution phase. 

A.7.4 Recrystallization  

Precipitation from highly concentrated solutions gives very imperfect 

crystals and the lower the supersaturation at which crystals are formed, 

thp%less impetfiect ;hey ate and the smaller:their tendency to recrystall-

ization. 

In the presence of a solution phase, the ease with which foreign ions 

are incorporated into the solid phase increases as their solubility de-

creases and their ionic radius approaches that of ions of the solid phase. 

Thus, strontium would be preferentially incorporated during the precipit-

ation and recrystallization of calcium sulphates providing that the recryst-

allization occurred in the presence of a solution phase. However, if re-

crystallization occurred without a solution phase being present, segregat-

ion of the foreign ions would occur either within (e.g. along dislocations) 

the parent phase or outside (as a new mineral) the parent phase. Cons-

quently, it may be that low strontium contents in calcium sulphates are 

indicative of the recrystallization without the presence of a solution 

phase. 

As recrystallization proceeds, strongly disordered crystals may break 

down into smaller crystals before recombining to give larger crystals again. 

This process is due to the gradual elimination of crystalline imperfections. 
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