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The Volcano-Sedimentary host rocks to massive sulphide mineralisation at 

Rio Tinto, Spain have been described both in terms of their physical 

features and geochemistry. The lower mafic volcanic group of the 

Volcano-Sedimentary Complex appears to have been deposited in shallow 

subaqueous conditions, with the basalts becoming thinner and more 

vesicular in the vicinity of mineralisation. The upper felsic volcanic 

group shows local evidence of subaerial deposition with conditions 

changing towards the end of rhyolitic activity when massive sulphides 

along with fine tuffs and shales were deposited in a subaqueous 

environment. Field evidence would suggest that the massive sulphide 

deposits of the Rio Tinto anticline formed close to a centre of rhyolitic 

volcanic activity. 

Intrusive rocks to the north of Rio Tinto have been confirmed as a 

trondhjemitic-tonalitic suite. These intrusives show evidence of pre- or 

syn- tectonic emplacement and locally contain disseminated sulphide 

mineralisation. The age and geochemical signature of these intrusives is 

compatible with them being the comagmatic equivalents of the extrusive 

volcanics of the Volcano- Sedimentary Complex. 

Hydrothermal alteration of the Volcano- Sedimentary Complex in the 

vicinity of the mineralisation has resulted in the extensive 

remobilisation of many chemical components. The observed changes in 

whole rock chemistry are consistent with interaction between the host 

rocks and a hydrothermal fluid of seawater origin. Lithogeochemical 

dispersion halos have been recognised in the basaltic and rhyolitic flow 

units of the footwall, with the effects of hydrothermal alteration 
distinguishable up to 4km from the mineralisation. 

Stable isotope studies of the stockwork indicate that the mineralising 
fluids were introduced at temperatures of around 400*C and with a VeO 

U20 composition of around +6L. There is evidence of interaction and 
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isotopic exchange between these f luids and the host rock. Mass balance 

calculations indicate that the metals contained within the Rio Tinto 

sulphide lenses could not have been derived by leaching of the footwall 

rocks alone. It is proposed that the accumulation of very large 

polymetallic sulphide deposits such as those seen at Rio Tinto is 
dependant upon the introduction of a component of base metal enriched 
late magmatic fluid into the hydrothermal system. 
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The idea of massive sulphide formation by volcanic exhalative processes 
was proposed by Oftedahl (1956), for the sulphide ores and associated 

sedimentary lithologies of the Scandinavian Caledonides. Since then 

stratabound massive sulphide deposits have been described throughout the 

world, ranging from the Archaean deposits of Canada to the currently 

active hydrothermal exhalations observed in ocean floor ridge-rift 

systems. The term "Volcanogenic Massive Sulphide" is used to describe a 

whole range of deposits which, although they share some common features 

of genesis, may be highly variable in their age, mineralogy, and 

associations, (Franklin et al., 1981). 

The Iberian Pyrite Belt has been regarded as the type area for massive 

sulphide mineralisation in Europe, and although many of the mines have 

ceased production in recent years, the discovery of the polymetallic 
deposit of Neves Corvo (Albouy et al., 1981), has reactivated exploration 
interest in the area. Hydrothermal alteration of the footwall rocks is a 

characteristic feature of volcanogenic massive sulphide deposits, and 
with a good understanding of the genetic processes involved, and a 
detailed knowledge of the local geology, the potential of exploration 
techniques based on lithogeochemical criteria cannot be underestimated. 

Conventional models for the genesis of massive sulphide deposits by 

volcanic exhalation involve the interaction between the host rock and 
large quantities of heated seawater resulting in the leaching of metals 
from the footwall rocks and their subsequent deposition as sulphides on 
the seafloor. Although much of the metal transport and deposition in 
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these systems undoubtedly takes place as a result of the convective 
leaching process, there is some controversy over the role of intrusive 

magmatism in the generation of large massive sulphide deposits such as 

the Kuroko deposits of Japan (Urabe, 1987), the Buchans deposits of 

Newfoundland (Sawkins and Kowalik, 1981), and the Archaean deposits of 

Canada (Campbell et al., 1981). In all these cases it has been suggested 
that intrusive magmatism, as well as providing the heat required to 

drive the convective cell, may have contributed metals and hydrothermal 
fluid to the system directly. 

1.2 Rio Tinto: Geographical Setting 

Rio Tinto is located in the Iberian Pyrite Belt (Fig. 1.01), which extends 

across south western Spain and southern Portugal. The Pyrite Belt 

contains numerous base metal sulphide deposits, of which the Rio Tinto 

orebodies are among the largest and most famous. The Rio Tinto deposits 

are located in the Spanish part of the Pyrite Belt, some 60km north west 

of the city of Sevilla and about 50km north east of the port of Huelva 

(Fig. 1.01). 

The study area is shown in Fig. 1.02 and is located on a peneplain which 
is inclined towards the south. Relief varies from 600-650m in the north 
of the study area to 400-450m in the south, with the highest point 
being Padre Caro (701m), in the west. The area is drained by the rivers 
Odiel and Tinto which flow south, cutting across the stratigraphy, to the 

Atlantic. Both rivers become contaminated by ferruginous acidic waters 

as they pass through the mine area. The climate is mediterranean with 
long hot summers and mild winters. Rainfall is irregular, some 

- 
600mm 

annually, which falls mainly between the months of November and March. 

During the summer months water is supplied to the mining operations via 

a network of reservoirs in the area. The present day mining operations 

support the economies of the villages of Minas de Rio Tinto, Nerva, and 
El Campillo. 
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1.3 History of Mining in the Pyrite Belt with Special Reference to 

Rio Tinto 

Erosion and mining have reduced the size of the sulphide lenses at Rio 

Tinto considerably, but it is estimated that they originally contained 

some 50OMt of pyritic ore (Solomon et al., 1980). Surface weathering of 
the pyrite has resulted in the development of a gossan horizon 

containing secondary enrichment of gold and silver and it is these 

precious metal-bearing gossans, both at Rio Tinto and elsewhere, that 

attracted the first miners to the Pyrite Belt some 3000 years ago. There 

are references to a mineral wealth and civilisation centred around the 
historical city of "Tartessus" in the Old Testament, and some 

commentators consider this to be a reference to Tharsis (Fig. 1.01), 

which is known to have been a centre of activity during Phoenician 

times. However, it is not until the Roman occupation of Iberia, and their 

exploitation of the Pyrite Belt, that a clearer picture of precious metal 

mining in the area is preserved. A good summary of the history of mining 
activity in the area is given by Pinedo Vara (1968). 

There is evidence of Roman mining both on surface and underground at 

many of the Pyrite Belt deposits, including Rio Tinto. Engravings and 

artefacts recovered from several sites suggest that the Romans 

developed a complex system of mining law and administration in the area 

and sizeable settlements grew up around the Roman workings. Both the 

Romans and their predecessors smelted the pyrite or gossan on site and 
there are extensive Roman and pre-Roman waste dumps, some of which are 
being reworked today to recover the remaining precious metals and 

copper. 

Following the departure of the Romans in about 400 A. D., there does not 

appear to have been any organised mining activity in the area for 

several centuries. In 1556 King Felipe II ordered a survey of the mineral 

wealth of Spain and during the hundred years following this survey, Rio 

Tinto and other mines in the Spanish part of the Pyrite Belt were 

reopened. During the 18th Century production gradually turned away from 

precious metals towards copper and the mining industry was reorganised, 
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with mines such as Rio Tinto being leased to private companies by the 

State. There are continuous records of copper production at Rio Tinto 

between 1747 and 1873 when the mine was sold to the newly formed Rio 

Tinto Company for the present day equivalent of E3,850,000. 

1873 marked the beginning of a new era of production at Rio Tinto, and 

over the next ten years the Alfredo underground workings and the open 

pits of Salomon, Dehesa, and Lago, corresponding to Filon Norte in Fig. 

1.02, were opened. An elaborate railway network was built linking the 

open pits and the underground workings with the processing plant and 

eventually with the port of Huelva. In the 1930's however, a combination 

of factors, principally the civil war, led to a fall in production and a 

reduction in profits. The Rio Tinto Co. which was by this time involved 

in projects throughout the wor(cL, was forced to sell off 2/3 of its stake 
in the Rio Tinto mines to the Spanish banks and at the end of 1955 the 

"Compania Espanola de Minas de Rio Tinto" was formed in which the 

British company had a 1/3 share. During the 1970s, the Spanish company 
Rio Tinto Patino developed the Cerro Colorado copper operations which 
finally resulted in the formation of a new company, Rio Tinto Minera, in 

which Rio Tinto Zinc corporation had a 25% share. Over the next few 

years Rio Tinto Zinc Corp. increased their share to 49%, with the balance 

held by Spanish banks and the Government. 

1.4 Previous Work and Genetic Interpretations of the Orebodies 

The discussion of the origin of the massive sulphide deposits of Huelva 

began at the end of the last century. At that time writers were divided 

into those who supported a sedimentary origin for the deposits and 

regarded the host rocks as contemporaneous lavas and tuffs Mockmann, 

1894), and those who held that the pyritic bodies were essentially vein 
deposits and the host rocks were porphyritic intrusions (Gonzalo Tarfn, 

1878). 

One of the first major studies of the area was by Finlayson in 1910, who 
supported the idea of the host rocks being porphyritic intrusions and 
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produced a map of the Rio Tinto area showing the distribution of these 

porphyries. He also described "well-cleaved tuff like" material associated 

with the mineralisation and interpreted this as being the result of 

crushing and shearing of the porphyry along the contact with the country 

rock. The massive sulphide ores were interpreted as replacement bodies, 

deposited from solutions which "rose along great thrust planes and shear 

zones", and this became the accepted model for mineralisation. In 1922, 

Collins described agglomerates and lava flows in the Rio Tinto area but 

maintained that the host rocks themselves were porphyritic intrusions. 

Bateman (1927), published a detailed account of the orebodies and was 

the first to recognise the existence of a sericitic alteration halo 

around the deposits. Between 1900 and 1934 opinion was divided as to 

whether the pyritic ores were the result of hydrothermal replacement of 

the "porphyries", or the product of magmatic differentiation and 

injection "in situ". 

In 1934 David Williams published his "Geology of the Rio Tinto Mines, 

Spain". For the first time a detailed map of the area became available 

and the orebodies and the host rocks were described both in terms of 

field relationships and petrology. Williams maintained that the host 

rocks were intrusive porphyries, and the pyritic ores a result of 

replacement of the host rock by solutions genetically related to these 

porphyries. He also described a thin section of rhyolitic vitric tuff 

from close to the mineralisation which, although he was unable to follow 
it in the field, he considered to be evidence of contemporaneous volcanic 

activity. Many of the important features of the orebodies are documented 

in this paper including the mineralised stockworks, the precious metal 

enriched gossans, the morphology of individual sulphide lenses, and the 

associated hydrothermal alteration of the host rocks. 

The publication of Williams' work laid to rest many of the arguments of 
the previous 30 years and it was not until the end of the 1950s that 

Williams was forced to reconsider his opinions in the light of the 

descriptions of exhalative sedimentary ores by Oftedahl (1958), and the 

paper by Kinkel (1962), which advocated an exhalative origin for the 

pyrite belt deposits. In 1962 David Williams published a short paper in 
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which he rejected many of the genetic interpretations of his 1934 paper 

and concluded that the "porphyries" were in fact altered rhyolitic lavas 

and pyroclastic deposits, and the pyritic orebodies were of exhalative 

sedimentary origin. For the first time the stratigraphy and broad 

structure of the area could be elucidated and it was soon recognised 

that the pyritic orebodies were in fact associated with the upper 

pyroclastic horizon of a felsic volcanic sequence. In the light of this 

new interpretation Rambaud (1969), published his thesis on the geology 

and mineralisation of the Rio 'Tinto area, including preliminary 

geochemical and structural data and confirming the exhalative 

sedimentary nature of the orebodies. 

As other massive sulphide districts such as the Kuroko of Japan, and the 

Canadian Archaean province became known, genetic models moved away from 

a magmatic source for metals and sulphur, and towards a submarine 

convective leaching model in which metals were leached from the footwall 

volcanics and precipitated as sulphides on the sea-floor. During the 

1970's this interpretation became widely accepted for the Pyrite Belt: 

Strauss and Madel (1974), Williams et al. (1975), Garcia Palomero (1980), 

Barriga & Carvalho (1983). 

In recent years, however, this convective leaching model has become the 

subject of much debate. It is apparent from mathematical models of 

mineralisation by convect ive- leaching processes e. g. Cathles (1983), that 

to form an average sized massive sulphide deposit by convective leaching 

requires an external heat source in the form of a large intrusive body. 

This has led some authors to suggest that intrusive bodies may also be 

the source of a significant proportion of the metals contained in the 

sulphide ores, (Bryndzia et al., 1983; Sawkins and Kowalik, 1981; 

Urabe, 1987). 
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1.5 The Present Study 
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In 1986, Prof. F. J. Sawkins, on sabbatical at Imperial College, and Dr R. H. 

Sillitoe visited the Rio Tinto area and their observations supported 

previous suggestions in other parts of the Pyrite Belt (Routhier et al. ) 
1978), that despite the submarine environment of ore deposition, the 

felsic volcanic sequence which makes up the immediate footwall to the 

mineralisation appears to be largely composed of subaerial ignimbritic 

units and rhyolitic flow domes. In addition, intrusive rocks to the north 

of Rio Tinto which had always been considered to be post orogenic in 

age, showed evidence of being pre-orogenic and the possible comagmatic 

equivalents of the volcanics which host the massive sulphide 

mineralisation. More importantly, these intrusives were seen to contain 

porphyry style sulphide mineralisation and had locally been subject to 

intense hydrothermal alteration. It was clear that the nature of the 

volcanic sequence, its relationship with the nearby intrusive complex, 

and the processes of mineralisation, were still not fully understood. In 

particular, the nature and origin of the fluids that deposited these 

large sulphide orebodies needed to be investigated in the light of new 

ideas on massive sulphide genesis. In order to address these problems, A 

Ph. D. project was set up at Imperial College, in collaboration with Rio 

Tinto Minera S. A., and funded through the R. T. Z. Bursary. 

1.5.1 Aims of the project 

The main aims of this study can be summarised as follows: 

1) To investigate the nature of the Volcano-Sedimentary Complex in the 

vicinity of the Rio Tinto mineralisation. In particular, the environment 

of deposition of the felsic volcanic group immediately prior to, and 
during, sulphide deposition. 

2) To investigate in more detail the alteration halo associated with the 

massive sulphide orebodies with a view to establishing guidelines for 

the location of other centres of hydrothermal activity. 
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3) To investigate the possible relationship between the intrusive 

magmatism observed to the north of Rio Tinto, and the felsic volcanics 

which host the mineralisation. 

4) To investigate the relationship between intrusive magmatism and 

mineralisation. Assuming a comagmatic relationship between the 

intrusives and the volcanic host rocks, these intrusives could represent 

an alternative source of metals for the massive sulphide mineralisation. 

1.5.2 Approach to the problem 

An initial field season of four months was spent mapping detailed 

sections of the felsic volcanic series at Rio Tinto and collecting a 

representative sample suite for petrological and geochemical study. As 

the broad features of the area had been mapped by previous authors, it 

was possible to concentrate on mapping facies variations in well exposed 

sections of volcanic rocks at scales of 1: 10000,1: 5000, and in some 
instances 1: 1000. The twelve months following the initial fieldwork 

period were spent on follow-up analytical work including two months 

spent at the University of Minnesota during which time the oxygen 
isotope geochemistry of mineralised samples was investigated. 

The second period of fieldwork concentrated on the alteration associated 

with mineralisation. Two months were spent logging and sampling drill 

core from the mine and the surrounding area. The detailed core logs, and 

the correlation between them, provided the geological framework for 

subsequent petrological and geochemical studies of the alteration halo 

associated with the mineralisation. 
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The Iberian Pyrite Belt, (Fig. 1.01), is approximately 230km long and 
40km wide and extends across the southwestern part of the Iberian 

Peninsular from Grandola in Portugal to Sevilla in Spain. To the north, 

the Pyrite Belt is bounded by the more strongly metamorphosed rocks of 

the Pulo de Lobo group, to the south it disappears beneath the Tertiary 

and younger sediments of the Guadalquivir basin. Mineralisation is in the 

form of large stratiform. pyritic orebodies which contain variable 

amounts of copper, lead, and zinc, as well as minor gold and silver which 

become residually enriched in the weathered sulphides or gossans. The 

Iberian Pyrite Belt is historically one of the worlds oldest and most 
important metallogenic provinces with reserves in the order of 80OMt of 

pyritic ore, (Instituto Geol6gico y Minero de EspafSa, 1982). At present 

only a handful of the deposits are being worked commercially, mainly for 

copper and/or precious metals. 

2.2 Main Geological Divisions of the Pyrite Belt. 

A full account of the stratigraphy of the Pyrite Belt is given in 
Schermerhorn (1971). The Pyrite Belt strata are Devonian and 
Carboniferous in age with massive sulphide mineralisation associated 
with Lower Carboniferous volcanics and sediments. In general the 

stratigraphic succession of the Pyrite Belt is divided into three main 

groups (Ta6le. 2.01): 
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TABLE 2.01 
Major Geological Divisions of the Pyrite Belt Stratigraphy 

AGE GROUP ROCK TYPES 

UPPER VISEAN CULM Greywacke, slate 

LOWER TOURNAISIAN VOLCANO-SEDIMENTARY Slate, Felsic Volc., 
COMPLEX (VS) Mafic Volc., Quartzite 

Sulphide and Manganese 
Mineralisation 

DEVONIAN PHYLLITE-QUARTZITE Phyllite, Quartzite, 
(Base not seen) GROUP (PQ) Rare limestone and 

Conglomerate 

2.2.1 The Phyllite-Quartzite Group. (PQ) 

The Phyllite-Quartzite Group is the oldest formation found in the Pyrite 

Belt. It is dominated by grey and black shales which are locally 

carbonaceous and may weather to red-brown colour at outcrop. The PQ is 

found in the cores of major anticlinal structures and, although its base 
does not outcrop in the Pyrite Belt, the thickness of the group is 

estimated to be at least several hundred metres. Towards the top of the 
PQ, lenses of quartzite and limestone appear, together with felsic or 
mafic pyroclastic horizons. The limestone lenses contain conodonts which 
have been used to date the top of the PQ as Upper Fammenian, 

(Schermerhorn, 1971). 

It would appear that the PQ was deposited under relatively quiet 
conditions in a gently subsiding basin with sediments derived from the 

north during the initial stages of uplift and emergence of the Beja 
Geanticline (Fig. 1.01). The transition between the PQ and the overlying 
Volcano-Sedimentary Complex is conformable, with the succession 

gradually changing from one dominated by fine grained detrital material, 
to one dominated by the products of felsic or mafic volcanic activity. 
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2.2.2 The Volcano-Sedimentary Complex. (VS) 

The Volcano-Sedimentary Complex, (VS), of the Pyrite Belt as a whole is 

dominated by the products of felsic volcanic activity, with intermediate 

to mafic volcanics and detrital sediments also present. Massive sulphide 

mineralisation is contained within the VS and is generally associated 

with periods of quiescence following felsic volcanic activity. The 

stratigraphy and thickness of the VS is highly variable with frequent 

lateral and vertical facies changes making correlation very difficult. 

The succession can vary from being almost entirely volcanic with a 

predominance of lava flows and coarse pyrc>clastics such as that seen at 
Rio Tinto, to a volcanic sequence dominated by pyroclastic material, such 

as that seen at Neves Corvo (Albouy et al., 1981), to an almost 

completely non-volcanic sedimentary sequence such as that found to the 

NE of Aljustrel (Schermerhorn and Stanton, 1969). In most of the Pyrite 

Belt deposition of the VS began with widespread explosive felsic 

volcanic" act ivit y. This is not the case in SW Spain however, where the 

earliest volcanics are more mafic in composition. 

Routhier et al. (1978), recognise three volcanic episodes in the Pyrite 

Belt, each of which gave rise to a sequence of lavas and tuffs separated 

by fine grained detrital sediments. They suggest that massive, sulphide 

mineralisation was associated with the waning stages of the first and 

second volcanic episodes. It is thought that the centres of volcanic 

activity migrated northward during the deposition of the VS so that in 

the southern part of the Pyrite Belt all three volcanic episodes are 

represented while in the north east the earliest episode is missing. The 

upper contact between the VS and the Culm. greywackes is diachronous 

with Culm, deposition spreading from the north east to the south west. 

This southward spread of the Culm, combined with the northward migration 

of the volcanic sequence results in a general thinning of the VS towards 

the north east (Strauss et al., 1981). At Rio Tinto for example, only one 

complete episode of volcanic activity is present. 

The age of the Volcano- Sedimentary Complex can be constrained by fossil 

evidence from the underlying Phyllite-Quartzite group and the overlying 
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Culm. Fossils recovered from the top of the Phyllite-Quartzite group, and 
limited Rb-Sr dating of early felsic volcanics (Priem et al., 1978), 

suggest that the start of volcanic activity coincided with the beginning 

of the Carboniferous. Fossil evidence from the base of the Culm would 

suggest that volcanic activity had terminated by the end of the Visean, 

thus restricting deposition of the VS to the Tournaisianand early Visean 

2.1.3 The Culm 

Conformably overlying the Volcano- Sedimentary Complex are the shales and 

greywackes of the Culm. The Culm greywackes are characterised by thickly 

bedded, medium grained sandstones which outcrop extensively, particularly 

in the southern part of the Pyrite Belt. Sedimentary structures such as 

graded bedding, sole markings, and current lamination all suggest that 

the Culm greywackes were deposited from turbidity currents in a 

subsiding basin, with the sediments being derived from a northern 

landmass represented by the Beja Geanticline, shown in Fig. 1.01, 

(Schermerhorn 1971). The greywacke units may rest directly on the VS or 
the two may be separated by up to 50m of Culm slate, as is more common 
in the eastern part of the Pyrite Belt. The extent and thickness of the 

Culm is variable but the greywackes are thickest in Portugal, overlapping 

onto slates in the SW and SE. 

The Culm has a rich fauna, including echinoderms, brachiopods, molluscs 

and plant debris (Williams, 1934; Feio, 1946; Pfefferkorn, 1968). 

Palaeontological evidence suggests that deposition of the Culm began in 

the Upper Visean and continued, in southern Portugal at least, until the 

Westphalian. 

2.3 Structural History 

All the rocks of the Pyrite Belt have been affected by the Hercynian 

orogeny with the main structural trends being NW-SE in Portugal and E-W 
in Spain. Deformation is more intense in the western part of the Pyrite 
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Belt (southern Portugal) than in the east. According to the tectonic 

divisions of the Hercynian of Iberia (Lotze, 1945), the Pyrite Belt lies 

within the South'Portuguese Zone (Fig. 2.01). 

The present day features are thought to be the result of three 

tangential phases of folding (Pfefferkorn, 1968; Rambaud, 1969), followed 

by a faulting episode. The two main folding phases, F, and F2, which 

define the overall structure of the area, are assigned to the Asturic 

phase of the Hercynian orogeny which corresponds to the Westphalian - 
Stephanian boundary (Rambaud, 1969; Schermerhorn, 1971). 

The first generation folding (F, ), gave rise to E-W trending open to 

isoclinal structures which verge to the south. Anticlines may have 

overturned southern flanks, and folded overthrusts have been described 

from Aljustrel, in the Portuguese part of the Pyrite Belt, (Schermerhorn 

and Stanton, 1969). F, is the most prominent phase of folding in the 

province and is accompanied by an axial plane cleavage trending East - 
N120E, subvertical or steeply inclined to the north. This cleavage is 

well developed in the sedimentary units, but is less obvious in the more 
homogeneous lavas of the volcano- sedimentary complex. F2 is almost 

coaxial to F, and is only locally developed, giving rise to E-W trending 

bands of more intensely deformed strata. The third phase of folding, F: 3. 
is difficult to recognise in the field and gives rise to minor structures 
trending trends N-S or NNE-SSW. (Instituto Geol6gico y Minero de Espafia, 

1982) 

Faulting is considered to be later than the main folding phase (F, ) with 
dextral wrench faults developed which trend N, NW, or NE in Spain and N 

or NE in Portugal. These are thought to be shallow fold related faults 

which have variable, generally minor displacement, although they may be 

extensive regional features, (Schermerhorn, 1971). The Messejana wrench 
fault (Fig. 2.01), is a prominent feature which extends through Portugal 

into Spain and is probably a deep seated dislocation. 
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Figure 2.01 
Major tectonic divisions of the Iberian Peninsular. 
(After Lotze, 1945; Schermerhorn, 1971) 
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The Paleozoic strata of the Pyrite Belt are separated from the older 

metasediments of the Beja Geanticline to the north, by a complex series 

of thrusts. This thrusting is well developed in southern Portugal but its 

continuation in Spain is less clear. Slightly to the north of the main 
thrust, the boundary between the Ossa-Morena Zone and the South 

Portuguese Zone (Fig. 2.01), is marked by a high grade metamorphic belt. 

This belt, in which metamorphic grade reaches the boundary between the 

amphibolite and granulite facies (Bard and Moine, 1979), has been 

interpreted as a major shear zone, known as the South Iberian Shear 

Zone, which extends ESE-WNW and may represent a major tectonic boundary, 

(Crespo-Blanc & Orozco, 1988). 

2.4 Intrusive Magmatism 

An E-W trending belt of intrusives outcrops to the north of Rio Tinto, 

in the eastern part of the Pyrite Belt, (Fig. 2.02). These intrusives are 

generally considered to represent the southern edge of the main 
Hercynian chain, intruded some time towards the end of the Carboniferous 

following the main deformation, and consequently too young to be the 

comagmatic equivalents of the Pyrite Belt volcanics, (Bard and Fabries, 

1970; Bard, 1971). To the south east of the village of Gil Marquez 

however, a highly deformed intrusive body, the Gil Marquez gneiss (Fig. 

2.02), is evidence that some intrusive activity occured prior to the main 
Hercynian deformation. Bard and Fabries (1970), estimated the age of this 

gneiss as Lower Carboniferous and concluded that it was probably 
unrelated to the main intrusive belt. 

More recent work in the area has led to the hypothesis that not only 
the Gil Marquez gneiss, but the whole of the Campofrio intrusive belt, 

can be ascribed to pre- and syn-tectonic magmatism. Soler (1980). 
described intrusive material from around the Campofrio area and 
classified it as a pretectonic diorite, granodiorite, granite suite, 
contemporaneous with the Volcano- Sedimentary Complex of the Pyrite Belt. 
SchUtz et al., (1987), also concluded, based on compositional similarities 
and field evidence, that these intrusive rocks were pre-orogenic and 
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pre-volcanic, and could represent the magmatic forerunners of the Pyrite 

Belt volcanics. 

In addition to the plutonic rocks described above, there are several 

small gabbro-diabase stocks and sills which intrude into the pre-Culm 

strata of the Pyrite Belt. Generally these sills do not exceed a few tens 

of metres in width and they are considered to post-date the volcanic 

activity, but pre-date the first phase of folding, (Instituto Geol6gico y 

Minero de Espafia, 1982). A number of these stocks can be found to the 

south of Rio Tinto intruding Devonian sediments. 

2.5 Metamorphism 

The Pyrite Belt has been affected by a low grade regional metamorphism 

which would appear to reach a maximum of Low Greenschist facies. This 

metamorphism post-dates the main folding phase although it is closely 

associated with it, (Schermerhorn, 1971). The effects of regional 

metamorphism in the area are complicated by the effects of seafloor 

metasomatism resulting from the deposition of much of the volcanic 

material on the seafloor, and by the effects of hydrothermal alteration 

associated with mineralisation. Both seafloor metasomatism and 
hydrothermal alteration predate the regional metamorphism. 

In the felsic volcanics the mineral assemblage is dominated by quartz + 

white mica ± albite ± chlorite ± epidote. In the intermediate to mafic 

volcanics, the assemblage is chlorite ± epidote ± prehnite ± pumpellyite 

± amphibole ± carbonate ± quartz ± albite (Instituto Geol6gico y Minero 

de Espafta, 1982). There are at least three different interpretations of 
these mineral assemblages in terms of the metamorphic and alteration 

history of the rock: 

Schermerhorn (1975) considers the assemblages to represent a single low 

grade metamorphic event resulting in the growth of chlorite and 

sericite. He considers metamorphism to have been largely posterior to 
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the main phase of folding CF, ), with metamorphic grade decreasing from 

north to south. 

According to Lecolle and Roger (1976), the regional metamorphism was 

episodic with an initial phase, associated with F1, reaching low 

greenschist facies (350-450*C, 4-5Kb). This was followed by a second, 

lower grade metamorphism, associated with F, or F,, which gave rise to 

the prehnite-pumpellyite assemblage seen in the southern part of the 

Pyrite Belt. 

Soler (1980) concludes that the regional metamorphism was of very low 

grade (<350*C) throughout the whole of the area giving rise to a 

prehnite-pumpellyite-epidote-chlorite assemblage. The development of 

albite, and much of the chlorite, is interpreted as being the result of 

hydrothermal alteration rather than regional metamorphism. 

Munhd and Kerrich (1980) demonstrated that albite growth in the Pyrite 

belt could be explained adequately by hydrothermal alteration without 
having to invoke any regional metamorphism. Munh6 (1983a), concluded 

that the metemorphic grade was very low, increasing from zeolite facies 

in the south to a maximum of low greenschist facies only in the Pulo de 

Lobo group which occurs to the north of the main Pyrite Belt, (Fig. 

1.01). 

2.5 Tectonic Settimz 

The tectonic setting of the Pyrite Belt has been the subject of much 
discussion and hypothesis. It is generally accepted that the succession 

was deposited in a geosynclinal environment with the later sediments of 
the Culm being derived from a northern landmass. Many authors draw 

parallels with the Green Tuff region of Japan which is thought to have 

developed in the tensional stress regime of a back-arc basin (Ohmoto, 

1983). Various island arc related models have been proposed for the 

Pyrite Belt and some of them are shown in Fig. 2.03, the most common is 

a model of northward subduction beneath the landmass of the Beja 
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Geanticline and the Central Iberian Zone, shown in Fig. 2.01, (Bard et al., 

1973; Carvalho, 1971). Southward subduction has also been proposed 

(Soler, 1973). 

It has been suggested that the bimodal nature of the volcanism may 

reflect extensional tectonics in an intracontinental setting, with 

massive sulphide mineralisation associated with crustal thinning and 

basin development initiated during the late Devonian (Lecolle, 1977; 

Sawkins & Burke, 1980; Schermerhorn, 1981). This extension continued 

until the mid-Carboniferous when the onset of the Hercynian compression 

resulted in convergence, and subduction towards the north east. 

2.7 Geology of the Rio Tinto Are* 

2.7.1 Stratigraphy 

The broad geological setting of the Rio Tinto area, shown in Fig. 2.04, 

is well understood having been described by Rambaud (1969), and more 

recently by Garcia Palomero (1980), whose comprehensive work on the 

local geology and mineralisation provides a strong basis for more 
detailed study of the host rocks. The stratigraphy of the Rio Tinto area 

is shown in Fig. 2.05. All the major units of the Pyrite Belt described 

in section 2.1 are represented in the area with mineralisation occurring 
in the upper parts of the Volcano-Sedimentary Complex. At Rio Tinto, the 

VS is made up of a single bimodal volcanic episode which overlies 

conformably the Devonian Phyllite-Quartzite Group, and passes upward 
without break into the Carboniferous Culm. 

Devonian strata outcrop to the south of the mine area in the core of a 

major anticlinal structure which trends E-W. The Devonian strata have 

not been studied in great detail but they appear to be a typical series 

of grey to grey-green slates, with lenses of fine grained quartzite 
appearing towards the top of the success i ontGarcia Palomero, 1980). The 

upper contact of the Devonian is represented by a progressive change 
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from a slate-quartzite succession, to a succession dominated by the 

products of mafic volcanism. 

The Vo lcano- Sedimentary Complex is made up of a lower mafic volcanic 

group and an upper felsic volcanic group, the two being separated by up 
to 10m of detrital sediments, mainly black shales. The mafic volcanic 

group outcrops to the south of the mine area and also in the core of 
the Rio Tinto anticline (Fig. 2.04). Unfortunately much of the the mefic 

volcanic group, particularly in the vicinity of the mineralisation, has 

been affected by chloritisation and in places it is also deeply weathered 

which makes surface mapping and sampling difficult. The felsic volcanic 

group has an average thickness of 250-300m (Garcia Palomero, 1980), and 

outcrops to the north and south of the mine area, and also on the Rio 

Tinto anticline. Much of the felsic volcanic succession has been affected 
by hydrothermal alteration, particularly in the vicinity of the 

mineralisation. 

The felsic volcanic group and the overlying Culm. group are separated by 

up to 50m of variable volcanic and detrital material known as the 

Transition Zone which represents the end of volcanic activity and the 

beginning of detrital sedimentation. The Transition Zone strata are 
intensely altered and weather to white, bright green or red colours 
depending on the type of alteration present. One of the most 

characteristic units of the Transition Zone is a purple shale horizon 

which is made up of very fine grained pyroclastic material containing 
haematite which gives it its characteristic purple colour. Within the 
Transition Zone there is abundant evidence of hydrothermal activity such 
as exhalative manganese and Jasper horizons, as well as massive sulphide 
mineralisation. The Transition Zone passes conformably upwards into the 
Culm slates which outcrop throughout the centre of the study area. At 
Rio Tinto, the Culm is dominated by black slatey sediments bedded on am 
to dm scale (Rambaud, 1969), locally, thin bands of coarser flysch type 

material are also present. 

The youngest units are the "transported gossans" or bog iron ores, 
Miocene in age, which are found in palaeo-drainage channels, (not shown 
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on map). These are made up of layers of iron oxides and hydroxides with 
blocks of gossan and slate. These deposits also carry Miocene plant 

remains (Williams 1934) and are thought to have been deposited in pools 
that developed during the evolution of the Miocene drainage system 
(Garcia Palomero 1980). Iron and gossan blocks were probably derived 

from the weathering and erosion of the massive sulphide orebodies. 

2.7.2 Structure 

As can be seen from the geological map and cross section (Fig. 2.04), the 

zone of study is situated within a major Carboniferous syncline within 

which, a smaller anticlinal structure, the Rio Tinto anticline, brings the 

Volcano-Sedimentary Complex and associated mineralisation to the 

surface. The Rio Tinto anticline also has minor fold structures developed 

on its flanks. The main fault in the area is the Eduardo fault which 

trends approximately N020W. Although this fault can be traced for some 
15km at surface the maximum displacement is only about 50m. As well as 

this major fault there are numerous smaller displacements trending N, 

NW, and NE in keeping with the regional structure. Axial plane cleavage 
is developed strongly in the sediments of the Devonian and the Culm. but 

is less well developed in the volcanic facies and is practically absent 
from the more homogeneous rhyolite flows units due to the competency 

contrast between the sedimentary material and the massive rhyolitic 
lavas. 

2.7.3 Mineralisation 

Sulphide mineralisation is located on the Rio Tinto anticline and is in 

the form of large pyritic lenses with underlying zones of stockwork 

veining. The distribution of the present day orebodies is shown in Fig. 

2.06. These orebodies are thought to represent the remains of at least 

three larger sulphide lenses (Garcia Palomero 1980; Solomon et al., 

1980). 
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The San Dionisio orebody is located on the southern f lank of the Rio 

Tinto anticline to the west of the Eduardo Fault. This orebody consists 

of a massive pyrite lens with a well developed underlying stockwork 

which is shown in Plate 2.01. The stockwork veining extends some 200m 

into the footwall and is developed around a central pyritic pipe with a 

vertical zonation of minerals from the top of the stockwork to the base 

(Garcia Palomero, 1980). In the upper parts, the main stockwork minerals 
are pyrite, chalcopyrite, with rare sphalerite and galena and occasional 
barite. Further down the chalcopyrite content decreases and the veins 
are almost exclusively quartz-pyrite. The roots of the stockwork, in the 

mafic volcanic group, contain chalcopyrite and magnetite with the 

sulphide content decreasing at depth where the stockwork is 

characterised by pale green quartz-chlorite veins. 

The Planes - San Antonio mineralisation is located at the eastern end of 
the anticline. There are two main sulphide lenses, 20-30m thick, directly 
above the stockwork zone which split into several smaller lenses towards 
the east. It is thought, from stratigraphy and sedimentary structures, 
that paleogeography was a major control on the final position of the 
massive sulphide lenses (Garcia Palomero, 1980). 

The three deposits of Cerro Colorado - Filon Norte - Filon Sur are 
thought to represent the residual fragments of a much larger sulphide 
lens, part of which is preserved as the Filon Norte and Filon Sur 

orebodies. All that remains of the original orebody on the Cerro Colorado 

are the oxidised remains of the sulphide lens and the underlying 
stockwork which covers an area 1000m. N-S by 2200m E-W, and is currently 
being worked for its low grade copper content. More important 

economically are the gold and silver enriched gossans. These gossans 
formed as a result of weathering of the original sulphide lens which 
probably covered most of the eastern half of the Rio Tinto anticline. 
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Plate 2.01 
San Dionisio stockwork in the Atalaya Open pit, 
showing pyritic veins cross-cutting chloritised 
felsic volcanics. 
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Massive sulphide mineralisation is confined to the upper parts of the 

Volcano-Sedimentary Complex and it is possible that the conditions 

of physical volcanology and sedimentology existing within the VS prior 

to, and during ore deposition, influenced the location of massive 

sulphide orebodies. In the model of sulphide deposition for the Kuroko 

deposits of Japan, shown in Fig. 3.01, centres of volcanic and 

hydrothermal activity are thought to be coincidental, with massive 

sulphides accumulating on the flanks of rhyolite flow-domes. More distal 

deposits without any stockwork mineralisation, may also form as a result 

of sulphides slumping off the flanks of the dome. The relationship 

between massive sulphide deposits and volcanic features such as rhyolite 
flow domes has not yet been established in the Pyrite Belt, and a 

detailed study of the relationship between sulphide deposits and 

volcanic facies in the Pyrite Belt as a whole is beyond the scope of 

this study. However, it should be possible to gain some idea of the 

relationship between sulphide deposition and volcanic facies at Rio 

Tinto. 

Surface outcrop in the Rio Tinto area is variable depending on lithology. 

Outcrop of the more altered mafic volcanics seldom exceeds 10%, while 

outcrop of the felsic volcanics ranges from less than 10% -in the altered 
tuffs of the Transition Zone, to 90% in the homogeneous rhyolitic units. 
In this study, mapping was confined to relatively well exposed sections 

in road cuttings and river valleys within a 5km radius of the mine. The 

locations of these sections, together with the results of the mapping 

are presented in Fig. 3.02 (Enclosure). The Odiel River section, located 
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Figure 3.01 
Schematic section through a typical Kuroko orebody showing 
the relationship between massive sulphide mineralisation and 
a rhyolite flow-dome. 
(From Sato, 1974) 
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some 10km to the west of Rio Tinto, was also mapped as an example of a 

relatively unaltered felsic: volcanic sequence with no associated 

mineralisation, this is shown in Fig. 3.03. Field observation were made 
directly onto air photographs and transferred to base maps at scales of 
1: 10,000,1: 5,000, or 1: 2,000 depending on the complexity of the 

succession. The data was compiled onto 1: 10,000 topographic maps. 

Initially, the less intensely altered volcanics of the north and south 
flanks of the main syncline, were studied as these rocks still retain 

many of their primary volcanic features. Once the general characteristics 

of the succession had been established in these relatively unaltered 

sections, the intensely altered sequence of the Rio Tinto anticline was 

studied, both at surface outcrop and in drill core, in order to determine 

the nature of the volcanic succession in the vicinity of mineralisation. 
Several boreholes were re-logged to give two E-W and two N-S sections 

across the alteration halo (Figs. 3.04 and 3.05). The location of these 

sections is indicated in Fig. 3.02 (Enclosure). 

3.2 The Maf ic Volcanic GrgjjQ 

Mafic volcanics outcrop to the south of the mine area and also to a very 
limited extent in the core of the Rio Tinto anticline. The mafic volcanic 
group is made up of mafic lavas and tuffs, interbedded with black shale 
horizons which are more common towards the base. All the mafic volcanics 
show evidence of alteration, mainly in the form of chloritisation, 
although it is difficult to tell in outcrop whether this alteration is a 
result of regional metamorphism, seafloor metasomatism, or hydrothermal 

alteration associated with mineralisation. 

Continuous outcrop of mafic volcanics i5 rare with the exception of 
the area to the south east of the village of Nerva, where the Mafic 

Volcanic Group is represented by several thick piles of mafic lava 

separated by thinner tuffaceous bands. The mafic lavas can be classified 
as basalts and are locally coarse grained, containing pyroxene 
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phenocrysts up to 1.0mm. in size, with plagioclase and chlorite. Some of 

the unaltered basalts also contain accessory sulphides. The most common 

type of basalt outcropping in the area is a vesicular pillow basalt 

which outcrops in the south west and west of the main mapping area 

(Plate 3.01). Vesicle filling is commonly quartz or sulphide in the drill 

core samples, and chlorite or calcite in the more distal outcrops. In 

areae more remote from mineralisation thick piles of columnar jointed 

basalt can be seen, such as that shown in Plate 3.02. There is also 

evidence of columnar jointing in some of the thick basalt flows to the 

south of Nerva. The mafic tuffs are the most intensely altered mafic 

volcanics and consequently form poor outcrop. In drill core, however, 

they are represented by lithic-crystal and crystal tuffs which contain 

plagioclase as the dominant crystal phase, in a matrix of fine feldspar, 

quartz, and chlorite. 

In the vicinity of the mineralisation the basalts are much more highly 

altered with the main effects of alteration being chloritisation and 
local silicification. The degree of chloritisation increases with 

proximity to the mineralisation. The vesicular texture observed in 

outcrops of basalt some distance from the mineralisation is preserved in 

the highly altered lavas of the Rio Tinto anticline, allowing them to be 

correlated between drill holes to give the thin basalt horizons shown in 

Figs. 3.04 and 3.05. Vesicles may be up to 15mm in diameter in basalts 

from drill core (Plate 3.03), compared to a range of between 2 and 5mm 

diameter in the more distant outcrops. 

Although the base of the maf ic volcanic group is not seen in drill core, 

the presence of thin shale horizons at the bottom of the deeper holes 

would imply that the underlying Devonian strata are within a few tens of 

metres. This would make the thickness of the mafic volcanic succession 

on the Rio Tinto anticline some 450m, compared to 250m in the region of 

El Campillo to the SW, and 400m to the south east of Nerva. 

Garcia Palomero (1980) observed that while the maf ic volcanic sequence 
is thicker on the Rio Tinto anticline, tuffaceous horizons dominate over 
lava flows in this area in contrast to the Nerva and El Campillo 
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Plate 3.01 
Pillow basalt outcrop, 6km west of Rio Tinto. 
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Plate 3.02 
Columnar jointed basalt. 12km south west of Rio Tinto. Both this outcrop, 
and the one shown in Plate 3.01, are representative of the least altered 
basaltic material in the area, being remote from sulphide mineralisation. 
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sections where basaltic lavas are more dominant. This is confirmed by 

the present study. In addition, it would appear that while thick columnar 
Jointed basalts may be found to the SE and to the west of the main 

study area, the mafic lavas at Rio Tinto are predominantly vesicular 
pillow basalts, with the basalts of the Rio Tinto anticline having the 
best developed vesicular texture in terms of the number and size of 

vesiclea. 

3.2.1 The Intermediate Group 

Also included in the mafic volcanic group are the tuffs and shales of 
the intermediate group which represents the transition from mafic 

volcanic activity to more felsic activity. In outcrop this horizon is 

often heavily weathered but can usually be recognised by the presence of 

black shale horizons which are interbedded with crystal lithic tuffs of 

both mafic and felsic composition. The intermediate group is about 40m 

thick and is well represented, both in outcrop, to the south of Nerve, 

and in drill core. Several black shale horizons can be distinguished in 

drill core, separated by pyroclastic rocks and breccias. The pyroclastic 

rocks are dominated by lithic-crystal tuffs (Plate 3.04), which contain 

shale fragments, and fragments of felsic volcanic material. 

The intermediate horizon also contains the "slate conglomerate", which is 

best observed in the open pit of Atalaya although it appears as small 

weathered outcrops throughout the area. The slate conglomerate is made 

up of highly altered ellipsoid fragments of quartzitic material in a 
black slaty matrix. It is generally accepted that this unit represents a 

clast supported conglomerate which has subsequently been deformed and 

developed a strong cleavage. The origin of the quartzitic clasts is 

uncertain although it is possible that they were derived as a result of 

weathering of the underlying Devonian Phyllite-Quartzite group, if this 
is the case then the Phyllite-Quartzite group must have been undergoing 
erosion somewhere in the vicinity of Rio Tinto immediately prior to 
felsic volcanic activity and sulphide deposition, (Sawkins pers comm. ). 
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Plate 3.03 
Vesicular basalt in drill core from the western end of the Rio Tinto 
anticline, (DDH 4087,53m). The size of the vesicles appears to decrease 
towards the b8se. 

F, g,. ý 3.0 4 
Characteristic Intermediate Group lithologies in drill core from the 
western end of the Rio Tinto anticline, (DDH 2217,50m). A variety of 
lithologies can be seen in this section. At the top there is a coarse 
crystal tuff (1), which passes down into a lithic tuff (2), containing 
fragments of rhyolitic material and shale. The bottom unit (3), is much 
finer grained, possibly an ash horizon. 
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The felsic volcanic group outcrops on the north and south flanks of the 

main syncline and also on the Rio Tinto anticline. The group is made up 

of three rock types: - massive rhyolite, pyroclastic deposits, and detrital 

sediments. For the purposes of mapping, the pyroclastic deposits were 

subdivided using a classification modified from Fisher, (1961); Ross and 
Smith, (1961), and Suthren, (1985). This classification is shown in Table 

3.01. 

Table 3.01 
Classification of volcaniclastic deposits modified from Fisher 1961, 
Ross & Smith 1961, and Suthren 1985. 

GRAIN SIZE PYROCLAST NOMENCLATURE LTTHOLOGY 

>64mm. Bombs (Rounded) Volcanic Conglomerate 
Blocks (Angular) Volcanic Breccia 

2mm - 64mm Lapilli Lapillistone 

0.063mm - 2mm Tuff 

<0.063mm Ash 

The nature of the felsic volcanic succession is highly variable making 

correlation of units very difficult. For example, in some areas, such as 

the area to the south of Nerva, the felsic volcanic succession is 

dominated by rhyolitic lavas and coarse pyroclastics, while to the NE of 

Rio Tinto, on the north flank of the main syncline, rhyolites are absent 

and the succession is made up of fine grained pyroclastic material. 

The felsic volcanic succession of the Rio Tinto anticline is heavily 

altered with the main alteration minerals being sericite and chlorite. It 

is difficult to tell whether the heavily sericitised, and chloritised rocks 
in the vicinity of mineralisation represent altered pyroclastic rocks or 
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altered rhyolitic lavas. One clue to their origin is in the nature of the 

quartz grains as the original magmatic quartz phenocrysts survive the 

alteration process, and are present as quartz eyes even in the most 

highly altered rhyolite. 

3.3.1 Rhyolitic layes 

The effects of alteration and metamorphism mean that it is difficult to 

draw comparisons between the rhyolites observed in the Rio Tinto area, 

and the descriptions of modern rhyolitic lavas available in the 

literature. This is particularly true of the more highly altered rhyolitic' 

material found in the vicinity of mineralisetion. For the purposes of 

this study, the term rhyolite was restricted in the field to siliceous 

rocks containing glassy quartz and/or euhedral feldspar phenocrysts in a 

homogeneous microcrystalline matrix. 

The rhyolites of the Odiel river section (Fig. 3.03), are apparently 

unrelated to mineralisation and as such can be taken as an example of 
the least altered rhyolite present in the area. They are dark purple in 

colour with quartz and feldspar phenocrysts (10-20%), in a glassy matrix. 
Often the thicker rhyolite flows are flow-banded as shown in Plates 3.05 

and 3.06. This flow-banding is not observed in more altered rhyolites, 

such as those of the Rio Tinto anticline. 

On the north flank of the main syncline, near the Campofrio reservoir 
(Fig. 3.02, enclosure), there is another sequence of dark purple rhyolitic 
flows which are truncated by a mafic intrusive. There are three rhyolite 
flows in this area, each about 75m thick, separated by thin bands of 

pyroclastic material. This section, and also the section to the north 

east of Chaparrita mine, represent the most continuous outcrops of 

rhyolitic lava in the area. The Campofrio road section is also unique in 
that columnar jointing can be observed in the rhyolitic lavas. 

The rhyolitic units observed to the north west of the village of El 

Campillo are also dark purple in colour, locally flow-banded, and appear 
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Plate 3.05 
Outcrop of flow-banded rhyolite in the Odiel River section. The pale 
coloured phenocrysts are plegioclase. Although this outcrop has a brown 
iron-stained surface, the fresh rhyolite is dark purple in colour. 

Plate 3.06 
Detail of rhyolite flow banding in hand specimen. This sample (Z8), is 
from the Odiel River section (x=702.100 y=417.810). The scale bar is 
marked in cm. 
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to be relatively unaltered, despite the fact that the tuffaceous material 

associated with them is strongly sericitised. 

Closer to the mineralisation, to the south west of the village of Nerva, 

there are two thick rhyolitic flows associated with coarse pyroclastic 

deposits. The Nerva rhyolite is pale pink in colour which may ref lect 

increasing alteration, particularly sericitisation, as the mineralisation 

is approached. Just a few kilometres away, to the south east of the 

village, the sequence thins out and is dominated by sericitised crystal 

lithic tuff, lapillistone, and chert. 

The rhyolites of the Rio Tinto anticline are heavily altered and surface 

outcrop is very much reduced. However, in drill core it can be seen that 

a significant proportion of the material underlying the Cerro Colorado 

(Fig. 3.05), is rhyolitic in origin. The Cerro Colorado rhyolite is pale 

pink to white in colour and variably altered, with bands of relatively 
fresh rhyolite present even in the stockwork zone. In the most intensely 

altered rhyolites, only the original volcanic quartz eyes are preserved 
in a matrix of sericite and chlorite. 

A common unit in the drill core of the Cerro Colorado is made up of 
fragments of rhyolitic material in a compositionally similar, but more 
highly altered, matrix. The origin of this unit is open to debate. It has 

been mapped previously as a "rhyolite autobreccia", and may represent 

either a magmatic breccia unrelated to mineralisation or a form of 
barren stockwork. A third possibility is that in some places at least, 

this "rhyolite autobreccia" represents an altered pyroclastic deposit. 

Unfortunately, with the exception of some small, highly altered features 

which outcrop to the south of Nerva, there are no obvious cross-cutting 

rhyolitic plugs or flowdomes in the area, which makes identification of 
former volcanic centres difficult. Commonly rhyolite occurs as elongate 
bodies which are parallel to the regional strike (Fig. 3.03). This is most 
probably a result of regional deformation, although the elongate nature 
of the outcrop patterns could also be a result of the eruption of 
rhyolite from sill-like feeders. 
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Important features which may aid the identification of former volcanic 

centres, are the number and thickness of rhyolite flows in the area, the 

maximum size of pyroclasts, and the presence of cross cutting dykes and 

sills. It can be assumed that all of these factors will increase towards 

the source area. In addition it can be assumed that highly viscous 

rhyolitic flows will not travel more than a few km from their source 

vents, (Bonnichsen and Kauffman, 1987). Using these criteria as a guide, 
the thick sequences of rhyolite and associated coarse pyroclastic 
deposits seen to the south west of Nerva. and to the north east of 
Chaparrita on the north flank of the main syncline, are both indicative 

of close proximity to a former volcanic centre. 

3.3.2 Pyroclastic deposits 

The most common fragmental rock in the Rio Tinto area is a lapillistone 

(see Table 3.01), which contains 2. Omm - 6.4cm clasts of pale rhyolite in 

a tuffaceous matrix. This rock type is particularly well represented in 
the Odiel River section and also to the south of the village of Nerva. In 
fresh exposure the clasts make up about 40% of the rock and appear as 
highly siliceous features standing proud of their tuffaceous matrix 
(Plate 3.07). In more heavily altered rocks such as those of the Rio 
Tinto anticline, the clasts become much more difficult to distinguish as 
they often appear simply as colour or texture changes in an otherwise 
homogeneous rock type. This is a problem in the sequence underlying the 
Cerro Colorado where there is an absence of coarse grained pyroclastic 
material in drill core. It may be that the pyroclastic deposits were 
never there in the first place, but given the evidence from other, less 

altered successions, it is more likely that they have been altered to the 

extent that they are now difficult to recognise. The rhyolite autobreccia 
mentioned in section 3.4.1 occurs in relatively thin bands, often 
associated with more tuffaceous material, and resembles to some extent 
field outcrops of altered lapillistone such as that shown in Plate 3.08, 
which can be seen towards the top of the felsic volcanic group to the 
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Plate 3.07 
Lapillistone outcrop form the Odiel River section, The clasts are paler 
in colour and stand proud of the darker grey, tuffaceous matrix. 

Plate 3.08 
Altered lapillistone outcrop to the south of Nerva. The metrix: clast 
ratio is very much reduced compared to the fresh lapillistone of Plate 
3.07. This may be due to increased deformation and/or a reduction in 
matrix volume as a result of hydrothermal alteration. 
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south of Nerva. It is suggested that fragmental pyroclastic deposits do 

occur in the felsic volcanic sequence underlying the Cerro Colorado, but 

their textures have been lost through alteration, particularly in the 

stockwork zone. 

Volcanic conglomerates and volcanic breccias (clast size >64mm), often 

grade from or into lapillistones. Theee deposits exhibit a wide variety 

of textures, from thickly bedded units containing bands of rhyolite with 

a more tuf f aceous "matrix", to well cleaved tuf f aceous -units containing 
1-2m blocks of rhyolitic material, to poorly sorted mass flow deposits 
in which the dominani ClaSt5 appear to be rhyolite. In most cases the 

clasts are sub-rounded to rounded and the term volcanic conglomerate 

can be applied. 

Thickly bedded units containing bands of rhyolite in a more tuffaceous 

matrix, such as that shown in Plate 3.09, occur in the El Campillo area. 

The observed texture may represent an early stage alteration fabric, or 

the mixing of pyroclastics and rhyolite at the margins of a rhyolitic 

flow. Alternatively, the banding could be the result of mixing of two 

separate rhyolite flows (Lecolle, 1977). Whatever their origin, the 

occurrence of these units is limited and they are unlikely to represent 

primary pyroclastic deposits. 

The second type of volcanic conglomerate, containing distinct blocks of 

rhyolitic material up to 2m in size in a more tuffaceous matrix (Plate 

3.10). could be generated as a direct product of a pyroclastic: eruption. 
However, these deposits could also represent the product of erosion of 

rhyolite flow domes in a high energy, shallow water environment (Sawkins 

pers. comm. ). 

The third type of volcanic conglomerate, the poorly sorted mass f low 

deposits, are not strictly pyroclastic in origin, rather they are reworked 

volcaniclastic deposits. These reworked deposits can be further 

subdivided into volcanic mass flow deposits and polymictic conglomerates. 
Volcanic mass flow deposits can be seen at the base of the Odiel River 

section (Plate 3.11). These are unsorted, ungraded deposits containing 
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RHYOLITE 

MORE TUFFACEOUS MATERIAL 

Plate 3.09 
Banded pyroclastic deposit from El Campillo. There appear t 
bands of more siliceous rhyolitic material in a tuffaceous 
Discrete, smaller rhyolitic clasts are also present. In this 
texture is most likely to represent the mixing of rhyolitic 
tuffaceous material at the margins of a rhyolite flow. 

o be elongate 
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well rounded clasts of rhyolite in a well cleaved, tuffaceous matrix. The 

clasts may make up 70% of the rock and individual flow units have fine 

grained basal layers (Plate 3.12), which are typical of volcanic mudflows 

or lahars (Fisher and Schmincke, 1984). Similar deposits have been 

described elsewhere in the Pyrite belt (Routhier et al., 1978). 

The second type of mass flow deposit, the polymictic conglomerates, can 
be found towards the top of the felsic volcanic group and in the 

Transition Zone. Clasts make up about 25% of the rock and include 

rhyolite, pyroclastic material, shale, and Jasper, in a chloritic: shaley 
matrix. This type of deposit is clearly detrital in origin and was 

probably deposited in a submarine environment. The presence of rhyolite, 

shale, and Jasper clasts in these conglomerates implies that the upper 

parts of the felsic volcanic series were being eroded immediately prior 
to sulphide deposition. 

In most cases pyroclastic fragments show a strong preferred orientation 

parallel to regional strike. It is uncertain to what extent the units 
have been affected by regional deformation, and the degree of flattening 

of the clasts is variable throughout the area. It must be remembered 
however, that a certain amount of primary flattening will be associated 

with the emplacement of hot pyroclastic ejecta. The effects of alteration 

are also important, as rocks which have been subject to hydrothermal 

alteration in the vicinity Of 5ulphide orebodies will have been 

mechanically weakened prior to folding and will preferentially absorb the 

strain of the regional deformation, (Fisher and Schminke, 1984). This 

effect can be seen in the Cabezos Coloradas, some 7km to the west of Rio 
Tinto (Plate 3.13), which represent a highly deformed pyroclastic deposit 

associated with a small sulphide lens. Regardless of the proximity of 
sulphide mineralisation it would appear that the felsic volcanics which 

outcrop to the west and south west of the main mapping area, such as 
those of the Odiel River section and the Cabezos Coloradas mentioned 
above, are much more highly deformed than the felsic volcanics which 
outcrop closer to Rio Tinto e. g. the Nerva and El Campillo sections. 
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Flate 3.11 
Volcanic mass-flow deposit at the base of the Odiel River section. Note 
the large range of clast sizes and the absence of any obvious bedding or 
grading. Most of the clasts are rhyolitic. 

Plate 3.12 
The base of the mass- 
flow deposit shown in 
Flate 3.11. The contact 
between the mass-flow 
and the fine sediments 
is very sharp 
suggesting that this 
could represent the 
basal layer of a 
volcanic mudflow or 
lahar. 
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The finer grained pyroclastic deposits, those with a grainsize <2mm, can 
be subdivided into tuffs (grainsize 0.063 - 2. Omm) and ash (grainsize 

<0.063mm) according to Table 3.01. These deposits occur throughout the 

felsic volcanic series but become more common towards the top of the 

felsic volcanic group and in the Transition Zone. Thick successions of 
tuffaceous material may also accumulate in the absence of rhyolitic 
lavas and coarse grained pyroclastic deposits. 

The most common tuffaceous unit is a medium- to coarse-grained, 

crystal-lithic tuff which contains albite and quartz as the main crystal 

components. This crystal-lithic tuff is a well cleaved pale grey rock 

which occurs throughout the felsic volcanic group and forms the matrix 

to the fragmental pyroclastic units. Tuffaceous units are highly 

susceptible to hydrothermal alteration, particularly the fine grained 

tuffs and ashes of the Transition Zone. The main effect of this 

alteration is sericitisation, although heavily altered ash horizons may 

also contain secondary kaolinite and montmorillonite (Garcia Palomero,, 

1980). 

The presence of fine haematite in the upper parts of the Transition Zone 

gives rise to tuffaceous units with a fine purple matrix, and the 

distinctive purple shale horizon (Plate 3.14). The Transition Zone is 

generally about 50m thick although its true thickness is often obscured 
by the effects of intense hydrothermal alteration and the transitional 

nature of its contact with the Culm. Very little Transition Zone material 
has been observed in the immediate vicinity of mineralisation but there 

would appear to be quite thick deposits at the western end of the Rio 
Tinto anticline. 

3.3.3 Evidence for ignimbrite sequences 

A considerable amount of work has been done concerning the recognition 

of ignimbrite units in the field. Although most of this work is concerned 
with subaerial ignimbrites (Sparks, 1974; Sparks et al., 1973; 
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Plate 
Highly deformed lapillistone from the Cabezos Coloradas, 7km west of Rio 
Tinto. The original lapilli have been stretched out parallel to the 
cleavage making their original size and orientation difficult to 
determine. 

Nerva. 
the 

Plate 3.14 
Purple shale horizon in drill core from the area to the north of 
This characteristic unit marks the end of volcanic activity and 
stratigraphic horizon of massive sulphide mineralisation. 
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Sheridan, 1979), subaqueous pyroclastic f lows have also been described 

(Yamada, 1984; Howells et al., 1985). Before describing the pyroclastic 

deposits of the Rio Tinto area it is important to def ine some of the 

descriptive terms used: 

Pyroclestic Fall (Ash Fall> The fallout products of a subaerial eruption 

emplaced in either a subaerial or a submarine environment (Suthren, 

1985). This type of deposit may also include the products of subaqueous 

phreatomagmatic explosions as a result of magma/seawater interaction. 

The character of such deposits is likely to be influenced by the effects 

of wind, rain, and water currents in a submarine environment. 

Pyroclastic Flow (Ash Flow> Mass flow deposits originating from 

explosive eruptions which have as their main components volcanic gas and 

primary magmatic particles (Suthren, 1985). The term ignimbrite is also 

commonly used for such deposits which may be emplaced in both the 

subaerial and subaqueous environment. Sparks et al., (1973) suggested 

standard sequences through proximal and distal subaerial pyroclastic 
flow units, with respect to the source vent, and these are shown in Fig. 

3.06A. A typical, proximal, subaerial ignimbrite sequence can be divided 

into four parts. The base is marked by a Plinian Fall unit in which 

pumice and lithic fragments may show reverse grading. Above this there 

is a Surge Deposit which is generally fine grained and well bedded. The 

surge deposit is overlain by the Lower Flow Unit (2A), which shows 
reverse grading into the Main Flow Unit (2B). In the Main Flow Unit 

normal grading of lithic fragments and reverse grading of pumice is 

common, giving either a mixture of lithics and pumice in the central 

parts of the flow or a strong segregation. The top of the ignimbrite 

sequence is marked by a Fine Ash horizon which is often lost due to 

erosion. The distal ignimbrite sequence, also shown in Fig. 3.06, is 

generally finer grained than its proximal equivalent although it retains 
the Plinian Fall unit at the base. The main f low unit of the distal 

sequence is made up of a number of inversely graded units whose overall 
grainsize decreases towards the top of the -sequence. 
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Pyroclastic flows are more commonly documented in the subaerial 

environment, but a standard sequence for subaqueous pyroclastic f low 

deposits has also been established (Yamada, 1984). The subaqueous 

ignimbrite sequence can be divided into five units shown in Fig. 3.06B. 

The main difference between this sequence and the subaerial sequence 
described above is that the subaqueous sequence is strongly bedded with 

the bedding becoming more distinct higher up the sequence in the finer 

grained units. 

Both subaerial and subaqueous pyroclastic: flow deposits may show 

evidence of weldin&, a post-depositional process involving the sintering 
together of hot vesicular fragments under a compaction load (Ross and 
Smith, 1961). Although the process is most commonly' described in 

pyroclastic flow deposits, welded pyroclastic fall deposits are also 
documented (Sparks and Wright, 1979). 

A major problem with the Pyrite Belt pyroclastic deposits is the fact 

that even the relatively unaltered units have undergone extreme 
devitrification followed by regional metamorphism. The products of 
devitrification vary in grain size and are generally too fine grained to 
be identifiable even under the microscope. As devitrification often 

occurs following welding and compaction, the growth of the 
devitrification products tends to obscure important primary textural 
features. 

Pumice, a common constituent of modern felsic pyroclastic deposits, is 

completely absent from the volcanic successions of the Rio Tinto area, 

even from the I'lea5t altered" volcanics of the Odiel River section. This 

may be due to the fact that pumice is highly susceptible to 

devitrification, resulting in the complete collapse of the pumice 

structure and the development of a coarse aggregate of devitrification 

products (Ross and Smith 1961). The clasts of the Rio Tinto pyroclastic 
deposits are all highly siliceous, and it is impossible to determine 
their original composition - lithic, vitric or pumiceous. For this reason, 
it is difficult to compare pyroclastic sequences observed in the Rio 
Tinto area with the idealised ignimbrite sequences of Fig. 3.06, although 
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ignimbrite sequences have been reported from other parts of the Pyrite 

Belt (Routhier et al., 1978; Strauss et al., 1981). The least altered 

pyroclastic deposits in the area are those of the Odiel River Section 

where there are three pyroclastic sequences separated by rhyolite. These 

are labelled the Lower, Middle and Upper Pyroclastic sequences in Fig. 

3.03. The nature of the pyroclastic succession in each of these 

sequences is shown in Fig. 3.07. The grainsiz. e distributions, the 

presence of normal and inverse grading, and the absence, of strongly 
laminar fabrics in the Lower Pyroclastic Sequence are suggestive of a 

subaerial ignimbrite sequence. In contrast, the f iner grained Middle and 
Upper Pyroclastic Sequences have features more typical of distal 

subaerial, or subaqueous deposition. 

3.5 Environment of DeRosition of the Volcanic Rocks and the 

RelationshiR Between Volcanic Facies and Mineralisation. 

In other provinces of massive sulphide mineralisation, a definite link 

has been established between mineralisation and volcanic features such 

as rhyolite flow domes (Fig. 3.01). However, in a study of a large area 

of the Pyrite Belt to the west of Rio Tinto, Routhier et al. (1978), 

concluded that massive sulphides most probably accumulated in 

palaeogeographic lows on the seafloor, with no association between 

volcanic centres and centres of hydrothermal activity. 

Despite the effects of hydrothermal alteration, deformation and regional 

metamorphism, some idea of palaeovolcanic facies should be preserved in 

the Rio Tinto area. In a previous attempt at palaeogeographical 

reconstruction of the Rio Tinto deposits, based on a palinspastic 

reconstruction of the area using the mafic volcanic/felsic volcanic 

contact as a datum, Badham (1982), concluded that ore deposition was 

confined to a deep basin. However, this reconstruction did not take into 

account the effects of alteration, deformation and volume reduction in 

the intensely altered felsic volcanics underlying the mineralisation and 
the use of the contact between the felsic volcanics and the mafic 
volcanics as a datum is questionable. 
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Surge Deposit 

Plinian Fall 

Fine Ash 

Main Flow Unit 

Plinian Fall 

3.06B Standard Subaqueous Ignlmbrýte Sequence 
Ok. fter Yamada, 1984) 
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Massive Fine tuff 
Parallel Laminated Fine Tuff 

Parallel Laminated Sandy Pumice Tuff 

Parallel Laminated Pumice Tuff 

Massive Graded-Pumice Tuff 

Figure 3.06 
Standard ignimbrite sequences. 
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Figure 3.07 
Nature of the three ignimbrite sequences found in the 
Odiel River section. 
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It is clear that the sulphide orebodies were deposited on the seaf loor, 

but it is not clear whether the main volcanic sequences of the Volcano- 

Sedimentary complex represent subaqueous or subaerial volcanic activity. 
In the lower maf ic volcanic group the presence of pillow lavas is 

indicative of subaqueous deposition, but the relatively large vesicles 

seen in basalts immediately underlying the mineralisation (Plate 3.03), 

could be taken to suggest that water depths were not that excessive. In 

the felsic volcanic group there are no interbedded marine sediments, or 

sedimentary structures indicative of marine deposition, and the rhyolitic 
lavas show no evidence of explosive interaction with seawater at the 
time of eruption. However, there are some indications of subserial felsic 

volcanic activity in the area, e. g. the presence of ignimbritic sequences 
(Odiel River). lahars (Odiel River), and columnar Jointed rhyolite (North 

flank of the main syncline). Columnar Jointed rhyolite has also been 

reported from the Cerro Colorado open pit (Garcia Palomero, pers. comm. ). 

Based on thickness of lava flows and nature of pyroclastic deposits, 

centres of rhyolitic activity appear to have been located to the north 

east of Chaparrita on the north flank of the main syncline, and to the 

south west of Nerva. The thick sequence of rhyolite underlying the Cerro 

Colorado mineralisation may also represent a former centre of rhyolitic 

activity, or it could simply be an extension of the Nerva sequence. 

The fine grained tuffs and shales of the Transition Zone, representing 
the final stages of felsic volcanic activity, must have been deposited in 

a submarine environment, although the occurrence of extensive heematitic 
horizons suggests that oxidising conditions were still prevalent. Water 

depths must have increased immediately prior to the deposition of the 

massive sulphides themselves. and this hypothesis is supported by 

evidence that in some areas the felsic volcanic group underwent erosion 
prior to Culm deposition, e. g. the polymictic conglomerates observed to 

the north of El Campillo (Section 3.3.2). Although water depths evidently 
Increased prior to sulphide deposition, there is no evidence to suggest 
that the deposition of sulphides at Rio Tinto was confined to a basin or 
palaeogeographic low. If that was the case then one would expect to see 
a significant increase in the thickness of tuffaceous units and 
Transition Zone sediments in the area of mineralisation. Such a 
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thickening may occur to the west of the mineralisation but immediately 

beneath the Cerro Colorado and San Dionisio orebodies (Figs. 3.04 and 
3.05), tuffaceous units are rare and the Transition Zone is reduced in 

thickness. One area in which there is a thick succession of tuffaceous 

material is located to the NE of Rio Tinto. Although this is the area 

most likely to represent a basin of deposition, only minor sulphide and 

manganese mineralisation have been found there. 

From the data obtained in this study it would appear that a thick 

sequence of rhyolite underlies the Cerro Colorado which probably 

represents the main stockwork feeder zone on the Rio Tinto anticline. 
This rhyolite may represent a continuation of the Nerva rhyolite which 

outcrops extensively to the south east, and which would appear to thin 

out rapidly to the west where pyroclastic material becomes much more 
dominant. The implication is that sulphide mineralisation at Rio Tinto 

occurred in relatively close proximity to a centre of felsic volcanic 

activity. 

3.5 The Intrusive Rocks 

The distribution of intrusives in the area is shown in Fig. 2.02. Outcrop 

of these intrusives is very poor and the best locations for sampling, 

shown in Fig. 3.08, are isolated road cuts in the Campofrio area and a 

quarry excavated in the intrusives to the north west of Campofrio. 
Although outcrop is limited, there is sufficient to recognise the wide 
compositional range of intrusive rocks present in the area ranging from 

a medium grained diorite containing biotite and hornblende, to coarser 
grained, more granitic material. There is evidence of multiple intrusion, 
both in the region of Campofrio, and further west (Plate 3.15), with more 
felsic material occvrring as veins, dykes and pods within the main 
diorite. Late felsite dykes can be seen to the north of Campofrio 

(Sample 88/102, Fig. 3.08). These felsites are several metres wide, 
subvertical. and have chilled rhyol; lic- margins. Locally, the intrusives 

are heavily weathered and even in relatively fresh outcrop there is 



Chapter 3 

000 9&V2A 009'ftt -A OOV'Otv-A OOg'9tV-A 

Page 79 

n A - 

1 
0 C14 

% C3 

co 
co CD 
co co 

CL 
ýA uj 

%- 
Wm IOA ( 

00 0 0 .4n0 
:: ;; 

C3 6 
+ 

r7 

i 

z0* 

z 

0 

0 
i. 

V) 

03 
C 
0 

-4 
4- 

CC) to 
0u 

.0 ce) -4 

D C). 
u r= 

in 0 

En 



Chapter 3 

.. 0. /. 

Page 80 

LT (-) 4 -4 
03 -44 

0 

-4 
wV 

qj >ý 

rm bG 
C 0) 

41 -41 
cri 

-4 W. 
0- ý- (D 

di w 
r. a L. 
(a -w 0 

M in 00 CL -4 
0 s- 

o 4- 
.C . 4.. 0 

CL 

to re, 

0 L. di 
c 00 (-) 

a) 
(U m0 

4 CL. A-- 
41 0 4ý 

0 r-4 4- 

4,0 0 

-4 
L. r-q 

0 4) (a 
41 u 

-ý- El CL 
zi >ý 
0u 

Qj Q) 
>> 

cr) -4 L _4 
(n u 0) =5 0 :j 

uL 

41 
c C: 

CLI ýý -4 

IN 



Chapter 3 Page 81 

evidence of hydrothermal alteration, with the main effects being the 

chloritisation. of ferromagnesian minerals and the develoPment of 

secondary sericite and epidote. 

Small mafic stocks are found intruding the Devonian sediments to the 

south of Rio Tinto, near the Zumajo reservoir. These stocks are heavily 

altered, as are the later mafic: dykes which occur to the north of Rio 

Tinto intruding felsic volcanics on the north flank of the main syncline. 
The age of these dykes and stocks. and their relationship with the main 
Campofrio intrusive is open to question, although the stocks are thought 

to have intruded Just prior to the main deformation (see Section 2.4). 

Neither the mafic stocks which intrude the Devonian, nor the dykes which 

intrude the felsic volcanics, are volumetrically significant, and as they 

are also heavily altered and poorly exposed they will not be discussed 

further in this study. 

The dioritic intrusive which outcrops in the Odiel Quarry contains 

porphyry style mineralisation, in the form of fine disseminated veinlets 

of pyrrhotite and haematite, accompanied by sericitic and chloritic 

alteration of the intrusive (Plate 3.16). The question which must be 

addressed is whether this alteration and mineralisation is related to the 

aut ohydro thermal processes of intrusion, or to the same hydrothermal 

systems that were responsible for the massive sulphide mineralisation in 

the felsic volcanics. 

3.6.1 A7e of the intrusive rocks. 

If the hydrothermal alteration and porphyry style mineralisation 
associated with the Campofrio intrusives, and the hydrothermal systems 
responsible for the Rio Tinto massive sulphide deposits were related, the 

intrusive rocks must have been emplaced, like the volcanics, prior to the 

regional deformation of the Hercynian orogeny. To the north of Rio Tinto 

there is field evidence suggestive of pre- or syn-orogenic emplacement 

of the intrusives. This evidence includes the following observations: 
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1) The intrusives are hosted entirely within Devonian sediments. A 

contact between intrusives and volcanics is shown on the I. G. M. E. map 

(Navarro and Ramirez, 1978), to the north of the mine of Concepcion. On 

closer inspection it would appear that in this locality, the intrusives 

have been thrust over the felsic volcanic rocks rather than intruded 

into them. 

2) To the east of Campofrio a raft of Devonian shale has been 

incorporated within the intrusives (Plate 3.17). This shale is devoid of 

any penetrative deformation which could be explained if the raft was 

engulfed in the intrusive prior to deformation and subsequently shielded 
from the deformation by the intrusive. It is possible that the intrusives 

acted as hard undeformed buttresses during regional deformation. This 

idea is supported by an increase in the degree of deformation, and an 

increase in the metamorphic grade of the volcanics and sediments, 
towards the intrusive contact 

3) The intrusive which outcrops in the Odiel quarry contains several 

younger mafic dykes. These dykes have been extensively deformed and 
altered and have developed a strong cleavage which is refracted at the 

contact between the dykes and the main intrusive (Plate 3.18). This could 
be due to the fact that the dykes have preferentially taken up the 

regional stress leaving the main body of the intrusive relatively 
unaltered and undeformed. This implies a pre-tectonic age for the dykes 

and for the intrusive that hosts them. 
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Plate 3.16 
Mineralisation in the Odiel Quarry intrusive. Fine veinlets of haematite 
(brown), and a patchy development of pyrrhotite (grey), in a fine 
grained, altered intrusive. 

Plate 3.17 
Devonian quartzite to the south east of Campofrio. This outcrop is part 
of a raft of Devonian sediment which is completely engulfed in intrusive 
material. Note the absence of any major penetrative deformation apart 
from minor open folding and associated cleavage. 
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Plate 3.18 
Mafic dyke in the Odiel Quarry intrusive. The dykes are strongly 
deformed and altered to a chloritic rock type while the intrusive does 

not appear to have developed any strong fabric. 
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CHAPTER 4 

PETROLOGY OF THE HOST ROCKS 

4.1 Introduction. 

Page 85 

The location of most of the samples discussed in this and the following 

chapter is indicated on Figs. 3.02 (Encl. ), 3.03,3.04,3.05, and 3.08. A 

full list of samples and sample localities is given in Appendix B. 

A wide range of textural and mineralogical variations are seen in the 

Rio Tinto rocks depending on lithology and the combined effects of 

hydrothermal alteration and regional metamorphism. The main problem with 

any study of the petrology of the Rio Tinto volcanic series is in being 

able to distinguish between the effects of regional metamorphism, low 

temperature metasomatism associated with deposition of the volcanics on 

the sea floor. and hydrothermal alteration associated with massive 

sulphide mineralisation. The least altered volcanics in the area, which 

are discussed below, have been affected by low grade regional 

metamorphism, and locally by the effects of seafloor metasomatism. Both 

of these processes give rise to Q secondary mineral assemblage dominated 

by chlorite, epidote, and sericite. As a result the two processes are 

often indistinguishable. It is assumed (see Chapter 2), that regional 

metamorphism postdates both seafloor metasomatism and the hydrothermal 

alteration associated with mineralisation which will be discussed 

separately. 

4.2 PetroloscY of the Volcanic Series. 

One of the main observations of previous studies of the volcanic rocks 
in the area has been the ubiquitous presence of albite as the main 
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f eldspar phase in both the maf ic and felsic volcanics; (Routhier et al., 
1978; Soler, 1980; Munhd and Kerrich, 1980). This initially led to the 

conclusion that the Pyrite Belt volcanics belong to a spilite-keratophyre 

suite and were the products of an unusually sodic magma (Schermerhorn, 

1975). However, such an assemblage may also develop in response to 

postmagmatic alteration of existing rock types with spilites and 
keratophyres being no more than the metamorphic and/or metasomatic 
equivalents of normal basaltic and rhyolitic lithologies (Hughes, 1973). 

All igneous rock types are metastable and retrograde mineralogical 
transformations are largely temperature dependant. For example, the 

conversion of anorthiLe to albite in the presence of H20, C02, Na- and 

S102. only requires a temperature of between 264*C and 331*C (Eskola, 

1937). This relatively low temperature conversion allows the spilite- 

keratophyre suite to develop in areas of low greenschist facies 

metamorphism. Albite is the only plagioclase stable under such conditions 

and secondary albite may pseudomorph the primary feldspars, allowing the 

original textural features to be preserved. Secondary albite. may also be 

represented by large euhedral phenocrysts such as those shown in Plate 

4.01. These secondary phenocrysts may grow up to several centimetres in 

length, as is the case in the "Megacryst Tuff" unit at Aljustrel, in the 

Portuguese part of the Pyrite Belt (Plate 4.02). Occasionally, at 

Aljustrel, the original feldspar nucleus can be seen preserved in the 

core of the megacryst confirming that the albite megacryst represents a 

secondary overgrowth of the original feldspar grain (Leitao pers. comm. ). 

It has now been generally accepted that the low temperature mineral 
assemblage observed in the Pyrite Belt volcanics did not originate in a 
particular parent magma but is the result of low grade metamorphism of 
normal volcanic rocks (Lecolle, 1977; Routhier et al., 1978). In the 
following discussion, normal petrological nomenclature: - basalt, andesite, 

dacite, rhyolite, will be used for the Rio Tinto volcanic rocks. The terms 

spilite, keratophyre, and quart z-keratophyre, while still common in much 

of the literature on the Pyrite Belt, are considered unnecessary and will 
be avoided in this study. 
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Plate 4.01 
Photomicrograph of thin section (Sample 04), in transmitted light under 
crossed polars; Plagioclase phenocrysts in rhyolite from the Odiel River 
section. The phenocryst in the centre of the micrograph has a 
composition of Ab,,. 

Plate 4.02 
Outcrop of the "Megacryst Tuff" unit at Aljustrel (Portugal). The pale, 
slightly rounded crystals are all plagioclase (albite). 
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The majority of the maf ic lavas which outcrop in the Rio Tinto area can 

be described as basalts although in the upper parts of the group, they 

become more intermediate in composition. Pyroxene is preserved only in 

the least altered basalts such as that shown in Plate 4.03, where 

pyroxene phenocrysts, a maximum of Imm in size, make up between 5% and 
20% of the rock. The groundmass consists of albite laths, average size 
0.5mm by 0.2mm, which show no preferred orientation. The albite is 

impure and contains numerous fine inclusions which can be identified as 

epidote (Lecolle, 1977), suggesting that the original feldspar was more 

calcic in composition. The matrix is composed of very fine grained 

chlorite with varying amounts of epidote, and quartz. Opaque minerals 

are also present in the form of ilmenite, magnetite, and occasionally 

sulphide. The chlorite and epidote present in the matrix may be a result 

of seawater interaction at the time of deposition or they may be a 

product of low grade regional metamorphism. The pillow basalts of the 

mapped area are vesicular, with vesicles generally 0.25 - 1. Ocm in 

diameter, spherical, and infilled by calcite, as shown in Plate 4.04. The 

pillow lavas generally contain a high proportion of secondary minerals, 

particularly chlorite and epidote, as a result of seafloor metasomatism 

at the time of eruption. 

4.2.2 Mafic tuff 

The mafic tuffs have been highly susceptible to the effects of low 

temperature metasomatism and regional metamorphism. As a result, only a 

few isolated, weathered outcrops are present in the area and the mafic 

tuffs have not been studied in great detail. Even in areas unaffected by 

the hydrothermal alteration associated with mineralisation, regional 

metamorphism and seafloor metasomatism have resulted in the mafic tuffs 

developing a secondary mineral assemblage which is dominated by fine 

grained chlorite and epidote with fragmentary quartz and feldspar also 

present. 
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Piate 4. ('13- 
Photomicrograph of thin section, (Semple 88.17. ), in tr8nsmittefý light 

under crossed polars; Relatively unaltered pillow basalt with small 
anhedral grains of augite in a groundmass of albite laths with fine 

grained epidote, chlorite, and sericite as secondary minerals. 

ý-tie 4.04 
Phetomicrograph of -red light thin section, (Sqmple 88/. L. 4), in transmi - 
under crossed polars; Silicified pillow basalt with calcite filled 
vesicles preserved in a matrix of fine grained silica and secondary 
sericite, chlorite, and epidote. 
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The rhyolites contain quartz and feldspar as essential phenocrysts with 
ferromagnesian minerals almost completely absent. The original vitreous 

matrix has been completely recrystallised as a result of devitrification 

and regional metamorphism, but as the grain size of the alteration 

products is generally <10ýLm, the rhyolites retain their glassy appearance 
in hand specimen. The rhyolites contain between 5 and 20% phenocrysts, 
mainly quartz, in the size range 1-2mm. The quartz grains are often 
strongly embayed and may have a pseudo-hexagonal outline. Albite is 

present, either as individual 1-2mm euhedral grains such as those shown 
in Plate 4.01, or as coarse aggregates. As in the basaltic units, the 

plagioclase is impure and contains minute inclusions which can be 

identified as epidote, muscovite, and, more rarely, prehnite, (Lecolle, 

1977). The epidote inclusions may... be quite coarse grained such as those 

shown in Plate 4.05. Rare biotite flakes or pseudomorphs after biotite 

can also be seen in some of the felsic lavas. The biotite is generally 

replaced by chlorite or muscovite, and opaque minerals. 

The rhyolite groundmass is made up of af ine grained intergrowth of 

quartz and feldspar, the result of extreme devitrification of the 

original volcanic glass. Unfortunately, the fine grain size makes it 

impossible to determine the relative proportions of each mineral or the 

composition of the feldspar. Sericite and epidote may also be present as 
fine grained secondary minerals. 

Two types of rhyolite are present in the area and these can be 
distinguished on the basis of their phenocryst content. The first type is 

a glassy rhyolite which is shown in Plate 4.06. This rhyolite contains 
<5% phenocrysts, in a matrix of very fine grained quartz and feldspar. In 
the northern part of the mapping area, near to the Campofrio reservoir. 
these rhyolites have been locally silicified with the result that the 

matrix is dominated by fine grained quartz, and albite phenocrysts are 
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Flate 4.05 
Photomicrograph of thin section, (Sample N94), in transmitted light under 
crossed polars; Coarse grained epidote replacing albite phenocrysts in 
rhyolite. Epidote is also present, with sericite, as a fine grained 
secondary mineral in the matrix 

ý-'iate 4.06 
Photomicrograph of thin section, ýSampie 025), in transmitted light under 
crossed polars; Glassy rhyolite with quartz and plagioclase phenocrysts 
in a siliceous matrix. 
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rare. The second type of rhyolite is more common around Rio Tinto and is 

less siliceous. This rhyolite may be flow banded with 10% to 20% quartz 

and feldspar phenocrysts in a coarser grained quartz-feldspar matrix 

(Plate 4.07). 

4.2.4 Felsic tuf f 

The felsic tuffs have a similar mineralogy to the rhyolites but lithic 

fragments may be present and there is a higher proportion of 

phyllosilicates in the matrix. The main crystal component is quartz with 

angular fragments of quartz orccureinq throughout the rock in the size 

range 0.2 to 1.0mm. Embayment textures are rare with quartz grains more 

commonly broken or fractured. Feldspar occurs as euhedral phenocrysts, 

an average of Imm in size, with a finer fraction of broken feldspar 

grains in the m6trix. As with the rhyolites, the feldspar phenocrysts are 

albitic and represent part of the secondary low-temperature mineral 

assemblage which has been developed in all these rocks. 

The quartz-feldspar matrix of the tuffaceous deposits is generally 

coarser grained and more quartzitic than that seen in the rhyolites. The 

matrix also contains variable amounts of secondary minerals such as 

epidote, chlorite, and sericite, as well as iron-titanium oxides which 

often appear to be replacing flakes of biotite. The processes of 
devitrification, together with the growth of these secondary minerals 
have led to the obliteration of any primary features, such as eutaxitic 
texture, which may have aided interpretation of these units. 

The most common tuffaceous unit is the crystal tuff which is shown in 

Plate 4.08. The crystal tuff is classified as a tuff in the most general 

sense as it is impossible to determine whether it is a primary 

pyroclastic deposit, or represents a reworking of earlier volcaniclastic 

material. In most cases the absence of any recognisable sedimentary 
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Piate 4.07 
Fhotomicrograpýi of thin section, (Sampie Z-8), in 
crossed polars; Crystalline rhyolite with embayed 
matrix of quartz and feldspar. 

transmitted light under 
quartz phenocrysts in a 

Plate 4.08 
Photomicrograph of thin section, (Sample X106), in transmitted light 
under- crossed polars; Crystal tuff with angular fragments of quartz in a 
groundmass of finer, more rounded quartz fragments and broken feldspar 
crystals. Sericite is common as a secondary mineral in the matrix. 
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structures and the extreme angularity of the clasts would suggest that 

any reworking has been minimal. Towards the top of the felsic volcanic 

group the tuffaceous units become finer grained and there is more 

evidence of reworking. The degree of reworking and the proportion of 
detrital material present in these sediments, increases as the transition 

into the Culm. slates is approached. 

The felsic tuffs have been more susceptible to the effects of 
hydrothermal alteration and regional metamorphism than the rhyolitic 
flow units, and the fine grained tuffs in particular are heavily. 

weathered even in outcrops distant from mineralisation. The increased 

development of secondary minerals, particularly sericite, in the felsic 

tuffs results in the development of a cleavage which makes them easily 

distinguishable from the more homogeneous, less heavily altered, 

rhyolitic units. 

4.2.5 Welded tuf f 

The texture shown in Plates 4.09 and 4.10, which occurs in a crystal 

tuff from the Odiel River section, can be interpreted in several ways. 

Although true fiamme are not present, the texture may represent the 

collapsed pumice and welded shards of an ignimbritic flow which have 

subsequently been overgrown by the products of devitrification and 

metamorphism. Similar textures have been observed in samples to the 

south of Rio Tinto and have been described as "eutaxites" by Moliere 

(1977), and by Routhier et al. (1978). The texture could also represent 

collapsed pumice vesicles which have subsequently been infilled with 

quartz without necessarily having been transported as part of an 
ignimbritic flow. Alternatively, the texture may represent the "false 

pyroclastic texture", described by Allen (1988), which develops in felsic 

volcanic rocks as a result of extreme hydrothermal alteration. However, 

the sample shown in Plates 4.09 and 4.10 was collected from the Odiel 

River section which is remote from any known mineralisation and is 

unlikely to have been affected by intense hydrothermal alteration. 
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Plate 4.10 
Photomicrograph of thin section, (Sample Z9), in transmitted light. 

Both Plates 4.09 and 4.10 show a texture which may represent a welding 
fabric. The lighter coloured patches could represent deformed glass 
shards although the more rounded, coarser grained areas resemble 
deformed vesicles. 

Plate 4.09 
Photomicrograph of thin section, (Sample Z9), in transmitted light. r- 
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4.3 Hydrothermal Alteration of the Volcanic Series. 

A broad alteration halo can be identified around centres of massive 

sulphide mineralisation within which the ef fects of hydrothermal 

alteration are extreme enough to be readily distinguished from the 
Cf. 

effectsjJow grade regional metamorphism. The main alteration minerals 

are chlorite and sericite, both of which are already present as minor 

secondary phases in the Rio Tinto volcanic rocks as a result of the 

seafloor metasomatism and regional metamorphism discussed above. The 

western part of the Rio'Tinto anticline, represented by the drill-hole 

section shown in Fig. 3.04, provides a good cross-section through the 

alteration halo associated with the San Dionisio, orebody allowing the 

broad mineralogical zonation of the alteration halo to be established in 

samples from drill core. This zonation is illustrated in Fig. 4.01. 

Chlorite is the main alteration mineral in the central part of the 

alteration halo, where the mineral assemblage of both the mafic and 
felsic volcanics is almost exclusively chlorit e- quartz. Epidote is 

completely absent from the centre of the alteration halo which is 

assumed to represent the focus of the hydrothermal activity. Sericite 

dominates the mineral assemblages of the outer parts of the alteration 
halo along with calcite, epidote, and minor chlorite. The degree of 

sericitisation decreases with distance from mineralisation until the 

mineral assemblage becomes indistinguishable from the metamorphic 

assemblage discussed in Section 4.2. 

4.3.1 Chloritic rocks. 

Chloritisation of the mafic volcanics of the stockwork zone leads to the 

development of a "chloritite", such as that shown in Plate 4.11. A strong 

alteration fabric may develop in these chloritised rocks, particularly in 

chloritised mafic tuffs. Patchy quartz and minor sericite and calcite may 
be present where chloritisation has not been complete, with quartz also 

occurring as the main vesicle infilling in chloritised basalt (Plate 
4.12). Disseminated pyrite is common in chloritised mafic volcanics and 
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discreet chlorite-pyrite veinlets may also be present. 

The extent of chloritisation is reduced in the felsic volcanics compared 

to the mafic volcanic with chlorite normally restricted to a patchy 

replacement of the matrix as shown in Plates 4.13 and 4.14. Complete 

chloritisation of felsic volcanic material is very rare with sericite 

almost always present, together with chlorite, in the chloritised felsic 

volcanics of the central part of the alteration halo. 

4.3.2 Sericitic rocks. 

In the mafic volcanics which have been subject to intense sericitic 

alteration, the matrix is replaced by sericite, or a mixture of sericite 

and calcite. Patchy recrystallised quartz can also be seen in these rocks 

and this may represent former vesicles (Plate 4.15). In less intensely 

altered samples, primary calcite is preserved and f ine grained pyrite, 
iron-titanium oxides and patchy chlorite may also be present. 

In the rhyolites sericitisation proceeds initially along cracks and 
fractures in the quartz-feldspar matrix as shown in Plate 4.16. The 

extent of this sericitisation increases with increasing hydrothermal 

alteration until the matrix has been completely replaced. Where 

sericitisation is very intense, such as in the sample shown in Plate 
4.17, calcite may also be present as fine veinlets. During the early 
stages of sericitic alteration the albite phenocrysts remain relatively 
unaltered but as alteration proceeds they are gradually replaced. A zone 
of intense sericitic alteration of rhyolite is found at the top of the 

stockwork mineralisation, immediately beneath the massive sulphide lens 
(Garcia Palomero, 1980). This alteration is exclusively sericitic and only 
heavily fractured quartz phenocrysts survive of the original rock fabric. 
In areas of extreme hydrothermal alteration it is the existence of these 
"quartz eyes" which allows the original rock type to be identified as 
rhyolite. 
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Plate 4.11 
Photomicrograph of thin section, (Sample 2246/7), in transmitted light; A 

strong fabric is developed in this chloritised basalt from the Cerro 
Colorado stockwork. Quartz, sericite, and iron oxides are also present. 

Plate 4.12 
Photomicrograph of thin section, (Sample 2226/12), in transmitted light 
under crossed polars; A similar fabric to that shown in Plate 4.06A but 
in this sample there is a large vesicle preserved, infilled by quartz and 
chlorite, Note the high proportion of silica present botri in this sample 
and also in Plate 4.11. 
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Plate 4.13 
Photomicrograph of thin section, (Sample 2243/7), in transmitted light; 
Chloritised rhyolite from the Cerro Colorado stockwork. Quartz 
phenocrysts are preserved in a matrix of chlorite and quartz with fine 
grains of iron oxide. The quartz grains in the matrix have a rim of 
secondary silica giving them a rounded appearance. 

lmm 

Plate 4.14 
Photomicrograph of thin section, (Sample 2234/8), Jn transmitted light; 
The patchy chlorite in this altered rhyolite from the Cerro Colorado 
stockwork is suggestive of feldspar replacement. 
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Plate 4.15 
Photomicrograph of thin section, (Sample 2217/9), in transmitted light 

under crossed polars; The original basalt mineralogy has been replaced 
by fine grained sericite and calcite with laths of iron oxide. The 

polycrystalline aggregates of quartz may represent former vesicles. 

Plate 4.16 
Photomicrograph of thin section, (Sample 1424/9), in transmitted light 
under crossed polars; The original rhyolite fabric is preserved in this 
5aMple but the extensive fracturing and the development of sericite is 
suggestive of the early stages of hydrothermal alteration. 
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Tuffaceous units respond readily to hydrothermal alteration, with the 

result that highly sericitised felsic tuffs, such as that shown in Plate 

4.18, and highly chloritised mafic tuffs, may be found in areas which are 

some distance from known mineralised centres. As mentioned in Sections 

4.2.2 and 4.2.4, the metamorphic mineral assemblages of the finer grained 

felsic and mafic tuffaceous units are dominated by sericite and chlorite 

reraPectively, with the reault that it ia much more difficult to 

distinguish the effects of metamorphism and the effects of hydrothermal 

alteration in tuffaceous deposits. 

4.3.3 Silicification. 

In the outer parts of the alteration halo the basalts are locally 

silicified. This silicification, which is characterised by an increase in 

silica in the matrix and the appearance of quartz as a vesicle infilling 

at the expense of calcite, appears to accompany the increase in 

secondary sericite and chlorite associated with mild hydrothermal 

alteration. Vesicles in the intensely altered basalts of the stockwork 

zone are also infilled by quartz (Plate 4.12), and chloritisation of these 

basalts appears to have been accompanied by a remobilisation of silica 

as shown in Plates 4.19 and 4.20. 

Silicification has been described in rhyolites to the north of Rio Tinto 

in the Campofrio area (Section 4.2.3). As these rhyolites are not 

associated with any known sulphide orebodies, the observed silicification 

cannot be explained in terms of hydrothermal alteration associated with 

mineralisation. There is no evidence in the Rio Tinto area of rhyolite 

silicification as a result of hydrothermal alteration. 
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Plate 4.17 
Photomicrograph of thin section, (Sample 2126/11), in transmitted light 

under crossed polars; Fragments of quartz, and some finer grained 
feldspar are preserved in this sericitised rhyolite. Sericite and iron 
oxide make up the bulk of the matrix and pyrite grains are alse present. 

Plate 4.18 
Photomicrograph of thin section, (Sample 4087/2), in transmitted light 
under crossed polars; Highlv altered crystal tuff. Fragmentary quartz is 
preserved in a matrix of sericite, quartz, and iron oxide. Compare the 
intense alteration of this tuff with that of the rhyolite in Plate 4.16, 
which is at a similar distance from the mineralisation. 
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Plate 4.1! j 
? hotomicrograph of thin section, (Sample 2246/. ý, ), in transmitted light 
under crossed polars; The secondary chlorite in this altered rhyolite 
from the Cerro Colorado stockwork is being overgrown by a later stage 
of fine grained silica. 

Plate 4.20 
? hotomicrograph of thin section, (Sample 2228/4), in transmitted light 
under crossed polars; There appear to have been two stages of 
silicification following chloritisation of this basalt. The first stage is 
represented by the fine grained silica of the matrix, the second by the 
quartz vein which cross-cuts the earlier fabrics. 
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4.3.4 Interpretation of the observed mineral zonation in the 

alteration halo. 

The broad mineralogical zonation observed in the Rio Tinto alteration 

halo (Fig. 4.01), is similar to that seen at the Millenbach massive 

sulphide deposit in Canada. The alteration at Millenbach was explained by 

Riverin and Hodgson (1980), as being the result of the chemical 

evolution of a Mg rich hydrothermal solution by progressive interaction 

with the host-rock: 

Fig. 4.02 shows the stability fields of chlorite and sericite in terms of 

the activities of Mg2,11, Kl*, and H-"*, the main components involved in 

reactions in the system. The first increment of fluid entering the 

discharge zone has a composition in the chlorite field and will react 

with the feldspar bearing, sericite free rock to form chlorite. As a 

result, the fluid will become depleted in Mgý- and relatively enriched in 

K'4'. Eventually, this enrichment in K* will cause the fluid to intersect 

the chlorite/sericite field boundary and sericite, rather than chlorite, 

will be formed in the outer parts of the alteration halo. Subsequent 

increments of Mg-rich fluid will react with earlier formed sericite 

according to the following equation (Riverin and Hodgson, 1980): 

3 sericite + 10 (Fe, Mg)2-- + 32H20 => 

2 chlorite + 3Si(OH), + 5Al(OH),, + 3K- + 22H- 

The shaded area in Fig. 4.02 represents the possible composition of a 
fluid which will react with sericite bearing rocks to form chlorite. The 

reaction between this fluid and sericite will result in the release of K-1- 

and H"', which can react with feldspar in the outer parts of the 

alteration halo, resulting in further sericite deposition. The process 

will be enhanced if the fluids in the discharge zone are boiling, 

allowing RxO and C02 to be partitioned into the vapour phase, thus 

increasing the activity of Mg relative to H-, and promoting chlorite 
deposition. The release of silica associated with the initial reaction 
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and also with the subsequent alteration of feldspar to sericite in the 

outer parts of the alteration halo may explain the silica remobilisation 

observed in the central parts of the alteration halo (Plates 4.19 and 

4.20), and the local silicification of basalt observed in the outer parts 

of the alteration halo (Section 4.3.3. ). 

If there is a large vertical hydrothermal gradient in the discharge zone 

then cooling a fluid which originates in the chlorite field may cause it 

to move into the sericite field, or even into the kaolinite field, towards 

the top of the discharge zone. This cooling effect can only take place 

where there is a high fluid f lux, or a low rate of water-rock 
interaction, and the fluid is unable to equilibrate completely with the 

host rock. In this way, the zone of intense sericitisation observed at 

the top of the Rio Tinto stockwork, and the presence of kaolinite in 

some of the highly altered tuffs of the footwall (Garcia Palomero, 1980) 

can both be explained in terms of cooling. 

Using the model outlined above, the mineral zonation observed in the 

alteration halo at Rio Tinto can be explained in terms of a progressive 

interaction between a Mg-rich hydrothermal fluid and the host rocks. The 

composition of this Mg-rich fluid was probably dominated by seawater, 

and the interaction between this hydrothermal fluid and the host rocks, 

as well as leading to the observed mineral zonation, should have left a 
lithogeochemical imprint on the rocks of the alteration halo. From the 

mineralogical evidence alone, one would expect to see an enrichment of 
Mg in the rocks of the discharge zone and an enrichment of K in the 

more distal parts of the alteration halo. The nature and potential of 

such lithogeochemical indicators will be discussed further in Chapter 5. 

4.4 Mineral Chemistry. 

A description of the analytical technique used for analysis of mineral 
grains is given in Appendix C. A complete set of results of micro - 
analysis of pyroxene, feldspar, chlorite, sericite, and epidote is given in 
Appendix F. 
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It has been shown in Section 4.3 that the tuffaceous deposits are highly 

susceptible to the effects of regional metamorphism and hydrothermal 

alteration. As a result, these highly weathered units are difficult to 

sample, and the fine grained assemblage of alteration minerals does not 

reflect the subtle variations of mineral chemistry preserved in the more 

homogeneous basaltic and rhyolitic flow units. In addition, the flow 

units can be correlated more easily in outcrop and between drill holes, 

allowing the effects of hydrothermal alteration to be studied in a 
single lithology at different distances from the mineralisation. For this 

reason the mineral analyses discussed below, and the lithogeochemical 
data discussed in Chapter 5, relate to basaltic and rhyolitic flow units 

unless otherwise stated. 

4.4.1 Pyroxene. 

Pyroxene is preserved in the basaltic flows unaffected by hydrothermal 

alteration, although it is variably altered to chlorite as a result of 

regional metamorphism and/or seafloor metasomatism. Compositionally, the 

pyroxenes are unzoned and fall in the augite field according to the 

classification of Poldevaart and Hess (1951), shown in Fig. 4.03. The 

pyroxenes are a primary phase in the basalts and are best preserved in 

thick, massive basalt flows. No fresh pyroxenes have been found in the 

chloritised and sericitised pillow basalts of the Rio Tinto area. 

4.4.2 Feldsl2ar, 

The feldspars of the rhyolites show little variation in composition (Fig. 

4.04), with the vast majority of analyses falling in the range Or, Ab5,,,, 

to Or. %Abss,, i. e. the secondary albite phenocrysts discussed in Chapter 3. 

A second group is represented by some matrix grains and the cores of 

some altered phenocrysts which have a compositional range of between 

Or2, c, and Ors, (>. This may reflect the original composition of feldspar in 

the rhyolite, or alternatively the development of alkali feldspar may be 

due to increased fel- activity as a result of hydrothermal alteration. 
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Compositions of pyroxene in the Rio Tinto basaltic rocks 
expressed in terms of the end-members Wo-En-Fs. 
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The feldspars of the basaltic lavas (Fig. 4.05), are similar in 

composition to those of the rhyolites with plagioclase compositions 

ranging from An2Ab. 8 to AnjOAbqG in relatively unaltered basalt. The 

more calcic nature of this plagioclase compared to that of the rhyolites 

may reflect the more calcic nature of the primary plagioclase in the 

basalt. Hydrothermally altered basalts contain grains of alkali feldspar, 

ranging in composition from Orgc, to Orgs, this is probably due to 

increased K"' activity in the alteration halo. 

4.4.3 Chlorite. 

Chlorite is best developed as a result of hydrothermal alteration 

although fine grained chlorite is also present as a result of regional 

metamorphism. Most of the analyses of chlorite presented here are from 

hydrothermally altered samples containing relatively coarse grained 
chlorite and the composition of this chlorite can be assumed to reflect 

conditions of hydrothermal alteration. 

The general formula for chlorite is given as: 

(Mg, Fe, Al)12(Si, Al), 3020(OH)Igs (Deer et al. 1966) 

Three principal substitutions occur within the chlorite structure (Deer 

et al. 1966) 

1) In the tetrahedral sites Alxv substitutes for Si within the range 

Si7 (Al)-"-* to Si 4 (AD4 xv 

2) In the octahedral sites Alvx substitutes for (Mg, Fe) within the range 
(Mg, Fe), I (ADv' to (Mg, Fe)8 (A14)v". 

3) There can be any amount of substitution of Fe: 2, *, for Mg with the 

ratio Fe-t*: Fe2, "+Mg, ranging from zero to one. 

It is assumed here that the Rio Tinto chlorites are unoxidised i. e. 
FeýzOq < 4%. Water and CO. have been recalculated, and the wt. percent 
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Or 

Figure 4.04 
Compositions of feldspar in the rhyolite flow units 
expressed in terms of the end-members An-Ab-Or. 

Or 

Ab An 

Figure 4.05 
Compositions of feldspar in the basaltic flow units 
expressed in terms of the end-members An-Ab-Or. 

Ab An 
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analyses converted to mineral formulae on the basis of 14 equivalent 

oxygen atoms. The results are given in Appendix F. 

Fig 4.06 shows the classif ication of the Rio Tinto chlorites using the 

nomenclature of Hey (1954). Fig 4.06 also illustrates the broad range of 

substitutions of Al for Si, and of Fe for Mg in the chlorite structure. 

The chloritee in the baealtic rocke plot mainly in the pycnochlorite 
field with some overlap into the ripidolite field. The chlorites of the 

rhyolitic: units plot across both the pycnochlorite and ripidolite fields. 

All the chlorites show limited variation of Sil-* in their structure, 

while the Fe/Fe+Mg ratio of the chlorites ranges from 0.3 to 0.8, 

implying extensive substitution of Fe2"' for Mg, the extent of this 

substitution is further illustrated in Fig. 4.07. The Fe/(Fe+Mg) ratio is 

an important parameter in chlorite chemistry as it controls the degree 

of pleochroism and the interference colour of the mineral in thin 

section (Saggerson and Turner 1982), allowing the chemistry of chlorites 
Eo be determined qualitatively by petrological examination. For example, 

the deep blue interference colour of the chlorite in Plate 4.12 is 

suggestive of an Fe-rich composition. 

The variation of Si1v in the chlorite structure (Fig 4.06), is due to the 

substitution of Sizv by Alxv which is further illustrated in Fig. 4.08. 

The basalts show an increase in Alxv with increasing Fe/Fe+Mg while the 

rhyolites show a slight- decrease. It has been suggested that the 

variation of All" in the chlorite structure may be related to 

temperature (Walshe, 1986), and Cathelineau and Nieva (1985) correlated 
Alzv in chlorites from the Los Azufres geothermal field with temperature 

to give a broad geothermometer. If the Rio Tinto chlorites are plotted 

on this geothermometer (Fig. 4.09), they lie in the temperature range 
200*C to 300*C. 

The chemistry of chlorite at Rio Tinto is variable depending on the 

degree of hydrothermal alteration. For example chlorites in rhyolite from 
the stockwork zone have values of Alz'-' as high as 2.6, while chlorites 
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Fixure 4.07 
Composition of chlorite in rhyolite and basalt illustrating 
the degree of octahedral substitution. 
(After McLeod and Stanton, 1984). 
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from rhyolites unaffected by hydrothermal alteration have values of All"', 

of around 2.4. This would support the idea that AlIv in chlorite 

increases with increasing temperature, with the highest values of Al'v 

found in chlorite from the stockwork zone. Compositional variations in 

chlorites from basaltic rocks can be illustrated in more detail using the 

drill hole section from the western part of the Rio Tinto anticline (Fig. 

3.04). In this profile there is a relatively good control on the distance 

of the sample from the discharge zone of the hydrothermal system, 

represented by the stockwork mineralisation. Fig 4.10A shows the 

variation of All" content of chlorite in basalts along this profile and 

confirms the observation made above, that the Alzv content of chlorite 
tends to increase in the vicinity of the mineralisation. 

Another parameter which tends to vary with distance from mineralisation 
is the Fe/(Fe+Mg) ratio of chlorite. In the rhyolites this ratio is 

around 0.5 in the extremely hydrothermally altered rocks of the 

stockwork zone and increases to a maximum of 0.7 in chlorite from 

rhyolites unaffected by hydrothermal alteration. A similar trend of 
depleted Fe/(Fe+Mg) ratios in chlorites associated with massive sulphide 

mineralisation has been observed in many other deposits including the 

Seneca prospect in British Columbia, and the Archaean Corbet mine in 

Quebec (Urabe et al., 1983), as well as the Sulitjelma deposit, Norway 

(Cook, 1987). As shown in Section 4.3.4, the original composition of 
hydrothermal fluid is thought to have been Mg rich, thus explaining the 

observed decrease in the Fe/(Fe+Mg) ratio of chlorites in the central 
discharge zone. The same model cannot be used to explain the trends seen 
in chlorites from the basaltic sequence on the western end of the Rio 
Tinto anticline. These chlorites exhibit Fe/(Fe+Mg) ratios that decrease 

with distance away from the discharge zone, from about 0.6 associated 
with the stockwork (Fig 4.10B), to 0.45 in relatively unaltered basalts 
2-3km away from mineralisation. It should be noted however, that 

chlorites from both the basalts and the rhyolites trend towards similar 

values of Fe/(Fe+Mg), i. e. between 0.45 and 0.55, in the central stockwork 
zone. 
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FiRure 4.10 
Variations of chlorite composition in basaltic flow units with 
distance from mineralisation: 

4.10A: Variation of All"' with distance. 

4.10B: Variation of Fe/(Fe+Mg) ratio with distance. 
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4.4.4 Sericite. 
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Fine sericite occurs as a result of hydrothermal alteration in all the 

lithologies studied, however, it is only in the more intensely altered 

samples-that white mica develops coarse enough flakes for the 

composition to be determined by EPMA. The results of analyses of 

earicite from hydrothermally altered baealte and rhyolitee are given in 

Appendix F. Totals are slightly low suggesting that these sericites 

contain a higher proportion of 160 than is normal in muscovite. The 

general formula of muscovite is given as: 

K2Al+ (S4A1202o) (OH, F), + (Deer et al. 1966) 

Within this ideal formula numerous substitutions can occur of which the 

most common are the following: 

a) Margaritic substitution of Ca-Al for K-Si 

b) Pargasitic substitution of Na for K 

c) Phengitic substitution of Fe-Mg for Al in octahedral sites. 

In the sericites studied here, it is the latter substitution (phengitic) 

that is most important and this is reflected in Fig. 4.11, a plot of the 

atomic proportion of Fe, Mg, Ti, and tetrahedrally coordinated silica 

[Fe+Mg+Ti+(Si-6)], against atomic proportion R3- (After Tracy, 1978). 

The Fe/Fe+Mg ratio of white mica is constant in the hydrothermally 

altered basalts (0.3-0.4), but is more variable in the altered rhyolites. 

The Fe/Fe+Mg ratio of sericite in rhyolite tends to increase with 

distance away from the mineralisation from around 0.2 in stockwork 

samples to 0.8 in samples from the outer part of the alteration halo, 

this increase has been explained above (for chlorite), as being due to 

the presence of an Mg-rich hydrothermal fluid in the central discharge 

zone. 

In some massive sulphide deposits, white micas associated with 
hydrothermal alteration contain significant amounts of Ba, e. g. up to 
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1.3% BaO in white micas from altered volcanics at Sulitjelma, Norway 

(Cook, 1987). Although the rocks of the Rio Tinto area show an overall 

enrichment in Ba, and barite is locally present (Garcia Palomero, 1980), 

the maximum BaO observed in white mica is 0.6% in a sericitised rhyolite 

from the immediate footwall. The low levels of BaO in white micas at Rio 

Tinto are probably due to the fact that Ba is present as very fine 

grains of barite within the rock matrix, rather than being incorporated 

into sericite. 

4,4.5 Epidote. 

Epidote is found as a metamorphic mineral in samples unaffected by 

hydrothermal alteration and develops quite coarse aggregates in the 

outer parts of the alteration halo. Fine grained epidote is a common 

constituent of the matrix in both the mafic and felsic volcanics but 

this matrix epidote is too f ine grained for analysis by EPMA. The 

results of epidote analysis given in Appendix F refer to coarser 

euhedral grains and aggregates which are often associated with albite 
phenocrysts. These grains show no evidence of internal zoning and are 

considered to be chemically homogeneous. The main substitution which 
takes place in the epidote structure is that of Fe: 3-** for Al between the 
two end-members 

Ca: zAl3Si. gOja(OH) (Clinozoisite) 

Ca2(Fe3l)Al2Si3Oj2(OH) (Epidote) 

The degree of this substitution is expressed in terms of the Pistacite 

(Ps) content of the mineral where %Ps = 100(Fe/Fe+Al)oc-r. The Ps content 

of the Rio Tinto epidotes is also given in Appendix F and it can be seen 
that the Rio Tinto epidotes are iron rich, with the majority falling in 

the compositional range Ps2O to Psa,,. The massive basalt flows give 

epidote compositions of between Ps,, and Ps-le. 
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The Fe-rich nature of the Rio Tinto epidotes is also illustrated in Fig 

4.12 where they plot in the Fe-epidote field according to the 

classification of Holdaway (1972). There is no obvious explanation for 

the compositional trends which do not appear to be related to the degree 

of hydrothermal alteration. It is generally assumed that the composition 

of epidote is related to the host rock composition. 

Epidote may also contain appreciable amounts of Mn: - 

Ca: 2(Mn, Fe-3",, Al)2AI, OH(Si2O7)(SiO,, ) = Piemontite 

Up to 0.7 wt. % MnO is present in epidotes from rhyolite on the Rio Tinto 

anticline. This enrichment of Mn may reflect enhanced levels of Mn in 

the host rock prior to epidote growth, as a result of hydrothermal 

alteration. 

4.5 The Intrus ve Rocks 

4.5.1 Classification of the intrusive rocks. 

In this section, the main intrusive complex which outcrops in the 

Campofrio area (Fig. 2.02). to the north of Rio Tinto will be considered. 
The smaller mafic stocks which occur further south, and which have been 
described in Chapter 3, will not be discussed further as they are heavily 

altered and are volumetrically of little significance. The sample 
locations for the intrusives discussed below aLre shown in Fig. 3.08. 

The Campofrio intrusives show a wide range of compositions as is 

reflected in the results of whole rock major and trace element analysis 

presented in Appendix El. In previous studies these intrusives have been 

described as a trondhjemitic suite (Aparicio et al., 1977; SchUtz et al., 
1987), on the basis of petrological and geochemical data. The Campofrio 
intrusives also describe a trondhjemitic trend on the Q-Ab-Or, and 
K-Na-Ca ternary diagrams of Barker and Arth (1976) which are used to 
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discriminate between a normal calc-alkaline intrusive trend and a 

gabbro-trondhjemite trend (Figs. 4.13, and 4.14). 

The intrusives can be classified according to the An-Ab-Or ternary 

diagram of Barker (1979), which is shown in Fig. 4.15. The Campofrio 

intrusives for which whole rock geochemical data is available all plot in 

the tonalite and trondhjemite fields. Petrological examination suggests 
that a small volume of more granitic material is also present. 

4.5.2 Petrology of the intrusive rocks. 

In the field, fresh outcrops of black and white speckled tonalite (Plate 

4.21; Sample Rcý" OM1,88/92, Q15, GM, GD, appear to the east and west of 

Campofrio. This is the most common intrusive rock type outcropping in 

the area. Zoned plagioclase and hornblende make up the bulk of the rock 

which in places may be quite coarse grained. The zonation of plegioclase 
is illustrated in Fig. 4.16, with the unaltered phenocrysts having calcic 

cores and more sodic rims. Small interstitial perthitic feldspar grains 
are also present, and sericitic alteration of plagioclase is common. 
Euhedral hornblende occurs along with dark brown, Ti-rich, biotite which 
is variably altered to chlorite. Microanalysis of the hornblende 

(Appendix F), shows it to be a ferro-hornblende containing up to 25 wt% 
FeO (total iron). Quartz is also present as an interstitial phase and 
commonly exhibits undulose extinction. Accessory minerals include 

sulphides, epidote, and high birefringence phases which have been 
identified as sphene and rutile (SchUtz et al., 1987). 

The Gil Marquez gneiss shown in Plate 4.22, and discussed in Chapter 3, 
is an example of a highly deformed tonalitic body. Plagioclase and 
hornblende are the only phases that have remained relatively unaltered 
in a highly deformed and recrystallised matrix of quartz, feldspar. 

biotite, sericite and chlorite. There is a strong foliation developed 

throughout the matrix, particularly in the biotite rich zones. In places, 
the matrix quartz has been recrystallised into polygonal mosaics. 
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Figure 4.13 
Campofrio intrusive suite plotted on the Qz-Ab-Or ternary 
diagram of Barker and Arth (1976). 
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Figure 4.14 
Campofrio intrusive suite plotted on the K-Na-Ca ternary 
diagram of Barker and Arth (1976). 
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Fixure 4.15 
Classification of the Campofrio intrusives based on the 
An-Ab-Or ternary diagram of Barker (1979). 
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Plate 4. ý! 
Photomicrograph of thin section, (Sample GI), in transmitted light under 
crossed polars; Fine grained intrusive tonalite with hornblende as the 
main ferromagnesian mineral in a matrix of plagioclase with minor 
interstitial quartz. 

Plate 4.22 
Photomicrograph of thin section, (Sample GM), in transmitted light under 
crossed polars; Highly deformed tonalite with a strong fabric emphasised 
by biotite remobilisation. Quartz feldspar and some amphibole phenocrysts 
are preserved. 
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Fresh trandbJesite outcrops to the north and west of Campofrio (Samples 

Q13 and QW. The main bulk of this rock is made up of granular quartz 

and zoned plagioclase as shown in Plate 4.23. The zonation of plagioclase 
in the trondhjemites (Fig. 4.16), is similar to that observed in tonalite 

but with a greater compositional variation between core and rim. Many of 
the feldspar cores have been altered to sericite and the larger 

plagioclase phenocrysts may have perthitic rims. Grains of perthite also 

occur in the matrix. Dark brown biotite is present as large flakes and 

also as an interstitial phase, often altering to chlorite. Small euhedral 
hornblende grains and accessory sulphides are present in the matrix. 

Sample Q14 (Plate 4.24), from a trondhjemite outcrop to the north of 

Campofrio, is further evidence that these intrusives have been deformed. 

The foliation developed in this rock is nýt as great as that observed in 

the Gil Marquez gneiss but there is evidence of brittle deformation, 

resulting in the pervasive fracturing of quartz and feldspar. Chlorite, 

after biotite, is remobilised into these fractures. 

Pale pink adameMtA shown in outcrop in Plate 3.15, occurs as veins and 

pods in tonalite. The adamellite is often heavily altered and the main 

components of the rock can only be identified as quartz and a feldspar 

of unknown composition, which is almost completely sericitised. Secondary 

chlorite and coarser grained white mica occur as interstitial phases 

along with minor epidote. 

4.5.3 Mineralisation and hydrothermal alteration. 

The intrusive body which outcrops to the west of Campofrio in the Odiel 

Quarry has been hydrothermally altered and hosts the porphyry style 

mineralisation described in Chapter 3 (Plate 3.16). This intrusive can be 

classified as a trondhjemite according to Fig. 4.15. In thin section, 
Plate 3.25, it can be seen that the main component of this intrusive is 

a myrmekitic intergrowth of plagioclase and quartz which is often 
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Plate 4.23 
Photomicrograph of thin section, (Sample Q13), in transmitted light under 
crossed polars; Medium grained trondhjemite with strongly zoned 
plagioclase, altering to sericite, and interstitial quartz. Minor 

and bictite are also present. 

Plate 4.4-14 
Photomicrograph of thin section, ýSample Q! 4.,, in transmitted light under 
crossed polars; Deformed trondhjemite with remcbilisation of finer 
grained material into fractureE and alteration of ferromagnec-ian phases 
to chlorite. 
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developed around a small feldspar nucleus. The plagioclase of the 

intergrowth has a compositional range of between Ano and An,, but, like 

the feldspar of the nucleus, it is variably altered to sericite. Isolated 

grains of plagioclase also occur in the matrix and these have a similar 

composition. Quartz is the main interstitial phase, and chlorite, or very 

rarely biotite, is present in the matrix. Mineralisation, shown in Plate 

3.26, is in the form of discontinuous veinlets of pyrrhotite and pyrite 

which may be up to 1cm wide. 

The myrmekitic intergrowth observed in these intrusives can be explained 

in a number of ways. It is possible, but unlikely, that it represents a 

eutectic intergrowth, such as that described by Coleman and Donato, 

(1979), in so-called oceanic plagiogranites from Oman. Alternatively, the 

texture could simply represent Na-metasomatism of the original K- 

feldspar (Barker, 1970), under similar conditions to those discussed in 

section 4.2 for the albitisation of feldspar in the volcanic rocks. The 

myrmekitic intergrowth has not been observed in the unmineralised 

tonalites and trondhjemites described previously, and the development of 

this intergrowth, together with the proportion of chlorite and sericite 

in the matrix, increases in the vicinity of the sulphide veinlets. The 

petrological evidence suggests that the intergrowth is related to 

mineralisation of the intrusives, which implies that Na-metasomatism is 

a feature common to both the volcanics and the mineralised intrusives. 

4.5.4-Rare earth element geochemistry of the intrusive rocks. 

Chondrite normalised rare earth element plots for the intrusive rocks 

are given in Fig. 4.17. Tonalitic material has a flat REE profile with a 

small negative Eu anomaly developed in Samples Q15 and OM2. Overall REE 

levels are low in the tonalites, although the higher levels of the LREEs 

and the presence of a Eu anomaly in samples Q15 and OM2 suggest that 

these units are more evolved than sample Gl. Sample GM, the deformed Gil 

Marquez gneiss has a similar profile to samples Q15 and OM2 but with 
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Plate 4.25 
Photomicrograph of thin section, (Sample Q10), in transmitted light under 
crossed polars; Altered trondhjemite associated with porphyry style 
mineralisation. The main fabric of the rock is composed of a myrmekitic 
intergrowth of quartz and plagioclase, with small plagioclase grains in 
the matrix and interstitial quartz. 

Plate 4. -:, - Photomicrograph of thin section, (Sample Q4), in transmitted light under 
crossed polars; Mineralised tronhdiemite with opaque veins of pyrrhotite 
cross-cutting the trondhjemite fabric. 
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elevated overall concentrations of the REEs. The elevated concentrations 

of the REEs may be due to mobility of REEs in this highly deformed and 

altered intrusive, or they may represent a residual concentration of REEs 

due to the volume changes accompanying deformation and alteration. A 

further possibility is that the REE pattern of the Gil Marquez gneiss is 

due to its original composition being more highly evolved, possibly 
trondhjemitic, despite it being classified as a tonalite on the basis of 
its CIPW normative composition (Fig. 4.15). 

The trondhjemites show varying levels of REEs depending on the degree 

of evolution of the intrusive. With increasing evolution and feldspar 

fractionation overall REE contents increase, as does the size of the Eu 

anomaly. The most highly evolved intrusive body is sample 88/102 which 
represents the chilled margin of one of the felsic dykes which are found 
in the main body of tonalite to the north of Campofrio (Chapter 3). The 

mineralised trondhjemite, sample Q11, has a similar profile to the 

unaltered trondhjemite (Q13), except for the stronger Eu anomaly and 
slightly higher rare earth element concentrations overall. The enhanced 
Eu anomaly and the higher concentrations of REEs could be due to the 

effects of hydrothermal alteration although they could also be taken to 
imply that the mineralised trondhjemite is more highly evolved than the 

unmineralised trondhjemite Q13). 
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GEOCHEMISTRY OF THE HOST AND COUNTRY ROCKS. 

5.1 Introduction. 
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The results of major and trace element analysis of 49 rhyolitic samples 

and 40 basalts, reflecting the various degrees and types of alteration 

present in the area, are given in Appendix E. Sample locations with 

reference to Figs. 3.02 (enclosure), 3.03,3.04,3.05, and 3.08, are given 

in Appendix B, and the analytical techniques are described in Appendix C. 

As with the mineral chemistry presented in Chapter 4, the 

lithogeochemical data discussed here refer to homogeneous rhyolitic and 
basaltic flow units unless otherwise stated. There are several reasons 

why sampling was confined to flow units. Firstly, the flow units can be 

correlated in the field and also in boreholes, allowing the effects of 
alteration to be monitored in a single lithology at different distances 

from the mineralisation. Secondly, the thicker flow units are likely to 

reflect the subtle changes in chemistry associated with various types 

and degrees of hydrothermal alteration, unlike the pyroclastic deposits 

which are highly altered throughout the area. Where possible the central 

parts of the flow were sampled to avoid the potential effects of 

contamination at the flow margins. Generally rhyolitic clasts in 

pyroclastic deposits, such as samples 070 and X5, were also avoided as, 
like all pyroclastic material, they are more susceptible to alteration 
than the thick flow units. 

There are two main aspects to be addressed in any study of 
lithogeochemistry in the Rio Tinto area. Firstly, there is the question 
of the primary geochemistry of the rocks of the volcanic sequence and 
their relationship with the Campofrio intrusive suite to the north. 
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Secondly, there are the effects of hydrothermal alteration which will be 

considered in several ways: 

a) Can the effects of hydrothermal, alteration be distinguished 

geochemically from the effects of regional metamorphism and seafloor 

metasomatism? 
b) Are there any systematic changes in the chemistry of the volcanic 

rocks which reflect increasing levels of hydrothermal alteration? 

c) What do the observations made in (a) and (b) reveal about the 

mobility of chemical components within the system and how does this 

mobility compare with conventional models of mass transfer in 

hydrothermal systems associated with massive sulphide mineralisation? 

5.2 Major Elements as Indicators of Hydrothermal Alteration 8nd 

Regional Metamorphism, 

The entire suite, regardless of degree of alteration, can be plotted on 
the discriminant diagram of Floyd and Winchester (1978), which is used 
to characterise altered and metamorphosed rocks in terms of magma 

series and degree of differentiation (Fig. 5.01). The elements Zr and Ti 

are used to discriminate the various rock types as these elements are 

considered to be the least mobile elements during hydrothermal 

alteration (Finlow-Bates and Stumpfl, 1981), and metamorphism. SiO. is 

used as a differentiation index, although some of the felsic volcanics at 

Rio Tinto are clearly silicified (SiO. >80 wt%). This plot confirms that 

even the most altered samples can be classified as rhyolite or basalt, 

with the most of the basalts plotting in the sub-alkaline field. 

The petrological effects of hydrothermal alteration and metamorphism 
have been discussed in Chapter 4. The main petrological effect of low 

grade metamorphism is the development of albite as a phenocrystal phase 

at the expense of the primary feldspar, while the main effect of 
hydrothermal alteration is the development of sericite and/or chlorite in 

the vicinity of the mineralisation. These petrological effects should be 

reflected in the major element geochemistry of the volcanic rocks. 
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The effects of Na and K metasomatism can be distinguished using the 

K2_0+Na2O vs. KaO/(Ký()+NaaO) alteration diagram of Hughes (1973). This 

plot defines three compositional fields: "Normal" igneous rocks, K- 

metasomatism, and Na-metasomatism. Rhyolites from the Rio Tinto area are 

plotted on this diagram in Fig. 5.02. The rhyolites collected in areas 

remote from mineralisat ion mainly plot within the field of "normal" 

igneous rocks i. e. rocks which have not been affected by Na-or K- 

metasomatism. Altered samples fall outside this field, with the majority 

of the altered samples showing evidence of 
I 
K-metasomatism, presumably 

associated with hydrothermal alteration. This plot also indicates that 

some samples have been affected by Na-metasomatism, which most 

probably reflects seawater interaction at the time of deposition. If the 

same plot is applied to the basaltic rocks (Fig. 5.03), it can be seen 

that the majority of the basalts plot outside the field of normal 

igneous rocks, with evidence of both Na- and K- metasomatism. Basalts 

from the central parts of the alteration halo, associated with chloritic 

alteration and stockwork mineralisation, have values of Na2.0+K=O < 1% 

suggesting a marked depletion of both KzO and NazO in the chloritised 

basalts of the stockwork. 

The Hughes' diagrams of Figs 5.02 and 5.03 provide an initial way of 

grouping the volcanics according to the type of alteration present, based 

on lithogeochemical criteria. While Figs. 5.02 and 5.03 can be used to 

distinguish different types of alteration, they cannot be used as a 
quantitative measurement of the degree of alteration. 

Some of the rhyolitic samples which plot in the field of "normal igneous 

rocks" in Fig. 5.02, contain up to 78% SiO7-, with the maximum SiO2 

content of least altered rhyolite being around 82%. The normal range of 
SiO. reported from rhyolites in the literature is between 70% and 75% 

(Barker, 1981), although high silica rhyolites containing up to 77.5 wt% 
SiOz occur as lava flows and ash flows e. g. The Bishop Tuff formation, 

(Hildreth, 1979). The least altered rhyolites of the felsic volcanic group 
in the Rio Tinto area are chemically similar to these high silica 

rhyolites but it can be assumed that values of SiOz greater than 78% 
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Figure 5.02 
K-20-tNa2O vs. K20/(K-zO+Na2O) plot showing the types of alteration 
present in the Rio Tinto rhyolites in terms of Na- and K- 
metasomatism. (After Hughes, 1973). 
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are a result of silicification of the original rhyolite. The effect is 

most obvious in the highly silicified samples, (SiO2. > 80%), the majority 

of which come from the northern part of the mapping area. 

The majority of the rhyolites from the southern part of the area which 

plot in the field of "normal igneous rocks" in Fig. 3.02, have SiO2 levels 

of around 78% which may reflect a slight silicification associated with 

mild hydrothermal alteration. This silicification is not obvious in thin 

section and is unlikely to significantly affect the whole rock levels of 
other chemical components by dilution. In the discussion below of the 

chemical evolution of the volcanic series, the rhyolites which fall 

within the field of "normal" igneous rocks in Fig. 5.02, and which contain 
<80% SiO., will be taken to represent the least altered rhyolites in the 

area. 

The presence of silicified basalt in the area has been discussed in 

Chapter 4. Of the basalts which fall in the "normal" field of Fig. 5.03, 

only one sample (88/4). appears to be silicified which is to be expected 

as this sample is located at the outer margin of the alteration halo. 

With the exception of this sample, the rocks which classify as "normal" 

basaits in Fig. 5.03 will be taken as representative of the least altered 
basalts in the area. 

5.3 Geochemical Evolution of the Volcanic Series. 

In this section the chemistry of the least altered volcanics will be 

considered. As defined above, the least altered volcanics are those 

samples which show no evidence of Na- or K-metasomatism, or extreme 

silicification. The results of whole rock major and trace element 

analysis of the least altered volcanics are given in Appendix E (Table 

ED, and the calculated C. I. P. W. normative compositions of these samples 

are given in Table E4. The broad chemical characteristics, and the 

classification of the intrusive suite have already been dealt with in 

Chapter 4, but will be discussed further here in terms of the possible 

comagmatic relationship between the intrusives and the volcanics. 
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An initial confirmation of the classification of the least altered 

volcanics as basalts and rhyolites is shown in Fig. 5.04, the An-Or-Ab 

ternary diagram of Irvine and Baragar (1971). Diagrams such as this can 

only be used to classify the least altered volcanic rocks due to the 

demonstrated mobility of Na and K during alteration. The least altered 

volcanic rocks plot within the acceptable range for relatively unaltered 

igneous rocks, at the extremes of the basalt and rhyolite fields, 

although some of the "least altered" rhyolites have Na-rich compositions 

according to this diagram which may reflect mild seafloor metasomatism. 

5.3.1 Malor element oxides. 

The ranges and mean values of the major elements in the various rock 
types are summerised in Fig. 5.05. The Harker plots for major element 

oxides in the least altered volcanics and the intrusives are shown in 

Fig. 5.06. In both figures, there would appear to be compositional 

affinities between the tonalitic intrusives and the basalts, and between 

the trondhjemitic intrusives and the rhyolites. On the Harker plots of 
Fig. 5.06, the two groups plot on reasonably continuous compositional 

trends with the majority of the tonalites and basalts having a range of 
SiO2_ of between 45% and 67.5%, and the trondhjemites and rhyolites 
having a range of SiQ2 of between 70% and 78%. 

The chemical trends shown in Fig. 5.06 could be a result of fractional 

crystallisation. This is in keeping with the petrological evidence of 
Chapter 4 which suggests crystal separation of amphibole and biotite 

during the early stages of evolution of the intrusive series. Amphibole 

and biotite fractionation is also implied by the plots of CaO, MgO+Fe. 20,, 
AlaO3, and TiO2. against SiO2 (Fig. 5.06). PaO_% decreases with increasing 
SiOa, suggesting apatite fractionation early in the melt which is 

confirmed by the petrological observations of SchUtz et al., (1987). The 

zonation of feldspar phenocrysts in the intrusives (Fig. 4.16), is also 

consistent with processes of fractional crystallisation. There is a 

strong negative correlation between A1: 203 and SiO2 in the felsic 
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volcanics which is probably due to the fact that the most highly evolved 

rocks, the rhyolites, contain very little feldspar compared to the more 

mafic intrusives. The plot of Na2O vs SiOa confirms that even in these 

"least altered" samples, Na: 20 has been remobilised to some degree, with 
the plots of CaO and K20 vs. SiO2 also showing some scatter. 

There is more evidence of fractionation in the tonalites and in the 

basalts (SiOz < 67.5%), than in the felsic rocks which have a more 

restricted composition as would be expected in a viscous granitic melt. 

It is possible that the tonalites, and the trondhJemAeS represent the 

end members of a continuous fractionated series although intermediate 

compositions, with SiO. in the range 55-70 wt%, are poorly represented. 

This lack of intermediate material could be taken to imply that the 

tonalites and the trondhjemites evolved from different sources. The idea 

of two separate sources was proposed by MunhA (1983b), for the Pyrite 

Belt volcanics as a whole, which he described as bimodal. 

5.3.2 Trace elements 

Most of the trace elements behave in a predictable manner when plotted 

against SiOz (Fig. 5.07), although they show considerably more scatter 
than is present in the major element plots, particularly at higher levels 

of SiO2.. This may be due to analytical uncertainty at low concentration 
levels (Appendix C), or it may be due to effects of mild hydrothermal 

alteration and/or regional metamorphism which are not evident in the 

major element plots. 

As expected, levels of Rb increase with increasing SiCLZ, with Rb behaving 

in a similar fashion to KzO as a function of the original K-feldspar 

content. Sr behaves in a similar fashion to CaO and decreases with 

increasing SiO2. The incompatable elements Zr, Ba, and Y all increase 

with increasing SiO2 but show a wider range of values in the high silica 
rhyolites. The variation of Ba may be a function of the original K- 
feldspar content, the variation of Zr will be discussed further below. 
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Figure 5.06 
Major element oxides vs. SiO,:, Intrusives and least altered 
volcanic rocks. 
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The elements Sr, Cr, Cu, and Zn, all behave as compat i ble elements with 

very low concentrations in the more highly evolved rocks. Cu, an 
important constituent of the mineralisation, decreases from around 50ppm 

in the basalts, to less than 10ppm in the high silica rhyolite. Often 

levels of compatible trace elements in the most highly evolved rhyolites 

are below the detection limit of the analytical method (see Appendix C). 

5.3.3 Behaviour of Zr in high-silica rhyglite. 

It can be seen from Fig. 5.07 that the least altered rhyolitic rocks 

contain highly variable levels of Zr ranging from 300ppm to 60ppm. 

However, if all rhyolite samples are taken into account regardless of 

alteration, two populations of rhyolite can be distinguished based on 

their Zr content. This is illustrated in Table 5.01. Samples from the 

Odiel river section and from the El Campillo area to the west of Rio 

Tinto have levels of Zr generally <100ppm, while samples from the 

northern part of the area have levels of Zr >150ppm, and in most cases 
>200ppm. According to Finlow-Bates and Stumpfl (1981), Zr can be 

considered to be one of the most immobile of the trace elements and it 

seems unlikely that the observed distribution of Zr could be a result of 

alteration. It is possible that levels of Zr have been diluted as a 
result of silicification, but even intense silicification of the High-Zr 

rhyolites in the northern part of the area does not deplete the Zr 
levels to the levels of the Low-Zr rhyolites further south, suggesting 
that silicification alone cannot be the cause of the variation in Zr 

content between rhyolites in different parts of the mapping area. 

Mahood and Hildreth (1983), have shown that partition coefficients for 
trace elements such as Zr between phe-(Ioc-rjsýS and ýcx-35 in 
high silica rhyolites are much larger and more variable than the 

published values for less silicic compositions. The existence of Low-Zr 

and High-Zr rhyolites in the Rio Tinto sequence is comparable to the 

Low-Zr and High-Zr rhyolitic tuff units seen in the Ordovician volcanic 
series of Snowdonia (Leat et al., 1986; Campbell et al., 1987), where 
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Table 5.01 
S102 and Zr contents of High-Zr and Low--Zr rhyolite together with a 
summary of the alteration types present in the area. 

North Syncline: 

Alteration Type Mean SiOý% Mean Zr (ppm) 

Least altered 77.2 232 

Na-metasomatism 75.5 279 

K-metasomatism 76.7 237 

Silicification 86.6 144 

Other Areas-, 

Alteration Type Mean SiO.. % Mean Zr (ppm)- 

Least altered 76.6 85 

Na-metasomatism 76.7 98 

K-metasomatism 73.0 95 

Silicification 81.9 73 

the higher Zr concentrations are associated with a lower initial SiO: 2 

content. In the Snowdonia model, the low-Zr/high SiO;, rhyolites are 

considered to be the more evolved of the two groups with the reduction 
in Zr recording the progressive decline in the degree of evolution of 

the magma chamber. If this is the case then it would appear that in the 

Rio Tinto area, the rhyolites of the southern flank of the main syncline, 

which are associated with the Rio Tinto mineralisation, are the most 
highly evolved. 
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5.3.4 Relationship between the volcanics and the intrusive rocks, 

The field evidence for a comagmatic relationship between the felsic 

intrusives and the rhyolitic suite of the volcano- sedimentary sequence 
has been presented in Chapter 3. The compositional trends illustrated in 

the Harker diagrams (Fig. 5.06), and the geochemical affinities between 

the basalts and the tonalites and between the rhyolites and the 

trondhjemites, shown in Fig. 5.05, support this hypothesis. These 

geochemical affinities are further illustrated in the immobile element 

plot, TiOz vs. Zr, shown in Fig. 5.08. In Fig. 5.08, samples of unaltered 
trondhjemite from the study by SchUtz et al., (1987), have also been 
included to augment the data from this study. The mafic igneous group 

and the felsic igneous group plot in two distinct fields with a single 

sample (Q13), having a composition intermediate between the two. 

Unfortunately no age data is available for the intrusives. Attempts to 

obtain reliable Nd/Sm isochrons have failed, probably due to 

remobilisation of one or both of these elements during alteration or 

metamorphism (Sawkins pers. comm. ). It has been shown in Chapter 4 that 

these intrusives are much more highly deformed than was previously 
thought, and the alteration accompanying this deformation has probably 

affected the original isotopic ratios. 

While there is evidence that the entire suite may have been derived by 

fractional crystallisation of a tonalitic magma, it has been suggested by 

Soler (1980), and also by MunhA (1983b), that the more felsic magma may 
have been derived by partial melting of the basement, possibly due to 

the heat supplied by the rising mafic intrusives. In this area the oldest 

outcropping rocks are the Devonian schists of the Phyllite-Quartzite 

Group, although the Pulo de Lobo formation sediments to the north (Fig 
1.01), may be older. The possibility that partial melting of one or both 

of these sedimentary formations gave rise to the felsic igneous suite 

cannot be ruled out. 
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5.4 Element Mobility During Hydrothermal Alteration. 

On the basis of petrology, the hydrothermal alteration associated with 

mineralisation has been shown to be associated with the development of 

chlorite and sericite in various parts of the alteration halo (Chapter 

4). Hydrothermal alteration and metamorphism have also been discussed in 

terms of whole rock lithogeochemical variations (section 5.2), with the 

volcanics being divided into three broad alteration groups based on 

variations in whole rock Na2O and K., O, (Figs 5.02 and 5.03). 

The next step is to try to establish a quantitative link between 

lithogeochemistry and the degree of hydrothermal alteration. In this way 

it should be possible to establish the degree of mobility of various 

chemical components in the Rio Tinto hydrothermal system and to compare 
the chemical changes associated with hydrothermal alteration at Rio 

Tinto with those observed at other massive sulphide deposits. 

5.4.1 Geochemical zonation of the alteration halo. 

The lithogeochemical response to varying degrees of hydrothermal 

alteration can be demonstrated by plotting selected components against 
distance from mineralisation in a single lithology. Distance from 

mineralisation is easily calculated for drill core samples and samples 

collected from outcrop on the Rio Tinto anticline, but for other samples, 

particularly those collected outside the main mapping area, distance can 

only be estimated, +/- 2km, taking into account the structure of the 

area, illustrated in Fig. 2.04. 

In Japan, whole rock variations of Na, Ca, Mg and K around centres of 

massive sulphide mineralisation have been studied in detail, and Date et 

al., (1983) proposed an alteration index (A. I. ), which could be used as a 

guide to the degree of hydrothermal alteration: 

A. I. = MSO+K70/(MgO+CaO+Na2O+K20) Date et al. (1983) 
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This parameter is useful as it is sensitive to both the mobility of Mg 

associated with chloritisation, as well as to the effects of K- 

metasomatism associated with sericitisation, and can be used as a 

quantitative measure of the degree of hydrothermal alteration present in 

the rock. The variation of this alteration index with distance from 

mineralisation in the Rio Tinto volcanics is shown in Fig. 5.09. The 

"least altered" rhyolites and basalts both have A. I. values of between 

0.3 and 0.6. 

In the basalts there is a strong link between A. I., alteration type in 

terms of Na- and K-metasomatism (Fig. 5.03), and distance from 

mineralisation. Samples which have been affected by Na-meta50MatiSM, 

show a range of A. I. values between 0.3 and 0.4, and are mainly found 

with "least altered" basalts in the outer parts of the alteration halo. 

Samples which have been affected by K-metasomatism, including 

chloritised samples which are depleted in both Na and K, have much 

higher values of A. I., generally >0.9, and are all found within 2km of the 

mineralisation. The transition from relatively unaltered basalt (A. I. 

= 0.4), to intensely altered basalt (A. I. = 0.9) is very sharp and takes 

place between 1 and 2km from the mineralisation. 

In the rhyolites, the relationship between A. I., type of alteration, and 

proximity to mineralisation is more complex. The "least altered" 

rhyolites have values of A. I. between 0.3 and 0.6, while rhyolites which 

have been affected by Na-metasomatism have values between 0 and 0-ý, 

and rhyolites which have been affected by K-metasomatism have an A. I. in 

the range 0.6 to 0.9. In both the least altered rhyolites and the 

rhyolites affected by K-metasomatism, values of A. I. increase with 
increasing proximity to mineralisation, with the highest values of A. I. 

recorded in the K-metasomatised rhyolites of the stockwork zone. Unlike 

the basaltic rocks, the rhyolites record a gradual increase in A. I. over 

several kilometres. This may be due to the fact that interaction between 

hydrothermal fluid and host rock was more widespread in the rhyolites, 

or it may be simply a function of the increased mobility of certain 

chemical components in rhyolite. It is interesting to note that "least 
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altered" volcanics, both rhyolites and basalts, can be found as close as 

2km from the mineralisation, suggesting that hydrothermal alteration was 

not a blanket effect, but was confined to particular horizons. 

One group of four samples shown on Fig. 5.09, about 5km from the 

mineralisation, show anomalously high values of A. I. compared to the 

general trend. These samples are from the northern part of the mapping 

area and outcrop about 3 km from the Pefta de Hierro pyrite orebody, and 

only 1km from the much smaller Chaparrita orebody, both located on the 

northern flank of the syncline. The high values of A. I. displayed by 

these samples probably reflect hydrothermal alteration associated with 

one, or both of these orebodies, rather than with the Rio Tinto deposit. 

This Illustrates an important point in the Pyrite Belt where the 

alteration halos of several sulphide deposits of varying sizes may 

overlap. 

Figs. 5.10, and 5.11, show the variation of selected major and trace 

elements in volcanic flow units with distance from mineralisation. As 

expected whole rock values of Fe, 203+MSO, and the volatile content 

represented by loss on ignition (L. O. I. ), increase in the central part of 

the alteration halo where the main hydrothermal mineral is chlorite. 

A1203 retains fairly constant values which is not surprising as Al is 

considered to be a relatively immobile element. However, there appears to 

be a decrease in whole rock A12.0,9 in both the basalts and the rhyolites 
in the central parts of the alteration halo. The variation of SiOa in the 

alteration halo is interesting, with a slight depletion of SiO2 in 

rhyolite as the mineralisation is approached. In the basalts, SiO2 shows 

a wide range of values in the central stockwork zone, but the overall 
trend is towards enrichment. The local silicification of basalt observed 
in the outer parts of the alteration halo (Chapter 4), is evident in one 

sample about 4km from the mineralisation. There appears to be a slight 
depletion in SiCLz in basalts between 0.5km and 1.5km from the 

mineralisation. Unfortunately, there is a gap in the sampling between 2km 

and 4km due to the Culm cover. 
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Only the Low-Zr rhyolites are plotted in the Zr vs. distance plot of Fig. 

5.11 and there would appear to be an increase in the Zr content of these 

rhyolites in the vicinity of mineralisation. The Ba content of rhyolite is 

variable with the high values in some samples probably due to the 

formation of barite, particularly in the discharge zone. The highest 

levels of Ba (around 2000ppm), are recorded in the sericitised rhyolites 
which are found at the top of the stockwork, immediately beneath the 

sulphide lens. As expected, levels of Cu and Zn generally increase in the 

immediate vicinity of the sulphide mineralisation. 

The lithogeochemical variations shown in Figs. 5.09 to 5.11, combined 

with the petrological variations discussed in Chapter 4 make it possible 

to divide the alteration halo into three zones. These are described in 

Table 5.02. At distances in excess of 6km from the mineralisation it is 

impossible to distinguish the effects of hydrothermal alteration in 

either the basalts or the rhyolites. Geochemically the majority of 

samples are indistinct from the least altered volcanics discussed in 

Section 5.2. Petrologically they do not contain secondary minerals in 

excess of the chlorite and sericite one would expect to find as a result 

of regional metamorphism and seafloor metasomatism. 

5.4.2 Immobile element plots 

It has been suggested that certain elements such as Zr, Al, Ti, Y, Sc, 

and the REEs remain largely immobile during metamorphism, hydrothermal 

alteration, and weathering of volcanic rocks, (Floyd and Winchester 1978). 

While this may be true for relatively mild alteration processes it does 

not necessarily apply in cases where alteration has been extreme such as 
in the immediate footwall rocks of volcanogenic massive sulphide 
deposits, where only Ti and Zr have been shown to be immobile in 

previous studies, (MacLean and Kranidiotis, 1987; Finlow-Bates and 
Stumpfl, 1981). In order to show whether these elements can also be 

considered immobile in the Rio Tinto volcanics it is necessary to use 
immobile element plots such as those presented by MacLean and 
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Table 5.02 
Geochemical and petrological characteristics of the alteration halo 
associated with the Rio Tinto sulphide deposits. 

Distance from Main lithogeochemical 
Mineralisation Characteristics 

ZONE 1 6km A. I. < 0.5 in basalts 
but variable in 
rhyolite. 
Na-metasomatism of 
basalt. Both Na- and 
K-metasomatism of 
rhyolite. 

ZONE 2 

ZONE 3 

I- 3km 

0- lkm 

Variable A. I. in both 
basalt and rhyolite 
but generally < 0.8 
K- and/or Na- 
metasomatism of 
volcanics 
Volatile content and 
Fez0s+MgO increase 
slightly, SiO2, decreases 
slightly in rhyolite. 

A. I. > 0.9 for most 
samples. 
K-metasomatism of 
rhyolite, K20 and 
Na2O depleted in 
basalt. Fe203+MgO 
and volatile content 
both'show a marked 
increase in all rocks. 
Increased SiOz in 
basalt. 

Main Petrological 
Characteristics 

I 

Sericitisation, of 
rhyolite and mild 
sericitisation of 
basalt. 
Quartz appears as 
vesicle infilling 
in basalt. 

Sericitisation of 
rhyolite 
Chlorite and 
sericite present 
in basalt 

Chloritisation of 
basalt. Chlorite 
and sericite 
developed in 
rhyolite. 
Stockwork 
mineralisation 
may be present 
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Kranidiotis (1987), for the Phelps Dodge massive sulphide deposit, Quebec. 

The concentration of truly immobile, incompatible elements in a 
hydrothermal system will simply reflect volume changes accompanying 
hydrothermal alteration (Maclean and Kranidiotis, 1987). Addition of some 
other component such as MgO in the zone of chlorite alteration, will 
dilute the levels of immobile elements, while removal of a component 
such as silica by dissolution will concentrate them. It can be shown that 

any two immobile incompattble elements will retain constant inter- 

element ratios throughout the alteration process. Values of immobile, 
incompatible elements in both fresh and altered rocks plot on a common 
regression line, (Fig 5.12), which will pass through the primary bulk 

composition of the rock and should be distinguished from the normal 

evolutionary trends discussed in Section 5.3. 

Potentially immobile components in the Rio Tinto system were plotted 

against Zr (Figs. 5.13 and 5.14), which has been shown in previous 

studies to be one of the most immobile trace elements during 

hydrothermal alteration (Maclean and Kranidiotia, 1987, Finlow-Bates and 
Stumpfl, 1981). Zr also appears to be a sensitive index of 
differentiation in the rhyolites (Section 5.3.3), allowing alteration 
trends to be distinguished from normal evolutionary trends. The element 
is also present at levels well above the detection limit for the ICP, and 
can be analysed with relatively good precision (Appendix C). 

Plots of A1203, Sc, Y, and TiO; L against Zr for rhyolite are given in Fig. 

5.13. The plot of A120,, vs. Zr, and to a lesser extent the plot of TiOL, 

vs. Zr, demonstrate how alteration and evolutionary trends can be 

distinguished. Two separate alteration trends are present associated 

with the High-Zr and Low-Zr rhyolites, with samples of rhyolite from the 

alteration halo at Rio Tinto plotting on the Low-Zr trend, confirming the 

relationship between mineralisation and Low-Zr rhyolite. Of the two 

plots, TiO2. vs. Zr gives the best correlation suggesting that these were 
the least mobile elements in the system. Sc and Y when plotted against 
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Figure 5.12 
Alteration trends for mobile and immobile element pairs. 
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(A) = Mobile-Immobile element pair. Possible alteration trends: 
B-BI => Change due to addition or subtraction of mobile 

component at constant mass 
C-C' 0 Addition or subtraction of mobile component. 
D-D' 0 Change due to loss or gain of a mineral containing 

the mobile component. 

(B) = Two immobile elements: Alteration trends pass through the 
origin (0), and bulk composition M. Alteration and igneous 
trends may coincide for igneous incompatible pairs, and will 
diverge for compatible-incompatible pairs. Alteration trends 
are generated by gains and losses of mass of other components. 
F- F' 4- Fr*c+iancifion 

IMMOBILE 0 
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Zr do not show any strong linear trends and it is difficult to 

distinguish alteration from evolution. The spread of points in both of 

these plots suggests that Sc and Y were mobile during hydrothermal 

alteration. One of the problems with the plots shown in Fig. 5.13 is the 

fact that rhyolite samples which were classified as least altered 

according to Fig. 5.02, have immobile element concentrations suggestive 

of alteration. Clearly the alteration processes at Rio Tinto cannot 

simply be defined in terms of Na- and K- metasomatism. 

If the same elements are plotted against Zr for basalts (Fig 5.14), it is 

much harder to define evolutionary trends, and most of the plots show 

poor inter-element correlation. TiO;, and Y give broadly linear trends 

when plotted against Zr but as the alteration trend and the evolutionary 

trend cannot be distinguished, this cannot be taken as a reliable guide 

to the immobility of these elements. From the evidence of Fig. 5.13, and 
in the absence of any evidence to the contrary for'the basaltic rocks, it 

will be assumed that the conclusion of Finlow-Bates and Stumpfl (1981), 

that Ti and Zr remain relatively immobile during intense hydrothermal 

alteration, can be applied to the altered volcanics at Rio Tinto. 

5.4.3 Composition - Volume plots, 

The plots presented in Figs. 5.10 and 5.11 illustrate to a certain extent 
the overall enrichment or depletion of selected chemical components in 

various parts of the alteration halo. However, in order to be able to 

look in any detail at the net addition or removal of chemical components 

accompanying hydrothermal alteration, it is necessary to take into 

account the volume changes that have accompanied hydrothermal 

alteration. In this case Gresens' formula (Gresens, 1967), has been 

applied. This formula uses the whole-rock compositions and densities of 
fresh and altered material to calculate the gains and losses of chemical 

components relative to the volume change or the volume factor (F. ) 

accom panying alteration. 
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The general formula for the alteration reaction is given below: 

100 EF, (S93/SSA)(-' - C- ý y- (Gresens, 1967) 

F, = volume factor (F_=l => isovolumetric: reaction) 

sg = specific gravity 

C= wt. % of a component 

A= parent rock 

B= altered rock 

X, ý =% loss or gain of component (g/100g) 

g Immobile elements will show zero loss or gain (xc = 0), allowin the 

volume factor (F, ) for the reaction in question to be calculated. Once 

the F, for a reaction has been established then the loss/gain of the 

mobile components can be calculated. The main problem with this method 

is the necessary assumption that the compositions of A and B were 

originally the same. At Rio Tinto this problem is partly overcome by 

using variably altered samples from drill core, which are known to come 

from stratigraphically equivalent horizons (Fig. 3.04). This is only 

possible within the alteration halo and the primary composition of the 

altered volcanics must be assumed to be similar to the composition of 

the least altered material in the Rio Tinto area. In theory the method 

can be applied to trace elements as well as to major element oxides but 

the lower analytical precision for many of the trace elements, and the 

variability of trace element concentrations in the unaltered rock means 

that plots involving trace elements are unreliable. Having established 
the relative immobility of Zr and TiO2 in both the rhyolites and the 

basalts, and the low mobility of AlaO3 in the rhyolites (Figs. 5.13 and 

5.14), it is possible to solve the equation for volume factor (F, ) in the 

various parts of the alteration halo, and to establish the overall sense 

of element mobilIty in the system. 

Three zones have been established within the alteration halo in section 
5.4.1, (Table 5.02). using petrological and lithogeochemical criteria. In 
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Chapter 4, it was shown that the mineralogical variations in the 

alteration halo can be explained as the result of interaction between 

the host rock and a Mg-enriched hydrothermal fluid, with increments of 

hydrothermal fluid reacting with the footwall rocks to produce chlorite 

in the central stockwork zone and sericite in the outer margins of the 

alteration halo. Alteration most probably proceeded from the central 

parts of the alteration halo outwards with earlier formed sericite 

progressively replaced by chlorite. The three zones of the alteration 

halo presented in Table 5.02 can be considered as being representative 

of three stages in this progressive alteration of the host rock: 

Stage 1: The initial ef fects of hydrothermal alteration lead to 

sericitisation of the host rock, particularly of rhyolite, in Zone I of 

the alteration halo. 

Stage 2: Increasing alteration is reflected in lithogeochemistry by the 

increase in whole rock Fea0a and MSO, and the increased volatile content 

of the rock observed in Zone 2. This Zone is transitional between Zone I 

and Zone 3 and is the hardest to define in terms of petrology and 
lithogeochemistry. 

Stage 3: In the central parts of the alteration halo, associated with 

stockwork mineralisation, sericite is progressively replaced by chlorite 
to give the strongly chloritised rocks of Zone 3. 

Using Gresens' formula each of these stages was examined to look at the 

gains and losses of major elements, and the changes in volume 

accompanying alteration. The calculations were made for both the basalts 

and the rhyolites, and are presented in Figs. 5.15 and 5.16 as plots of 
Volume Factor (F, ), versus % loss or gain (x, ), of various chemical 

components. The appropriate Volume Factor for each stage in the 

alteration process, at which x, _ =0 for the supposedly immobile 

elements, is also indicated. A summary of the results for volume factor 

and major mobilised components is given in Table 5.03. 
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Table 5.03 
Volume factor and major element gains and losses associated with 
hydrothermal alteration. 

RHYOLITE STAGE 1 STAGE 2 STAGE 3_ 

V., 1.0 - 1.4 0.4 - 1.0 1.0 - 1.5 

Major Element +K70, +SiO2. +MgO +MgO, +FezO, 

. Gain/Loss -Na2O -K7O -Na2O" 

BASALT STAGE 1 STAGE 2 STAGE 3 

V,, 0.9 - 1.0 0.6 - 1.0 1.2 - 1.5 

Major Element +KgO +Na2O +MgO, +Fe203 
Gain/Loss -K20 -Na2O 

Both the rhyolitic and basaltic units have responded in similar ways to 

the alteration with the same chemical components gained in both the 
basalts and the rhyolites at the same stages of alteration. The main 
elements mobilised during alteration are Mg, Fe, K, and Na, and the 

results presented in Table 5.03 are consistent with the model of 
progressive development of chlorite and sericite described in Chapter 4. 
The initial alteration (Stage 1), which gave rise to Zone 1 of the 

alteration halo was accompanied by a net increase in K20. The later 

stages of alteration, which gave rise to Zones 2 and 3 were accompanied 
by increases in whole rock MSO and Fe2O. 

. g. The behaviour of K20 and Na2O 
implies a progressive transfer of these components from the central 

parts of the alteration halo outwards, with Na2O lost in Zone 3 of the 

alteration halo (Stage 3) and added to Zone 2 (Stage 2), and K20 lost 
from Zone 2 (Stage 2), and added to Zone 1 (Stage 1). As expected, the 

alteration process has also resulted in major volume changes. Stage I of 
the alteration process requires a volume increase of up to 40% in 

rhyolite due to large additions of K20. Stage 2 appears to have have 
been accompanied by a considerable decrease in volume in both the 

basalts and the rhyolites. Stage 3 requires-. a further increase in volume 

of around 50% due to the influx of Mg and Fe into the central parts of 
the alteration halo. 
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5.5 Rare Earth Element Geochemistry. 

Results of Rare Earth Element (REE) analysis of fresh and altered 

volcanics and intrusives are given in Appendix E (Table E3). Where 

possible, hydrothermally altered volcanics containing large amounts of 

sulphide were avoided, although it is generally thought that sulphides 

accomodate only very low levels of REEs (Cullers and Graf, 1984). The 

chondrite normalised REE patterns for the intrusive rocks have already 

been discussed in Chapter 4. Plots of REEs against S102 for the 

intrusives and the least altered volcanics (Fig 5.17), show that the REEs 

essentially behave as incompatible elements in the system although there 

is a wide range of REE concentrations in the rhyolites. Generally, the 

rhyolites with the lowest levels of REEs are the Low-Zr rhyolites 

discussed in section 5.3.3, and the trends observed in Fig. 5.17 are 

consistent with the observations of Nagasawa and Schnetzler (1971). who 

, 
showed that REEs, like Zr, are progressively depleted with evolution in a 

high-silica melt. 

Chondrite normalised REE patterns for the least altered volcanics are 

shown in Figs. 5.18 and 5.19. All the samples display LREE enrichment 

with La/Yb ratios increasing from around 2 in the least altered basalts 

(Fig. 5.18), up to 4.5 in the most highly evolved rhyolites (Fig 5.19). 

The basalts have a relatively flat profile, but the rhyolites have a 

negative Eu anomaly, indicative of feldspar fractionation. It has been 

suggested by Campbell et al., (1982), that the presence of a strong 

negative Eu anomaly may be characteristic of felsic volcanics associated 

with massive sulphide mineralisation, and that such an anomaly may be 

due to the volcanics being derived from shallow level. highly 

fractionated magma chambers. This would appear to be the case at Rio 

Tinto where the size of the negative Eu anomaly increases with 
increasing evolution, being much more marked in the Low-Zr rhyolites of 
the southern part of the mapping area. 

The chondrite normalised REE patterns of the volcanics shown in Figs. 

5.18 and 5.19 and the chondrite normalised REE patterns of the 
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HIGH-Zr RHYOLITE (CAMPOFRIO AREA) 
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Figure 5.19 
Chondrite normalised rare earth element profiles for least 
altered rhyolite. 
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intrusive. rocks shown in Fig. 4.17, are consistent with the idea of a 

comagmatic relationship. The basalts have slightly higher REE contents 

than the tonalites but retain a similar profile. The rhyolites are 

slightly enriched in REEs compared to the trondhjemites but have 

developed a much stronger Eu anomaly as a result of feldspar 

fractionation. Sample 88/102 in Fig. 4.17, taken from the chilled 

rhyolitic margin of one of the felsite dykes which cross-cut the 

tonalitic intrusive to the north of Campofrio, gives a profile which, 

within the limits of analytical uncertainty, is identical to the patterns 

produced by the rhyolites of the north flank of the main syncline. 

It has been suggested that the Rare Earth Elements (REEs) as a group 

should serve as tracers for the alteration processes that take place in 

the hydrothermal systems associated with massive sulphide mineralisation 

(Graf 1977). Experimental studies by Menzies et al. (1979) suggested 

that during basalt-seawater interaction at temperatures of up to 350T, 

the REEs remain immobile even when the basalt is completely altered to 

clay, although studies of REE distribution in altered felsic volcanic 

rocks underlying Canadian volcanogenic massive sulphide deposits have 

shown that the light rare earth elements (LREEs) in particular, are 

remobilised during intense hydrothermal alteration, (Campbell et al., 
1984). It is thought that REE mobility during hydrothermal alteration is 

due to the dissolution of minerals containing significant proportions of 

REEs rather than by ionic exchange between such minerals and the 

hydrothermal fluid (Campbell et al., 1984), with the extent of REE 

mobility dependant on the stability of the host phase in the 

hydrothermal fluid. However, as one accessory phase dissolves, a second 

may precipitate and stabilise some of 'the REEs, while others remain 

mobile due to the differences in partition coefficients between different 

REEs and the accessory phases. In addition, even accessory phases with 

relatively low solubility under normal conditions may dissolve where the 

water/rock ratio is high and the alteration is intense. 

The behaviour and mobility of the REEs can be demonstrated by looking 

at the correlation coefficients between individual REEs, and the 

correlation between REEs and Zr, in the system (Table 5.04). Zr is 
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included as this element is thought to be relatively immobile during 

hydrothermal alteration (Section 5.4.2). In both the basalts and the 

rhyolites, the LREE show the best correlation with other LREE, and the 

HREEs correlate best with other HREEs. There is reasonable correlation 

between RREEs and LREEs in hydrothermally altered basalt, but very low 

correlation between these two groups in the altered rhyolites. 

The correlations demonstrated in Table 5.04 confirm other studies which 

suggest that during intense hydrothermal alteration, the LREEs and the 

HREEs behave as two separate groups (Campbell et al., 1984; MacLean, 

1988). The low correlation of the entire suite of REEs with Zr in the 

rhyolites suggests that all the REEs have been mobilised relative to Zr 

during hydrothermal alteration of rhyolite, although not necessarily as a 

single group. It is not possible to determine whether this remobilisation 

represents a net addition or removal of REEs in the alteration halo, or 

simply a redistribution. In the basaltic rocks, the good correlation 
between the HREEs and Zr implies that the HREEs have remained immobile 

relative to Zr. The LREEs do not correlate as well with Zr in the 

basalts suggesting some mobilility of the LREEs during basalt alteration, 

-although 
this mobility does not appear to have been as great as that 

observed in the rhyolites. The apparently greater mobility of the REEs in 

rhyolite may be due to the fact that the rhyolites have undergone more 

intense hydrothermal alteration, or it could simply be due to the 

presence of different REE-hosting phases in basalt and rhyolite. 

Chondrite normalised REE profiles for hydrothermally altered rocks are 

shown in Figs. 5.20 (basalt), and 5.21 (rhyolite), along with the profiles 
for relatively unaltered basalt and rhyolite discussed earlier. The 

profiles will be discussed in terms of the three zones of alteration 

established in Section 5.4.1. (Table 5.02) 

In Zone 1 of the alteration halo, associated with mild sericitisation of 
basalt, the REE profile of hydrothermally altered basalt (Fig. 5.20), is 

similar to that of least altered basalt but with increased overall 
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RHYOLITE 

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Zr 
La 1.00 
Ce 0.97 1.00 
Pr 0.96 0.94 1.00 
Nd 0.92 0.91 0.98 1.00 
Sm 0.81 0.80 0.92 0.97 1.00 
Eu 0.66 0.68 0.76 0.85 0.84 1.00 
Gd 0.74 0.76 0.85 0.92 0.98 0.83 1.00 
Dy 0.61 0.64 0.71 0.81 0.88 0.83 0.94 1.00 
Ho 0.60 0.62 0.72 0.80 0.89 0.79 0.95 0.97 1.00 
Er 0.55 0.58 0.68 0.76 0.86 0.77 0.92 0.96 0.99 1.00 
Yb 0.51 0.54 0.63 0.73 0.83 0.75 0.89 0.95 0.98 0.99 1.00 
Lu 0.50 0.53 0.63 0.71 0.81 0.73 0.87 0.92 0.97 0.99 0.99 1.00 
Zr 0.39 0.45 0.63 0.60 0.61 0.81 0.62 0.70 0.66 0.66 0.66 0.63 1.00 

BASALT 

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu Zr 
La 1.00 
Ce 0.99 1.00 
Pr 0.98 0.99 1.00 
Nd 0.97 0.99 0.99 1.00 
Sm 0.95 0.98 0.99 0.99 1.00 
Eu 0.86 0.89 0.91 0.92 0.93 1.00 
Gd 0.92 0.96 0.98 0.99 0.99 0.92 1.00 
Dy 0.89 0.93 0.94 0.96 0.97 0.86 0.98 1.00 
Ho 0.89 0.92 0.94 0.96 0.97 0.86 0.98 0.99 1-00 
Er 0.88 0.92 0.94 0.95 0.96 0.85 0.98 0.99 0.99 1.00 
Yb 0-88 0.91 0.93 0.95 0.96 0.85 0.97 0.99 0.99 0.99 1.00 
Lu 0.89 0.92 0.94 0.96 0.96 0.86 0.98 0.99 0.99 0.99 0.99 1.00 
zr 0.87 0.90 0.91 0.92 0.93 0.80 0.94 0.97 0.98 0.98 0.98 0.98 1.00 

Table 5,04 
Correlation between rare earth elements in altered volcanics. 
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concentrations of REEs and a small negative Eu anomaly. As alteration 

proceeds into Zone 2, the effects of hydrothermal alteration are more 

varied with two of the samples showing similar profiles to those 

described from Zone I above. In samples 4072/9 and 4087/6 however, REE 

levels are depleted to about 50% of their original concentration and the 
Eu anomaly developed in the Zone I basalts is absent or only very poorly 
developed. These differences in REE patterns may reflect primary 
differences in the REE patterns of different lava flows, or different 
degrees of alteration within this zone. In the chloritised basalts of 
Zone 3, levels of the HREEs do not change from the low levels seen in 
the REE depleted samples of Zone 2. Levels of the LREEs in the 

chloritised basalts are variable, giving La/Yb slopes ranging from 1.0 to 
3.1, with one sample (T025/8) having a slightly convex profile. A 

pronounced negative Eu anomaly is also developed in the basalts of the 

stockwork zone. These chondrite normalised profiles support to some 
extent the evidence from Table 5.04 which suggests that the LREEs have 
been more mobile than the HREEs during intense hydrothermal alteration 
of basalt. 

Hydrothermally altered rhyolites have REE profiles (Fig. 5.21) which in 

many cases do not differ significantly from the profiles of least 

altered rhyolite. Generally the profiles for sericitised rhyolites in Zone 
1 of the alteration halo are flatter than the fresh rock profile, mainly 
due to a depletion of the LREEs, although the HREEs are also depleted in 

sample X68. The REE profile of rhyolite associated with the 
sericite/chlorite alteration of Zone 2 is similar to that of the Zone I 
rhy0lites but with a smaller Eu anomaly. The samples from the central 
parts of the alteration halo (Zone 3). can be divided into those which 
have been subject to chloritisation and those which have been subject to 
intense sericitisation. The chloritised rhyolites (samples 1319/1 and 
T102/4), which come from the deeper parts of the stockwork, have LREE 

concentrations similar to those of the sericite zone but the HREE are 
considerably depleted and as a result the Eu anomaly is less pronounced. 
Samples 2126/13 and ATI, both from the intense zone of sericitisation 
which is found at the top of the stockwork, have REE profiles similar to 
those of rhyolites from the main zone of sericitic alteration but with 
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higher levels of HREEs. The enhanced levels of HREEs in these sericitised 

rhyolites and the depleted levels of HREEs in the chloritised rhyolites 

may be reflecting a transfer of HREEs from the base of the stockwork to 

the top. Both the LREEs and the HREEs have been mobile during 

hydrothermal alteration of rhyolite. although extensive remobilisation of 
the HREEs was probably confined to the central discharge zone. 

Interpretations of the tectonic setting of basalt genesis can be made 
using discriminant diagrams which use whole rock trace element 

Compositions to discriminate between ocean floor basalts, within plate 
basalts, and low-K tholeiites and calc-alkali basalts from island arc 

settings (Pearce and Cann, 1973; Pearce and Gale, 1977; Floyd and 
Winchester, 1978). Most of these diagrams are based on the high field 

strength elements Ti, Zr, and Y, as these elements are thought to be 

relatively immobile during hydrothermal alteration, (Section 5-4.2). 

The majority of the Rio Tinto basalts plot in the plate margin field (Fig 
5.22) of the Zr/Y vs Ti/Y plot of Pearce and Gale (1977), although some 

of the more altered samples plot in the within plate basalt field, and 
the "least altered" basalts plot on the boundary between the two. In the 
Ti vs. Zr plot of Pearce and Cann (1973), shown in Fig. 5.23, the Rio 
Tinto basalts nearly all plot in the ocean floor basalt field. Although 
Figs. 5.22 and 5.23 cannot be used to discriminate between a mid-ocean 
ridge and a marginal basin environment, the bimodal nature of the 

volcanic succession at Rio Tinto, and the presence of interbedded 
sediments within the basaltic sequence are more consistent with a 
continental margin setting. 

Studies of chondrite normalised REE patterns from marginal basin 

settings aiawkesworth et al., 1977; Weaver et al., 1979), suggest that 
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REE patterns in basalt may be useful in distinguishing between a 

marginal basin and mid-ocean ridge settings. Marginal basin basalts tend 

to be enriched in LREEs and have af lat or negative gradient over the 

range La to Yb. The mid-ocean ridge basalts (n-MORB), tend to have a 

strongly positive gradient in the LREE portion and sometimes display a 

convex curve between La and Yb, (Saunders, 1984). The REE profile of the 

Rio Tinto massive basalt flow, sample 88/30, shown in Fig. 5.18, exhibits 
LREE enrichment and a negative slope between La and Yb which is in 

keeping with an origin in a marginal basin environment. The presence of 

a small negative Eu anomaly in Fig. 5.18 however, suggests that some 

plagioclase fractionation has also taken place. Menzies et al. (1979) 

have shown that LREE enrichment may be a secondary effect, occurring as 

a result of the interaction of large quantities of seawater with the 

basalt. There is no evidence of extensive seawater interaction in sample 
88/30 which lies in the field of "normal igneous rocks" in the Hughes' 

diagram of Fig. 5.03, but the reliability of REEs as indicators of 
tectonic setting in fractionated rocks which may have undergone post- 

emplacement interaction with seawater is questionable. 

Hygromagmatophile element abundances normalised to primordial mantle 

composition, may also be used to determine the tectonic setting of a 
basalt sample by comparing the hygromagmatophile element pattern of the 

unknown, with patterns obtained from basalts of known tectonic setting, 
(HOlm, 1985). In this way, ocean floor basalts may be classified as ocean 
island tholeiite. ocean floor tholeffte. low-K tholeilte, and continental 
or oceanic back-arc tholeiite. The method only works in the case of 
relatively unaltered tholeiitic basalt or basaltic andesite, (SiO2_ 47.0 - 
53.5%). 

Fig 5.24 shows the spidergram for a massive basalt f low, and a pillow 
basalt from Rio Tinto. The typical patterns for oceanic and continental 
back-arc, ocean floor, ocean island, and low-K tholeiite are also shown 
for comparison. Abundances of Th. U and Nb for the Rio Tinto samples 
have been estimated from the results of SchUtz (1985). The normalisation 
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Figure 5.24 
Spidergram of hygromagmatophile element abundances (normallsed to 
primordial mantle), for different tectonic environments, and for 
tvA) samples of least altered basalt from Rio Tinto. 
(After Holm, 1985) 
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factors used for the Rio Tinto samples are those of Thompson (1982), 

modified by Rutter (1985), and are given in Appendix E5. 

The sample of massive basalt (88/30), plotted in Fig 5.24 represents the 

least altered basaltic material at Rio Tinto, and despite the 

uncertainties of the segment of the plot between Rb, and K, the segment 
K to Y is well preserved and exhibits most of the characteristics of 

a back-arc setting. The pillow basalt sample CE61), demonstrates the 

effects of seawater interaction and regional metamorphism with increased 
levels of Rb, and a negative Sr anomaly. Despite these alteration 
effects, the sample still retains the general characteristics of the 
back-arc setting although in the absence of reliable Th, U, and Nb data 

it is impossible to distinguish between a continental, or an oceanic 
back-arc setting for the Rio Tinto basalts. 

Discriminant diagrams which use immobile elements such as Nb and Y have 

also been developed for granitic intrusive rocks and SchUtz (1985), 

plotted relatively unaltered intrusives from the Campofrio area on the 
Nb vs. Y, and Rb vs. Y-fNb discriminant plots of Pearce et al. (1984). 
These plots are reproduced in Fig. 5.25 with nearly all the samples 
falling in the field of volcanic arc associated granites. It would appear 
from the evidence presented above that the volcanic and intrusive suites 
of Rio Tinto are the result of magmatism in a Palaeozoic continental 
margin, with the volcanics; most probably deposited in a continental back- 

arc basin. Active deposition of sulphides has recently been observed in 
the Okinawa Trough. a tectonically active back-arc basin (Halbach et al., 
1989), and this is also the proposed tectonic setting of the Green Tuff 

region of Japan at the time of formation of the Kuroko massive sulphide 
orebodies Cranimura et al., 1983). 
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Stable isotope geochemistry is widely used in ore deposit research as 

a means of characterising the fluids involved in ore genesis. By 

combining stable isotope data with other geochemical and mineralogical 
data it is possible to constrain many of the features of the ore-forming 

system. In particular, isotopic data may be used to constrain the 

temperature of ore formation, the sources of ore constituents and the 

Composition and origin of the ore forming fluids. 

At Rio Tinto there is very little information on the temperature, origin, 

or composition of the mineralising fluid. Previous attempts to 

characterise the fluids using fluid inclusion techniques have failed due 
to the lack of suitable primary inclusions in the quart-z of the 

stockwork veins (Sawkins pers. comm. ). An attempt to characterise the 

origins of the fluids using sulphur isotope geochemistry was made by 

Williams et al. (1975) in a study of both the stockwork mineralisation 
and the massive ore. They concluded that the sulphur of the Rio Tinto 

orebodies was derived by mixing of "mantle" sulphur and seawater 
sulphate. 

The present study Is concerned with characterising both the temperature 

and possible sources of the mineralising fluids using oxygen isotope 

geochemistry. Like the study by Williams et al. (1975), this study 
concentrates on the stockwork veins rather than altered h05t rock or 
massive ore, as these veins are most likely to reflect the composition 
of the original ore forming fluids prior to modification as a result of 
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fluid-rock interaction and cooling. Bulk samples of fresh and altered 
host rock were also analysed in order to see whether the oxygen isotopic 

signature of the rock reflected the degree of hydrothermal alteration. 

Samples for the Isotope study were taken from the stockwork associated 

with the San Dionisio orebody which has been described in Chapter 2. All 

the samples of stockwork mineralisation were collected in the Atalaya 

open pit (Fig 2.06 and Plate 2.01). The geology of the open pit showing 
the location of the samples discussed in this chapter is shown in Fig. 
6.01. A schematic cross section through the orebody is shown in Fig. 
6.02. together with the mineral zonation in the stockwork and the 

position of the samples used in this study. The samples represent 

various levels of the stockwork with an emphasis on the lower quartz- 

magnetite association as oxygen isotopic partitioning between these two 

minerals has been shown to be a reliable geothermometer (Bottinga and 
Javoy, 1975). Higher in the system, in the absence of magnetite, quartz- 

chlorite bearing veins were sampled, as oxygen isotope partitioning 
between quartz and chlorite has also been used as a geothermometer in 

previous studies of volcanogenic massive sulphide systems (Kowalik et 
al., 1981; Barriga and Kerrich, 1984; MunhA et al., 1986). The thicker 

metamorphic quartz veins which cross-cut the mineralisation were also 

sampled in order to check whether the isotopic signature of the 

stockwork has been disturbed by later regional metamorphism. 

_c 
Analysis 

The techniques of mineral separation. oxygen liberation, and isotopic 

analysis used in this study are described in Appendix D. The main 
definitions and abbreviations used in stable isotope studies are 
suirmarised in Table 6.01. Temperature CD, refers to degrees Kelvin 

unless otherwise stated in the text. 
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Table 6.01 
Definitions and abbreviations used in stable isotope studies. 
(See O'Neil, 1986) 

The relative difference function 6 is used for reporting 
stable Isotope abundances. The 8 value is defined as: 

6x = (Rx - 
R9TDý X 103 

RSTO 

Where R refers to the ratio of the heavy to light isotope, 
in this case 1001"10, for the sample M and standard (STD). 
The 6 value Is expressed as parts per thousand or permil 
M. A sample with a positive 6190 value is enriched in 110 
relative to the standard while a sample with a negative 6180 
value is depleted in the heavy isotope relative to the 
standard. 

SHOW All oxygen data are referred to Standard Mean Ocean Water 
(SMOW). The SMOW standard was originally a hypothetical 
water sample with isotopic ratios similar to those of an 
average sample of ocean water. Subsequently a quantity of 
water was prepared in Vienna and new definitions were made 
for the isotopic composition of the new standard which is 
known as V-SMOW. Within the limits of analytical 
uncertainty, V-SMOW isotopic compositions are identical to 
the originally defined values. 

The isotopic fractionation factor between two substances A 
and B is defined as: 

RA 
71- 

In terms of 8 values this becomes: 
I+SA/1000 => 1000 + 8A 

1+6, /1000 1000 + 5B 

10,1na = The A value is the measured or calculated isotopic 
and A difference between two samples where the isotopic 

differences are small: 
ý 6, % - as 

It is a mathematical fact that for values of A and 6 that 
are less than 10. 

AA-a ýý 1031nct,, -E. Where 1031na,, -B is the "permil fractionation" between A and 
B. This permil fractionation is an important factor as it 
varies as a function of temperature. An example of the 
relationship between 6, a, 6, and 1031nag. -B is shown below: 

1 6,, 1 L'. I A,, -S I 
la,, -. 

I 1031na,, -,, 
+5L OL 5 . 005 4.99 
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The results of isotopic analyses of quartz. chlorite, and magnetite 

separates are given in Table 6.02, along with the position, in metres, of 

the sample from the top of the stockwork, i. e. from the sulphide lens. 

Isotopic values are quoted as delta values per mil relative to SMOW. The 

international quartz standard NBS128 was also analysed and gave a value of 
9-3L MIL, compared to a recommended value of +9.6t. 

Table 6.02 
Oxygen isotope data for mineral separates from stockwork 
mineralisation, intrusive mineralisation, and metamorphic quartz. 

Sample Depth in Isotopic Comp. Mineral' 
stockwork Qtz. Chl. Ma%L,. 

AT18 35m +12.04 
AT17 45m +13.17 
AT6 50m +10.05 +7.50 
AT7 75m, +11.65 
AT9 110M +10.10 +3.10 
AT5 200m. +10.90 +3.30 
AT14 300m +10.89 
RT1 >300m +10.34 +4.10 -1.89 On 
RT44 >300m +11.16 - 1.45 (n zz 4-) 
AT15 315m + 9.17 +4.47 
AT16 380m +11.72 
ATIO 400m + 8.25 +3.30 

Sampl e Description Qtz. Mag. 

QM Intrusive + 8.95 -2.45 
veinlet 

A27 Metamorphic +16.68 
A12 quartz veins +12.15 

Isotopic compositions reported in L 

ý11 

1=+ (). 5Z 
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There is a clear distinction between quartz associated with the stockwork 

mineralisation and the later metamorphic quartz veins (A27 and A12), and 
it would seem reasonable to assume that the isotopic composition of 

stockwork quartz reflects original composition and has not been modified 
by later regional metamorphism. This is consistent with the conclusions of 
Aggarwal and Longstaffe (1987), who showed that in the Flin-Flon - Snow 

Lake massive sulphide belt in Manitoba, oxygen isotopic compositions of 

mineral separates were unaffected by regional metamorphism of upper 

greenschist facies. 

6.3.2 Whole rock 

Samples of Devonian quartzite, Culm. slate, and fresh and altered volcanics 

were also collected and whole rock isotopic compositions are given in 

Table 6.03: 

U 

Table 6.03 
Whole rock isotopic compositions. 

Sample Rock type wt% Sio, oxygen isotopic 
composition 

Normal range' 
for rock type 

D1 Devonian 81.4 +16L +137. - +20L 
quartzite 

AT19 Culm 63.6 +15.3L + 7L - +12L 
greywacke 

Q11 Altered 76.8 + 9.9L + 7L - +12L 
intrusive 

E62 Basalt 48.7 + 9.7L + 5L - + 8L 
(Pillow lava) 

X2 Rhyolite 78.9 +14. IL + 5L - +IOL 
(Least altered) 

Za Rhyolite 78.1 +15.8L + 5L - +10L 
(Least altered) 

AT13 Basalt 55.4 + 7.6L 
(Stockwork Zone) 

ATI Rhyolite 73.8 +13.3L 
(Stockwork Zone) 

' From Taylor and Sheppard (1986) 
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Both the basalts and the rhyolites appear to be enriched in 1 00 compared 
to the values one would normally expect to see in these rock types. The 

rhyolites in particular show enrichment of 61*0 by 5L to IOL compared to 

"normal" rhyolite. The sample of granodiorite gives an oxygen isotopic 

composition of +9.9L, which is well within the acceptable range for such 

rocks, although this particular sample has been subject to hydrothermal 

alteration and the original isotopic signature has probably been modified 

as a result. The Devonian quartzite and Culm greywacke have 61610 values of 
+16YL and +15L. Intensely altered basalt and rhyolite from the stockwork 

zone appear to have depleted levels of 5190 compared to their "least 

altered" equivalents. 

6.3.3 Oxygen isotope geothermometry and calculation of isotopic composition 

of H7.0 

It is possible to use the isotopic fractionation between two minerals as a 

geothermometer by applying experimentally calibrated mineral-water 
fractionations, and calculated mineral-mineral fractionations. In this study 

mineral pair geothermometers involving quartz, chlorite, and magnatitg wara 

used to determine the temperature at which the stockwork mineralisation 

was introduced (Table 6.04). The general expression for calculating quartz- 

mineral equilibrium temperatures is given as : 

1031naq. t, mi, =A+ B(10'T--) 

Where 10ý31noco,,,,, approximates to AQk, mi, (See Table 6.01). In this 

study the values of A and B used for the various mineral pairs are as 
f ollows: 

Quartz-Magnetite: A=0B=5.57 (Bottinga and Javoy, 1975) 

Quartz-Chlorite: A=1.96 B=2.01 (Wenner and Taylor, 1971) 

Having calculated the temperature at which the stockwork veins were 
introduced, it is possible to calculate the 8110 of water in equilibrium 
with the mineral pair at the time of formation. Comparison of experimental 
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and natural systems by workers such as Matsuhisa et al. (1979), have 

resulted in the calibration of mineral-water pairs for use in geological 

processes. The general equation for 61110 of H20 in equilibrium with a 

mineral at a given temperature is given as: 

= A(IOr-/T--) +B 

For quartz the values of A and B vary with temperature. For the 

temperatures already calculated for the Rio Tinto mineral pairs, i. e. 

between 250*C and 500*C, the values used are: 

A=3.3 4B= -3.31 (Matsuhisa et. al., 1979) 

The calculated temperatures and the 6160 of H20 in equilibrium with quartz 

at these temperatures for the Rio Tinto stockwork samples, and also for 

the intrusive mineralisation, are shown in Table 6.04. There is a lack of 

reliable magnetite data, particularly in the upper parts of the stockwork, 

and for several samples an "average" value of -1.5L for stockwork 

magnetite has been used in the calculation. This "average" value represents 

the average 5190 measured for magnetite. 

6.4 Discussion of Results 

6.4.1 Degree of equilibri 

In order to be able to discuss the isotopic composition of the mineral 

separates, and the calculated temperatures and isotopic compositions of 

fluid quoted in Tables 6.02 and 6.04, it is necessary to demonstrate that 

conditions of equilibrium prevailed in the system. If equilibrium cannot be 

demonstrated then the isotope geothermometers cannot be applied and it is 

impossible to calculate the 6110 of coexisting water. 

Taylor and Friedrichsen (1983), used the A values for coexisting mineral 

pairs to construct a "delta-delta" plot which demonstrates isotopic 

equilibrium within a system. A similar plot for the Rio Tinto samples in 
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Table 6.04 
Calculated temperature and isotopic composition of H20 in equilibrium 
with mineralising fluid. 

Sample Depth in Temp. I Temp. 2 Isotopic CoMp. 3 
5tockwork Qtz-Mag Qtz-Chl U20 in fluid 

AT18 ý ! 35m 368* +7.2 
AT 197 T 45m 342* +7.6 

T6 A 50M 421* +6.4 
AW 75m 377* +7.0 
AT9 110m 419* 358' +6.4 
AT5 200M 397* 324* +6.8 
AT14 300m 442* +7.7 
RTI >300m 401* 411' +6.3 
RT44 >300m 391* +6.9 
AT15 315m 412* 583* +5.4 
AT16 380m 375* +7.1 
AT10 400m 482* 546* +5.7 

QM Intrusive 426* +5.4L 
veinlet 

Temperature reported in *G 
Isotopic composition H20 reported in L 

I=* 20*C, (6100 mag. = +1.5L, unless analysed separately. ) 
2=+ 30*C 
3=+0.5L 

which quartz- magnetite and quartz-chlorite pairs are plotted, is shown in 

Fig. 6.03. Most of the samples fall close to the equilibrium line, although 
there, would appear to be some disequilibrium in the system, particularly in 

samples such as AT6 which were collected from higher up in the stockwork. 
It can be concluded from Fig. 6.03, that in the lower part of the stockwork 
at least (200m-400m), the isotopic analyses of quartz, chlorite, and 
magnetite reflect conditions of isotopic equilibrium. For samples higher in 
the stockwork, the apparent lack of equilibrium is most probably due to 
disequilibrium between quartz and chlorite possibly due to alteration 

and/or weathering of chlorite. For whatever reason, the quartz-chlorite 

geothermometer appears to be unreliable in the upper parts of the 

stockwork. 
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Figure 6.03 
Delta quartz-chlorite vs. delta quartz-magnetite plot 
for the Rio Tinto samples showing the degree of 
isotopic equilibrium. 
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6.4.2 Whole rock isotopic variation 

Page 201 

A study of the isotopic characteristics of the host rocks at Aljustrel in 

the Portuguese part of the Pyrite Belt (Barriga and Kerrich, 1984), 

demonstrated a general 16110 enrichment in the felsic volcanics (+16L to 

+187. ), which decreased in the immediate vicinity of the mineralisation 

(+12L). Despite the limited number of samples available, there would also 

appear to be a decrease of 6180 in the Rio Tinto felsic volcanics from 

around +15L in fresh rhyolite, to 13.3L in the extremely altered rhyolite 

of the stockwork zone. This is also reflected in the mafic volcanics where 

5 values decrease from +9.7L in fresh basalt, to +7.6t in the altered 
basalt of the stockwork. Barriga and Kerrich interpret the initial high 

6180 signature of the volcanics as being due to low temperature, high 

water/rock convection of seawater through the volcanic pile during and 

immediately after deposition. Subsequently, higher temperature convection 

at lower water/rock ratio, probably associated with ore deposition, 

resulted in isotopic exchange between the later fluids and the 1110 

enriched host rocks in the discharge zone. The result of this exchange was 

a depletion of 190 in the host rocks and enhanced 100 in the fluid. At Rio 

Tinto however, there is no evidence of extensive interaction between 

seawater and rhyolite at the time of eruption (see Chapter 3), and it 

seems unlikely that this kind of interaction could be the cause of the 

enhanced levels of 100 observed in the "least altered" rhyolites at Rio 

Tinto. 

An alternative cause of the initial 8100 enrichment of the rhyolites could 
be due to interaction between the magma and 6180 enriched continental 

crust (Turi and Taylor, 1976). An origin by partial melting of the basement 

sediments, or assimilation of basement sediments into the magma would 

adequately explain the initially high 8190 of the rhyolites. Fresh Devonian 

sediment has a relatively high 1130 signature of +16L, and the possibility 
that the rhyolite originated by partial melting of the basement has been 

proposed by Soler (1980) and Munh6 (1983b), and has been discussed in 

Chapter 5 of this study. Unfortunately no isotopic data is available for 

fresh intrusive material. 
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6.4.3 Variations of temperature and fluid comi2osition 

Based on the quartz-magnetite isotopic compositions, mineralisation 
temperatures for the Rio Tinto stockwork fall within the range 342*C to 

482*C (Table 6.04). There may be a lower temperature remobilisation of 

material at the top of the stockwork and this may be contributing to the 

apparent disequilibrium between quartz and chlorite, (Fig. 6.03). In the 
deeper parts of the stockwork, the use of an "average" magnetite value 
(see section 6.3.3), gives results in keeping with the results obtained for 

samples where the isotopic signatures of quartz and magnetite have been 

measured directly. Higher in the stockwork, the use of "average" magnetite 
may also be contributing to the apparent disequilibrium observed in the 
delta-delta plot (Fig. 6.03). 

Figs. 6.04A and 6.04B show the variation of temperature and isotopic 

composition of the fluids with-depth through the system. The lowest 

stockwork veins appear to have been introduced at temperatures of around 
400'C. In the upper 100m of the stockwork, the calculated temperatures 

range from 400*C down to <350*C suggesting some cooling of the 

hydrothermal fluid in the upper part of the system as would be expected. 
The plot of 5110 for H. 20 in equilibrium with the ore fluids versus depth 

(Fig. 6.04B), indicates an enrichment of 180 in the fluids towards the top 

of the system, from around +6L at the base of the stockwork to +7.5L for 

samples in the upper 50m. This variation can be explained in terms of 

progressive interaction between the fluids and the 190 enriched wall-rock. 
It must be remembered however that the temperatures and values of 5100 
H, 20 calculated for the upper parts of the system may be unreliable due to 
the use of "average" magnetite. 

It would seem reasonable to assume that the ore forming fluids in the Rio 
Tinto stockwork were introduced at a temperature of around 400*C, and the 
H20 in equilibrium with these fluids had an initial 61roO value of +6. OL ± 
0.5L. Higher in the stockwork there may have been a gradual cooling of the 

fluids and an enrichment in 6100 due to interaction with the wall rock. 

Mixing of the hydrothermal. f luid with cold seawater in the upper parts of 
the system would enhance the cooling effect and may also explain the 
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disequilibrium between quartz and chlorite in the upper parts of the 

stockwork; Slack and Coad (1989), have shown how fluctuations in 

temperature, pH. and fluid chemistry can affect chlorite chemistry in the 

upper parts of the discharge zone of a hydrothermal system. These 

fluctuations will mainly depend on the amount of cold seawater entrained 
in the system and the formation of distinct generations of chlorite in 

response to the changing conditions will result in the observed isotopic 

disequilibrium in the upper parts of the stockwork. 

A similar low temperature event at the top of the stockwork is seen at 

Aljustrel (Barriga & Kerrich, 1984) with the reported mineralisation 

temperatures at Aljustrel generally much lower than those observed at Rio 

Tinto. Based on temperatures calculated from quartz-chlorite pairs in 

altered tuffs, the Aljustrel stockwork is estimated to have been introduced 

at between 270*C and 220*C, which is at least 100*C lower than the Rio 

Tinto system. However, temperatures calculated from quartz-chlorite pairs 
have been shown to be unreliable in the higher parts of the Rio Tinto 

system due to quartz-chlorite disequilibrium and the calculated 
temperatures at Aliustrel may simply be reflecting a mixing of seawater 

and hydrothermal fluid such as that described above. 

6.4.4 Origin of the fluids 

Table 6.05 compares the isotopic composition of the fluids at Rio Tinto 

with the isotopic compositions of mineralising fluid calculated for other 

important massive sulphide deposits. The values of 8100 U. 20 for the Rio 

Tinto system are high compared with many other massive sulphide deposits 

but comparable to those reported for the Kidd Creek deposit in Canada 

(Beatty and Taylor, 1980). 

High POO fluids could be derived by interaction of seawater with 1*10 

enriched country rock as shown in Section 6.4.2. Alternatively, high 

temperature, 5190 enriched fluids could be derived from a late magmatic 
fluid i. e. "an H20 rich fluid derived from a magma, which has been able to 

evolve as a separate external hydrothermal fluid" (Taylor & Sheppard 1986). 
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Table 6.05 
8110 values for H; tO in equilibrium with ore forming fluids for some 
major massive sulphide deposits. 

Orebody- Reference Calculated 820 H, O I 

KUROKO Ohmoto & Rye 1974 -1 t 0.5L 
(Fluid inclusions and isotopes 
in massive ore) 

Pisutha-Arnold & Ohmoto 1983 -6L to +4L 
(Stockwork siliceous ore) 

BUCHANS Kowalik et al., 1981 -1.5L to +4.4t 
(Alteration assemblage 
associated with stockwork) 

ALJUSTREL Munhd et al., 1986 0 to +4.4L 
(Quartz-Chlorite stockwork) 

Barriga & Kerrich 1984 +1.4L to +5.7L 
(Quartz-Chlorite stockwork) 

CRANDON Munhd et al., 1986 -1.3L to -1.6Y. 
(Fluid inclusions and isotopes 
in alteration minerals) 

KIDD CREEK Beaty & Taylor 1980 +6L to +9L 
(Alteration halo) 

AMULET Beaty & Taylor 1982 +0.5 1L 
(Alteration halo) 

TROODOS Heaton & Sheppard 1976 0 1L 
(Alteration halo and 
stockwork) 

RIO TINTO This study +5.5L to +7.5L 
(Stockwork mineralisation) 
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,ý 
Such a fluid would have a 8190 range of between +5.5L and +9.5L 

(Sheppard, 1986), and could have been responsible for the porphyry style 

mineralisation seen in the intrusives to the north of Rio Tinto. Quartz and 
magnetite separated from the sulphide veinlets associated with this 

mineralisation gave a temperature of 420*C (±15'C) for the intrusive 

mineralisation, with the 8110 of H20 in equilibrium with the mineralising 
fluid being +5.4t (± 0.5L). The value of S'eO for H20 in equilibrium with 
the mineralising fluid at Rio Tinto shows a range of between +5.4L and 
+7.7L, with the earlier quart z-chlorit e-magnet it e associated fluids having 

a 5110 ý60 of between +5.4L and +6.9L which is similar to the isotopic 

composition calculated for the fluids involved in the intrusive 

mineralisation. The two fluids also fall within the same temperature range 

of between 400*C and 450*C. 

The calculated temperatures and isotopic compositions at Rio Tinto are 

consistent with the presence of a component of late magmatic fluid in the 

hydrothermal system. Such a fluid would have an enhanced 180 composition 

compared to seawater (5100 seawater = 0), and could potentially be 

enriched in base metals. This would be in agreement with the models of 

massive sulphide deposition of Sawkins (1986), and Urabe (1987), in which 

relatively small volumes of metalliferous late magmatic fluid are 
introduced into the convecting seawater system. These fluids may initially 

carry the bulk of'the metals available in the convecting cell and are 

gradually cooled and diluted by seawater towards the top of the system. 
Fig. 6.05 illustrates this model in terms of fluid mixing and the isotopic 

variations observed at Rio Tinto. Seawater convection is still considered 
to be an important process in the generation of massive sulphide deposits 

and their associated alteration halos, but the presence of a base-metal 

enriched late magmatic fluid provides an explanation for the fact that the 
fluids involved in the generation of very large polymetallic massive 
sulphide deposits such as Rio Tinto and Kidd Creek have 5100 values which 
are considerably higher than seawater. 
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Figure 6.05 
Possible model for mixing between hydrothermal fluid and cool seawater 
to give the isotopic variations observed at Rio Tinto. 
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CHAPTER 7 

NATURE AND ORIGIN OF THE ORE FLUIDS 

7.1 Genetic Models for Massive Sulphide Mineralisation 

Page 208 

Two possible models of massive sulphide genesis will be considered in 

this section: - the convect ive- leaching model and the magmatic- 

hydrothermal model. In both cases massive sulphide mineralisation occurs 

at the discharge sites of submarine hydrothermal systems which may be 

focussed by faults or fractures. The main difference between the two 

models is in the origins of the fluids and the role of intrusive 

magmatism. 

7.1.1 Convect ive- Leach in5z model 

In this model the hydrothermal fluids are dominated by seawater and the 

metals carried by the hydrothermal fluids are derived by leaching of the 

host rocks. A summary of the major aspects of the convect ive- leaching 

model, which is the most widely accepted model of massive sulphide 

mineralisation, is given by Franklin et al. (1981). The model relies on 

the long term convection of seawater as the mechanism by which metals 

are leached and transported in solution, and many authors invoke a 

cooling subvolcanic: pluton as the heat source necessary to sustain this 

seawater convection. (Ohmoto and Rye, 1974; Campbell et al., 1981; 

Cathles, 1983). 

Mathematical modelling of convection cell processes has shown that if 

the convecting hydrothermal fluids contain the same concentration of 
base metals as black smoker fluids (about 10ppm Zn+Cu), there is not 
enough heat, even in a reasonably sized intrusive body, to generate a 
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6 million tonne massive sulphide deposit simply by heat transfer during 

convective cooling of the magma CLydon, 1988). The convective- leaching 

model is further constrained by the fact that sulphide accumulation has 

been shown to occur over relatively short periods of time (Solomon, 

1976), often being associated with specific narrow horizons within a 

volcanic succession (Spence and de Rosen Spence, 1975). 

Cathles (1983), modelled the hydrothermal system responsible for Kuroko 

deposit genesis and concluded that while a rhyolite plug was several 

orders of magnitude too small to convect the amount of fluid needed to 

form an average sized Kuroko deposit, convection could have been 

sustained by multiple intrusive pulses into a small magma chamber. For 

example, to form the base metal deposits of the Hokuroko basin from 

fluids at >300*C, containing 100ppm combined Cu+Zn+Pb, would require 

multiple pulses of magma into a dyke 40km long, 3.25km high and 1.3km 

wide. Using this model the deposits of the Hokuroko basin could have 

been generated in less than 5000 years in a spreading environment. 

Cann et al. (1985), considered a long lived hydrothermal system with 

focussed discharge through permeable fault zones. They concluded that 

formation of a major ore deposit would have to be accompanied by 

crystallisation of a large magma chamber, with heat transfer to the 

seawater hydrothermal system occurrin3 as a result of the convective 

cooling of this magma chamber. For ore fluids at 350*C, containing 

115ppm Fe, a 3Mt sulphide lens could accumulate in 4000 years if heat 

was supplied from 30km3 of magma. Increasing the temperature of the 

hydrothermal fluid to 400*C would reduce the required volume of magma 
to 19kmý", providing the higher temperature circulation could be 

sustained. 

In both of the models quoted above, the concentration of metals in the 

fluid has had to be increased from 10ppm, the normal concentration in 

black smoker fluids, to around 100ppm. This implies that either 

convective systems responsible for massive sulphide mineralisation are 

sustained over much longer periods then has previously been assumed, or 
the comparison between modern day black smokers and the systems 
responsible for massive sulphide mineralisation is misleading. 
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7.1.2 Magma t ic-Hydrot herm al model 
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It is clear that a heat source in the form of a cooling intrusive body, 

and concentrations of around 100ppm combined metals in the hydrothermal 

fluid, are necessary for the generation of reasonably sized massive 

sulphide orebodies by convect ive- leaching processes. Many of the models 
discussed in the previous section were concerned with deposits 

considerably smaller than Rio Tinto suggesting that the convective- 
iI leaching model for the Rio Tinto system would require a larger intrusive 

heat source, a longer period of hydrothermal convection, or a higher 

concentration of metals in the ore fluid. 

Cathles (1983) pointed out that the intrusive heat source in his model 

for the Kuroko deposits would also be "a more than adequate metal 

source" and the possibility that intrusive magmatism may play a more 

direct role in massive sulphide generation Is gaining wider acceptance. 

Urabe (1987), suggested a magmatic origin for the fluids involved in 

Kuroko deposit genesis based on isotopic evidence, primary geochemistry, 

and wallrock alteration patterns. The association between massive 

sulphide deposits and particular igneous suites, commonly the most 

highly differentiated products of a felsic magma (Solomon, 1976; Campbell 

et al., 1982), has also been used as evidence of a direct magmatic 

control to mineralisation. 

A magmatic fluid source removes many of the problems associated with 
the application of the convect ive- leaching model to large deposits such 

as Rio Tinto. In particular, a magmatic fluid is potentially a much more 

concentrated metal source allowing rapid accumulation of sulphides on 
the sea floor. Both the convect ive- leaching model and the magmatic- 
hydrothermal model are illustrated in Fig. 7.01. 
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7.1.3 Nature of the fluids-involved in magmatic-hydrothermal processei 

In order to be able to generate a sizeable ore deposit from a late 

magmatic fluid two conditions must be met. Firstly, the original magma 

must contain water which can be released as a hydrothermal solution 
during crystallisation, and secondly, this hydrothermal solution must 

contain significant concentrations of ore metals (Holland, 1972). The 

abundances of biotite and hornblende in most acid to intermediate 

intrusive rocks indicates that they have crystallised from magmas 

containing several percent water. Whitney (1975) estimated the R, 20 
content of a granodiorite magma to be in the order of 5%. The metal 

content of any late stage magmatic fluid exsolved from such a magma 
depends on the ability of metals to partition into the-aqueous phase 

during crystallisation. It has been shown experimentally that metals, 
including Cu, are more likely to be partitioned into the aqueous phase if 

the melt is aluminous, has a high initial water content, is rich in 

chlorine, and is under a low confining pressure i. e. at shallow depth 

(Candela and Holland, 1984; Urabe, 1983). 

The evolution of a late magmatic fluid potentially involved in massive 

sulphide mineralisation may be comparable to the evolution of fluids 

involved in porphyry copper mineralisation. Candela and Holland (1986) 

modelled the processes involved in porphyry style Cu-Mo mineralisation 

and concluded that Cu rich fluids could be produced as a result of early 

vapour evolution in the melt. allowing the vapour phase to compete with 
the crystallising phases for copper which usually behaves as a 
compatlible element. Early vapour evolution would be dependent on a high 

initial water content of the magma and a low confining pressure. They 

showed that, assuming a copper concentration in the melt of 60ppm, and 
80% removal of Cu by vapour/liquid partitioning, one million tonnes of 
copper could be extracted from about 7kaP of magma. 
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7.2 Convect ive-Leaching vs. MajzmatiC-Hydrothermal Models for the Rio 

Tinto Mineralisation. 

7.2.1 Mass-balance calculations 

The applicability of the convect ive- leaching model to the Rio Tinto 

deposits can be tested by simple mass-balance calculations. For the 

convective leaching model it is possible to make a quantitative estimate 

of the amount of base metal extraction which could occur as a result of 

hydrot hermal alteration, and compare this to the base metals contained 

in the orebody. In the case of Rio Tinto, the amount of Cu in the system 

will be considered as the total amount of Cu originally present in the 

orebodies can be estimated at about 6Mt (Table 7.01), from reserve 

calculations and previous records. The amount of Cu generated by 

leaching can be calculated as the concentrationsof Cu in fresh and 

altered volcanicsare known from the whole rock geochemical data 

presented in Appendix El. Relatively unaltered basalt contains on average 
53ppm Cu (maximum 60ppm), while hydrothermally altered basalt contains 

about 30ppm Cu, suggesting a maximum depletion of 30ppm by leaching. 

Fresh rhyolite and rhyolite in the outer parts of the alteration halo 

contain on average 6ppm Cu but the highly altered rhyolites of the 

stockwork zone, rather than being leached of Cu, show a net enrichment 
of Cu by around 20ppm. Using the above figures it is possible to 

estimate the the size of the alteration halo required to generate the 

amount of Cu contained in the Rio Tinto orebodies by convective 
leaching. These calculations are shown in Table 7.02. It can be seen from 

Table 7.02 that to generate the 6Mt of Cu contained in the orebodies, an 

alteration halo with a radius of S-Omis required. This is assuming that 

30ppm (50%) of the Cu was leached from the basalts and the process was 
1007, efficient. There are several reasons why this is unlikely: 

(1) The figure of 30ppm leaching applies to basalt which makes up at 
most 60% of the mafic volcanic group. Mafic tuffs and shales may have 
been altered more effectively but are unlikely to have contained more 
Cu. The underlying 'Devonian sediments contain only 14ppm Cu and do not 
appear to have been extensively altered. 
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Table 7.01 
Amount of copper in the Rio Tinto sulphide deposits. 
(Data from Instituto Geol6gico Minero de Espafla, 1982, and mine 
records). 

Orebody 

San Antonio 

San Dionisio 

Cerro Colorado 

Tonnes (xl0l) 

5 
4 

18 
32 
17 

200 

Grade CoDDer (TonnesxIO6) 

1.2% 0.1 
1.1% 0.1 
1.7% 0.3 
0.9% 0.3 
0.6% 0.1 
0.8% 1.6 

2.5 

Mined out (1875 - 1980) 
Erosion 
Footwall enrichment 

1.5 
1.5 
0.5 

TOTAL 6.0 Mt 

Table 7.02 
Volume of basalt required to form the Rio Tinto deposits by leaching. 

Unaltered basalt = 60ppm Cu (Maximum) 
Unaltered rhyolite = 6ppm Cu (Mean) 
Altered basalt = 30ppm Cu (Mean) 
Altered rhyolite = 20ppm Cu (Mean) 

Thickness of basalt = 300m (Mean) Density of basalt = 3g/cm-2 

'Total 
Cu in orebodies = 6Mt (From mine records and estimating for 

erosion) 

Assuming the total Cu in the system is 6x 101---g and leaching of 
basalt removes 30ppm Cu, what volume of basalt is required to 
generate the orebody? 

(6 x 1012)/30 => 2.0 x 1011 Tonnes rock 

=> Volume of basalt (2-0 x 1011) x 0.33mý3ton-1/109 m3km-3 
=> - 

66 km3 

Area of alteration halo kmý, /O. 3km => 22. OkMI 

j 

Corresponding to a radius of, (19, Lý krn) 



w 
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(2) All the calculations assume an average thickness of basalt of 300m 

although the basalt Is known to become thinner further away from the 

mineralisation. 

(3) There are numerous smaller sulphide deposits in the area, many within 

12km of Rio Tinto. Assuming that these deposits were associated with 

independent hydrothermal systems and taking into account the relative 

sizes of the deposits, the Rio Tinto alteration halo could not have 

extended over a radius of more than about 8km. It is very unlikely that 

the process of leaching was 100% efficient particularly as relatively 

unaltered basalt containing primary sulphide can be found 6km away from 

Rio Tinto to the west, and evidence of pervasive basalt alteration is only 

seen within about 4km of the mineralisation. 

From the above calculations it can be concluded that while it is possible 
to generate the amount of copper present in the Rio Tinto orebodies by 

effective leaching of the basalts, it is extremely unlikely. 

The problem with attempts to model the magma t ic- hydro thermal system in a 

similar way, is that there is very little control on the amount of Cu that 

may have been present in the f luids, or on how such af luid may have been 

incorporated into the hydrothermal system at Rio Tinto. Magmatic fluid is 

assumed to be more metal rich than hydrothermal fluids of seawater origin 

- 1000ppm combined Cu+Pb+Zn, compared to 100ppm in heated seawater 
(Crerar and Barnes, 1976; Cathles 1983). Several values of Cu concentration 

-the in a late magmatic fluid have been used to calculatelsize of the intrusive 

body that would be required to concentrate the copper of Rio Tinto 

deposits by partitioning of Cu into a late magmatic fluid. These 

calculations are shown in Table 7.03. The most reasonable estimate would 
be of an intrusive body of between 50 and 100km3 in size and containing 
between 20 and 40ppm Cu in the original melt, exsolving a late stage fluid 
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Table 7.03 

Size of intrusive body required to exsolve a late stage copper 

enriched fluid capable of forming the Rio Tinto deposits. 

(a) Magmatic Fluid Containing 2OOpRm Cu 

(6 x 1012)/200 = 3.0 x 1010 Tonnes fluid 

Assuming 4% of the melt exsolves as aqueous fluid 

(3.0 x 101")/0.04 = 7.5 x 1011 Tonnes magma 
Assuming the density of the magma is 2.6 gCm-3 
(7.5 x 1011) x 10r, x 0.38/10r, = 2.85 x Wile 

= 285 ke intrusive 

(b) Magmatic Fluid Containing 50ORpm Cu 
(6 x 1012-1/500 = 1.2 x 101c, Tonnes fluid 

Assuming 4% of the melt exsolves as aqueous fluid 

(1.2 x 101")/0.04 = 3.0 x 1011 Tonnes magma 

Assuming the density of the magma is 2.6 gcm-3 
(3.0 x 1011) x 10r- x 0.38/10r- = 1.14 x 101'e 

= 114 km3 intrusive 

containing approx 20ppm copper, Wx 1012 /2.8xlOI7), 

in the original melt. 

(c) Magmatic fluid containing 1000ppm Cu 
(6.0 x 1012)/1000 = 6.0 x 109 Tonnes fluid 

Assuming 4% of the melt exsolves as aqueous fluid 

(6.0 x 109)/0.04 = 1.5 x 1011 Tonnes magma 
Assuming the density of the magma = 2.6 gCmý-3 
(1.5 x 1011) x lor- x 0.38/106 = 5.7 x 1010mý3 

= 57 W 

containing approx. 40ppm copper (6xl0': 2/1.4xjOI7) 
in the original melt. 
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containing between 500 and 1000ppm Cu. This in assuming that 4% of the 

original melt was exsolved as a late stage magmatic fluid. Once this 

copper had been concentrated in a late stage fluid, two possible 

mechanisms can be envisaged by which it could have been incorporated into 

the convecting hydrothermal system associated with massive sulphide 

mineralisation. Firstly, the copper may have been leached from the 

crystalline intrusive as a result of the convecting seawater cell 
intersecting the top of the cooling magma chamber. Secondly, pulses of 
late-magmatic fluid enriched in copper may have been released directly 

into the seawater system from the cooling pluton. The second mechanism is 

favoured here, as a model of leaching from the cooling crystalline 
intrusive presents similar problems to the model of leaching from the 

footwall rocks, and it seems unlikely that there could have been extensive 

direct interaction between cold convecting seawater and a cooling pluton. 

7.2.2 Evidence from alteration. 

According to Urabe (1987), the two alternative models of hydrothermal 

systems responsible for massive sulphide genesis shown in Fig. 7.01, will 

result in different patterns of footwall alteration. These alteration 

patterns are shown in Fig. 7.02. The major difference between alteration 

caused by convection and alteration caused by a magmatic fluid source is 

the vector of fluid flow in the footwall. Model A is the conventional model 

of a hydrothermal cell as proposed by Ohmoto and Rye (1974). The main 

vector of fluid flow is from the outer parts of the alteration halo, where 

metals are leached, to the central discharge zone, where the metals are 

redeposited in the stockwork and sulphide lens. In Model B (Urabe, 1987), 

the main vector of fluid flow is from the centre of the discharge zone to 
the outer margin of the alteration halo. This lateral migration of fluids 

away from the discharge zone results in the addition of excess metals and 
sulphur to the rocks of the central parts of the alteration halo, but 

precludes the immediate footwall rocks as a metal source through leaching. 
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Seawater IOCO 

Massive Sulphide 
-AN 

.. 
j ýLj 

100- ... . - Zl: VoIcanics 1000M Inflow Zone cc*. '. d 
. t Leaching !D Discharge Zone 

- Precipitation 

-7 -XI X 4. Basement 

Figure 7.02 
Hypothetical sub-seafloor alteration systems associated 
with the convective-leaching (A), and magmatic-hydrothermal 
(B) models of massive sulphide genesis. 
(After Ohmoto and Rye, 1974; Cathles, 1983; Urabe, 1987) 
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The only possible source of metals through leaching in model B is the 

basement, but this is rejected by Urabe for the Kuroko deposits on the 

basis of isotopic data. 

The petrology and geochemistry of the alteration halo at Rio Tinto has 

been discussed in Chapters 4 and 5. In Chapter 4 it was shown that the 

main vector of fluid flow was probably from the centre of the discharge 

zone outwards, giving rise to an alteration halo characterised by a 

chloritic: core surrounded by a zone of more sericitic material. The idea of 

fluid migration away from the discharge zone is also supported by the 

composition-volume plots for the Rio Tinto system, presented in Chapter 5, 

which show that the main vector of mass transfer was probably from the 

centre of the discharge zone to the outer margins. However, it has been 

shown in Chapters 4 and 5 that the observed features of the alteration 

halo at Rio Tinto can be quite adequately explained as the result of 

progressive interaction between the host rock and a hydrothermal fluid 

whose composition was dominated by seawater. 

The observed mineral zonation of the Rio Tinto alteration halo is in 

complete contrast to the alteration halos associated with the Kuroko 

deposits which have intensely sericitised cores and chloritised margins. 

Urabe et al. (1983) explain the alteration associated with the Kuroko 

deposits in terms of acidic, K-rich, mineralising fluids being introduced 

into the discharge zone and progressively replacing the chlorite formed by 

earlier seawater interaction. Further incursion of seawater was prevented 

by a self-sealing of the hydrothermal system caused by precipitation of 

silica in the outer parts of the alteration halo. 

7.2.3 Evidence from 12etrolOgy and geochemistry. 

It has been shown in Section 7.2.3 that a water rich, chlorine rich, 

aluminous magma is most likely to be able to exsolve significant 

quantities of late stage metalliferous fluid. The intrusive tonalites and 
trondhjemites of the Campofrio area which have been discussed in Chapters 
4 and 5 as the possible comagmatic precursors of the Rio Tinto volcanics, 
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contain biotite and hornblende as the only significant ferromagnesian 

phases suggesting that the original magma was hydrous. In addition, the 

presence of porphyry style mineralisation in the trondhjemites of the Odiel 

Quarry could be taken as evidence that late stage metalliferous fluids 

were present in the system. The rhyolites which occur in the Rio Tinto 

area are peraluminous; according to the classification of Barker (1981), and 

clearly represent a very late stage in the evolution of the system. The 

association between massive sulphide mineralisation and the most highly 

evolved volcanics in the system, both at Rio Tinto and elsewhere (Campbell 

et al., 1982), suggests a direct link between ore deposition and magmatic 

evolution. 

7.3 Summary: Genetic Models for the Rio Tinto Minerallsation 

In trying to establish a genetic model for the Rio tinto mineralisation 
there are three main factors to be considered: 

(1) Isotopic studies presented in Chapter 6 show that the mineralising 
fluids were introduced into the lower part of the stockwork at a 
temperature probably in excess of 400T and with a 8100 H20 of about +6L. 

These fluids were very similar in temperature and composition to the 
fluids responsible for the porphyry style quartz-sulphide mineralisation 
seen in the Odiel Quarry intrusives. 

(2) The mass-balance calculations presented in Section 7.2.1 suggest that 
leaching of base metals from the footwall rocks could not have 

concentrated the metals seen in the Rio Tinto sulphide lenses due to the 
limited effectiveness of the leaching process and the restricted area of 
the alteration halo. 

(3) The alteration observed associated with the mineralisation at Rio Tinto 
is typical of seawater-rock interaction at high water/rock ratios, 
particularly in the central parts of the alteration halo. A significant 
amountof magnesium has been added to the system and the most logical 

source of this magnesium would be from seawater. 
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The model presented here for the Rio Tinto system is one in which both 

seawater convection, and magma t ic-hydrotherma 1 cells operated. An initial 

period of seawater convection resulted in the chloritisation of the central 

discharge zone, and the progressive sericitisation of the outer parts of 

the alteration halo. This seawater convection would have been driven by 

heat supplied from a shallow level intrusive body. At some stage a 

metalliferous fluid of magmatic origin was incorporated into. the system 

either by direct injection or by assimilation into the seawater dominated 

convection cell. The release of this magmatic fluid was most likely a rapid 

event giving rise to the brecciation of the host rocks and forming the 

rhyolite breccies and the stockwork, whose features, (Plate 2.01), are more 

consistent with a sudden violent influx of fluid then with a continuous 

passive process. 
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CHAPTER 8 

SUMMARY. CONCLUSIONS. AND APPLICATIONS TO EXPLORATION 

8.1 Summary and Conclusions 

In this study the main volcanic facies of the Volcano-Sedimentary host- 

rocks at Rio Tinto have been described. The petrology and geochemistry 

of the basaltic and rhyolitic lavas has been studied in detail both in 

terms of their primary compositions and the effects of hydrothermal 

alteration. The intrusive complex to the north of Rio Tinto has also 

been studied and the field relations, petrology, and geochemistry of 

these intrusives have been described. The nature of the fluid involved in 

massive sulphide mineralisation has been investigated using stable 

isotopes. The main conclusions of the study are as follows: 

(1) The basalts of the Rio Tinto volcanic series are most commonly 

represented by highly vesicular and locally pillowed flows, although 

thicker successions of columnar Jointed basalt may be observed in 

outcrop more distant from the mineralisation. The rhyolitic lavas and 

pyroclastic deposits of the felsic volcanic group which hosts the 

massive sulphide mineralisation show evidence of subaerial deposition, 

with the fine tuffs and shales at the top of this group reflecting the 

transition to subaqueous conditions immediately prior to massive 

sulphide deposition. The massive sulphide deposits of the eastern part 

of the Rio Tinto anticline are underlain by a thick pile of heavily 

altered rhyolitic lavas and appear to have formed close to a centre of 

rhyolitic activity. 

(2) The intrusive tonalites and trondhjemites of the Campofrio area show 

evidence of pre- or syn-tectonic emplacement. Locally they contain 

porphyry-style mineralisation and have been hydrothermally altered. There 
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is geochemical evidence of a comagmatic relationship between the 

intrusive tonalites and the basalts of the Volcano-Sedimentary Complex, 

and between the intrusive trondhjemites and the rhyolites. The two 

groups may represent different parts of a continuous fractionated series 

although the trondhjemites and rhyolites could be a product of partial 

melting of basement sediments. 

(3) The alteration halo associated with the mineralisation is made up of 

a central zone of chloritisation associated with stockwork veining, and 

an outer zone of sericitic alteration, with local silicification. Within 

this alteration halo the chemical components of the host rock have been 

remobilised, with the least mobile elements being Ti and Zr. Fluid flow 

and mass transfer appear to have been predominantly from the central 

discharge zone to the outer margins of the alteration halo. The observed 

alteration patterns are characteristic of interaction between the host 

rock and a fluid of seawater origin. Lithogeochemical indicators of 
hydrothermal alteration can be found in rhyolitic and basaltic flows up 

to 4km from mineralisation. 

(4) Oxygen isotope geochemistry of the stockwork mineralisation suggests 
that the mineralising fluids were introduced at temperatures in excess 

of 400*C, with an initial fluid 8100 H20 of around +6L. As these fluids 

moved upwards through the system they became progressively enriched in 
110 as a result of interaction with the rhyolitic host rock. 

(5) Mass-balance calculations show that the copper of the Rio Tinto 

orebodies could not have been generated by leaching of the footwall 

rocks. Models involving a magmatic fluid source indicate that the copper 
contained in the Rio Tinto sulphides could have been concentrated in a 
metalliferous late-magmatic fluid, exsolved from a relatively small 
intrusive body with a composition similar to that of the Campofrio 
intrusives. 

(6) It is proposed that a component of the metals contained in the Rio 
Tinto deposits was derived from a magmatic source with the observed 
alteration patterns being a result of seawater convection driven by the 
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heat of an underlying intrusive body. By some mechanism, a late stage 

magmatic fluid enriched in base metals was incorporated into the system 

and this fluid provided the high concentrations of metals, particularly 
Cu, required to form the large high grade stockworks and massive 

sulphide ores of the Rio Tinto anticline. 

8.2 Applications to Exploration. 

8.2.1 Regional distribution of massive sulphides 

The association between massive sulphide mineralisation and the most 

highly fractionated rocks in a felsic volcanic succession has been 

recognised previously in the Archaean of Canada (Campbell et al., 1981), 

and it would appear that this is also the case at Rio Tinto. At Rio 

Tinto there would also appear to be an association between sulphide 

mineralisation and a former centre of felsic volcanic activity. 

It is proposed that while conventional convect ive- leaching processes may 

result in the accumulation of sulphides in depressions on the sea floor, 

the deposition of very large polymetallic sulphide deposits such as Rio 

Tinto, requires an additional metal source in the form of a late stage 

magmatic fluid exsolved from a hydrous magma. If this is the case then 

exploration activity should be concentrated in areas of suitable 
intrusive activity, and in areas where there are possible mechanisms by 

which a late stage magmatic fluid could be transported to the surface, 
e. g. centres of volcanic activity, faults. The intrusive association may 
also have implications for the distribution of large polymetallic 
sulphide deposits, which may exhibit a spacing equivalent to the size of 
large modern convective systems in active geothermal areas (Sawkins, 
1980). 
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8.2.2 Development of a local dispgrsion halo. 

Most authors working on dispersion halos associated with the Pyrite Belt 

mineralisation have concluded that while anomalous levels of ore 

associated elements may be detected close to the mineralisation, there 

is no geochemical vector which extends beyond this obvious zone of 

enrichment (Routhier et al., 1978; Kersabiec and Roger, 1976). It has been 

suggested however, that the effects of hydrothermal alteration may be a 

function of the permeability and chemical composition of the host rock 

(Kersabiec and Roger, 1976), and as a result the degree of hydrothermal 

alteration will be facies dependant. 

The study of alteration lithogeochemistry presented in Chapter 5 

confirms to a large extent the conclusions of Routhier et al., (1978) 

that noticable dispersion of elements such as Cu, Zn, Fe, only occurs 

within a few hundred metres of the stockwork mineralisation. Even when 
the effects of variable alteration due to facies variations are removed, 

the levels of the main ore-associated elements in homogeneous f low 

units show marked enrichment in the stockwork but fall back to normal 

values within a few hundred metres of the mineralisation. However, it 

has been demonstrated in Chapter 5, that hydrothermal alteration can be 

detected up to 4km from the mineralisation by using parameters such as 

whole rock L. O. I. and the Alteration Index (MgO+K20/MgO+CaO+Na. 20+K. 20), of 
Date et al., 1983. The usefulness of lithogeochemical indicators such as 
these would appear to be dependant on being able to trace the 

geochemical variations in single lithologies, in this case volcanic f low 

units, as variable alteration of different lithologies will obscure the 

overall lithogeochemical trends. This is particularly true of tuffaceous 

material which is highly susceptible to alteration with the result that 

the effects of regional metamorphism, seafloor metasomatism and 

hydrothermal alteration associated with mineralisation, are impossible to 

distinguish in tuffaceous horizons. The broad anomalies which could be 

defined using the lithogeochemical criteria outlined above would be 

reasonably small target areas for follow-up geophysical investigation. 
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8.3 Suggestions for Future Work in the Pyrite Belt. 

In order to understand the geology and mineralisation of the Pyrite Belt 

as a whole it is first necessary to understand the geology of individual 

deposits such as Rio Tinto, Sotiel, Tharsis, and Neves Corvo, and to 

compare and contrast the essential features of these large deposits with 
those of the numerous smaller low grade deposits which are present in 
the area. In particular, the palaeogeographical setting of the orebodies 
and the possible association between sulphide mineralisation and a 

particular volcanic facies need to be investigated in more detail. 

More detailed studies of the geochemical dispersion halos associated 

with massive sulphide mineralisation. are also needed. In particular a 

study of the effects of hydrothermal alteration on mineral chemistry, 

and the compositional variations of hydrothermal minerals in different 

parts of the alteration halo. The presence of highly altered lithologies 

in the vicinity of the mineralisation also has implications for the local 

structural setting of the orebodies as the degree of deformation will 

increase in the hydrothermally altered rocks surrounding the 

mineralisation. 

Conventional genetic models of sulphide mineralisation based on analogy 

with modern black smoker systems are still not applicable to many large 

sulphide deposits and the alternatives to such models should be 
investigated as the implications of a magmatic fluid source are far- 

reaching. At present, mechanisms by which a late stage magmatic fluid 

could exsolve from a magma, become enriched in base metals, and reach 
the seafloor are poorly understood. The possible mechanisms by which 
such fluids could form and interact with seawater need to be 
investigated. At the same time other large massive sulphide deposits 

should be re-evaluated in terms of the applicability of the convective- 

leaching model and the potential role of intrusive magmatism. 

I 
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Appendix A 

APPENDIX A 

SUMMARY DRILL HOLE LOGS: 

Abbreviations used: 
Chl. = Chloritisation 
Ser. = Sericitisation 
Si. = Silicification 
Fe ox. = Iron oxide staining 

Py. = Pyrite 
Cpy. = Chalcopyrite 
Stkwk. = Stockwork 
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The location of the drill holes summarised here Is shown on the 
enclosure map. 
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Depth Rock Type 

DDH 4087. 
Enclosure Coords: x=341.450 y=435.070) 
Vertical 

0-12m Crystal tuff 
12-24m Crystal tuff 
24-35m Crystal tuff 
35-50m Rhyolite breccia/ 

Lapillistone 
50-53m Black shale with 

fine tuff and ash 
53-83m Vesicular basalt 
83-90m Black shale 
90-99M Vesicular basalt 
99-loom Black shale 
100-109M Vesicular basalt 
109-111M Fine tuff 
111-148m Vesicular basalt 
148m = END. 

DDH 4072. 
Enclosure Coords: x=341.850 y=435.070 
Vertical 
0-36m Crystal tuff and 

Lapillistone. 
36-70m Rhyolite breccia/ 

Lapillistone 
70-80m Crystal tuff 
80-94m Lapillistone 
94-102m Crystal tuff 
102-112m Tuff breccia with 

pyrite matrix 
112-116m Fine tuff 
116-136m Lapillistone 
136-138m Crystal lithic tuff 

with shale. 
138m Fault 
138-145m Crystal lithic tuff 

with shale 
145-150m Black shale 
150-166m Vesicular basalt 
166-167m Fine tuff/ash 
167-173m Fine tuff with breccia 

at base. Some shale bands 
173-176m Fine tuff and shale 
176-179m Black shale 
179m = END 

Alteration 

Chl. + Ser. 
Si. + Fe ox. 
Ser. 
Si. + Chl. 

Chl. 

Chl. 

Chl. + Fe ox. 

Chl. 

Si. + Chl. 

Si. + Chl. 

Chl. 
Fe ox. 
Si. + Chl. 
Fe ox. 

Ser. + Fe ox. 
Chl. 
Ser. 

Ser. 

Chl. 
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Mineralisation 

Py. Stkwk. 

Py. Stkwk. 

Py. 
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Depth Rock Type 

DDH 2208. 
Enclosure Coords: x=342.100 y=435-020) 
Inclination -50' towards N133E 
0-9m Lapillistone with 

rhyolitic bands 
9-53m Interbedded crystal 

lithic tuff and shale 
53-57m Black shale 
57-69m Crystal tuff 
69-78m Black shale 
78-86m Breccia. Basaltic 

clasts 
86-111m Vesicular basalt 
111-142m Shales and fine 

tuffs 
142-160m Vesicular basalt 

breccia at base 
160-164m Fine tuff breccia 
164-170m Thin basaltic horizon? 
170-175m Crystal tuff 
175-209m Crystal-lithic tuff 

with black shales 
209-244m Vesicular basalt 
244-275m Fine tuff with bands 

of breccia 
275m = END 

DDH 2217. 
Enclosure Coords: x=342.200 y=435-040) 
Inclination -50' to N139E 
0-14m Altered rhyolite 
14-33m Lapillistone 
33-88m Crystal lithic tuff 

Fine ash and shale 
88-94m Crystal lithic tuff 

Black shale bands 
94-125m Black shales 
125-145m Mafic crystal tuff 
145-253m Vesicular basalt 

with shaley partings 
at 160m and 215m 

253-298m Med-fine grained 
crystal tuffs. 

298-342m Vesicular basalt, 
brecciated at base 

342-378m Fine tuff with black 
shale partings 

378-407m Vesicular basalt 
407-433m Crystal tuff 
433-435m Black shale 
435m = END 

Alteration 

Ser. 

Chl. 

Si. 

Chl. Fe ox. 
Chl. 

Chl. 

Si. 
Si. 

Si. + Chl. 
Chl. 
Ser. 

Ser. + Fe ox. 

Chl. 
Si. + Chl. 

Chl. 

Chl. 

Si. + Chl. 
Chl. 
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Mineralisation 

Py. Stkwk. 

Py. Stkwk. 

Py. Stkwk. 

Py. Stkwk. 
Py. Stkwk. 

Py. Stkwk. 
Py. Stkwk. 

Py. Stkwk. 

Py. Stkwk. 
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Depth Rock Type 

DDH 1035. 
Enclosure Coords: x=343.600 y=434.980 
Inclination -70' south 
0-18M Altered mafic tuff 
18-84m Mafic crystal tuffs 
84-90m Vesicular basalt 
90-215M Tuffs and shales with 

thin basalt horizons. 
215-250m Vesicular basalt 
250-309m Crystal tuffs 
309m Fault 
309-315m Crystal tuffs 
315m = END 

DDH 1319. 
Enclosure Coords: x=343.700 y=434.955 
Inclination -50* north 
0-90M Rhyolite 
90-98M Fine tuff and shale 
98-156m Vesicular basalt 
156-160m Mafic tuff 
160-172m Vesicular basalt 
172m = END 

DDH 2126. 
Enclosure Coords: x=343.700 y=434.930 
Vertical 
0-94m Crystal tuff 
45m Fault 
45-69m Crystal tuff 
69m Fault 
69-103m Crystal tuff 
103-118m Fine tuff with pyrite 

lens Om thick), at 
base 

118-126m Crystal lithic tuff 
and ash 

126-210m Black shale with bands 
of fine ash and 
crystal tuff 

210-226m Crystal tuff 
226-245m Rhyolite 
245-259m Crystal tuff with 

thin Jasper horizons 
259-267m Rhyolite 
267m = END 

Alteration 

Fe ox. t Chl. 
Chl. 

Chl. 

Chl. Fe ox. 
Chl. 

Chl. 

Chl. + Si 

Chl. 
Chl. 
Chl. 

Si. + Ser. 
Fe Ox. 
Ser. + Fe ox. 

Ser. + Fe ox. 
Ser. 

Chl. 

Si. + Fe ox. 
Fe ox. 
Si. + Fe ox. 

Si. 
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Minerallsation 

Py. Stkwk. 

Py. Stkwk. 

Py. Stkwk. 

Py. Stkwk. 

Py. Stkwk. 

Py. 
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Depth Rock Type Alteration Minerallsation 

DDH 2273. 
Enclosure Coords: x=343.900 y=434.965 
Vertical 
0-40m Rhyolite and Chl. 

gossan. 
40-84m Rhyolite Chl. Py. Cpy. Stkwk. 

Fault at 61m 
85-103m Shales and crystal Chl. Py. Cpy. Stkwk. 

lithic tuff 
103-128m Vesicular basalt Chl. + Si. Py. Cpy. Stkwk. 

breccia at base 
128-146m Fine tuff and shale Chl. 
146-182m Vesicular. basalt Chl. + Si. Py. Cpy. Stkwk 
182-208m Shale Chl. 
208-245M Vesicular basalt Chl. 
245-250m Black shale 
250-260m Vesicular basalt Chl. 
260m = END. 

DDH 2228. 
Enclosure Coords: x=344.150 Y=4-34.970 
Vertical 
0-22m Shale and lapillistone 
55-126m. Rhyolite breccia with Chl. 

lenses of massive lava 
126-144m Tuff and shale 
145-206m Vesicular basalt Chl. Cpy. Py. Stkwk. 

breccia bands 
206-240m Shale and tuff Chl. 
240-252m Vesicular basalt Chl. Cpy. Py. Stkwk- 
252-324m Tuff and fine ash 
324-333m Vesicular basalt 
333m = END 

DDH T102. 
Enclosure Coords: x=344.300 y=434.970 
Vertical 
0-41m Rhyolite Chl. 
41m Fault 
41-50m Rhyolite with breccia Chl. 
50-81m Shales and lapillistone 
81-151m Rhyolite breccia 
151-196m Rhyolite 
196-209m Fine tuff and black 

shale 
209-248M Vesicular basalt Chl. 
248-264m Shale 
264-299m Vesicular basalt Chl. 
299-336m Shales and fine ash Chl. 
336m = END 
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Depth Rock Type 

DDH 2207. 
Enclosure Coords: x=344.650 y=434.970 
Vertical 
0-173m Rhyolite with bands 

of lapillistone and 
some breccia 

173-184m Fine tuff and shale 
184-201m Vesicular basalt 
201-220m Fine tuff and shale 
220-251m. Vesicular basalt 
251-267m Crystal tuff 
267m = END 

DDH 2234. 
Enclosure Coords: x=344.850 y=434.960) 
Vertical 
0-70m Rhyolite and 

rhyolite breccia 
70-126m Breccia and 

lapillistone 
126-128m Black shale 
128-184m Mafic tuff with 

shales and thin 
basalt horizon at 145m 

184-196m Vesicular basalt 
196-230m Shale 
230-280m Vesicular basalt 
280-299m Fine ash and black 

shale bands 
299m = END 

DDH T025. 
Enclosure Coords: x=345.300 y=434.955 
Vertical 
0-191M Rhyolite, altered 

and brecciated. 
191-207m Crystal tuff 
207-226m Rhyolite breccia or 

lapillistone 
226-256m Crystal lithic tuff 
256-261m Black shale 
261-267m Mafic crystal tuff 
267-286m Vesicular basalt 
286-300m Fine tuff 
300-320m Vesicular basalt with 

breccia at base 
320-343m Fine tuff. 
343m = END 

Alteration 

Chl. 

Chl. 

Chl. 
Chl. 
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Minerallsation 

Py. Cpy. Stkwk. 
Py. Stkwk. 

Chl. 

Chl. 

cpy. 
Chl. 

Chl. 
Chl. + Fe ox. 
Chl. 

cpy. 

Chl. t Si. 
+ Fe ox. 

Chl. 

Chl. 

Chl. + Si 

Cpy. Py. Stkwk. 

cpy. 
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Depth Rock Type 

DDH TI 19, 
Enclosure Coords: x=345.800 y=434.980 
Vertical 
0-54m Gossan and 

lapillistone 
54-66m Rhyolite breccia 
66-200m Rhyolite and rhyolite 

breccia 
200m Fault 
200-221m Rhyolite 
221-244m Rhyolite breccia 
244-283m Rhyolite with breccia 

or lapillistone 
283-301m Lapillistone 
301m = END 

DDH TLQ8, 
_ Enclosure Coords: x=345.950 Y=434.970) 

Vertical 
0-30m Gossan 
30-60m Rhyolite 
60-114m Rhyolite breccia 
114-171m Coarse tuff and 

lapillistone 
171-179m Rhyolite 
179m Fault 
179-213m Rhyolite 
213-238m Lapillistone and 

breccia 
238-273m Rhyolite 
273-284m Rhyolite breccia 
284-323m Rhyolite 
323m = END 

DDH 2238. 
Enclosure Coords: x=344.350 y=434.950 
Vertical 
0-30m 

30-86m 

86-118M 
1 18M 
118-170m 
170-208m 
208-229m 
229-239m 
239-242m 
242m = END. 

Rhyolite breccia or 
lapillistone with shale 
bands. 
Fine mafic tuff and 
shale 
Vesicular basalt 
Fault 
Mafic tuff 
Vesicular basalt 
Tuff and shale 
Vesicular basalt 
Black shale 

Alteration 

Fe ox. 
Ser. + Si. 

Fe ox. 

Chl. + Si. 
Chl. 

Chl. + Si 

Ser. + Kaol. 
Ser. + Fe ox. 
Ser. + Fe ox. 

Si. 

Fe ox. + Si. 

Fe ox. Si. 

Chl. 

Fe ox. 
Chl. 

Chl. 
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Mineralleation 

Py. Cpy. Stkwk. 

Py. Cpy. Stkwk. 
Py. Cpy. Stkwk. 

Py. Stkwk. 

Py. + Cpy. 

Py. 
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Depth Rock Type 

DDH 2226. 
Enclosure Coords: x=344.350 Y=434.960 
Vertical 
0-9m Crystal tuff 
9-63m Rhyolite with 

rhyolite breccia 
Fault at 51m 

63-120m Crystal lithic tuff 
120-122m Fine mafic tuff 
122-131m Vesicular basalt with 

breccia 
131-153m Fine tuff 
153-156m Vesicular basalt 
156-272m Tuff and shale 
272-285m Vesicular basalt 
285-298m Fine tuff 
298m = END 

DDH 2246. 
Enclosure Coords: x=344.350 y=434.975 
Vertical 
0-65m Rhyolite autobreccia 
65-122m Rhyolite 
122-152m Breccia with tuff 

fragments 
152-198m Rhyolite 
198-210m Breccia 
210-280m Fine tuff and shale 
280-300m Black shale 
300-310m Mafic tuff 
310-400m Vesicular basalt 
400-452m Tuff and shale 
452m = END 

DDH 2243. 
Enclosure Coords: x=344.350 y=434.950 
Vertical 
0-58m Rhyolite 
58-70m Crystal tuff 
70-125m Rhyolite breccia 
125-180m Rhyolite and rhyolite 

breccia/lapillistone 
180-320m Rhyolite 
320-354m Rhyolite breccia, 

Alteration 

Ser. 
Ser. + Fe ox. 

Chl. 

Chl. 

Chl. 
Chl. 
Chl. 
Chl. 
Chl. 

Chl. 
Chl. 

Chl. 
Chl. 

Chl. 

Chl. + Ser 
Chl. 
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Mineralisation 

cpy. 

Py. Cpy. Stkwk. 
Py. Cpy. Stkwk 
Py. at base 

Cpy. Py. Stkwk. 
cpy. 

354m = END 
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Depth Rock Type Alteration 

DDH T085. 
Enclosure Coords: x=344.250 y=435.010) 
Vertical 
0-42m Rhyolite breccia Ser. + Si 
42m Fault 
42-93m Rhyolite Chl. + Fe ox. 
93m Fault 
93-137m Rhyolite Chl. 
137-167m Rhyolite breccia Chl. 
167m Fault 
167-179m Rhyolite breccia Chl. 
179-193m Rhyolite Chl. + Fe ox. 
193-243m Rhyolite breccia Chl. + Ser. 
243m Fault Fe ox. 
243-253m Rhyolite breccia Chl. 
253-267m Rhyolite Ser. + Fe ox. 
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Mineralisation 

Py. Stkwk. 

Py. Stkwk. 

Py. Stkwk. 

Py. Stkwk. 

The logs for DDH 1545, and DDH 1542 (Fig. 3.04), were taken from 
company records as the drill core was not available for re-logging. 
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APPENDIX B 

LOCATION OF SAMPLES QUOTED IN THE TEXT 

(Groups according to Figs. 5.02 and Fig. 5.03) 
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Sample No. Locality Co-ordinates Figure No. 
(Inset map) 

(Least alte red rhyolite) 
Z8 Odiel River x=702.100 Y=417.810 Fig 3.03 
Z38 Odiel River x=701.650 Y=417.835 Fig 3.03 
07 Odiel River x=702.100 y=417.810 Fig 3.03 
xi El Campillo x=340.000 y=434.920 Enclosure 
X106 El Campillo x=340.500 y=434.890 Enclosure 
X79 El Campillo x=340.500 Y=434.900 Enclosure 
X2 El Campillo x=340.100 y=434.920 Enclosure 
N98 Nerva x=347.500 Y=434.800 Enclosure 
C79 Chaparrita x=345.700 y=435.350 Enclosure 
A19 Rio Tinto Anticline x=342.150 y=435.070 Enclosure 
4072/1 DDH 4072 sample at 33m Fig 3.04 

(Altered rhvolite: Silicification) 
Z18 Odiel River x=702.100 Y=417.790 Fig 3.03 
C9 Campofrio Road x=344.750 y=435.390 Enclosure 
P160 Pena del Hierro x=347.200 y=435.370 Enclosure 
X5 El Campillo x=339.990 Y=434.925 Enclosure 

(Altered rhvolite: Na-inetesomatism) 
88/16 Campofrio Road x=344.750 y=435.400 Enclosure 
88/27 Nerva x=347.600 y=434.805 Enclosure 
A14 Rio Tinto Anticline x=342.350 Y=435.060 Enclosure 
A26 Rio Tinto Anticline x=341.300 Y=435.090 Enclosure 
X109 El Campillo x=340.450 y=434.885 Enclosure 
C16 Campofrio Road x=344.650 y=435.375 Enclosure 
2126/13 DDH 2126 sample at 261m Fig 3.04 

(Altered rhvolite: K-metasomatism) 
C4 Campofrio Road x=344.700 y=435.395 Enclosure 
C20 Campofrio Road x=344.600 y=435.370 Enclosure 
C63 Chaparrita x=345.950 y=435.305 Enclosure 
C67 Chaparrita x=345.850 y=435.315 Enclosure 
C75 Chaparrita x=345.850 y=435.330 Enclosure 
N83 Nerva x=347.650 y=434.795 Enclosure 
N107 Nerva x=347.250 y=434.800 Enclosure 
Z28 Odiel River x=701-800 y=417.775 Fig 3.03 
Z53 Odiel River x=701.550 y=417.830 Fig 3.03 
070 Odiel River k=701.650 y=417.820 Fig 3.03 



Appendix B 

X63 El Campillo x=340.100 Y=434.905 
X68 El Campillo x=340.250 Y=434.895 
X91 El Campillo x=340.525 Y=434.910 
X107 El Campillo x=340.500 Y=434.885 
RT9 E. of El Campillo x=341.650 Y=434.860 
P158 Pefia del Hierro x=347.200 Y=435.340 
A66 Rio Tinto Anticline x=340.950 y=435.100 
AT1 Atalaya Pit x=342.800 Y=434.970 
AT2 Atalaya Pit x=342.900 Y=434.975 
1319/1 DDH 1319 sample at 31m 
2207/1 DDH 2207 sample at 136m 
2273/2 DDH 2273 sample at 52M 
T025/2 DDH T025 sample at 135m 
T102/4 DDH T102 sample at 166M 
T108/4 DDH T108 sample at 254m 
T108/8 DDH T108 sample at 312m 
T119/4 DDH T119 sample at 187m 

(Least altered basalt) 
88/13 El Campillo x=339.450 Y=434.875 
88/30 Nerva x=348-950 Y=434.660 
2217/16 DDH 2217 sample at 381m 
2208/17 DDH 2208 sample at 229m 

(Altered basalt: Silicification) 
88/4 Rio Tinto x=343.200 Y=434.795 

(Altered basalt: Na-metasonatism) 
88/2 Nerva x=348-850 Y=434.720 
88/3 Nerva x=348.950 Y=434.720 
88/8 12km SW of Rio Tinto 
88/22 1.5km W of El Campillo 
E61 3.75km WNW of El Campillo 
E62 3.75km WNW of El Campillo 
2208/7 DDH 2208 sample at 90m 
2217/11 DDH 2217 sample at 248m 

(Altered basalt: K-inetasomatisin) 
AT13 Atalaya Pit 
1035/3 DDH 1035 
1035/8 DDH 1035 
2207/6 DDH 2207 
2207/8 DDH 2207 
2208/13 DDH 2208 
2217/10 DDH 2217 
2217/15 DDH 2217 
2226/8 DDH 2226 
2226/12 DDH 2226 
2228/4 DDH 2228 
2234/8 DDH 2234 
2234/9 DDH 2234 
2238/3 DDH 2238 
2246/7 DDH 2246 
2246/9 DDH 2246 

x=343.050 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 
sample at 

y=434.985 
85M 
223m 
220m 
248m 
146m 
215m 
342m 
154m 
274m 
160m 
241m 
260m 
90M 
327m 
382m 
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Enclosure 
Enclosure 
Enclosure 
Enclosure 
Enclosure 
Enclosure 
Enclosure 
Enclosure 
Enclosure 
Fig 3.04 
Fig 3.05 
Fig 3.05 
Fig 3.05 
Fig 3.05 
Fig 3.05 
Fig 3.05 
Fig 3.05 

Enclosure 
Enclosure 
Fig 3.04 
Fig 3.04 

Enclosure 

Enclosure 
Enclosure 
Fig 2.04 
Fig 2.04 
Fig 2.04 
Fig 2.04 
Fig 3.04 
Fig 3.04 

Enclosure 
Fig 3.04 
Fig. 3.04 
Fig 3.05 
Fig 3.05 
Fig 3.04 
Fig 3.04 
Fig 3.04 
Fig 3.05 
Fig 3.05 
Fig 3.05 
Fig 3.05 
Fig 3.05 
Fig 3.05 
Fig 3.05 
Fig 3.05 
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2273/4 DDH 2273 sample at 105m Fig 3.05 
2273/5 DDH 2273 sample at 169M Fig 3.05 
2273/8 DDH 2273 sample at 254m Fig 3.05 
4072/9 DDH 4072 sample at 160M Fig 3.04 
4087/6 DDH 4087 sample at 92M Fig 3.04 
4087/9 DDH 4087 sample at 129m Fig 3.04 
T025/7 DDH T025 sample at 267m Fig 3.05 
T025/8 DDH T025 sample at 301m Fig 3.05 
T102/7 DDH T102 sampl e at 214m Fig 3.05 
T102/8 DDH T102 sample at 234m Fig 3.05 
T102/9 DDH T102 sample at 248m Fig 3.05 

(Least altered intrusive) 
Q13 W. of Campofrio x=611.500 Y=418.280 Fig 3.08 
Q14 N. E. of Campofrio x=615.800 Y=418.680 Fig 3.08 
Q15 N. E. of Campofrio, x=615.500 y=418.590 Fig 3.08 
Omi W. of Campofrio, x=606.700 y=418.380 Fig 3.08 
OM2 W. of Campofrio x=606.700 Y=418.380 Fig 3.08 
G1 E. of Campofrio, x=616.100 Y=418.290 Fig 3.08 
88/91 N. E. of Campofrio, x=614.500 y=418.320 Fig 3.08 
88/92 N. E. of Campofrio x=614.500 y=418.320 Fig 3.08 
88/18 Campofrio road x=344.500 y=435.365 Enclosure 

(Altered intrusive) 
Q2 Odiel Quarry x=609.000 y=418.500 Fig 3.08 
Q4 Odiel Quarry x=609.000 y=418.500 Fig 3.08 
Q11 Odiel Quarry x=609.000 y=418.500 Fig 3.08 
88/23 Zumajo x=343.800 y=434.680 Enclosure 
88/25 Zumajo x=344.100 y=434.660 Enclosure 
88/102 N. E. of Campofrio x=614.500 y=418.420 Fig 3.08 
GM 4km SW of Gil Marquez Village Fig 2.02 

(Devonian sediment) 
D1 2km SW El Campillo Fig 2.04 

(Culm) 
AT19 Atalaya Pit x=342.700 y=434.940 Enclosure 

Sapples-used for mineral chemistry and pgtrological study 
(not quoted above) 

(Rhyolite) 
AT6 Atalaya Pit 
AW Atalaya Pit 
AT9 Atalaya Pit 
N53 Nerva x=348.600 y=434.775 
N94 Nerva x=348.700 y=434.770 
N97 Nerva x=347.500 Y=434.795 
N108 Nerva x=347.250 y=434.795 
RT20 El Campillo x=340.400 y=434.880 
RT27 El Campillo x=340.450 y=434.90ý 
04 Odiel River X-=702.100 Y=417.820 Z47 Odiel River X=701.700 Y=417.765 

Fig 6.01 
Fig 6.01 
Fig 6.01 
Enclosure 
Enclosure 
Enclosure 
Enclosure 
Enclosure 
Enclosure 
Fig 3.03 
Fig 3.03 
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Z48 
2126/11 
2243/7 
2246/3 
1424/9 

(Felsic Tuff) 

Odiel River 
DDH 2126 
DDH 2243 
DDH 2246 
DDH 1424 (NW Nerv&) 

x--701.650 y=417.760 
sample at 244m 
sample at 229m 
sample at 120m 
sample at 643m 

Page 254 

Fig 3.03 
Fig 3.04 
Fig 3.05 
Fig 3.05 
Not shown 

4072/2 DDH 4072 sample at 40m Fig 3.04 
4087/2 DDH 4087 sample at 21M Fig 3.04 
2217/1 DDH 2217 sample at 47m Fig 3.04 
Z9 Odiel River x--702.100 y=417.810 Fig 3.03 
025 Odiel River x=701.950 y=417.785 Fig 3.03 
046 Odiel River x=702.050 y=417.795 Fig 3.03 
RT48 El Campillo x=339.950 Y=434.925 Enclosure 
X106 El Campillo x=340.500 Y=434.890 Enclosure 
X109 El Campillo x=340.400 y=434.885 Enclosure 
E281 4km NW of El Campillo Fig 2.04 

Basalt 
AT5 Atalaya Pit Fig 6.01 
ATIO Atalaya Pit Fig , 6.01 
AT14 Atalaya Pit Fig 6.01 
4087/5 DDH 4087 sample at 64m Fig 3.04 
4087/7 DDH 4087 sample at 105m Fig 3.04 
4072/8 DDH 4072 sample at 151m Fig 3.04 
2208/16 DDH 2208 sample at 220m Fig 3.04 
2217/9 DDH 2217 sample at 183m Fig 3.04 
1035/7 DDH 1035 sample at 218m Fig 3.04 
2228/4 DDH 2228 sample at 160m Fig 3.05 
88/7 3km SW of El Cam-pillo Fig 2.04 

(Mafic Tuff) 

2217/12 DDH 2217 sample at 257m Fig 3.04 
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APPENDIX C 

ANALYTICAL TECHNIQUES 
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C1. Whole Rock Major and Trace Element Analysis bX ICPAES. 

Major Elements: SiO., AlýO, 
. ý, TiO,, Fe2O. 3 (total iron), MnO, MgO, CaO, 

Na20, K20, P20S- 
Trace Elements: Ba, Be, Cr, Cu, La, Ni, Sr, V, Zn, Zr, Co, Sc, and Y. 

All samples were initially split using a steel rock splitter, crushed 
using an iron jaw crusher, and ground to less than 200# in a tungsten 
carbide Tema mill. Approximately 4S of sample powder was dried 
overnight at 110*C to determine the moisture content (H20-). 
0.2500 ±0.0001g of dried sample was then weighed into a crucible f9r 
subsequent fusion and preparation for I. C. P. analysis. The remaining 
powder was ignited in a muffle furnace at 950'C overnight and the Loss 
On Ignition (LOD determined gravimetrically. 

The 0.2500g sample for analysis was mixed intimately with 0.7500 
±0.0003g of Spectroflux 100B (80% LiBO2,20% L12B,, 07). The mixture was 
transferred completely to a pre-ignited graphite crucible, and fused 
at 1000*C in a pre-heated electric muffle furnace for 20 minutes. The 
molten bead was transfered into a 400ml plastic beaker containing 25ml 
of HNO: ý and 150ml of de-ionised water. The shattered bead was 
dissolved at room temperature using a magnetic stirrer for 30 minutes. 
This solution was then transferred to a clean 250ml volumetric flask. 
The plastic beaker was thoroughly rinsed, and the rinsings added to 
the volumetric flask. The solution in the volumetric flask was then 
diluted to volume and filtered through a Whatman 12.5cm No. 41 filter 
paper into a clean plastic bottle. The plastic bottle was sealed with 
a piece of plastic placed under the cap and stored until the analysis 
was undertaken. 

The solution was directly analysed by aspiration into an ARL 34000C 
ICPAES spectrometer at Imperial College. Raw millivolt data were 
corrected for instrumental drift, normalised against the blank value, 
and calibrated against standard rock solutions prepared by P. Watkins. 
The standards used were BR, GA, GH, NIM-N, SY-2, UB-N, NIM-G, DTS-1, 
AN-G, MICA-MG. Calibration coefficients were better than 0.9999 for 
major elements and better than 0.999 for most minor elements. The 
calibration curve for SiO2 was found to deviate from linearity at high 
values of SiO2 080%). To compensate for this, a silica standard (100% 
SiO2), was also prepared and used to extend the calibration line for 
high silica samples. Sc and Y in the sample solution were analysed at 
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Royal Holloway and Bedford New College, Egham, using a Phillips PV8050 
ICPAES. 

In every set of 30 samples, four reference materials (in-house 
standards), one blank solution, and at least five duplicate 
preparations were included. The reference materials and blanks were 
prepared at the same time as the unknowns with blank solutions 
prepared using 0.7500g of Spectroflux 100B. Mean values and standard 
deviations for the proceedural blanks are given In Table C1, the 
results for reference materials are given in Table C2. 

C2. Rubidium Analysis (Whole Rock). 

The solutions prepared for ICP analysis were also used for 
determination of Rb using the following method. 10.00ml of sample 
solution were pipetted into a 10ml glass beaker and mixed intimately 
with 1.00ml of cesium buffer solution, (10,000 ppm Cs). The solution 
was then aspirated through the Perkin Elmer 272 Atomic Absorption 
Spectrometer at Imperial College. Rb concentrations were determined by 
reference to a calibration line prepared from three or four standard 
silicate rock solutions. 

C3. Ferrous Iron Determination (Whole Rock). 

0.2000 ±0.0005S of sample powder was washed into a 125ml plastic 
bottle containing 10.00ml of approximately 0.05N metavanadate reagent. 
Two bottles were kept as blank solutions. Inside a fume cupboard, 8 
±Iml of "A. R. " concentrated 40% HF were added to each bottle and the 
bottles, with the caps on, were allowed to stand inside the fume 
cupboard for two days. After 2 days, 60ml of 5% boric acid solution 
was added to each bottle and the bottles allowed to stand overnight. 
The solutions were transferred to a series of clean 600ml beakers and 
the plastic bottles rinsed out with a further 120ml of the boric acid 
solution. The rinsings were added to the beakers. Immediately prior to 
titration 10.00ml of 0.055N ferrous ammonium sulphate solution was 
added to each beaker and the solution was stirred well with a plastic 
stirring rod. 2ml of indicator solution (0.04% barium diphenylamine 
sulphonate), was pipetted into the beaker and the solution titrated 
slowly with standard 0.0500ON potassium dichromate solution. 
The ferrous iron content of the sample can be calculated as: 
%FeO = [ml K. Cr201 (sample) - ml K2Cr2O7 (blank)] x 1.7963 
This was then multiplied by a correction factor of 1.004. 

C4. Whole Rock Rare Earth Eleiaent Analysis by I. C. P. 

In this study rare earth element analysis was carried out using a 
method of cation-exchange separation followed by ICPAES analysis. This 
technique is described fully by Watkins and Nolan (In Press). 

0.500 ±0.001g of powdered sample were weighed into a clean platinum 
crucible containing 1.500 ±0.001g of lithium metaborate. The sample 
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and the lithium metaborate were mixed intimately and then fused at 
1000*C for 30 minutes in an electric muffle furnace. Samples from the 
immediate vicinity of mineralisation were ignited prior to preparation 
for REE analysis to avoid the possibility of excess sulphur contained 
in the sample reacting with the platinum crucible during ignition. 
Following fusion, the crucibles were allowed to cool before being 
placed in a 250ml glass beaker containing 70ml of 2N HC1 and 40ml of 
de-ionised water. The fused bead was then dissolved for one hour using 
a small magnetic stirrer. The magnetic stirrer and the platinum 
crucible were then removed and rinsed with the rinsings being added to 
the beaker. 

Ion exchange columns were prepared containing Bio-Rad AG 50W-X8 resin 
(Rý form, 200 to 400 mesh). Prior to introducing the sample solution, 
the columns were equilibrated by passing 100ml of IN HU through them. 
The sample solution was then introduced into the column and the 
unwanted elements eluted by passing 200ml of 1.75N HC1, followed by 
200ml of 1.75 HNO., through the column. The rare earth elements were 
eluted into a beaker through a No. 40 filter paper with 100ml of GN 
HN03, followed by 100ml of 8N HN03. The REE solution was then 
transferred to a clean 250ml glass beaker and evaporated in two stages 
to dryness. When dry the beakers containing the salts were allowed to 
cool, covered with plastic film, and stored for future analysis. 

Immediately prior to analysis, the salts were dissolved in 5ml of 2N 
HN03. The resulting solution was analysed by conventional means by ICP 
using international rock standards for calibration (see section CI). 
Blanks, duplicates, and reference materials were prepared and analysed 
along with the unknowns. Detection limits and results for 
international standards are given in Tables C3 and C4 respectively. 
Duplicate values are quoted at the end of Table E3. In general the 
duplicate values are good considering the low abundances of REEs in 
some samples. 

C5 Mineral Analysis. 

Minerals were analysed at Imperial College using a Cambridge 
Instruments Microscan 5 microprobe fitted with a Link Systems energy 
dispersive x-ray detector. An accelerating voltage of 15kV was used 
with a specimen current of 4. OnA on a Co standard and a count time of 
100 seconds. All analyses quoted were made on carbon-coated polished 
thin sections. Calibration was calculated using end-member mineral 
standards and representative analyses of a Jadeite standard and an 
orthoclase standard analysed during the course of this work are given 
in Tables C5 and C6 respectively. The microprobe data was recalculated 
using the program MINFILE written by A. M. Afifi and E. J. Essene 
(University of Michigan). 
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Table CI 
Results of I. C. P. analysis of eight reagent blank solutions. 

Mean S. D. 

sio, 0.17 (0.044) 
A1203 0.04 (0.002) 

Fe_J)a 0.01 (0.004) 
mgo 0.02 (0.003) 
cao 0.02 (0.015) 
Na_-0 0.07 (0.015) 
K20 0.02 (0.008) 

P, 0, 0.00 (0.003) 
Ti02 0.01 (0.001) 
MnO 0.00 (0.001) 

Ba 11 (3) 
Be -0.1 (0.1) 
Cr -0.1 (1.5) 
Cu 2 (0.6) 
La 0.4 (2.4) 
Ni 1 (4.6) 
Sr 4 (0.7) 
v 3 (1.6) 
Zn -0.1 (1.7) 
Zr 10 (3.2) 
Co (1.2) 

Figures in brackets =1 standard deviation 
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Table C2 
Results of major and trace element analysis of in-house standards. 
Recommended values supplied by P. Watkins. 

MV0 1 SKB 
This study Recommended This study Recommended 

(n=2) (n=2) 

Sio, 74.51 74.58 55.10 54.11 
A1203 13.22 13.09 14.04 13.83 
Fe2O, 3 2.02 2.00 12.86 12.70 
MgO 0.27 0.28 2.45 2.40 
CaO 0.51 0.55 5.96 5.80 
Na2O 3.02 3.02 4.00 4.00 
K: 20 4.98 5.00 2.43 2.44 
P, O, 0.22 0.21 0.94 0.93 
TiO. 2 0.28 0.18 2.05 2.02 
MnO 0.38 0.07 0.27 0.27 

Ba(ppm) 80 85 831 795 
Be(ppm) 13 13.3 2 1.7 
Cr(ppm) 1 5 9 5 
CU(PPM) 14 5 13 10 
La(ppm) 11 15 56 50 
Ni(ppm) 0 5 16 5 
Sr(ppm) 23 25 277 270 
V(Ppm) 2 5 76 55 
Zn(ppm) 32 35 160 145 
Zr(ppm) 77 85 282 260 
CO(PPM) 6 0 21 20 
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SKB 163 
This study Recommended This study Recommended 

(n=l) (n=l) 

Sio, 55.35 54.11 61.51 61.75 
A1203 14.12 13.83 17.39 17.31 
Fe_-O, 13.05 12.70 5.08 5.03 
MgO 2.46 2.40 1.68 1.69 
CaO 5.99 5.80 4.96 5.02 
Na. 20 4.01 4.00 4.58 4.65 
K20 2.47 2.44 2.70 2.71 
P, O, 0.98 0.93 0.24 0.23 
TiO. 2 2.07 2.02 0.68 0.66 
MnO 0.27 0.27 0.07 0.07 

Ba(ppm) 844 795 889 860 
Be(ppm) 2 1.7 2 1.6 
Cr(ppm) 10 5 11 10 
CU(ppm) 12 10 32 35 
La(ppm) 61 50 33 25 
Ni(ppm) 12 5 11 10 
Sr(ppm) 278 270 766 760 
V(Ppm) 67 55 115 105 
Zn(ppm) 170 145 81 65 
Zr(ppm) 286 260 162 145 
CO(ppm) 21 20 12 15 
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Table C3 
Average detection 
(From Watkins and 

All values in ppm 

La 0.2 
Ce 0.3 
Pr 0.15 
Nd 0.2 
Sa 0.06 
Eu 0.02 
Gd 0.10 
Dy 0.06 
Ho 0.03 
Er 0.03 
Yb 0.02 
Lu 0.02 
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limits for rare earth elements determined by ICPAES. 
Nolan, in press). 
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Table C4 
Rare earth element analysis by ICPAES of four international rock 
standards. Recommended values are from Watkins and Nolan (In press). 
All values reported In ppm. 

NIM-G NIM-P 
This Study Recommended This study Recommended 

La 109.30 110 1.74 1.8 
Ce 205.62 200 1.60 3.6 
Pr 21.34 21.7 0.19 0.42 
Nd 69.62 73 2.57 2.3 
Sm 14.91 15.2 0.22 0.41 
Eu 0.35 0.31 0.12 0.12 
Gd 14.41 15.0 0.33 0.44 
Dy 17.62 19.2 0.44 0.51 
Ho 4.09 4.25 0.00 0.11 
Er 13.24 13.4 0.06 0.33 
Yb 13.77 14.2 0.40 0.38 
Lu 2.10 2.07 0.06 0.06 

G-A SO- I 
This study Recommended This study Recommended 

La 39.84 - 41.2 29.86 28.8 
Ce 82.23 81.2 59.85 55.5 
Pr 8.12 8.25 6.60 6.75 
Nd 28.91 30.3 25.29 26.1 
Sm 4.90 5.35 4.75 5.15 
Eu 1.03 1.05 1.08 1.09 
Gd 4.01 4.01 4.53 4.48 
Dy 3.80 3.41 4.33 4.02 
Ho 0.66 0.71 0.79 0.80 
Er 2.01 1.99 2.34 2.37 
Yb 2.12 2.08 2.36 2.32 
Lu 0.31 0.34 0.35 0.35 
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Table C5 
Precision data for microprobe analysis of a jadeite standard analysed 
throughout this study. 

JAD-1 JAD-2 JAD-3 JAD-4 JAD-5 JAD-6 JAD-7 JAD-8 
Na2O 15.14 15.12 15.22 14.26 14.97 14.86 15.17 14.98 
MSO 0.57 0.00 0.12 0.21 0.27 0.29 0.36 0.60 
A120; 3 24.66 25.55 24.96 24.67 25.16 25.33 25.00 23.75 
SiO: 2 59.41 59.57 59.05 59-71 59.44 59.85 58.86 58.61 
cao 0.59 0.09 0.08 0.25 0.31 0.08 0.11 0.73 
TiO2 0.13 0.14 0.11 0.00 0.03 0.01 0.21 0.13 
MnO 0.05 0.00 0.02 0.00 0.00 0.12 0.04 0.05 
FeO 0.39 0.08 0.10 0.23 0.17 0.16 0.13 0.81 
Total 100.94 100.55 99.66 99.33 100.35 100.70 99.88 99.66 

Formula based on 0=6 
Si 1.99 1.99 1.99 2.01 1.99 2.00 2.00 1.99 
Al 0.97 1.01 0.99 0.98 0.99 1.00 0.99 0.95 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Fe 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.02 
Mg 0.03 0.00 0.01 0.01 0.01 0.01 0.02 0.03 
Ca 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.03 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.98 0.98 1.00 0.93 0.97 0.96 0.99 0.99 

JAD-9 JAD-10 JAD-11 MEAN (S. D. ) 
Na_-O 14.79 14.85 15.38 14.98 (0.09) 
MgO 0.00 0.70 0.22 0.30 (0.07) 
A1203 25.58 24.42 25-50 24.96 (0.18) 
SiO2 59.36 58.68 59.33 59.26 (0.13) 
cao 0.00 0.71 0.14 0.28 (0.08) 
TiO2 0.00 0.00 0.00 0.07 (0.02) 
MnO 0.04 0.15 0.06 0.05 MOD 
FeO 0.00 0.41 0.06 0.23 (0.07) 
Total 99.77 99.92 100.69 100.13 

Formula based on 0=6 
si 2.00 1.98 1.98 1.99 
Al 1.01 0.97 1.00 0.99 
Ti 0.00 0.00 0.00 0.00 
Fe 0.00 0.01 0.00 0.00 
mg 0.00 0.03 0.01 0.01 
Ca 0.00 0.03 0.01 0.01 
Mn 0.00 0.00 0.00 0.00 
Na 0.96 0.97 1.00 0.98 
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Table C6 
Precision data for microprobe analysis of an orthoclase standard 
analysed throughout this study. 

OR-1 OR-2 OR-3 OR-4 OR-5 OR-6 OR-7 OR-8 
Na, 0 1.72 1.69 1.48 1.63 1.69 1.56 1.67 1.72 
mgo 0.22 0.17 0.00 0.23 0.14 0.12 0.21 0.14 
K20 14.54 14.56 14.38 14.34 14.27 14.58 14.60 14.54 
A120z, 18.63 18.58 18.38 18.71 18.64 18.46 18.53 18.50 
sio, 64.76 64.47 64.78 64.27 64.22 65.08 64.26 64.61 
cao 0.05 0.03 0.00 0.04 0.18 0.02 0.08 0.00 
Fe0 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.03 
Ba0 0.24 0.26 0.45 0.44 0.35 NA 0.52 0.32 
Total 100.16 99.84 99.47 99.66 99.49 99.82 99.87 99.86 

Formula based on 0=8 
si 2.98 2.98 3.00 2.97 2.97 2.99 2.97 2.98 
Al 1.01 1.01 1.00 1.02 1.02 1.00 1.01 1.01 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
mg 0.02 0.01 0.00 0.02 0.01 0.01 0.01 0.01 
Na 0.15 0.15 0.13 0.15 0.15 0.14 0.15 0.15 
Ca 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
K 0.85 0.86 0.85 0.84 0.84 0.86 0.86 0.86 
Ba 0.00 0.01 0.01 0.01 0.01 NA 0.01 0.01 

OR-9 OR-10 MEAN (S. D. ) 
NaýO 1.62 1.66 1.64 (0.02) 
mgO 0.26 0.11 0.16 (0.02) 
K20 14.48 14.77 14.51 (0.05) 
A1203 18.72 18.34 18.55 (0.04) 
sio: 2 64.03 64.50 64.50 (0.11) 
cao 0.08 0.02 0.05 (0.02) 
FeO 0.01 0.07 0.02 MOD 
B&O 0.27 0.43 0.36 (0.03) 
Total 99.47 99.90 99-75 

Formula based on 0=8 
si 2.97 2.98 2.98 
Al 1.02 1.00 1.01 
Fe 0.00 0.00 0.00 
mg 0.02 0.01 0.01 
Na 0.14 0.15 0.15 
Ca 0.00 0.00 0.00 
K 0.86 0.87 0.85 
Ba 0.00 0.01 0.01 
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OXYGEN ISOTOPE ANALYSIS: METHOD AND TERIGNOLOGY 

DI. Method for oxygen isotopic analysis, - 

Samples of stockwork vein material were crushed to around 100 mesh and 
an initial separation of minerals was done magnetically to give 
quartz, chlorite, and magnetite separates of around 70% purity. Final 
separation of chlorite and magnetite was done by hand with the aid of 
a binocular microscope. The initial quartz separate was treated with 
conc. HN03 in an ultrasonic bath to remove sulphide contamination and 
the purity of the final quartz separate was checked using a binocular 
mi ' croscope. The quartz separate was ground to around 150 mesh while 
chlorite and magnetite separates were ground to around 400 mesh using 
an agate pestle and mortar. All the samples were dried at 110*C for 
several days prior to analysis. Quartz purity is estinated as >95%, 
chlorite and magnetite purity are estimated at >90%. 50mg of mineral 
separate were prepared and 15mg used in each analysis. Samples of 
whole rock powder for analysis were ground to 400 mesh and dried for 
several days at 110*C prior to analysis. Oxygen isotopic analysis of 
mineral separates was undertaken at the University of Minnesota under 
the supervision of Dr. E. Ito. Whole rock oxygen isotopic analysis was 
carried out by Mr L. D. White and Ms C. Maley. 

Oxygen was liberated from the minerals separates by reaction with ClF., 
as suggested by Borthwick & Harmon (1982), following the method 
described by Clayton & Mayeda (1963). The lines for extraction and 
conversion are illustrated in Fig. D1. The reaction between quartz and 
chlorite samples and CIF3 took place at 575*C for at least 15 hours. 
The reaction between magnetite and ClFc, took place at 650*C also for 
15 hours. The oxygen liberated during the reaction was converted to 
C02 for isotopic analysis. Oxygen isotope compositions were measured 
using a Finnigan MAT delta E multi-collector mass spectrometer. 
Isotopic values are quoted as delta values per mil relative to SMOW. 

The results of oxygen isotope analysis of whole rock and mineral 
samples are given in Tables 6.01 and 6.02 respectively. 



Appendix D 

High Vacuum 
I 

High VoCuum 

Page 266 

oxyq- 
Collection Line 

CI F3 Cyfinder 

® High 
Vocwm 

From 
CIF3 L 

Manorn 
Scole 

er 

Toepler Pumps 

Ligure DI 
Extraction (A). and conversion (B), lines used for oxygen 
isotopic analysis. 
(From Clayton and Mayeda, 1963) 



Appendix E 

APPENDIX E 

RESULTS OF WHOLE ROCK GEOCHEMICAL ANALYSIS 

Whole rock analyses are presented in the following order: 

Page 267 

Table E. 1 Major and trace element data 
Table E. 2 FeO determinations for selected samples 
Table E. 3 Rare earth element data 
Table E. 4 Recalculated C. I. P. W. normative compositions of least 

altered volcanics and intrusive rocks 
Table E. 5 Normalisation factors used in spidergrams shown in 

Fig. 5.24 

The major element concentrations reported in Table El are calculated 
on a dry basis. Total iron is reported as Fe2O,. 

Rare earth element analyses (Table ED, are presented both as raw data 
as well as chondrite normalised values. Normalisation factors are 
those of Boynton (1984): 

La = 0.31 
Ce 0.808 
Pr 0.122 
Nd 0.6 
Sm = 0.195 
Eu = 0.0735 

Gd = 0.259 
Dy = 0.322 
Ho = 0.0718 
Er = 0.21 
Yb = 0.209 
Lu = 0.0322 
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TABLE E. 1: Whole rock major and trace element data. 

RHYOLITE 

Sample ZOL zu zu Q-L KL KM V-Q ya EM m 

sio, 78.05 82.27 78.67 73.91 78.14 76.28 78.03 78.86 79.57 76.2-9 
A1,0, 11.96 C-. 4-3 11.58 13.97 11.89 12.32 11.63 11.55 10.62 13.00 
Fe. ýO, 1.34 1.04 1.14 0.58 1.16 1.61 1.11 cb. 98 1.14 1.41 
MZO 0.14 0.0 Z; 0.09 0.14 0.09 0.12 0.05 0.06 0.38 0.17 
c80 0.17 0.10 0.14 0.49 0.17 0.92 0.10 0.07 0.21 0.16 
Na20 4.41 4. '32 4.11 4.27 3.90 3.87 3.59 3.80 3.91 3. C-9 
K, 0 3.94 2. !9 4.23 5.69 4.75 3.78 5.04 4.32 3.32 4.40 
P, 0, 0.04 0.02 0.03 0.02 0.03 0.03 0.01 0.04 0.01 0.02 
TIO. 2 0.10 0.06 0.10 0.09 0.07 0.13 0.06 0.07 0.10 0.!! 
MnO 0.01 - - 0.01 0.02 0.02 - - 0.04 0.01 
LOI 0.37 0.3-33 0.33 0.88 0.30 0.65 0.36 0.39 0.59 0.89 
total 100.54 100.05 100.42 100.05 100.52 99.73 99.98 100.14 99.89 100.3 6 

Be(ppm) 537 367 542 736 498 638 558 521 491 739 
Be(ppm) 1 1 1 1 1 1 1 0 1 1 
Cr(ppm) 3 - - 2 5 - - 1 0 -rN Cu(ppm) 9 3 5 3 8 3 20 3 - 43 
La(ppm) 35 34 40 21 33 19 20 16 51 23 
Ni(ppm) 11 3 - 4 7 - - - 1 17 
Sr(ppm) 25 18 17 49 29 94 21 35 23 46 
V(ppm) - - - - - - - - - 2 
Zn(ppm) 34 14 17 12 29 16 27 22 75 30 
Zr(ppm) 77 71 76 64 72 99 63 61 168 92 
Co(ppm) 4 3 2 68 2 - - - 63 53 
Rb(ppm) 99 50 105 131 121 98 122 104 54 97 
Y(ppm) 45 42 40 37 61 28 49 37 77 36 
Sc(ppm) 70 4 5 4 7 6 6 6 4 6 

RHYOLITE 

Sample C79 A19 4072/1 88/16 88/27 A14 X5 xi-orl 

sio, 84.21 74.88 73.83 74.11 76.49 76.58 75.14 77.22 80.49 76.67 
A1201 8.18 12.37 13.39 15.19 12.47 12.84 12.93 12.86 10.34 11.41 
Fe: ý03 1.85 2.33 1.76 1.74 2.51 1.73 1.06 1.04 0.96 1.23 
m90 0.45 0.45 0.06 0.24 0.32 0.18 0.14 0.19 0.94 0.25 

0.80 0.22 0.85 0.15 0.31 2.04 1.52 0.14 1.06 1.60 
Na- 

.:, 
0 2.85 4.42 4.94 4.49 5.56 4.97 5.79 4.88 4.42 4.78 

K, 20 1.22 3.19 3.90 2.72 2.33 0.88 1.17 1.55 0.53 1.33 
P, 0., 0.01 0.03 0.05 0.05 0.03 0.04 0.06 0.02 0.02 0.04 
TIO2 0.12 0.22 0.15 0.17 0.20 0.12 0.15 0.15 0.05 0.12 
MnO 0.02 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0. G2 
LOI 0.90 0.89 0.48 1.30 0.32 0.64 1.94 1.22 0.95 0.64 
total 100.61 99.03 99.44 100.18 100.56 100.04 99.93 99.30 99.78 100.29 

Da(PPM) 107 334 753 766 355 193 116 465 329 461 
Be(ppm) 2 2 1 2 2 1 1 1 0 2 
Cr(ppm) 4 - - 5 7 4 1 2 2 7 
Cu(ppm) 4 - 14 - 5 5 - 2 5 5 
Le(ppm) 37 6 25 24 28 12 12 29 12 25 
Ni(ppm) 10 - - 8 8 3 4 4 3 8 
Sr(ppm) 76 33 78 36 32 208 82 53 43 99 
V(ppm) 2 - 1 13 6 1 3 4 - - 
Zn(ppm) 30 69 34 is 96 10 20 57 27 21 
Zr(ppm) 190 297 110 141 298 95 99 106 80 86 
Co(ppm) 67 70 61 11 10 6 47 50 5 73 
Rb(ppm) 45 84 70 69 37 38 37 58 22 42 
Y(ppm) 64 57 32 49 79 46 46 50 63 41 
Sc(ppm) 4 6 7 12 8 6 5 6 9 5 
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Sample C16 2126/13 C ,j C20 C63 C67 C75 N83 N107 Z28 

SIO, 74.59 75.50 76.36 76.60 77.62 76.67 76.09 78.05 78.52 68.38 
AI, O, 13.26 14.08 11.77 10.85 11.22 11.11 11.57 11.40 11.43 16.40 
Fe2O3 2.00 1.68 2.22 2.03 1.14 2.43 2.25 1.21 1.30 1.87 
M90 0.53 0.48 0.17 0.18 0.20 0.51 0.34 0.09 0.12 0.47 
C&O 1.04 0.26 0.30 0.13 0.11 0.47 0. ZO 0.12 0.14 1.23 
Na. ýO 6.49 7.89 3.00 0.43 0.56 0.24 2.65 2.23 3.17 2.20 
K, O 0.48 0.07 5.60 8.64 e. 66 6.85 5.90 6.31 4.64 7.03 
P, O, 0.03 0.04 0.03 0.02 0.03 0.01 0.01 0.01 0.03 0.03 
TiO, z 0.21 0.13 0.18 0.15 0.16 0.16 0.14 0.09 0.12 0.13 
MnO 0.02 0.02 0.03 0.01 0.01 0.02 0.02 0.01 0.01 0.02 
LOI 1.03 0.40 0.69 0.68 0.77 1.30 0.55 0.59 0.67 2.49 
total 99.68 100.55 100.35 99.72 1 CIO. 48 99.77 99-74 100-11 100-15 100.25 

Ba (Ppm) 110 47 444 231 - 235 379 380 1 151 615 1129 
Be (ppm) 2 1 2 2 1 1 2 1 1 2 
Cr (ppm) 1 4 3 1 3 1 2 7 3 1 
Cu (Ppm) 4 9 3 - 50 2 6 15 24 6 
La(ppm) 20 37 45 35 38 9 51 9 18 59 
Ni (Ppm) 1 3 94 - 9 2 15 2 6 3 
Sr (ppm) 78 105 42 24 24 57 43 38 53 35 
V(Ppm) - 18 - - - 9 - - I - 
Zn (ppm) 62 28 42 39 47 39 55 23 27 41 
Zr(ppm) 260 121 242 231 234 251 228 72 90 135 
CO(PPM) 71 6 66 78 87 49 57 77 76 40 
Rb(ppm) 17 2 88 110 113 84 96 120 105 136 
Y(ppm) 66 50 65 74 83 37 83 19 47 56 
Sc (Ppm) 7 6 4 4 4 7 4 4 5 7 

RHYOLITE 

Sample Z53 070 X63 L68 Y9, X107 R EM &EJ &U 

sto, 62.90 83.56 78.54 77.34 77.91 60.35 75.95 88.99 66.62 73.76 
Al, O, 9.03 S. 07 10.90 11.90 11.97 10. to 12.14 S. 42 16-50 13.06 
Fe2O, 0.99 0.77 0.75 0.97 0.96 1.22 1.39 0.53 2.59 2.26 
M90 0.08 0.24 0.45 0.06 0.07 0.13 0.09 0.09 3.08 1.46 
CaO 0.53 0.13 0.57 0.07 0.32 0.78 0.15 0.36 1.44 0.81 
Na. 20 2.34 1.85 0.98 2.32 --,. 38 2.54 1.85 0.26 2.27 1.26 
K. ZO 4.04 4.02 6.33 6.99 5.40 4.08 7.74 4.16 3.20 3.84 
P, O, 0.02 0.02 0.01 0.02 0.02 0.03 0. OZ. 0.01 0.06 0.04 
TLO., 0.07 0.06 0.05 0.06 0- C-6 0.12 0. IZ 0.05 0.19 0.12 
MnO - - 0.01 - 0.01. 0.01 0.02 0.01 0.29 0.01 
LOI 0.43 0.80 1. Ot 0.40 0.44 0.64 0.55 0.41 3.83 3.54 
total 100.43 100.52 99.60 100.13 100.54 100-08 100-05 100.29 100.07 100.18 

Ba (ppm) 556 819 524 611 5 C-0 682 569 336 451 1880 
Be (ppm) 1 1 2 1 2 1 1 1 2 2 
Cr (ppm) - 7 5 1 - 6 4 1 6 - 
CU(PPM) 19 7 18 12 5 7 3 9 4 10 
La(ppm) 25 -15 15 20 32 18 20 18 43 43 

. 
NI (ppm) 7 3 23 - 3 - 32 0 19 - 
Sr (ppm) 69 23 57 21 1 61 35 15 101 46 
V(Ppm) - 6 1 - 1 0 - 5 0 
Zn (ppm) 20 19 31 18 37 25 12 10 73 11 
Zr (ppm) 58 70 56 58 C- 4 86 84 98 162 100 
CO(PPM) 4 63 51 1 4 109 59 77 21 44 
Rb(ppm) 86 t02 1.58 165 ! 27 101 101 75 134 136 
Y(Ppm) 23 25 22 34 4 =1 27 24 35 40 60 
SC(PPM) 4 4 5 5 5 4 4 1 9 6 
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RHYOLITE 

Sample AT2 1319/1 2207/1 2273/2 T025/2 T102/4 T108/4 T108/8 T119/4 

sio, 64.76 68.90 66.26 73.34 75.91 67.00 75.74 75.15 71.91 
Al, O, 17.94 9.48 9.60 10.96 11.03 9.21 13.22 10.78 10.09 
Fe. 203 1.63 12.27 15.23 6.16 6.32 14.21 2.20 2.19 7.15 
mgO 2.12 5.24 5.01 3.06 2.16 5.09 0.69 0.17 0.35 
cdo 1.23 --0.06 0.01 - 0.01 1.22 - 
Na20 2.78 0.01 0.03 0.09 O. os 0.05 0.09 0.12 0.20 
K20 4.56 0.11 0.16 2.22 2.35 0.19 5.53 7.79 2.65 
P201,0.06 0.03 0.03 0.03 0.02 0.03 0.02 0.01 0.02 
TiO2 0.17 0.09 0.15 0.10 0.10 0.12 0.12 0.09 0.11 
MnO 0.03 0.09 0.13 0.08 0.07 0.13 0.02 0.02 0.01 
LOI 4.72 3.93 3.93 3.94 2.57 3.96 2.59 1.93 5.77 
total 100.00 100.15 100.53 100.04 100.62 99.99 100.23 99.47 98.46 

BS(PPM) 3260 45 69 745 553 889 842 1714 355 
Be(ppm) 300110201 
Cr(ppm) -77558624 
CU(PPM) 16 82 68 6 26 95 to 2 16 
La(ppm) 46 8 13 14 11 21 34 4 22 
Ni(ppm) 1 27 5-- 11 8 17 7 
Sr(ppm) 91 35 11 59 16 58 20 
V(Ppm) 9- 20 -- 22* 10 - 16 
Zn(ppm) 81 115 223 1230 90 414 78 28 48 
Zr(ppm) 149 90 91 95 94 85 120 77 91 
CO(PPM) 40 37 37 12 17 31 788 
Rb(ppm) 168 55 90 96 8 204 173 110 
Y(Ppm) 46 49 31 37 33 25 51 31 37 
SC(PPM) 9 20 5766947 

BASALT 
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Samjýle 88/4 88/13 88/30 2217/16 2208/17 LQ/a 86/3 u/. A. 88/22 EEL 

sio, 55.35 50.74 51.14 51.05 46.40 50.94 50.52 50.66 57.26 48.79 
A1201 16.82 16.36 15.20 16.23 15-42 14.01 14.08 14.94 16.12 16.51 
Fe_, 03 8.09 8.72 9.83 8.23 9.08 13.17 12.78 10.92 6.94 8.91 
MZO 3.75 7.07 6.48 5.56 5.85 5.41 5.83 6.22 3.33 5.38 
c80 7.48 10.71 9.57 5.31 7.91 7.65 5.71 8.37 6.34 8.44 
Na. 20 3.24 2.27 2.41 3.97 3.51 3.39 4.54 3.04 4.00 4.66 
K20 0.79 0.91 0.52 1.44 1.09 0.46 0.07 0.25 0.81 0.98 
P, 0, 0.17 0.14 0.27 0.12 0.15 0.39 0.52 0.23 0.16 0.22 
TIO2 1.16 1.15 1.71 0.76 11.44 2.31 2.17 1.98 1.03 1.38 
MnO 0.13 0.14 0.12 0.20 0.2? 0.23 0.19 0.15 0.14 0.16 
LOI 3.75 2.40 2.65 6.76 8.24 2.32 3.21 3.21 3.58 4.84 
total 100.73 100.61 99.90 99.63 99.34 100.28 99.62 99.97 99.71 100.27 

Be(PPM) 136 123 181 281 109 259 44 91 143 92 
Be(ppm) 2 1 2 1 1 3 2 2 1 1 
Cr(ppm) 19 214 208 62 209 18 16 124 17 247 
Cu(ppm) 27 55 23 44 13 31 28 59 7 44 
La(ppm) 15 11 0 - 8 17 12 - - 11 
Ni(ppm) 26 86 42 2 9 14 21 26 - 86 
Sr(ppm) 349 219 471 146 144 162 117 200 429 168 
V(ppm) 292 242 278 244 261 375 340 355 222 239 
Zn(ppm) 93 66 77 85 102 106 131 82 68 82 
Zr(ppm) 128 103 176 65 121 210 209 159 106 122 
Co(ppm) 26 34 49 21 28 35 34 31 13 55 
Rb(ppm) 17 24 13 39 26 7 2 4 12 17 
Y(ppm) 23 25 36 13 25 49 54 38 21 30 
Sc(ppm) 27 33 32 35 30 35 37 40 22 33 
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BASALT 

Sample E62 2208/7 2217/11 AT13 1035/3 103518 2207/6 2207/8 2208/13 2217/10 

sio, 48.68 49.25 46.37 55.35 30.34 51.36 49.37 42.14 49.81 SO. 30 
Al, O, 16.34 15.88 18.44 12.59 20.06 13.94 13.29 15.00 16.91 15.25 
Fe. O. 9.48 11.19 9.98 14.60 26.35 19.24 22.18 24.09 9.10 7.89 
VZO 7.09 6.13 6.49 10.28 13.22 8.26 8.03 10.13 6.46 3.88 
CEO 6.50 3.86 5.24 0.21 0.18 0.22 0.28 0.39 3.83 7.54 
Na;, O 4.90 4.83 4.32 0.12 0.03 0.02 0.02 0.24 2.95 1.17 
K, O 0.67 0.08 1.00 0.16 0.03 0.28 0.02 0.03 2.61 2.35 
P, O, 0.24 0.20 0.27 0.13 0.17 0.20 0.15 0.24 0.23 0.21 
TiOa 1.53 2.38 1.96 1.03 1.19 1.62 1: 12 1.59 1.62 1.44 

i MnO 0.19 0.15 0.20 0.13 0.61 0.16 0.27 0.23 0.26 0.15 
LOI - 4.73 5.56 6.36 5.75 8.05 5.33 5.75 6.34 5.94 9.62 
total 100.35 99.51 100.63 100.35 100.25 100.63 100.48 100.42 99.72 99.80 

Ba (Ppm) 74 43 149 31 32 88 122 27 595 253 
Be (Ppm) 1 2 2 1 1 1 1 1 1 2 
Cr (ppm) 263 112 154 116 169 110 99 227 184 123 
Cu (Ppm) 55 28 34 11 6 3 12 10 13 12 
La (ppm) 23 23 19 9 14 12 1 - 11 15 
Ni (Ppm) 63 17 26 24 19 4 7 50 - 15 
Sr(ppm) 114 126 145 8 a 11 18 8 68 79 
V(Ppm) 252 370 332 197 266 269 256 233 271 259 
7-n (p p M) 95 156 167 327 347 171 146 127 150 76 
Zr(ppm) 124 152 156 77 107 135 86 146 140 154 
CO(PPM) 41 30 32 46 43 32 42 54 24 21 
Rb(ppm) 14 1 30 7 5 11 1 2 84 74 
Y(Ppm) 31 32 32 22 27 25 19 34 27 28 
SC(PPM) 35 44 41 27 24 31 27 32 34 31 

BASALT 

Semple 2217/15 2226/8 2226/12 2228/1 2234/8 2234/9 2238/3 2246/7 2246/9 2273/4 

sio, 42.89 47.54 46.66 65.01 51.14 48.52 42.72 47.66 57.88 52.63 
Al'o, 15.97 12.34 13.25 9.96 13.26 14.75 14.24 13-54 14.56 15.70 
Fe2o, 7.13 23-47 21.89 16.76 21.90 22.44 24.55 23.46 15.38 9.90 
M90 4.66 7.89 7.75 4.82 7.54 6.37 10.20 7.53 5.03 12.78 
cao 7.92 0.20 0.23 - 0.21 0.24 0.40 0.30 0.14 0.13 
Nd. 20 0.16 0.07 0.04 0.03 0.03 0.07 0.27 0.07 0.07 0.27 
K20 5.34 0.02 0.06 0.10 0.04 0.43 0.04 0.06 1.73 1.17 
P, O, 0.20 0.12 0.18 0.02 0.18 0.21 0.22 0.23 0.14 0.11 
TIO, 1.55 0.92 1.27 0.27 1.36 1.51 1.53 1.45 0.67 1.20 
MnO 0.29 0.20 0.18 0.21 0.24 0.24 0.27 0.22 0.16 0.58 
Loi 13.44 6.50 5.31 4.11 5.13 5.02 6.90 5.37 4.25 6.60 
total 99.55 99.27 98.82 101.29 101-03 99.80 101.34 99-91 100-03 101.07 

Bm(ppm) 408 63 80 279 33 180 60 216 3091 424 
Be(ppm) 2 1 1 0 1 1 2 1 1 1 
Cr(ppm) 116 111 110 12 122 111 194 203 28 126 
CU(PPM) 14 323 31 8 11 6 77 29 11 24 
La(ppm) 8 6 14 13 8 4 5 16 16 11 
Ni(ppm) - 20 to 11 7 2 16 75 3 37 
Sr(ppm) 81 12 15 6 9 11 18 23 13 19 
V(Ppm) 260 194 235 33 257 270 250 264 114 231 
Zn(ppm) 89 203 117 160 168 99 558 322 163 753 
Zr(ppm) 139 85 123 115 124 128 144 142 195 94 
CO(PPM) 19 145 44 26 46 37 58 40 27 32 
Rb(ppm) 123 - 1 6 1 16 2 2 72 49 
Y(Ppm) 28 28 22 30 29 28 25 31 30 33 
SC(PPM) 32 23 27 7 29 30 32 29 16 31 
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BASALT 

Sample 2273/5 2273/8 4072/9 4087/6 4087/9 T025/7 T025/8 T102/7 T102/8 T102/9 

sio, 54.60 58.92 50.74 52.29 46.18 51.03 52.67 52.58 49.55 50.48 
Al, O, 15.79 13.38 16.85 16.71 15.29 13.34 12.62 12.56 13.44 12.76 
Fe203 15.85 14.51 7.79 8.79 9.56 22.37 22.53 19.53 21.88 20.50 
Pgo 5.31 6.79 9.80 5.22 7.97 7.09 6.05 7.61 8.91 8.68 
cao - 0.12 1.28 3.10 6.06 0.13 0.23 0.16 0.19 0.27 
Na2O 0.10 0.07 2.48 1.04 2.26 0.03 0.01 0.02 0.05 0.07 
K20 2.03 0.97 3.34 4.61 1.60 0.04 0.03 0.01 0.05 0.03 
P20'. 0.11 0.11 0.12 0.16 0.21 0.11 0.19 0.13 0.15 0.21 
TiO2 1.54 0.67 1.14 1.36 1.40 1.07 1.03 0.99 1.00 1.22 
MnO 0.26 0.33 0.26 0.40 0.35 0.24 0.23 0.24 0.25 0.25 
LOI 4.73 4.75 5.34 5.83 8.03 5.57 5.21 5.23 5.70 5.41 
total 100.32 100.62 99.14 99.51 98.91 101.02 100.85 99.06 101.17 99.88 

Ba(ppm) 877 204 292 606 144 50 57 97 72 50 
Be(ppm) 2 1 1 1 2 1 1 0 1 0 
Cr(ppm) 138 125 89 35 260 42 69 91 125 175 
CU(PPM) 45 13 1 36 50 396 63 89 107 46 
La(ppm) 16 3 - 0 10 3 1 - 11 - 
Ni(ppm) 26 20 - 2 102 34 24 15 29 23 
Sr(ppm) 27 9 105 39 67 8 12 12 10 14 
V(Ppm) 282 161 242 267 245 238 198 204 208 186 
Zn(ppm) 397 575 99 119 6667 350 185 277 253 271 
Zr(ppm) 151 109 72 90 133 75 119 76 96 129 
CO(PPM) 26 29 12 21 29 51 60 32 38 40 
Rb(ppm) 75 37 54 124 40 1 1 - I I 
Y(Ppm) 32 15 16 18 30 21 22 18 20 26 
Sc (Ppm) 34 21 30 31 30 25 24 23 26 25 

INTRUSIVE 

Sample M 014 M oml OM2 QL 88/91 88/92 88/18 91 

sio, 67.50 75.41 58.16 59.08 57.29 51.95 50.08 49.59 46.33 37.43 
Al, O, 14.64 12.59 15.47 16.13 17.03 16.44 16.75 16.58 16.58 19.42 
Fe201 5.71 1.87 8.19 6.58 6.60 8.69 8.71 10.39 9.32 13.10 
tA 
. go 0.91 0.43 4.27 4.33 4.54 5.98 7.50 7.37 7.70 16.76 

cdo 3.51 0.70 7.90 5.46 8.49 8.87 8.81 9.50 10.87 0.48 
N820 4.63 5.06 2.63 4.60 3.35 3.56 3.36 2.67 2.77 2.13 
K20 1.87 2.70 0.92 1.04 0.74 1.39 1.14 1.23 0.76 1.07 
P201 0.17 0.05 0.14 0.09 0.09 0. 

* 
11 0.12 0.10 0.07 0.24 

TiO, 0.62 - 0.21 0.64 1.05 0.70 1.05 1.07 1.17 1.10 1.59 
MnO 0.12 0.02 0.13 0.17 0.12 0.16 0.19 0.24 0.15 0.16 
Loi 0.62 1.14 1.60 1.86 1.36 1.54 2.47 1.72 3.47 8.21 
total 100.50 100.18 100.25 100.39 100.31 99.74 100.20 100.56 99.12 100.59 

Ba(ppm) 251 386 127 151 112 174 131 163 40 135 
Be(ppm) 2 1 1 1 1 0 1 1- 0 a 
CC(PPM) I - 78 35 46 188 244 81 245 95 
CU(PPM) 13 3 53 14 21 37 36 13 68 7 
La(ppm) 30 23 15 12 7 0 - 5 - 16 
Ni(ppm) 0 - M 30 11 36 98 50 111 29 
Sr(ppm) 140 54 148 196 234 240 180 182 225 26 
V(Ppm) 28 3 255 188 176 239 217 286 209 336 
Zn(ppm) 65 17 57 49 70 78 148 104 99 412 
Zr(ppm) 186 127 59 76 64 48 73 65 63 96 
CO(PPM) 75 3 25 56 18 29 38 36 43 44 
Rb(pp=) 68 77 36 29 17 50 50 47 13 42 
Y(Ppm) 46 25 19 29 20 21 21 20 28 34 
SC(PPM) 16 5 30 23 28 32 31 39 41 46 
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INTRUSIVE 

Sample QIL 88/23 88/25 88/102 GM 

sio, 76.77 53.29 54.75 77.72 62.06 
Al, O, 12.45 16.18 16.32 12.55 16.30 
Fe203 3.00 8.26 8.24 1.89 7.15 
Kgo 0.65 5.16 4.49 0.18 1.56 
COO 0.44 4.44 3.91 1.46 4.71 
Ne120 6.26 5.36 5.84 5.33 4.63 
K20 0.48 0.09 0.08 0.73 1.94 
P20S 0.05 0.19 0.18 0.01 0.32 
TiO2 0.22 1.28 1.23 0.15 0.95 
MnO 0.06 0.12 0.11 0.03 0.13 
LOI 0.99 5.83 5.30 0.81 0.58 
total 101.37 100.20 100.45 100.86 100.33 

Ba(ppm) 126 55 70 196 269 
Be(ppm) 12232 
Cr(ppm) 6 41 43 9 17 
CU(PPM) 28 - 16 11 13 
La(ppm) 31 9 14 36 32 
Ni(ppm) 17 12 13 20 13 
Sr(ppm) 51 238 247 147 200 
V(Ppm) 3 203 205 15 79 
Zn(ppm) 147 44 92 27 94 
Zr(ppm) 250 130 142 198 217 
CO(PPM) 2 19 23 8 13 
Rb(ppm) 14 32 24 78 
Y(Ppm) 66 31 33 69 48 
SC(PPM) a 27 24 8 19 

SEDIýENTARY ROCKS 

Sample DL &M 

sio, 81.39 63.58 
Al, O, 10.55 15.82 
Fe2O3 2.45 7.00 
V90 0.55 1.78 
cdo 0.13 1.69 
N520 0.71 1.50 
K20 1.74 2.60 
P, O, 0.1a 0.12 
TiO. 2 0.91 0.75 
Mho 0.0! 0.12 
LOI 1.96 4.65 
total 100.53 99.61 

Ba(ppm) 299 364 
Be(ppm) 2 2 
Cr(ppm) 67 76 
CU(PPM) 14 33 
La(ppm) 43 33 
Ni(ppm) 31 44 
Sr(ppm) 81 98 
V(Ppm) 70 118 
Zn(ppm) 42 124 
Zr(ppm) 408 176 
CO(PPM) 52 39 
Rb(ppm) 80 115 
Y(Ppm) 37 26 
SC(PPM) 8 14 
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TABLE E. 2: Results of FeO determination of selected samples. 

RHYOLITE 

S, a mpl e. Z8 U. Z53 X91 

FeO% 0.28 0.19 0.32 0.25 

BASALT 

Sam2le. E61 AT13 

FeO% 6.10 9.43 

INTRUSIVE 

Saml2le. Q15 GI Qll 

FeO'Y# 5.93 6.44 1.76 
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TABLE E. 3: Results of rare earth element analysis by ICPAES 
FKYOLITE 

Sample:, ZgL Z18 X79 2a N98 C79 4072/1 88/16 A14 A26 

La(ppm) 37.73 30-35 16.77 23.72 18.59 34.07 32.62 33.61 20.97 34.03 
Ce (ppm) 81.29 58.73 34.85 47.28 30.13 69-92 67.61 77.47 46.54 69.10 
Pr (ppm) 9.12 7.73 4.40 6.39 4.84 9.62 7.72 9.69 5.58 8.14 
Nd (ppm) 35.60 29.28 18.88 26.05 18.72 41.76 30.89 42.13 21.29 32: 16 
SM(PPM) 8.30 6.57 5.52 6.67 4.41 10.31 6.77 10.91 5.30 7.11 
Eu (ppm) 0.55 0.56 0.26 0.35 0.43 1.63 0.71 1.61 0.69 0.83 
C-d (ppm) 8.09 6.47 6.54 6.23 4.24 9.88 6.38 11.67 5.72 7.22 
Dy (ppm) 9.64 7.04 9.13 7.77 6.52 12.40 7.52 14.93 6.78 9.09 
Ho (ppm) 1.73 1.56 1.74 1.46 1.25 2.31 1.34 2.77 1.51 1.66 
Er (ppm) 5.35 4.94 5.53 4.63 4.09 7.36 4.13 8.67 4.68 5.09 
Yb (ppm) 5.39 4.91 5.63 4.92 4.26 7.85 4.07 8.81 4.56 4.92 
Lu(ppm) 0.78 0.76 0.82 0.71 0.62 1.15 0.58 1.30 0.71 0.71 

Chondrit e Norma llsed V alues: 

Sample:. Z& Z11 M 2a m M 4072/1 88/16 &IJ 

La 121.71 97.89 54.09 76.53 59.98 109.90 105.21 108.42. 67.63 109.77 
Ce 100.60 72.68 43.14 58.52 37.29 86.54 83.67 95.88 57.60 85.52 
Pr 74.76 63.36 36.08 52.36 39.64 78.82 63.29 79.43 45.76 66.75 
Nd 59.33 48.79 31.46 43.42 31.20 69.59 51.48 70.21 35.49 53.60 
Sm 42.56 33.66 28.29 34.20 22.61 52.86 34.71 55.93 27.15 36.47 
Eu 7.52 7.63 3.57 4.78 5.81 22.20 9.70 21.93 9.39 11.27 
C-d 31.23 24.97 25.23 24.07 16.36 38.16 24.63 45.07 22.08 27.86 
Dy 29; 9* 21.87 28.34 24.12 20.24 38.52 23.36 46.35 21.06 28.24 
lio 24.10 21.99 24.18 20.29 17.38 32.22 18.71 38.59 21.10 23.13 
Er 25.45 23.51 26.33 22.05 19.45. 35.07 19.65 41.30 22.27 24.25 
Y'D 25.78 23.48 26.92 23.55 20.39 37.55 19.49 42.15 21.81 23.53 
Lu 24.08 23.63 25.38 22.06 19.11 35.76 18.01 40.46 22.08 21.98 

PHEYOLITE 

Sample: 
_ 

CIA 2126/13 C4 X68 M &IL 1319/1 T102/4 

Le (ppm) 33.04 32.30 37.60 14.07 26.66 34.12 18.85 24.41 
Ce (Ppm) 72.99 67.74 76.93 31.64 43.26 71.05 40.73 52.43 
Pr (ppm) 9.27 8.25 10.13 4.08 7.57 7.96 4.71 6.01 
Nd (ppm) 40.31 33.36 43.44 16.98 30.26 32.39 19.03 24.12 
SM(PPM) 10.32 7.98 10.84 4.49 8.37 7.67 4.31 5.21 
Eu (ppm) 1.59 0.64 1.53 0.21 0.45 0.81 0.47 0.59 
Gd (ppm) 11.23 8.02 10.95 4.25 8.43 8.19 4.57 4.62 
Dy (Ppm) 13-64- 9.59 12.70 6.08 8.10 10.82 5.85 5.17 
lio(ppm) 2.40 1.71 2.27 1.19 1.70 2.04 1.07 0.93 
Er(ppm) 7.21 5.26 6.93 3.92 5.09 6.54 3.24 2.80 
Yb (Ppm) 7.17 5.24 7.06 4.26 4.92 7.06 3.11 2.72 
Lu (ppm) 1.04 0.76 1.03 0.64 0.75 1.07 0.46 0.38 

Normallse Values: 

fa. k 2126/13 a Zf& zn Lu 1319/1 T102/4 

La 106.57 104.20 121.30 45.40 86.00 110.05 60.81 78.73 
Ce 90.33 83.83 95.21 39.16 53.53 87.93 50.40 64.89 
Pr 75.99 67.59 83.02 33.43 62.04 65.25 38.62 49.24 
Nd 67.19 55.60 72.41 28.31 50.44 53.98 31.72 40.20 
Sm 52.95 40.92 55.59 23.02 42.91 39.32 22.11 26.74 
Eu 21.57 8.73 20.86 2.80 6.15 10.99 6.46 7.97 
Gd 43.37 30.97 42.28 16.41 32.54 31.62 17.66 17.83 
Dy 42.35 29.77 39.46 18.89 25.15 33.59 18.16 16.06 
Ha 33.48 23.88 31.56 16.59 26.66 28.44 14.95 12.96 
Er 34.34- 25.07 32.99 18.65 24.21 31.13 15.41 13.31 
Yb 34.28 25.05 33.77 20.39 23.53 33.79 14.86 13.02 
Lu 32.33 23.57 31.91 19.73 23.39 33.36 14.20 11.74 
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BASALT 

Sample: 88/30 ULIZ UL/I 0= EU 2208/7 bm 1035/6 2217/15 4072/9 

La (ppm) 14.61 19.08 21.00 10.83 10.78 16.29 5.20 13.97 16.69 6.75 
Ce(ppm) 35.73 47.04 52.16 27.36 27.51 37.12 13.70 31.55 36.31 15.40 
Pr (ppm) 4.74 6.35 7.21 3.77 3.71 4.69 1.96 3.97 4.62 1.97 
Nd (ppm) 22.30 30.53 34.39 18.88 16.16 21.80 10.20 18.13 21.59 9.45 
SM(PPM) 5.75 8.01 9.11 5.23 4.42 5.57 2.92 4.46 5.39 2.44 
Eu (ppm) 1.73 2.14 2.41 1.63 1.51 1.87 1.09 0.71 1.49 Or. 87 
Gd (ppm) 6.42 9.07 10.12 6.10 5.06 6.23 3.68 4.94 5.85 2.78 
Dy (ppm) 7.37 10.52 t 1.22 7.27 5.03 7.39 4.36 S. S -a 6.78 3.35 
Ho (ppm) 1.34 1.92 2.00 1.33 1.09 1.34 0.78 1.0-, 1.21 0.62 
Er (ppm) 3.99 5.75 5.90 3.96 3.19 3.94 2.29 3.22 3.60 1.94 
Yb (ppm) 3.71 5.36 5.31 3.74 2.87 3.66 -2.06 3.03 3.33 1.96 
Lu (ppm) 0.56 0.78 0.77 0.55 0.45 0.54 0.30 0.45 0.49 0.30 

hondrite Normalleed Values: 

ObIl Ol/ Efa am2le: 88/30 U/2 /0- 2208/7 AM 1035/8 

La 47.14 61.55 67.75 34.92 34.76 52.54 16.77 45.06 53.82 21.78 
Ce 44.23 58.22 64.55 33.86 34.05 45.94 16.96 39.05 44.93 19.06 
Pr 38.87 52.04 59.10 30.92 30.40 38.42 16.09 32.51 37.88 16.16 
Nd 37.17 50.88 57.31 31.46 26.94 36.33 17.00 30.21 35.99 15.75 
Sm 29.48 41.09 46.71 26.81 22.68 28.55 14.98 22.97 27.62 12.51 
Eu 23.57 29.13 32.76 22.18 20.54 25.44 14.81 9.64 20.29 11.90 
Gd 24.80 35.02 39.09 23.56 19.54 24.04 14.21 19.07 22.58 10.75 
Dy 22.88 32.68 34.84 22.58 15.62 22.96 13.54 18.30 21.05 10.39 
Ho 18.72 26.75 27.92 18.47 15.19 18.62 10.80 15.02 16.92 8.64 
Er 19; OG- 27.39 28.07 18.84 15.19 18.75 10.91 15.35 17.15 9.25 
Yb 17.76 25.65 25.42 17.91 13.74 17.53 9.87 14.50 15.92 9.37 
Lu 17.27 24.28 23.81 17.01 13.94 16.83 9.26 13.67 15.20 9.17 

BASALT 

4087/6 T025/8 T102/9 

La (ppm) 6.21 4.25 7.52 
Ce(ppm) 14.68 11.13 17.66 
Pr (ppm) 2.03 1.61 2.36 
Nd(ppm) 10.41 6.38 11.25 
Sm(ppm) 2.90 2.42 3.08 
Eu (ppm) 0.94 0.47 0.78 
Gd (ppm) 3.49 3.46 3.94 
Dy (ppm) 4.02 5.05 5.38 
No (ppm) 0.73 0.97 1.02 
Er (ppm) 2.24 2.98 3.14 
Yb (ppm) 2.24 2.77 2.88 
Lu (ppm) 0.34 0.40 0.42 

Chondrit e Normal ised Va lues: 

Semple: 4087/6 T025/8 T102f9 

La 20.04 13.71 24.27 
Ce 18.16 13.77 21.85 
Pr 16.67 13.16 19.34 
Nd 17.36 13.97 18.75 
Sm 14.90 12.40 15.78 
Eu 12.81 6,37 10.67 
Gd 13.46 13.37 15.22 
Dy 12.46 15.69 16.72 
Ho 10.17 13.50 14.24 
Er 10-60 14.21 14.97 
Yb 10.70 13.23 13.78 
Lu 10.53 12.48 13.07 

i 
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INTRUSIVE 

Sample: m QA 91 88/102 0 

La (ppm) 24.44 10.10 9.18 6.09 35.24 26.84 29.83 
Ce (ppm) 56.17 22.24 21.82 14.43 77.15 63.60 64.97 
Pr (ppm) 6.86 2.66 2.75 1.91 9.39 7.99 8.48 
Nd (ppm) 27.53 10.76 10.97 8.68 38.52 32.15 33.80 
SM(PPM) 6.93 2.63 2.77 2.69 9.63 8.45 8.35 
Eu(ppm) 1.56 0.68 0.78 0.98 1.13 1.29 2.25 
Od (ppm) 7.46 2.84 3.00 3.38 9.98 9.18 8.67 
Dy (ppm) 7.89 2.91 3.17 3.67 12.76 10.07 8.36 
vo (Ppm) 1.73 0.63 0.70 0.80 2.36 2.23 1.78 
Er (ppm) 5.26 1.92 2.15 2.40 7.31 6.92 5.18 
Yb (ppm) 5.06 1.83 2.11 2.23 7.17 6.85 4.55 
Lu (ppm) 0.80 0.29 0.34 0.35 1.04 1.08 0.70 

Chondrite Normallsed Values: 

Sample- Qjj QA Q. L 88/102 QJL Qd 

La 78.85 32.56 29.61 19.66 113.67 86.58 96.22 
Ce 69.52 27.52 27.01 17.86 95.48 78.71 80.41 
Pr 56.19 21.84 22.55 15.65 76.97 65.47 69.47 
Nd 45.88 17.94 18.29 14.47 64.20 53.58 56.33 
Sm 35.56 13.47 14.21 13.79 49.37 43.35 42.79 
Eu 21.24 9.24 10.60 13.32 15.39 17.58 30.64 
Gd 28.82 10.95 11.57 13.03 38.53 35.46 33.46 
Dy 24.49 9.04 9.85 11.39 39.62 31.29 25.97 
Ho 24.08 8.82 9.71 11.09 32.83 31.07 24.78 
Er 25; Ok- 9.13 10.23 11.44 34.81 32.95 24.66 
Yb 24.20 8.77 10.11 10.69 34.33 32.76 25.75 
Lu 24.72 9.10 10.62 10.96 32.33 33.63 21.86 

UPLICATE ANALYSES: 

RHYOLITE 
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Sm-mple X79R (X79) X2R (X2) E2IRý (N98) LLIK (A14) J2M (t26) 

La(ppm) 17.06 (16.77) 22.15 (23.72) 18.69 (18.59) 21.26 (20.97) 33.36 (34. wC. #) 
Ce(ppm) 35.37 (34.85) 45.33 (47.28) 29.95 (30.13) 47.19 (46.54) 67.80 (69.10) 
Pr (ppm) 4.41 (4.40) 6.35 (6.39) 4.85 (4.84) 5.70 (5.58) 8.01 (8.14) 
Nd (ppm) 19.55 (18.88) 24.18 (26.05) 18.81 (18.72) 21.69 (21.29) 31.26 (32%16) 
Sm(ppm) 5.60 (5.52) 6.33 (6.67) 4.47 (4.41) 5.34 (5.30) 7.00 (7.11) 
Eu (ppm) 0.27 (0.26) 0.38 (0.35) d. U (0.43) 0.70 (0. G9) 0.82 (0.82) 
C-d (ppm) 6.68 (6.54) 6.05 (6.23) 4.29 (4.24) 5.76 (5.72) 7.20 (7.22) 
Dy (ppm) 9.42 (9.13) 6.64 (7.77) 6.53 (6.52) 6.86 (6.78) 8.96 (9.09) 
Ho (ppm) 1.78 (l. 74) 1.48 (l. 46) 1.26 (1.25) 1.53 (1.51) 1.64 (1.66) 
Er (ppm) 5.67 (5.53) 4.66 (4.63) 4.12 (4.09) 4.74 (4.68) 5.04 (5.09) 
Yb(ppm) 5.74 (5.63) 4.76 (4.92) 4.29 (4.26) 4.60 (4.56) 4.86 (4.92) 
Lu (ppm) 0.84 (0.82) 0.74 (0.71) 0.63 (0.62) 0.71 (0.71) 0.71 (0.71) 

BASALT 

Sample 88/2R (88/2) T102/9R 4TI02/9) 

La (ppm) 18.81 (19.08) 
Ce (ppm) 46.17 (47.04) 
Pr(ppm) 6.25 (6.35) 
Nd(ppm) 29.92 (30.53) 
SM(PPM) 7.88 (8,01) 
Eu(ppm) 2.11 (2.14) 
Gd(ppm) 8.81 (9.07) 
DY(PPM) 10.32 (10.52) 
HO(PPM) 1.86 (1.92) 
Er(ppm) 5.60 (5.75) 
Yb(ppm) 5.24 (5-36) 
Lu(ppm) 0.76 (0.78) 

7.84 (7.52) 
18.40 (17.66) 
2.43 (2.36) 

11.88 (11.25) 
3.14 (3.08) 
0.81 (0.78) 
4.05 (3.94) 
5.54 (5.38) 
1.05 (1.02) 
3.22 (3.14) 
2.97 (2-88) 
0.43 (0.42) 
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TABLE E. 4: C. I. P. W. normative compositions of least altered volcanics 
and intrusive rocks. 

LEAST AL TERED RHYOLIT E (Calculated on the basis of FeO/Fe2O3 1- 0.25) 

Sample: a ZM Z38 97 IL X106 X79 XL EIkQ m 

QZ 36.78 48.43 38.28 26.20 36.90 37.38 37.38 40.08 43.20 35.99 
CO 0.10 - 0.10 - 0.10 0.31 - 0.51 0.20 1.53 
OR 23.38 12.80 25.05 33.40 27.83 22.27 30.06 25.61 19.46 26.16 
AB 37.24 36.71 34.62 36.19 33.04 32.52 30.42 31.99 33.04 33.04 
AN 0.83 0.56 0.56 2.23 0.83 4.45 0.56 0.28 1.11 0.83 
LC - - - - - - - - - 
NE 
AC 
WO 
DI - - - 0.22 - - - - - - 
HY 0.30 0.10 0.20 0.20 0.20 0.30 0.10 0.10 0.90 0.40 
OL - - - - - - - - - - 
Kr 0.69 0.46 0.69 0.23 0.69 0.69 0.46 0.46 0.93 0.69 
IL 0.15 0.15 0.15 0.15 0.15 0.30 0.15 0.15 0.15 0.15 
HM 0.48 0.48 0.32 0.32 0.32 0.80 0.48 0.48 0.16 0.64 
AP - - - - - - - - - - 

LEAST ALTERED RHYOLITE 

Sample: ý-9 4072/1 

QZ 60.57 35.87 28.78 36.96 
Co 0.71 1.22 - 4.59 
OR 7.24 18.93 22.82 16.14 
AB 24.13 37.24 41.96 37.76 
AN 3.90 1.11 2.78 0.83 
LC - - - - 
NE 
AC 
wo - 0.46 - 
DI - - - 
HY 1.10 1.10 0.60 
OL - - - 
MT 0.93 0.93 0.93 0.69 
IL 0.30 0.46 0.30 0.30 
HM 0.80 1.12 0.64 0.80 
AP - - - - 
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LEAST ALTERED BASALT (Calculated an the basis of FeO/Fe2OS = 0.75) 

Sample: ULJ 88/13 88/30 2217/16 2208/17 

QZ 
Co 
OR 
AB 
AN 
LC 
NE 
AC 
wo 
DI 
HY 
OL 
MT 
IL 
HM 
AP 

11.02 1.82 5.63 0.56 

4.45 5.57 
27.27 19.41 
29.21 31.44 

5.62 16.74 
13.19 16.89 

3.01 3.24 
2.28 2.12 

3.34 
20.45 
28.93 

13.57 
17.26 

3.47 
3.19 

8.35 6.68 
33.57 29.90 
22.26 22.81 

2.64 12.55 
20.10 2.18 

- 9.92 
3.01 3.24 
1.52 2.73 

0.31 0.31 0.62 0.31 0.31 

INTRU SIVE (Calculated on the basis of FeO/Fe2O3 = 0.25 for trondhjemite and 
FeO/Fe2O2 - 0.75 for tonalite) 

Sampl e- g. 1,1 Q-U Q15 QU QM2 kj 88/91 88/92 88/18 88/102 

QZ 22.07 32.27 14.92 9.51 10.24 40.44 
Co 0.31 
OR 11.13 16.14 5.57 6.12 4.45 8.35 6.68 7.24 4.45 4.45 
AB 40.91 43.01 22.03 38.81 28.32 29.90 28.32 22.55 21.11 45.11 
AN 12.80 3.34 27.82 20.31 29.21 24.76 27.27 29.77 30.60 7.23 
LC - - - - - - - - - - 
hT - - - - - - - - 1.35 
AC, - 
wo 
DI 3.23 - 8.61 4.66 9.62 14.88 12.47 13.22 18.83 - 
HY 5.81 1.10 14.86 13.90 12.62 10.60 7.66 13.20 - 0.40 
OL - - - - - 4.45 9.14 5.80 13.10 - 
Kr 2.08 0.69 2.32 2.32 2.32 2.32 3.24 3.70 3.47 0.93 
IL 1.21 0.46 1.67 1.97 1.37 1.97 1.97 2.28 2.12 0.30 
HM - 0.96 0.80 
AP 0.31 - 0.31 0.31 0.31 0.31 0.31 0.31 - - 



Appendix E Page 280 

TABLE E. 5: Normallsation factors used in spidergrams shown in 
Fig. 5.24. 

Ba = 6.9 Zr = 6.84 
Rb = 0.35 Hf = 0.2 
Th = 0.042 Ti = 620 

U=0.013 y= 2.0 
K= 12.0 Yb = 0.223 

Nb = 0.35 Pr = 0.122 
Ta = 0.02 Eu = 0.077 
La = 0.328 Gd = 0.276 
Ce = 0.865 Dy = 0.343 
Sr = 11.8 Ho = 0.078 
Nd = 0.63 Er = 0.225 
p= 43.0 Lu = 0.03 

From: Thompson (1982), modified by Rutter (1985) 
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APPENDIX F 

MINERAL ANALYSES 

Mineral analyses are presented in the following order: 

Table F. 1 Feldspar 
Table F. 2 Chlorite 
Table F. 3 Sericite 
Table F. 4 Epidote 
Table F. 5 Amphibole 
Table F. 6 Biotite 
Table F. 7 Pyroxene 

(Volcanics and Intrusives) 
(Volcanics and Intrusives) 
(Volcanics) 
(Volcanics) 
Untrusives 
Untrusives) 
(Basalt) 

In all cases total iron is reported as FeO 

Page 281 
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TABLE F. 1: Results of microprolm analysis of feldspar. 

Rhyolite 
ze Z18 Z28 Z28 Z33 z-; 8 Z53 04 025 046 

n: 5 3 3 1 6 5 2 2 4 4 
SiO2 68-08 68-61 67.39 65.91 67. S4 67.82 66.30 67.61 67.52 67.76 
A1203 29.70 19.62 20.07 20.36 19.78 19.58 19.74 19.68 20.00 19.74 
Fam 9.04 11.45 11.57 6.53 11.44 11-34 11.52 11.44 11.44 
K20 0.40 0.09 0.06 7.55 0.42 0. CS 0.17 0.08 0.07 0. W 
C80 0.18 0.17 0.48 0.17 0.11 0. IS 0.40 0.20 0.30 0.40 
Total 97.40 93.94 99.57 100.52 09-69 S9.24 97.95 99.29 09.33 99.43 

Atoalc Proportions 00-8 
si IV 2.98 2.99 2.96 2. S3 2. S7 2. sa 2.97 2.98 2.97 2.97 
Al IV 1.02 1.01 1.04 1.07 1.02 l. Cl 1.04 1.02 1.04 1.02 
Ha 0.96 0.97 0.98 0.56 O. S7 O. S6 0.98 0.98 0.97 ' 0.97 
K 0.02 0.01 - 0.43 0.02 O. C! 0.01 0.01 - 0.02 
Ca 0.01 0.01 0.02 0.01 0.01 0.01 0.02 - 0.01 0.02 
0 8.00 8.00 8.00 8.00 8.00 8. GO 8.00 8.00 8.00 8.00 

AbZ 97.00 98.00 08.00 56-00 97.00 S8.00 97.00 99.00 99.00 96.00 
Or% 2.00 1.00 - 43.00 2.00 1.00 1.00 1.00 2.00 
An% 1.03 1.00 2. (X) 1.00 1.00 1.00 2.00 - 1.00 2.00 

xi xi X2 X63 X63 X, 63 X68 X68 X79 X79 

n: 52 
Si02 68.32 65.90 
A1203 20.24 18.68 
Na2c) 11.57 2.71 

0.24 12.95 
CaD 0.11 0.01 
Total 1D3.48 100.25 

Atonic Proportions 0- 
Si IV 2.96 2.99 
Al IV 1.03 1.00 
N& 0.97 0.24 
K 0.01 0.75 
Ca -- 
0 8.00 8.00 

AbZ 99.00 24.00 
OrZ 1.00 76.00 
AnZ -- 

3 
68.15 
19.67 
11.72 
0.03 
0.13 

99. M 

18 
2.98 
1.01 
0.99 

0.01 
8.00 

99.00 

1.00 

2 
68.16 
19.21 
11.13 
0.72 
0.32 

99.54 

2.99 
0499 
0.95 
0.04 
0.01 
8.00 

95.00 
4.00 
1.00 

21 
65.22 68.10 
11.40 19.21 
0.65 6.87 

13.09 6.46 
- 0.26 

90.36 98.90 

2.99 2. S7 
1.00 1.02 
0.08 0.60 
OA-2 0.37 

- 0.01 
8.00 8. CO 

8.00 61.00 
92.00 38.00 

- 1.03 

3 
68.11 
19.47 
11.68 
0.08 
0.14 

99.48 

2.99 
1.01 
0.99 

0.01 
8.00 

99.00 

1.00 

2 
64.27 
18.13 
0.24 

16.14 
0.15 

98.93 

2.99 
1.00 
0.02 
0.96 
0.01 
8.00 

2.00 
97.00 

1.00 

33 
68.32 64.79 
19.74 18.50 
11.57 0.33 
0.06 16.23 
0.18 0.01 

99.87 99.86 

2.98 2.9G 
1.02 1.00 
0.98 0.03 

- 0.96 
0.01 - 
8.00 8.00 

99.00 3.00 
- 97.00 

1.00 - 

x9l X106 X109 RM RA-27 FrL27 RT48 N53 N83 N83 

n: 4 2 3 4 5 1 4 5 4 1 
SiO2 68.17 68.21 66.97 67.55 67.84 67.28 67.90 67.90 67.72 66.73 
A1203 19.69 19.30 20.34 19.83 19.54 19.51 19.66 19.42 19.69 19.33 
Nam 11.40 11.65 10.93 11.22 11.68 9.98 11.68 9.54 11.40 9.60 
K20 0.13 0.09 0.49 0.17 0.07 2.57 0.02 2.84 0.13 2.86 
cao 0.24 0.09 0.76 0.41 0.13 0.04 0.44 0.25 0.27 0.09 
Total 99.63 99.34 99.49 99.18 99.26 99.38 99.90 99.95 99.21 98.61 

Atoodc Proportlons 0-8 
si IV 2.98 2.99 2.94 2.97 2. S8 2. S8 2.97 2.97 2.97 2.! 98.. 
Al IV 1.01 J. OO 1.05 1.03 1.01 I. C2 1.02 1.24 1.02 1.02 
Na 0.97 0.99 0.93 O. SG 0.1-97 O. C-6 0.99 0.94 0.97 0.83 
K 0.01 0.01 0.03 0.01 0.03 0.1.4 - 0.04 0.01 0.16 
ca 0.01 *- 0.04 0.03 0.31 - 0.02 0.01 0.01 0.01 
0 8.00 8.00 6.00 6.00 6.00 6.03 8.00 8.00 8.00 8.03 

98-00 93-00 93-00 9G. OO 96-00 806-00 99-00 95-00 88.00 83.03 
Or% 1.00 1.00 3.00 1.00 : ý. 00 1-;. w - 4.00 1.00 16.00 
An% 1.00 - 4.00 3.00 1.00 - 1.00 1.00 1.00 1.00 
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Rhyallte 
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t494 F34 H97 N108 C16 C75 C75 A14 A19 AT2 

n: 4 1 5 5 4 4 1 4 8 8 
SiO2 68.13 65.01 67.42 68.01 67.04 67.65 64.57 67.57 68.13 66.71 
A1203 19.68 18.75 20.04 19.58 20.08 19.40 18.09 19-98 19.63 20.72 
Nam 11.52 3.98 11.31 11.53 11.12 11.42 0.38 11.44 11.53 10.89 
EM 0.05 10.98 0.08 0.19 0.28 0.26 16.38 0.34 0.12 0.17 
CaD 0.16 0.06 0.61 0.18 0.63 0.12 - 0.30 0.23 1.19 
Total 99.54 98.78 99.46 99.49 99.15 98.85 99.42 99.63 99.64 99.68 
Atoldc Proportions Cw-8 

Si IV 2.138 2.98 2.96 2.98 2.95 2.98 2.99 2.96 2.98 2.93 
Al IV 1.01 1.01 1.04 1.01 1.04 1.01 0.99 1.03 1.01 1.07 
Na 0.98 0.35 0.96 0.98 0.95 0.97 0.03 0.97 0.98 0.93 
K - 0.64 - 0.01 0.02 0.01 0.97 0.02 0.01 0.01 
ca 0.01 0.03 0.03 0.01 0.03 0.01 - 0.01 0.01 0.06 
0 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 6.00 6.00 

Abz 99.00 34.00 97.00 98.00 95.00 98.00 3.00 97.00 98.00 93.00 
Or% - 63.00 - . 1.00 2.00 1.00 97.00 2.00 1.00 1.00 
An% 1.00 3.00 3.00 1.00 3.00 1.00 - 1.00 1.00 6.00 

407Z/2 

n: 1 
SiO2 66.74 
A12M 20.55 
Na2O 11.16 
KM 0.02 
CaD 1.10 
Total 99.57 

Atomic Proportions 0-8 
Si IV 2.92 
Al IV 1.06 
Na 0.95 
K - 
Ca 0.05 
0 8.00 

AbZ 95.00 
Or% - 
kL% 5.00 

Basalt 
ES. 1 88/2 88/7 68/22 4072/9 4087/5 4087/5 2208/16 2217/11 2217/12 

n: 1 z 2 z 5 3 1 1 1 2 
SiO2 64.14 66.62 67.95 67.85 64-68 64.22 65-24 67.15 67.01 66.77 
A1203 19.45 19.50 19.35 19.65 18-50 18-31 19.26 19.82 19.60 20.13 
F&20 10.68 10.82 11.04 11.19 1.43 0.55 4.76 10.70 11.15 10.63 
FM 0.05 0.07 0.04 0.08 14.75 16.30 9.44 0.07 0.07 0.09 
CaD 1.69 0.96 0.57 0.33 0.01 0.03 0.47 0.72 0.58 1.04 
Total 96.01 97.97 98.95 99.10 99.37 99.41 99.17 98.46 98.41 98.66 

Atoalc Proportions 018 
Si IV 2.85 2.96 2.99 2.98 2.98 2.98 2.95 2.96 2.97 2.95 
1.1 IV 1.02 1.02 1.00 1.02 1.01 1.00 1.03 1.03 1.02 1.05 
Fa 0.92 0.93 0.94 0.95 0.13 0.05 0.42 0.92 0.96 0.91 
E - - - - 0.70 0.96 0.55 - - - Ca 0.08 * 0.12 0.03 0.02 - - 0.02 0.03 0.03 0.05 
0 8.00 8.00 8.00 6.00 6.00 8.00 6.00 8.00 8.00 8.00 

Ab% 92.00 MOO 97.00 98.00 16.00 5.00 42.00 97.00 97.00 95.00 
Or% - - - - 64.00 95.00 56.00 - - - An% 8.00 11.00 3.00 2.00 - - 2.00 3.00 3.00 5.00 
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Intrusive 

Q4 QIO Q13 Q14 Q15 GI GH OH1 88/23 

n: 3 6 4 4 3 7 5 2 4 
Si02 68.13 68.77 66.43 66.57 5-154.62 -c-43.2S 61.08 64.28 88.88 
A12M 19.72 19.32 21.13 19.61 27-74 27.70 24.77 21.64 19.96 
Ham 11.39 11.69 10.05 10.35 5.41 5.67 8.22 9.51 10.81 
K20 0.04 0.03 0.49 1.57 0.41 0.18 0.12 0.25 0.12 
CaO 0.12 0.06 2.04 0.17 10.44 9.80 6.14 2.90 0.35 
Total 99.40 99.87 100.15 98.26 98.62 99.59 100.34 98.57 98.12 
AtoaJc Proportl ons 0-8 
si IV 2.98 2.99 2.91 2.96 2.49 2.52 2.70 2.86 2.95 
Al IV 1.02 0.99 1.09 1.03 1.49 1.46 1.29 1.13 1.04 
Na 0.97 0.99 0.86 0.89 0.48 0.49 0.70 0.82 0.93 
K 0.02 - 0.03 0.09 0.02 0.01 0.01 0.01 0.01 
Ca - - 0.09 0.01 0.51 0.47 0.29 0.14 0.02 
0 8.00 8.00 8.00 8.00 8.00 6.00 8.00 8.00 8.00 

AbZ 98.00 200.00 88.00 90.00 47.00 51.00 70.00 85.00 98.00 
Or% 2.00 - 3.00 9.00 2.00 1.00 1.00 1.00 - AnZ - - 9.00 1.00 51.00 48.00 29.00 14.00 2.00 

- GI (1) a- -. a G1(2) P- --a 0130) ý ý 013(2) P-- 
CDRE RIM CORE RIM CORE RIM CORE RIM 

n: 
SiO2 55.10 58.13 55.60 58.60 55.07 66.13 58.64 65.65 
A12M 28.41 26.24 28.44 25.44 27.75 20.47 25.39 21.14 
Na2O 5.16 6.49 5.35 6.99 5.. 24 10.92 6.97 9.89 
Km 0.17 0.19 0.25 0.25 0.19 0.18 0.26 0.77 
C&O 10.61 8.09 10.43 7.35 10.47 1.49 7.63 2.28 
Total 99.44 99.14 100.08 98.62 98.72 99.18 98.89 09.72 
Atoaic Proporti ms 0-8 
si IV 2.49 2.61 2.48 2.64 2.50 2.92 2.64 2.89 
Al IV 1.51 1.39 1.50 1.35 1.48 1.07 1.35 1.10 
Na 0.45 0.57 0.46 0.61 0.46 0.94 0.61 0.85 
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.04 
ca 0.51 0.39 0.50 0.35 0.51 0.07 0.37 0.11 
0 8.00 8.00 8.00 8.00 8.00 8.00 e. 00 8.00 
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- 013(3)- 
CORE RIM 

11 
65.59 67.61 
21.60 20.34 
9.34 10.77 
0.63 0.44 
2.73 0.97 

99.68 100.33 

2.88 2.95 
1.12 1.04 
0.80 0.91 
0.04 0.02 
0.13 0.05 
8.00 8.00 

AbZ 46.00 59.00 47.03 62.00 47.00 S2.00 61.00 85.00 83.00 93.00 
Or% 1.00 1.00 1.00 1.00 1.00 1.00 2.00 4.00 4.00 2.00 
An% 53.00 40.00 52.00 36.00 52.00 7.00 37.00 11.00 13.00 5.00 

-4 013(4) ý 
CORE RIM 

n: 
Si02 56.00 66.50 
A1203 27.38 21.28 
Sam 5.54 9.97 

0.20 0.55 
Cao 10.03 2.29 
Total 99.16 100.60 
Atomic Proporti ons 0,8 
Si IV 2.53 2.90 
Al IV 1.46 1.10 
Fa 0.49 0.88 
K 0.01 0.03 
Ca 0.49 0.11 
0 8.00 * 8.00 

Ab% 49.00 86.00 
Or% 1.00 3.00 
An% 49.00 10.00 
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TABLE F. 2: Results of m1croprobe analysIs of chlorite. 
Rhyollte 

Z8 Z38 RrM F83 C16 C75 AT5 AT6 AT7 ATS 

n: 3 7 6 1 3 5 2 7 
Si02 33.86 24.78 26.06 37.95 27.52 25.50 25.37 28.67 30.18 25.62 
Ti02 0-16 0.06 0.09 0.15 O-W 0-M 0.11 0.07 0.03 0.07 
A12M 19.52 18.63 18.81 17.68 18.71 18.63 20.26 20.95 19.51 21-28 
FeO 23.82 34.96 26.16 18. GS 24.90 30.96 29.35 23.25 24.41 23.190 
MnO 0.13 0.76 0.57 0.74 0.47 0.48 0.21 0.19 0.19 0.31 
H90 5.98 7.46 14.13 7.14 14. '13 11.01 12.01 12.13 11.71 15.33 
cao 0.42 0.09 0.15 0.21 0.29 0.04 0.04 0.12 0.13 , 0.11 
Ha2c) 0.46 0.43 0.49 O. ES 0.62 0.49 0.32 0.50 0.44 0.41 
KM 1.86 0.08 0.06 2.11 0.12 0.06 
Tot&l 86.20 87.27 86.51 85.64 86.84 67.24 87.67 86.58 86.59 87.04 

Atoalc Proportions 0*14 
Si IV 3.55 2.79 2.82 3.68 2.93 2.80 2.74 3.01 3.17 2.71 
Al IV 0.45 1.21 1.18 0.12 1.07 1.20 1.26 0.89 0.83 1.29 
T site 4. (X) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Al VI 1.96 1.27 1.21 2.01 1.28 1.22 1.32 1.60 1.58 1.35 
Ti 0. ()l 0.01 0.01 0.01 0.01 0.01 0.01 0.01 O. lDO 0.01 
Fe +2 2.09 3.30 2.36 1.62 2.22 2.85 2.65 2.10 2.14 2.11 
hn +2 0.01 O. CY7 0.05 0.06 0.04 0.05 O. C2 0.02 0.02 0.03 
mg 0.93 1.25 2.28 1.09 2.24 1.81 1. S3 1.90 1.83 2.41 
ca 0.05 0.01 0.02 0.02 0.03 0.00 0.00 0.01 0.01 0.01 
Fa 0.09 0.09 0.10 0.18 0.13 0.10 0.07 0.10 0.09 0.08 
K 0.25 0.01 0.01 0.28 0.02 0.01 - - - - 0 site 5.40 6.02 6.04 5.27 5.96 6.04 6.00 5.74 5.67 6.01 
0 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 
CH 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

AT10 AT14 E281 2217/1 

n: 6 5 4 3 
Si02 25.14 26.50 25.16 26. PS 
Ti02 0.16 0.11 0.06 0.02 
A12M 21.33 21.15 19.01 21.10 
reo 26.09 23.39 32.52 19.36 
Kro 0.27 0.32 0.11 0.26 
Hgo 13.71 15.37 9.82 18.28 
cao 0.08 0.06 0.03 0.03 
Na2D 0.33 0.30 0.28 0.57 
KM - - 0.15 0.03 
Total 87.11 87.20 87.15 86.64 

Atoalc Proportions 0114 
51 1V 2.68 2.78 2.7s 2.79 
Al IV 1.32 1.22 1.21 1.21 
T site 4.00 4.00 4.00 4.00 
Al VI 1.37 1.39 1.27 1.35 
Ti 0.01 0.01 0.01 0.00 
Fe *2 2.33 2.05 3.01 1.67 
Mn +2 0.02 0.03 0.01 0.02 
H9 2.18 2.40 1.62 2.81 
Ca 0.01 0.01 0.00 0.00 
Pa 0.07 0.06 0.06 0.12 
K - - 0.02 0.00 
0 site 5.99 5.94 6.01 5.99 
0 10.00 10.00 10.00 10.00 
CH 8.00 8.00 6.00 6.00 
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Basalt 
ES AT13 407Z/8 4072/9 4087/5 4087/7 2M8/7 208/13 2217/9 2217/10 

n: 7 8 6 7 7 5 3 7 4 7 
SiO2 26-63 26. T7 28.30 28.68 28-34 27-80 26.38 27.29 25.53 26.84 
TiO2 0.06 0.03 0.05 0.02 0.06 0.06 0.08 0.03 0.07 0.05 
A1203 ISAO 20.45 19.67 19.53 19.17 19.94 19.87 19.61 20.89 19.71 
FeO 22.73 20.63 16.46 15.56 19.48 20.86 24.25 21.68 28.96 22.69 
11.1-0 0.48 0.20 1.22 0.51 0.51 1.32 0.26 0.50 0.05 0.43 
M43 17.19 17.79 20.01 22-03 18.51 15.88 15.91 16.89 11.50 16.76 
C&O 0.11 0.05 0.09 0.09 0.04 0.11 0.04 0.08 0.03 0.05 
Ham 0.37 0.34 0.33 0.46 0.39 0.32 0.63 0.26 0.43 0.49 
F23 - - 0.17 0.11 0.31 0.49 0.03 0.04 0.10 0.03 
Total 66.96 86.26 86.31 87.21 86.81 86.78 87.44 66.38 87.56 87.04 

Atoalc ProporA I ons 0- 14 
Si IV 2.80 2.80 2,90 2.90 2.93 2.91 2.78 2.86 2.75 2.82 
Al IV Lm Lm 1.10 1.10 1.07 1.09 1.22 1.14 1.25 1.18 
T site 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Al VI 1.20 1.31 1.28 '1.22 1.26 1.36 1.25 1.29 1.40 1.25 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
Fe +2 2.00 1.80 1.41 1.31 1.68 1. B2 2.14 1.90 2.61 1.99 
Mn +2 OAM 0.02 0.11 0.04 0.04 0.12 0.02 0.04 0.00 0.04 

2.69 2.77 3.06 3.30 2.85 2.47 2.50 2.64 1.85 2.62 
ca 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 
Fa 0.08 0.07 0.07 0.09 0.08 0.06 0.13 0.05 0.09 0.10 
K - - 0.02 0.01 0.04 0.06 0.00 0.01 0.01 0.00 
0 site 6.03 5.98 5.95 5.99 5.96 - 5.92 6.05 5.95 5.87 6.01 
0 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 
CH 8.00 8.00 8.00 8.00 8.00 8.00 8.00 6.00 8.00 8.00 

2217/11 2217/12 2217/15 1035/7 1035/8 88/2 88/7 88/8 88/22 88/30 

n: 5 2 6 4 5 6 2 5 3 2 
S,. 02 26.6s Z7.33 24. W 24.98 25.26 26.39 28.41 26.96 27.33 27.94 
T 3-02 0.11 0.03 0.06 0.05 0.10 0.03 0.02 0.08 0.07 0.04 
A1203 19.66 19.99 21.59 20.95 20.61 17.46 16.45 18.66 19.30 18.27 
Fe3 M. 95 20.73 32.71 27.12 27.16 29.19 21.55 24.73 23.63 22.24 
)d--0 0.33 0.54 0.06 0.32 0.18 0.42 0.19 0.33 0.49 0.38 
r643 15.70 17.76 7.47 12.90 13.43 12.74 18.97 15.37 16.01 16.53 
c43. 0.31 0.04 0.03 0.03 0.01 0.22 0.05 0.09 0.10 0.44 
Fam 0.42 0.25 0.45 0.28 0.40 0.50 0.61 0.61 0.64 0.50** 
F-M 0.01 0.01 0.04 0.01 0.01 0.01 0.04 0.02 0.14 0.01 
Total 64.44 66.69 87.00 . 86.64 87.16 66.95 86.29 86.85 87.68 86.34 

Atoalc Proportions 0-14 
Si IV 2.86 2.84 2.72 2.70 2.71 2.68 2.99 - 2.67 2.66 2.95 
A. 1 IV 1.14 1.16 1.28 1.30 1.29 1.12 1.01 1.13 1.14 1.05 
T site 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
1.1 VI 1.37 1.29 1.54 1.37 1.32 1.13 1.03 1.21 1.24 1.22 
Ti 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 
Fe *2 1.88 1.80 3.03 2.45 2.44 2.67 1.90 2.20 2.07 1.96 
rn +2 0.04 0.05 0.01 0.03 0.02 '0.04 0.02 0.03 0.04 0.03 
rg 2.51 2.75 1.23 2.08 2.15 2.07 2.97 2.44 2.50 2.60 
ca 0.04 0.00 0.00 0.00 0.00 0.03 0.01 0.01 0.01 0.05 
Sa 0.09 0.05 0.10 0.06 0.08 0.11 0.13 0.13 0.13 0.10 
E 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.00 
0 site 5.92 5.96 5.91 5.99 6.02 6.04 6.05 6.02 6.02 5.97 
0 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 
C+! 8.00 8.00 8.00 8.00 8.00 6.00 8.00 8.00 8.00 8.00 
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Intrusive 
010 Q14 Q15 88/23 

n: 8 6 1 3 
SiO2 24.53 25.31 25.81 27.19 
Ti02 0.05 0.10 0.01 0.07 
A1203 20.30 19.65 18.13 19.71 
FeO 32.51 31.74 27.92 22.43 
MnO 0.82 0.51 0.21 0.29 
w 9.52 9.41 13.78 16.82 
CaO 0.06 0.11 0.11 0.13 
Na2O 0.51 0.32 0.28 0.46 
K20 0.04 0.17 - 0.03 
Total 88.32 87.31 86.24 87.13 

Atomic Proportions 0--14 
Si IV 2.69 2.79 2.82 2.84 
Al IV 1.31 1.21 1.18 1.16 
T site 4.00 4.00 4.00 4.00 
Al VI 1.31 1.34 1.15 -1.27 
Ti 0.00 0.01 0.00 0.01 
Fe +2 2.98 2.93 2.55 1.96 
Mn +2 O-CS 0.05 0.02 0.03 
mg 1.56 1.55 2.24 2.62 
ca 0.01 0.01 0.01 0.01 
F& 0.11 0.07 0.06 0.09 
K 0.01 0.02 - O. Co 
0 site 6.05 5.97 6.04 5.99 
0 10.00 10.00 10.00 10.00 
OH 8.00 8.00 8.00 8.00 
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TABLE F. 3: Results of microprobe analysis of sericite. 
Rhyolite 

Z18 
------ - 

Z28 
----- 

N97 
------ 

N 108 
--- 

A14 A66 AT2 AT14 2217/1 

n 1 3 2 1 2 3 5 4 5 
Si02 49.08 46.75 47.65 47.62 47.06 48.11 48.91 47.55 48.48 
Ti02 - 0.12 0.08 0.06 0.17 0.06 0.20 0.25 0.09 
A1203 27.47 27.96 31.88 25.76 29.28 30.99 29.28 31.60 28.71 
FeO 5.13 7.48 1.59 6.92 6.25 0.99 0.97 1.72 2.65 
Kno 0.10 0.02 0.07 - - 0.14 0.04 0.08 0.03 
M90 1.41 0.43 1.50 1.88 0.21 1.98 2.85 2.01 2.48 
BaO - 0.02 0.26 - - 0.14 0.57 0.09 0.15 
C80 0.22 0.21 0.06 - 0.19 0.09 0.10 0.11 0.11 
Nam 0.15 0.07 0.36 0.30 0.04 0.82 0.59 0.30 1.33 
K20 9.40 10.80 10.36 10.93 10.60 9.75 10.35 10.12 9.33 
Total 92.97 93.66 93.7S G3.46 93.60 93.06 93.85 93.82 93.36 

Atomic Proportions 0-- ZZ 
Si IV 6.77 6.54 6.45 6.68 6.52 6.53 6.62 6.43 6.62 
Al IV 1.23 1.46 1.55 1.32 1.48 1.47 1.38 1.57 1.38 
T site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Al VI 3.23 3.15 3.53 2.95 3.31 3.48 3.29 3.46 3.23 
Ti VI - 0.01 0.01 0.01 0.02 0.01 0.02 0.03 0.01 
Fe +3 0.59 0.88 0.18 0.81 0.73 0.11 0.11 0.19 0.30 
Mn *2 0.01 0.00 0.01 - - 0.02 0.01 0.01 0.00 
K9 0.29 0.09 0.30 0.39 0.04 0.40 0.58 0.40 0.51 
0 site 4.12 4.14 4.04 4.16 4.09 4.02 4.01 4.10 4.05 
Ba - 0.00 0.01 - - 0.01 0.03 0.00 0.01 
Ca 0.03 0.03 0.01 - 0.03 0.01 0.01 0.02 0.02 
Ha 0.04 0.02 0.09 0.08 0.01 0.22 0.15 0.08 0.35 
K 1.65 1.93 1.79 1.96 1.88 1.69 1.79 1.75 1.62 
A site 1.72 1.98 1.90 2.04 1.92 1.92 1.99 1.64 2.00 
0 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 
CH 4.00 4.00 4.00 4.00 4. Ob 4.00 4.00 4.00 4.00 

Basal t 

E6.1 AT13 2217/9 

n: 
- -- - 

1 
------ 

2 
- 

Si02 48.07 49.27 46.67 
Ti02 0.07 0.21 0.34 
A1203 25.33 29.98 31.65 
FeO 4.86 1.36 1.48 
FJIO 0.16 0.03 - 
M90 4.00 2.38 1.32 
BaD 0.17 0.22 0.21 
C80 0.07 0.10 0.12 
Nam 0.14 0.26 0.50 
K23 10.69 10.33 10.32 
Total 93.56 94.13 92.61 

Atomic Proporti ons 0= 22 
Si IV 6.68 6.62 6.41 
Al IV 1.32 1.38 1.59 
T site 8.00 8.00 8.00 
Al VI 2.83 3.37 3.53 
Ti VI 0.01 0.02 0.03 
Fe +3 0.56 0.15 0.17 
Mn +2 0.02 0.00 - 
Mg 0.83 0.48 0.27 
0 site 4.25 4.03 4.03 
Ba 0.01 , 0.01 0.01 
Ca 0.01 0.01 0.02 
Na 0.04 0.07 0.13 
K 1.90 1.77 1.6! 
A site 1.95 1.86 1.97 
0 20.00 20.00 20.03 
Op 4.00 4.00 4.03 
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TABLE F. 4: Results of nicroprobe analysis of epidote. 
Rhyolite 

Z48 Z53 RM X109 N94 N97 N108 C16 A19 88/27 

n: 6 2 2 5 5 2 5 2 4 z 
Si02 37.43 37.14 38.05 37.34 37.55 37.05 37.75 38.76 37.81 37.70 
Ti02 0.13 0.23 0.09 0.16 0.09 0.21 0.14 0.09 0.08 0.08 
A1203 23.72 22.88 21.80 24.80 23.41 23.70 23.32 24.12 23.67 25.49 
FeO 10.66 12.03 12.63 9.99 11.43 11.03 10.76 10.58 11.40 9.17 
Hno 0.33 0.04 0.20 0.38 0.36 0.42 0.66 0.0-4. 0.72 0.29 
Cao 22.89 23.30 21.93 22.98 22.85 22.71 22.77 21. %- 21.78 23.12 
Na2O 0.16 0.13 0.31 0.18 0.06 0.21 0.21 0.24 0.10 0.06 
Total 95.32 95.74 95.00 95.83 95.75 95.33 G5.61 95.78 95.56 95.92 

Atomic Proportions 0-- 12.5 
Sir IV 3.09 3.09 3.08 3.07 3.01 3.08 3.03 3.08 3.03 3.00 
Al IV - - - - - - - - - 0.00 
Z site 3.09 3.09 3.08 3.07 3.01 3.08 3.03 3.08 3.03 3.00 
Al VI 2.31 2.24 2. C8 2.40 2.21 2.32 2.21 2.26 2.24 2.39 
Fe +3 0.68 0.74 0.85 0.5s 0.77 0.66 0.72 0.70 0.76 0.61 
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
Mn +2 0.02 0.00 0.01 0.03 0.01 0.03 0.04 0.00 0.02 0.01 
Y site 3.12 3.10 2.95 3.10 3.00 3.12 2. S8 2.97 3.03 3.01 
Mn +2 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.01 
Ca 2.03 2.08 1.90 2.03 1.96 2.03 1. M 1.87 1.67 1.97 
Na 0.03 0.02 0.05 0.03 0.01 0.03 0.03 0.04 0.02 0.01 
X site 2.05 2.10 1.95 2.06 1.98 2.06 1.99 1.91 1.91 1.99 
0 12.00 12.00 12.00 12.00 12.00 12.00 12.00 L2.00 12.00 12.00 
011 1.68 1.74 1.00 1.59 1.00 1.66 1.00 1.00 1.00 1.00 

22S 22.74 24.83 29.01 24.58 25.84 22.15 24.57 23.65 25.33 20.33 

Basalt 
E6 88/7 88/8 88/22 88/30 

n: 9 2 3 4- 1 
Si02 37.87 37.16 37.82 37.34 38.27 
Ti02 0.19 0.01 0.17 0.15 0.05 
A1203 23.68 23.13 25.57 23.92 27.57 
FeO 10.74 12.01 8.93 11.14 6.09 
HnO 0.11 0.10 0.18 0.26 0.07 
CaO 23.40 23.87 23.91 23.17 24.26 
Na2O 0.13 0.03 0.16 0.08 0.18 
Total 96.13 96.30 S6.79 96.06 96.48 

Atomic Proportions 0=12.5 
Si IV 3.02 3.08 3.06 3.08 3.05 
Al IV - - - - - 
Z site 3.02 3.08 3.06 3.08 3.05 
Al VI 2.23 2.26 2.44 2.33 2.59 
Fe +3 0.72 0.74 0.55 0.66 0.40 
Ti 0.01 0.00 0.01 0.01 0.00 
hn +2 P. 01 0.01 0.01 0.02 0.00 
Y site 2.96 3.10 3.06 3.10 3.01 
hn +2 0.00 0.00 0.00 0.00 0.00 
Ca 2.00 2.12 2.07 2.05 2.07 
Na 0.02 0.00 0.02 0.01 0.03 
X site 2.02 2.12 2.10 2.06 2.10 
0 12.00 12.00 12.00 12.00 12.00 
OH 1.00 1.74 1.55 1.66 1.40 

%PS 24.41 24.67 18.39 22.07 13.37 
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TABLE F. 5: Results of microprobe analysis of ajaphibole. 
Intrusive 

Q13 Q15 
--- 

- GI 
------ 

GH 
------ 

Omi 
------ 

n: 
------ 

4 
--- 

4 8 7 2 
Si02 44.07 47.33 49.85 43.55 49.11 
Ti02 1.43 1.17 0.90 1.21 0.95 
A. 1203 6.54 5.77 4.74 8.05 4.85 
FeO 26.79 16.40 14.51 24.39 15.32 
KnO 0.51 0.28 0.26 0.67 0.47 
1190 5.20 12.50 13.41 6.03 13.58 
CaD 9.57 10.92 11.71 11.02 10.74 
Sam 1.98 1.31 0.96 1.35 1.27 
R20 0.42 0.33 0.25 O. GO 0.14 
Total 96.51 96.03 96.58 97.17 96.41 

Atomic Proportions 0-23 
Si IV 6.99 7.14 7.38 6.82 7.31 
Al IV 1.01 0.86 0.62 1.18 0.69 
T site 8.00 8.00 8.00 8.00 8.00 
Al VI 0.22 0.17 0.20 0.31 0.16 
Ti 0.17 0.13 0.10 0.14 0.11 
F4 1.23 2.81 2.96 1.41 3.01 
Fe +2 3.38 1.88 1.74 3.14 1.72 
M1,2.3 5.00 5.00 5.00 5.00 5.00 
Fe +2 0.18 0.19 0.06 0.06 0.19 
kin 0.07 0.04 0.03 0.09 0.06 
Ca 1.63 1.77 1.86 1.85 1.71 
Na 0.13 0.01 0.05 0.00 0.04 
F. 4 site 2.00 2.00 2.00 2.00 2.00 
Na 0.48 0.37 0.22 0.41 0.33 
K 0.09 0.06 0.05 0.18 0.03 
A site 0.57 0.43 0.77 0.59 0.35 
0 22.00 22.00 22.00 22.00 22.00 
OH 2.00 2.00 2.00 2.00 2.00 

TABLE F. 6: Results of microprobe analysis of biotite. 

Intrusive 
Q13 

- 
GM 

n 
- ---- 

3 
------ 

2 
Si02 35.63 35.96 
Ti02 4.50 3.07 
A1203 12.86 16.49 
FeO 28.27 24.54 
KnO 0.23 0.25 
w 5.12 6.18 
CaO 0.07 0.18 
Na2O 0.09 0.43 
F20 9.10 9.15 
Total 95.87 96.26 

Atoalc Proportions 0=22 
Si IV 5.67 5.57 
Al IV 2.33 2.43 
T site 6.00 8.00 
Al VI 0.08 0.58 
Ti VI 0.54 0.36 
Fe 3.76 3.18 
Mn +2 0.03 0.03 
tig 1.21 1.43 
0 site 5.63 5.57 
Ca 0.01 0.03 
Na 0.03 0.13 
K 1.65 1.81 
A site 1.89 1.97 
0 20.00 20.00 
OH 4.00 4.00 
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TABLE F. 7: Results of microprobe analysis Of pyroxene. 
Basalt 

- 
68/2 

----- - 
88"/8 

----- - 
88/30 
----- 

n: 4 2 4 
Si02 50.37 50.00 48.73 
Ti02 1.17 1.04 1.93 
A1203 2.55 3.65 3.56 
FeO 10.77 7.58 10.37 
HnO 0.30 0.33 0.30 
M40 14.18 15.00 13.06 
CaD 19.44 20.49 20.37 
Na2O 0.58 0.75 0.53 
Total 99.38 98.85 98.86 

Atomic Pr oportions 0=6 
Si IV 1.90 1.88 1.6.3 
Al IV 0.10 0.12 0.14 
T site 2.00 2.00 2.00 
Al VI 0.02 0.04 0.02 
Ti 0.03 0.03 0.06 
Fe +2 0.34 0.24 0.33 
hn +2 0.01 0.01 0.01 
K9 0.80 , 0.84 0.74 
Ca 0.79 0.82 0.83 
Na 0.04 0.05 0.04 
0 6.00 6.00 6.00 
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ABSTRACT: Intense fluid-rock interaction took place in the high temperature, plume-of hydrothermal 
fluid which deposited the Rio Tinto massive sulphide orebodies. As a result, the_footwall rocks 
were subject to chloritisation and sericitisation and many of the so called immobile elements, with 
the exception of Ti and Zr, were remobilised. Recent oxygen isotope studies on the well preserved 
feeder to the massive sulphide mineralisation indicate a temperature range of 350-4500C for the ore 
forming fluid. The calculated 6180 values for H20 in equilibrium with this fluid range from +4 .5 to 
+6.5 per mil which is consistent with a component of magmatic fluid being present in the system. 

1 INTRODUCTION 

The Rio Tinto massive sulphide deposit is 
located in the Iberian Pyrite Belt, the type 
area for volcanogenic massive sulphide 
mineralisation in Europe. Conventional models 
for the genesis of such deposits involve the 
leaching of metals from the footwall rocks by 
interaction with large quantities of heated 
seawater. Although much of the metal transport 
and deposition undoubtedtly involves fluids of 
predominantly seawater origin, there has been 
some contioversy as to whether leaching 
processes alone could provide the metals 
required to form very large voicanogenic 
massive 3Ulphide deposits such as the Suchans 
deposits of Newfoundland (Sawkins and Kowalik 
1981). and the Kuroko deposits of Japan (Urabe 
1987). The present study is concerned with the 
applicability of the convective leaching model 
to the Rio Tinto mineralisation and the 
Possibility that some of the metals, and the 
fluids involved in their transport, originated 
from a magmatic source. 

2 GEOLOGY 

deformation seen in some other areas of the 
Pyrite Belt and the Volcano-Siliceou3 Complex 

can be divided into two groups, a lower mafic 
volcanic group made up of lava flows and 
associated shales and tuffs, and an upper - 
fel3ic volcanic group made up of rhyolite flows 

and pyroclastic deposits. 
To the north of the Rio Tinto area there is a 

complex of trondhjemite-tonalite intrusives 

which have been subject to intense hydrothermal 

alteration. Locally they contain porphyry style 
iron sulphide mineralisation. 

_ 
There is 

geological evidence that these, intrusives are 
the comagmatic equivalents of the felsic 

volcanic group of the Volcano-Siliceous Complex 

at Rio Tinto (Schutz et al. 1987). 
Mineralisation at Rio Tinto takes the form of 

large, predominantly pyritic orebodies with 
underlying zones Of 3tockwork veining. The 

orebodies are found at the top of the 
Volcano-Siliceous Complex where the volcanic 
activity is reduced and the felsic volcanic 
group is dominated by fine tuffaceous material 
and cherty horizons. The mineralisation ' 

at Rio 
Tinto has been described in detail by Garcia 
(1976). This study focusses on the San Dionisio 

orebody (Figure 1) which consists of a massive 
pyrite lens and an associated stockwork which 
extends several hundred metres down into the 
footwall volcanics. 

The Iberian Pyrite Belt extends over much of 
the south western part of the Iberian 
Peninsular. Mineralisation is in the form of 
large pyritic base metal deposits which occur 
in the Lower Carboniferous Volcano-Siliceous 
Complex. At Rio Tinto several orebodies occur 
on the Rio Tinto anticline (Figure 1) which 
brings the Volcano-Siliceous Complex to the 

surface. The anticline is located within a 
larger synclinal structure which has 
Volcano-Siliceous Complex rocks outcropping on 
the north and south flanks. At Rio Tinto the 
stratigraphy is not complicated by the intense 

2.1 Hydrothermal alteration 

The main effects of alteration are 
chloritisation and sericiti3ation. 
Chloritisation is associated with the central 
stockwork zone. Sericitisation is associated 
with the outer parts of the alteration halo and 
decreases away from mineralization. The effects' 
of alteration can be seen in both the felsic 
volcanic group and in the underlying mafic 
volcanic group. 
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Figure 1. Geology of the Rio Tinto area. 

The mafic volcanic group in the Rio Tinto area 
is largely represented by pillow basalts and 
highly vesicular lavas. Feldspar phenocrysts 

show a narrow compositional range of Ab9oto 

Abloo which is taken to be evidence of early 

albitisation. Alteration proceeds in the 

matrix, initially with development of sericite 

and some chlorite. Where sericitisation is 

intense the basalt becomes more difficult to 

identify as it loses its vesicular texture. In 

the stockwork zone there is a slight 

silicification associated with chloritisation 

and quartz filled ve331cles are preserved. 
The felsic volcanic group at Rio Tinto is 

complex, particularly where hydrothermal 

alteration makes lateral correlation of units 
difficult. The unaltered rhyolites contain 
quartz and feldspar phenocryst3 in a matrix of 
devitrified volcanic glass. The feldspars have 

a restricted composition of Ab9o to Abloo, and 

as with the basalt this is taken to be 
indicative of early Na metasomatism, probably 
on the sea floor. Alteration of the rhyolites 
proceeds initially along cracks and fractures 
in the matrix. Later, the matrix itself and the 
feldspar phenocrySt3 are replaced by sericite. 
In the stockwork zone, pale green chlorite and 
accesory pyrite appear together with 3ericite. 

The main effects of alteration are reflected in 

major element geochemistry. In the sericite 
zone there is a net enrichment of K20 over Na20 

and CaO, while associated with the stockwork 
there is an increase in A1203, M90, and F. 203. 
In order to study the effects of alteration in 

Nerva 

Ir vvvvv V-V 
vvvvvvvv 
vvvvvvvý 
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more details particularly aspects of element 
mobility and volume changes associated with 
alteration, it is necessary to establish which 
elements have remained immobile during the 
alteration process. The concentration of 
immobile incompatable elements in the system 
will simply reflect the volume changes 
accompanying hydrothermal alteration (MacLean 
and Kranidiotis 1987). It can be shown that any 
two immobile incompatable elements will retain 
constant inter-element ratios throughout the 
alteration process and the values for any two 
such elements will plot on a common regression 
line. In the Rio Tinto system various element 
pairs were considered and it was found that the 
elements which have been least mobile in both 
rhyolite and basalt are Ti and Zr (Figure 2). 

0 00 12 so 1.0 40 NO 3- 

Figure 2. Plots of T102 VS Zr in fresh and 
altered rhyolite (A), and basalt (8) in the Rio 
Tinto system. 

286 

VV.. , 
vvvvvvv 

3v 
ýVvvvvv 

vvvvvvvvv 
vvvvvvvvv 
VVVMý 

. 

mvvvvv 

, 



Immobile elements may be used to monitor volume 
changes and net addition and removal of other 
components by application of Gresens' formula 
(Gresens 1967). Preliminary results for the Rio 
Tinto system indicate that there have been 
considerable volume changes associated with 
mineralisation. Fe, Mg, and Cu have been added 
to the stockwork zone during alteration but 
there does not appear to have been extensive 
leaching of these components from the outer 
zones of the alteration halo. This apparent 
lack of large scale leaching of the volcanic 
rocks, combined with the fact that the volcanic 
sequence is relatively thin at Rio Tinto would 
suggest that an alternative source of metals 
must be sought for the Rio Tinto deposits. 

3 OXYGEN ISOTOPE GEOCHEMISTRY 

Samples for the oxygen isotope study were 
collected from various levels of the San 
Dionisio stockwork. Quartz, chlorite, and 
magnetite separates were analysed for oxygen 
isotopic composition. Although all levels of 
the stockwork were analysed the emphasis was 
placed on the quartz-magnetite association 
which occurs in the lower parts of the 
stockwork and is considered to represent the 
earliest ore forming fluids. 

The temperature of mineralisation was 
calculated using the quartz-magnetite 
gothermometer (Bottinga and Javoy 1975). The 

80 composition of H20 in equilibrium with the 
fluid was calculated using the method described 
by Taylor (1974). 

There is a clear distinction between quartz 
associated with the stockwork mineralisation 
and late metamorphic quartz veins in the area 
which have an oxygen isotopic composition of 
between +13 and +17 per mil. It would seem 
reasonable to assume that the 100 content of 
the quartz reflects the original composition 
and has not been modified by later 
metamorphism. 

Based on quartz-magnetite isotopic 
compositions, mineralisation temperatures for 
the Rio Tinto stockwork fall in the range 3500C 
to 4500C. The value of 180 in equilibrium with 
the mineralising fluids shows a range of 
between +4.5 and +7.0 per mil, with the 
earliest fluids at the base of the stockwork 
giving a b'00 of between +4 .5 and +5.5 per mil 

Figure 3 shows the variation of temperature and 
isotopic composition of fluids with depth in 
the. stockwork. There is a shift in temperature 
towards the top of the system as would be 
expected if the hydrothermal fluid was mixing 
with cooler seawater in the higher levels. 
There is also a progressive enrichment of the 
is 0 compositon of the fluid towards the top of 
the stockwork. This can be explained by the 
progressive interaction between the 
hydrothermal fluid and the is 0 enriched host 
rocks (Fouillac and Javoy 1988). 

Isotopic compositions of mineral separates from 
the porphyry style sulphide mineralisation 
associated with the intrusive bodies to the 
north of Rio Tinto were also measured. 
Quartz-magnetite pairs from this mineralisation 

Table 1.6100 compositions (+/-0.5 per mil)'of - 
mineral separates from the San Dionisio orebody 
showing depth in stockwork (m), calculated 
temperature 

-(+/-200C), and 
mil) of mineralising fluid. 

180 (+/- 0.5 per 

D 6 is 0 Qtz 6100 Mag T*c 6 is 0 Fluid 

35 +12.0 369 +6.1 
45 +13.2 342 +6.5 
75 +11.6 379 +5.9 
110 +10.1 420 +5.4 
200 +10.9 397 +5.7 
315 + 9.2 448 +5.1 
350 +10.3 -1.9 402 +5.2 
400 + 8.2 -1.5 484 +4.7 

TWP. I-C I (I 1 90 H20fluid 
200 300 400 Boo +4U +M +6%. 

00 

100 100 

200 200 

300 300 

400 400 

Figure 3. Temperature and 280 H20 variation 
with depth in the San Dionisio stockwork. 

gave a temperature of 425"C and the 6180 of H20 

associated with this mineralisation is +4.4 per 
mil. The temperature and isotopic composition 
of these fluids are very similar to the values 
obtained for the fluid associated with the Rio 
Tinto mineralisation. 

3 CONCLUSIONS 

There are two possible modes of origin for the 
massive sulphide deposits at Rio Tinto. The 
first involves leaching of the base metals from 
the underlying volcanic sequence and the 
Devonian basement rocks. The second involves 
transport of these base metals from a cooling 
intrusive body by fluids of magmatic origin. it 
is very difficult, without detailed isotopic 
and fluid inclusion data, to demonstrate an 
unequivocal magmatic signature for fluids 
associated with mineralisation. However, at Rio 
Tinto the isotopic evidence, and the 
preliminary geochemical data would suggest that 
there was a component of magmatic fluid present 
in the ore forming System. 
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