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ABSTRACT

The Scully Mine exploits at 20 million tons per annum

a Precambrian iron formation at the southern end of

the Labrador Trough. Unlike the iron formations to

the north, which are unmetamorphosed and leached with
relative increase in the iron content, the iron formation
at Scully is locally metamorphosed to amphibolite facies
and of relatively low iron grade. The orebodies have
been highly deformed by at least two periods of folding
and faulting to a series of gently plunging close folds
of moderate dip, but subsurface interpretation is
difficult because structural features have been obscured
by the metamorphism. Mineralogically the oré consists of
qgquartz and hematite with much less magnetite, and up

to 9.0% Mn. mainly in solid solution in the iron oxides

and as pyrolusite.

The core is beneficiated by gravity and high tension
techniques to a concentrate. The main difficulty of

the operation since its inception in 1965 has been to
maintain concentrate grade, especially for manganese,
within the close specifications set by the steel companies.
This problem necessitates predictive mining grade control
through daily and long term planning procedures which

rest in turn on the (original) interpretation of the

subsurface geology of the orebody. This research has



sought improvements through detailed statistical and
geological methods. Statistical'analysis of the test
results of the original exploration drillholes has led
to definition of eleven distinctive ore units within

the 650 feet overall thickness of the ore formation.
Furthermore, it is shown that after structural unfolding
of the orebody, each unit displays simple internal assay
trends. Mineralogical investigations support the
subdivision of the orebody, and demonétrate that manganese
was co-precipitated with the iron oxides, the recovery
of which in the plant is related to their grain size

in the ore.

This work leads to recommendations for improvement in
techniques for ore reserve estimation and in procedures
for mining grade control, by making use of suitable

combinations of the bulk grade trends within ore units.



NOTE ON UNITS OF MEASUREMENT

Imperial units have been used throughout the tex£

where these are the actual units of measurement that

are used on-the mining property or have been used in

the publications pertinent to this study. The inclusion
of the standard S.I. units would have led to

considerable confusion, and inasmuch have been avoided.
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CHAPTER I

INTRODUCTION

A, GENERAL

The Scully Mine is situated in Wabush, Labrador at
latitude 52°55'N longditude 66°50'W. It is some

640 miles N.E. of Montreal and 650 miles N.W. of St.John's
the capital bf Newfoundland (see fig..l.l.). Wabush is
connected by rail to Sept Iles which is 186 miles

South, on the St.Lawrence, and has regular air services

to major points in Quebec and Newfoundland. Labrador
City, a township built for personnel working at the Iron
Ore Company of Canada's Carol project, is 4 miles to the
north. Gagnon, centre of operations of Quebec Cartier
Mining Co., is 88 miles South West of Wabush. Pickands
Mather & Co. is the managing agent for Wabush Mines and
together with seven international steel companies financed

the development of Wabush.

The area is drained to the East by the Churchill River
and its tributaries and about 30% of the surface of the
area is lake covered. The relief is moderate with low
lying land at about 2000' above sea level and the mountains

to the North and West rising to 1000' above this.

The Labrador climate is notoriously harsh with very hot
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summers and exceptionally cold winters. Precipitation
is great, with 180 inches falling as snow and about
30 inches of rain in the summer months. The climate

makes any outdoor activity unpleasant and difficult.

The area supports only a moderate growth with black
spruce, jack pine, balsaam and white birch being
predominant. The growth is characteristically stinted.
The tree liﬁe is at about 2,500feet above which'only

white arctic moss, small shrubs and lichens are found.

B. EXPLORATION & HISTORY

The first report of iron ore deposits in Labrador was

made by Father Louis Babel in 1870 and it was between

1803 and 1895 when A P Low working for the Geological
Survey of Canada first recognised the Labrador trough and
its economic significance. It was not until the early
1900s with the advent of the aeroplance that commercial
companies became interested in the area.‘ In 1929 W F James
and J E Gill while looking for gold discovered what they
considered to be economic iron ores at Knob Lake. By

1949 400 million tons of high grade iron ore had been
proved at Knob Lake and the Iron Ore Company of Canada

was formed to develop the area. In the same year
exploration began around Carol Lake, to the South of the
trough, by the Labrador Mining and Exploration Company, and
in 1951 work began on the Mt. Wright, Mt. Reed, Lac Jeanine

area. In 1953 Canadian Javelin began their work on the



Julienne peninsular deposit and the iron formation South

of Wabush Lake, now known as the Scully Mine.

In 1954 the first iron ore was shipped from the area,

over a purpose built railroad, from Knob Lake to Sept Iles

and bf 1958 Quebec Cartier Mining Co. had started work

on the deposit at Lac Jeanine and were producing a concentrate
in 1961. Similarly development work was started oh the

Carol project in 1959 and the Iron Ore Comapny éf Canada

was producing a concentrate there by 1962.

Development at Wabush began in 1954 and in 1961 a pilot
plant was opened to test the feasibility of doncentrating

the ore. Production began at the Scully Mine in 1965.

Presently work is being carried out towards the mining
of the Mt. Wright deposit and at the time of writing
a large part of the over burden had been removed and the
townsite building starﬁed. Some work has been claimed
on the Julienne deposit although its feasibility is in

question.

C. GENERAL GEOLOGY

(1) General

The Labrador = Quebec - Ontario - Minnesocta beclt of banded
iron ores has become classical in the discussion of
sedimentary iron deposits. These iron formations are

part of a succession of shelf type sedimentary rocks

associated with minor tuffs and volcanics. The area
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under study falls in the southern part of the so called
Labrador Trough and this discussion will be confined to

this area.

Apart from the work of Dr. G A Gross, who has described
the area in a series of Geological Survey of Canada
publications, and papers, very little work has been done
on the area. Vast regions to the South and West of the
Trough have not been mapped in any sort of detail. Only
those areas of immediate economic importance have received
detaiied attention. Much of the knowledge of the general

geology of the area is the same as it was in the early

1960's.

The Labrador Trough (see fig. 1.2) is a sinuous to arcuate
~belt of sediméntary, vclcanic and intrusive rocks more
than 750 miles long and 60 miles wide. They are Lower
Proterozoic in age and lie unconformably on Archean
granites,.granodiorites and granitic gneisses on the West
side of the Trough. The eastern bérder oﬁ the Trough is
less easily defined, but in generai Trough rocks are in
fault contact With a series of gneisses, granitgs and
amphibolites. The Trough rocks are naturally divided , ‘
into three regions. In the central part of the Trough the
rocks have been folded and faulted during one orogenic

period, but remain esscentially unmetermorphosed. In the

northern and southern parts of the Trough the rocks have
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been highly deformed and metamorphosed during at least

two orogenic periods.

(a) Northern region
Here the rocks have been highly metamorphosed and
deformed with iron formations now medium grained
magnetite - hematite - quartz assemblage which would
be suitable for beneficiation. Orebodies form in
monoclines or fold systems where the succession has
been repeated. To the present date no iron ores
have been worked even at pilot scale.

(bY Central region
Iron formations in this region are not highly
metamorphosed and form host rock for hematite -
goethite ore deposits. The ore deposits were
‘naturally enriched by the leaching of silica in
Mesozoic times and re-mobilisation of iron causing
secondary enrichment. The potential reserves
of this area are large; and large deposits of
ﬁnoxidised taconitic ore remain uninvestigated.

(c) Southern region
The iron formations of this region form the hub of the
iron ore industry in Eastern Canada. The ores are
not unlike the ores of the Northern region, in that.
they are coarsly crystalline hematite - magnetic -

quartz rocks. The deposits lie within the Grenville
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orogenic belt and are highly metamorphosed and highly
deformed ores that have a history of at least two
periods of faulting and foldihg; In the northern
part of the region the rocks appear to have been
metamorphosed to epidote - amphibolite facies but
further to £he South and West the grade becomes
higher towards the centre of the orogenic belt.

The metamorphism is regional and any effects
attributed to minor. intrusions are local in scale.
Most prominent among the metamorphic changes is the
increase in grain size and the iron formations have
segregated into a few coarse grained minerals such
that mechanical breakdown is simple. There appears
to have been little or no deffusion between beds ahd
thus the bulk composition of the original sedimentary
units has remained unchanged, except for the loss

of the volatiles. It appears that the final stages
of re-crystallisation took place after faulting and
folding so that not only are the original sédimentary
features obscured, but also many structural features

such as cleavage and fault zones.

Geclogy of the Wabsuh Lake Area

Regional Geology
In the southern area of the Labrador Trough the

succession of rocks overlying the basement gneisses,

consists of former greywacke limestones and sandstones
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that have been regionally metamorphosed to mica
schits, marbles and quartzite. Overlying the
quartzites are the iron rich sediments of Lower
Proterozoic age. These are predominated by a
silicate member at their base and grade up into iron
oxide facies. Above the ore horizon is a carbonaceous
quartz conglomerate that grades up into graphitic
slates. Gabbroic sills and dykes were intruded

into the sedimentsoin late proterozoic times. 1In
places the area is overlain by recent sediments.

The regional geology is shown in fig. 1.3 and a.

generalised stratigraphy in fig. 1l.4.

(b) Local geology
The area is situated close to the intersection of
three major structural provinces (see fig. 1.3).
To the North is the Archean Ashuanipi complex,
last deformed during the Kenoran orogeny.. To the
South of the area and lying unconformably on the
Archean are the rocks of the Lower Proterozoic which
include the iron formations. To the Eas£ and overlying the
Lower Proterozoic are altered sediments and volcanics
‘0of the Middle Proterozoic which were last deformed

during the Hudsonian orogeny.

In plan the deposit at Scully Mine is seen to be a
continuation of the iron formation from the North.

South of Sawbill Lake, the rocks are considered to be
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part of the Southern Trough and it'is here that the
Grenville front crosses the geosyncline. South of
that point the rocks have been regionally‘metamorphosed
as indicated by the mineralogy of the sediments.
Metamorphic grade increases in a southerly direction
from the ffont, where greenschist facies is
predominant, to the Wabush area where the rocks
belong to the amphibolite facies. Further South and
West at Mt. Wright the grade has increased to
pyroxenite facies with large garnets and kyanite
prisms being developed locally in alumina rich
schists. The recrystallisation of the irop
formation to coarse grained specularite-magnetite
~quartz schists, has rendered them amenable to

concentration.

SCULLY MINE

Geology

"At the completion of the exploration programme, the

company geologists had divided the iron formation into

five units:

Upper member 150'~-200'
Middle member . 200'-250"
Middle quartzite member 40'-60"'
Lower member : 180'~260"
Basal silicate member 70!

The footwall rock locally is a white coarsely crystalline
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quartzite which lies on a coarse grained muscovite schist.

The hangingwall rock is a carbonaceous quartz conglomerate.

Basal Silicate

This is predominantly a banded quartz amphibole rock with
minor amounts of chlorite and biotite. The banding is
generally schistose but individual layers may be up to
four or five inches in thickness. Above the water table
the silicate minerals have altered to limonite but still

show the original fibrous silicate texture.

Lower Member

Although in many cases indistingﬁishable from the middle
member rocks, the lower member ores grade up from the |
basal silicate with a gradual increase of the iron oxides
relative to the silicate minerals. It had been thought
that the unit was appreciably higher in its magnetite
content and considerably harder than the other units,
but I believe this is because the only good exposure of
the ores, until recently, was in the South Pit area
where the ores in geﬁeral appear to be harder and have

a higher magnetite content. The ores do show the
banding that is classical in Pre-Cambian iron ores,

and this is probably their single distinguishing feature.

Middle Quartzite

This is a narrow, but persistent band of iron poor
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formation,Ain which the iyon content is generally less
than 15%. The iron that is present is norﬁally in the
form of ochrous limonite aqd goethite, and these
together with earthy manganese oxides fill the veins and

vughs that run through the unit.

Middle Member

This, it is generally agreed, is the richest of the

three ore horizons at Wabush (the quaitzite and basal
silicate being mined as waste). Prior to this

work some of the units that form this member were
recognisable in the field, but only with some difficulty.
At the base of this unit is an ore with a distinct
conglomeratic apﬁearance. This grades up into the more
friable homogensous quartz specularite rock about 50ft
thick. Above this is a leaner band with layers of
limonite and goethite running parallel to be bedding.

The rock above this almost always has a distinctive
spotted appearance. The rock is generally homogenecus but.
for circular to ellipsoid vughs of manganese oxides.

These have been the centre of some speculation as regards
their origin, the most popular theory being that they are
the residuals of garnets or spinels that have now decayed.
Indeed below the water table some gainets have been

seen in the ore but not in this unit. The ores above

this defy an individual description but appear very similar

in nature, being the coarse friable guartz hematite rocks



that typify the area. Little differences can be seen
in the hand specimen between the low and high manganese.

ores. ,

Upper Member

The ores here are generally low in iron oxide and
manganese oxide content and like the ore of the lower
member have a distiﬁctly bandedﬂappea;ance. Their
distinctive feature in fact is their overall low grade,
only just making the ore category in some places, in
others being mined as waste. It has been suggested that
at one time the unit was predominantly a guartz carbonate
rock, and that the iron carbonates have altered to
limonite giving the ore its brown colour. No evidence

however can be put forward to defend this theory.
A plan of the surface geology is given in fig. 1.5.

Intrusive Rocks

The gabbros which intrude the iron formation to the

north are not present at Scully Mine but the ore has

been intruded by a series of fault controlled dykes in

the South Pit. These now are almost entirely chlorite
with a core of magnetite but have inherited a distinct
fibrous fabric and may have been originally an amphibolite
or lamprdphyre. The presence of 'veins' of chlorite with

an asbestiform texture, in the dykes has also been noted.
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Structure and Metamorphism -

The outcrop pattern illustrated in fig. 1.5 is typical

of interference patterns type 1 (see Ramsey 1967). The
first fold axes run 090° to 070° whilst the axes of the
superimposed folds run 150°. Two sets of faults are
present, and post date thg folding. The first set

strikes 030° and are predominant in thé East and

South Pit areas. These dip at a high angle to the S.E.

A later set of faults strikes 150° ana dips steeply N:E.
These tend to have a higher displacemtn than the first

set and in the case of ore in the East Pit this displacement
is of the order of 250ft. The main peiiod of defbrmation
occurred during the Grenville orogeny. The .effect of

the metamorphiém is to remove almost entirely the trace

of bedding from the ore horizons and surrounding rocks

and impart a strong fabric to the rocks. . This can be

seen in the way in which the manganiferous vughs in the
middle member. ores change shape fromalmost circular to
elongate ellipses. In this field there could be scope

for some further study. The other effect is to completely
re~-crystallise the ores into coarse grained gquartz hematite
magnetite schists. Some work was carried out on the

mine to find a grain size distribution for the ores.
Polished sections were used and the.long axes of mineral
grains measured with an on stage micrcmeter. A number of
points emerged from the study. Firstly.that there was a

great variation in grain size from one area of the mine



to another and iﬁ particular that the ores from the

South Pit in general appeared to be somewhat finer

than the others. Secondly, in geheral the grains were not
flattened to any extent i.e. the ratio, long axis to

short axis, was close to unity. This supports the

theory that re—érystallisation was.going on after the

- main period of deformation had finished. An exception to
this again is the ores of the South Pit where a later

period of intrusion and faulting seems to have modified

" the ores somewhat. Thirdly, that the distribution was
gaussian or nearly so with the mode of the distribution

in the 35 to 65 mesh sieve opening size (0.42 mm to 0.21 mm),
and thus the ores are suitable for autogenous grinding: |
and gravity separation (see fig. 1.6). The structure and
grain size have had considerable bearing on the economics.

of the area.

(2) Mining Operations

The mining department is responsible for moving 20 million
tons of material a year; of this 17 million tons are
moved to the crusher and 3 million tons to the waste dumps.
The operation is carried on with conventional open pit
methods and equipment. Bench heights are restricted to

40 feet and bench slopes 1 to 2 with a 20 foot berm at
each successive level. Normally operating levels are
developed at both ends simultaneously using a loop

haulage road system.
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Drilling and Blasting

Drill patterns for 12%" holes vary from 26' x 35' to
28' x 35'. Sub grade drilling is carried to 3 feet.
Holes are loaded using packaged slurry and AN-FO delivered
by truck in bulk form. The standard charge for a 12%"
hole with a 26"x 35" pattern and 3 foot sub-grade
drilling is 200 1lbs as a toe load, 1300 lbs AN-FO and
13ft of stemming. Two primacord down lines. feed two
11b primers one at the toe and one in the slurry. A
typical blast is six rows deep with a burden of 26 feet
and spacing of 35 feet and the holes are staggered.

The blast is squared off at each end and fired in rows
to the open face with a 65 millisecond delay between

YOWS.

Loading and Haulage -

Seven 8 cu.yd; electric shovels are ﬁsed to load ten iOOton
electric wheel haulage trucks. The shovels are moved
around the operation kenches to optimise the crusher feed.
Snow is a major problem, not so much from the standpeoint

of visibility or road conditions, but that it causes

crusher plugging. The annual snow fall is around 180 inches
and it is common practise to move the snow in advance of
loading the ore. Haulage roads are 80 feet wide with a
maximum-grade of 5%. Haulage distances vary from

2000 feet to 12,000 feet.



(3) ~ Ore Dressing

A simplified flow sheet for the operation is given in fig.l.7.

Crushing and Grinding

The crushing installation 'is comprised of two 54" x 74"
gyratory units in parallel. Although only one unit is

used at a time, the two crusher arranéement has been a
major factor in maintaining a 90% availability. Normal
crushing rate is 2,400 tons per hour but may reach 3,200
tons per hour at peak capacity. Maximum lump size from run
of mine feed delivered to the storage bins from the crusher,
is kept at 15 inches. Vibrating feeders deliver the ore to
fhe mill feed conveyors and water added to the mill for

the proper grinding density. The discharge ends of tﬁe
nills are fitted with trommels and the trommel oversize
immediately returned to the mill. The t;ommel screens

have an opening of 2mm and give an effective spiral feed

size of about lmm.

Gravity Separation

Primary separation is by Humphries Spirails. " The mills
feed 1,152 rougher units and the concentrate from here is
scrubbed on the same number of cleaner units. Rejects
from the cleaner spirals are returned to the rougher
spirals for re-processing without re-grinding. Grade of

the spiral concentrate is approximately 6% 8102 and 63.5% EFe.
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Drying

In order to provide a bone dry feed for the high tension
separators, the spiral concentrates are dried through three
0il fired fluo-solid reactors. Air at 1800°F is blown through
a refractor dome which distributes the air through a

3 ft. bed of concentrate at sufficient velocity to

expand and fluidise the bed. For proper distribution

of the air the dome is fitted with 280 nozzles

known as tuyeres. A classification of fines into the
upflowing air stream above the bed meakes it necessary

to scrub the discharge gases, using two air cyclones and

a wet scrubber on each dryer.

High Tension Separation

The electrostatic separator uses the selective separation

of dry mineral particles primarily on the basis c¢f their
electrical conductivity. The modifying factors are specific
gravity, size and shape, surface condition and purity of the
mineral particles. Fig. 1.8 illustrates the process
diagramatically. The charging of particles ;n the process
is achieved by a bombardment of the concentrate, with
negative ions from two ionic beam electrodes, placed at a
distance from the rotor. The concentrate is saturated

with a negative charge. The hematite, being a good conductor,
loses its charge to the rotor, immediately it passes beyond
the range of the ion beam and adopts the same charge as

the rotor; it is repelled. Silica, on the other hand, does
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not lose its charge and sticks to the rotor and is carried
around. Both roughers and scavengers produce a concentrate,
miadling and tail. The middling goes back as a re—circulating
load and the tail goes to a scavenger unit to produce a
concentrate and tail (see fig. 1.7). Final grade is 66.3%Fe.,
1.69%Mn., 2.25%8102.

The dry concentrate is shipped in sealed railway cars

to Pointe Noire, Quebec whereiit is pelletised and

o

transported to the steel companies.

E. BASIS FOR THE WORK

The background and basic ideas on the nature of the
research that was required at the Scully Mine, in order

to improve the operation, were generated during four

" years employmént with Wabush Mines as a min€ geoclogist.
During this period I was exposed directly to almost all
sides of the operation, not oniy the mining and mine
planning, but also keneficiation and process development.
"My main responsibilities were within the Mining Department
and covered grade control problems} ore reserve estimation,
day to day pit mapping and the layout and evaluation of
eéplorétion work. Many of the problems that are discusséd
in the text were discussed.opénly on the mine but the
problems that arise during the day to day running of a
large open pit operation over-ride the longer term problems

of ore reserve ectimation and a scolution is never found.



The bulk of the research has been completed duriﬁg a three
year‘stéy at the Royal School of Mines, London. During
this time a great deal of use has been made of the
facilities in the Mining Geology Department and benefit
gained from conversations with many experts in the field
of Mining Geology. Extensive use has also been made of
Imperial College CDC 6400 computer and the University of
London CDC 6600 computer, and a total of over 150,000

seconds central processor time used.
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CHAPTER IT

ORE RESERVE ESTIMATION AND GRADE CONTROL AT SCULLY MINE

A. INTRODUCTION

Estimation work is carried out on both a short and long
term basis, up to the entire life of the mine. During
the initial planning gf the mine it was assumed that
for the first 30 years of its life, no ore would be
mined below the present water table. Inasmuch all
"live' planning is confined to that outlined in the

30 year plan.

Tt follows that the objectives of each level of planning
will be different. The 30 year plan for the most part
will be concerned with the generalities of the ore

body and naturally less concerned with detail than,

for example, the daily plan (ore grading). However we
would expect to find each successive level of planning

contained within the previous estimate.

Dall Negro (1969) outlined the system of planning at
Wabush as follows:

The 30 year mining estimate is the basic tool for all

the mining estimates. It must supply the following

information:
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(1) The ore and waste tonnages (known and probable)
and consequently the ore to waste ratio for the
ore body. | |

(2) The economical ore to waste ratio

(3) The production rate

(4) The overall chemical and metallurgical characteristics
of the ore body. This gives the ranges of values,
within which mining must be kept to operate in a
well balanced way over the life of the mine.

(5) The final pit design based on the contacts between

the iron formation and the confining rocks.

It is obvious that it is necessary to avoid all errors
in estimating the grade and tonnage of ore, however at
this level of planning it is not necessary to have

detailed knowledge of the contact between ore types.

The 5 year and 1l vear mining estimates are contained

within the 30 year estimate and are designed to meet
the overall tonnage and grade requirements. Geological
requirements for this estimate are still low. They
should indicate how mining will develop in the pits and
outline the requirements for such items as stripping,
roads and equipment needs. The five year plan should

include five one year plans.

The monthly mine estimate is established exclusively on
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the contingent needs of the mine operations. The only
link with the longer term estimgte is the proportion of
ore to be mined in each pit. No information is available
to establish these estimates with any precisiOn and there-
fore its fulfillment depends only on the probability

that the mining of such quantities of ore from each

pit will supply an average close to the required

- mill feed. It can happen, that one blast will supply

a high proportion -of waste or unsuitable ore type.

Under these conditions, new solutions have to be found to
make daily grade control possible and an emergency state

created which is detrimental to the operation. .

Daily estimate (grade control) is an attempt to provide

the mill, on a daily basig, with a homogeneous and
constant feed, within a certain range. At present the
weight recovery and concentrate manganese content are
of prime importance. This is achieved by the blending
of ore from a number of shovels and is only possible if
the engineer in charge has a precise knowledge of the

ore types in front of each shovel.

The 1 year, 5 years and 30 years estimates are considered
long term. These use diamond drill hole information

on sections, as their data source. The monthly and daily
grade plans are short £erm and rely on blast hole data

on bench maps for their data. Very little attempt has
been made to date, to reconcile these two sources of

data with each other.
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B. ORE RESERVE ESTIMATE PROCEDURE

In the category of ore reserve estimates are included
the 1 year, 5 year and 30 year mining estimates. The

30 years estimate was drawn up in 1964 for the West

Pit and revised somewhat for the East Pit in 1968. The .
other two estimates are based on the 30 year estimate.
Between 1957 and 1964, one hundred and eighteen Ehousand
féet of drilling was completed to cover practically all
the areas where mining now takes place. In the East

and West Pits a 250' x 250' square pattern was completed
and in thé South Pit a 250' x 500; pattern drilled, but
filled in to a 250' x 250' square pattern in recent
yeérse In addition holes were scattered in the area to
the west of4the West Pit area to prove the continuation
of the ore. Tt is necessary to point out here that only
a few of these holes go through to the footwall rock.

Many holes have been terminated at the water table.

The diamond drill samples were gréuped into composites
of different length and asssayed for crude iron, crude’
manganese and crude magnetiés (ngis Tube Method). The
samples were also tested on é'shaking table, to simulaté
plant spiral concentrating characteristics, and a
weight recoverv and concentréte assays for iron, silica

and manganese reported. The test procedure was identical
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to that used at present on exploration and blast hole
samples,'and will be described below. The diamond

drill holes, with their assays, were reported on vertical
sections drawn as close as possible perpendicular to

the strike direction of the ore body (North-South
sections for the West and South Pits, East-West for the
East Pit). The distance between sections is 250" (except
for the South Pit where sections are 500' apart) and in
general bore—holeé are 250 apért on section, although in

o

some areas of the ore body it is greater.

A general structure of the ore body was first established
from field evidence and contacts obtained from diamond

drill data. However it is interesting to note a geologist's
comment at the time '... it has been difficult to make
bedding correlétions between adjacent drill holes,

on the appearance of the iron formation. Furthermore,
correlation has been complicated by the fact that not all

of the driil holes go through to the bottom rock, at the base
of the productive iron formation'. 'The situation was eased
considerably by the recognition in the Easf Pit of the
Middle quartzite and its subsequent recognition in the

other tWo pits. The resultant structural interéretation is
shown in fig. 2.1. In the West and South Pit zones there’
are two synclines separated by an anticline, with a general
strike East-West and two synclines separated by a faulted
an£icline in the East Pit. Here the fold axes strike

North West - South East. Using this basicAidea the main

contacts were drawn as smooth regular curves.



Assays from each hole were split into the classifications
shown in fig. 2.2. and the limits for these 'ore types'
drawn in parallel to the general structure of the ore
body. The area of influence of an assay iq a bore~hole
was extended halfway towards the next bore hole or a
maximum of 375' and half way to the next section. An
example from a section is shown in fig. 2.3.

Preparation of Geological Data for Machine Input

The drill hole information and complete analysis plotted on
sections drawn to a scale of 1 inch = 50 feet provides the
basic input data required for Ore Reserve Estimate

programme. The érea of each ore classification was

.measured within the limits of (1) the area of influence of

a bore hole on the section and (ii) the confines of one

level. Since the programme is designed to compute the tonnage
from the area and the weight factor a list of the areas
measured,-the appropriate section, drill hole and level,

together with the complete analysis‘was made available.

In a large number of cases more than one analysis was
available for cne area. In such cases each anaiysis was
listed separately together with the area, bore hole section
etc., and a weight factor assigned to each listing according
to the ratio of each analysis that falls within the area.

The procedure for indicating the codes (Ore Classification)
to represent the average analysis for the area in question as

calculated from the individual analysis and weight factor is
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explained elsewhere in this paper.

The drill hole information as sent by the Mining Department
which represents the raw source data, is keypunched onto
cards and verified. These cards are then sorted and a
listing prepared‘in card number sequence to check the
information for possible errors in coding, keypunching and
verifying., After any invalid data has been corrected this
data is then stored as a random access file for future

processing.

Raw Source Data Reduction

The raw source data stored on permanenﬁ files is copiéd to
tapes, sorted according to section, level drill hole and area.
The raw source data reduction programme was designed to read
this data and based on the area, welght factér and card
grouplings from the same area, calculate the crude and
concentrate tons. This process of grouping cards from the
same area with appropriate section, level and drill hole is
repeated for all the data. The area and the weight factor
determine the tonnage assigned to a particular area. The
various assay analysis are then weighted and the weighted
averages calculated for the same group of cards belonging

to one particular area. This result is then edited and printed
as shown in figure 2.4. and the 'SUMMARY CARDS' prepared

from this programme has the complete information for long

term planning reports. The Summary Reports can be specified



DRILL HOLE ANALYSIS-RAW DATA REDUCTION

SCALE OF SECTION 1 INCH EQUALS 50 FEET DISTANCE BETWEEN SECTIONS 250 FEET TONS/SQ IN = 48076.92 CU YDS/SQ IN = 23148.15

CODE SECT LEVEL D.H. CARDNO AREA CRUDE TONS

1A 21250N 1655 1054 00001 .10  4,807.69 43,65

14 1615 00002 .93  44,711.53 43,65
HASH TOTAL 2,99,518.67

FORMS COUNT 05 DETAIL CARD COUNT

DRILL HOLE ANALYSIS

CR FE CR MN MAG REC WT REC

5.15

5.15

101

ORE RESERVE ESTIMATE

SUMMARY CARD COUNT

SCALE OF SECTION 1 INCH EQUALS 50 FEET DISTANCE BETWEEN SECTIONS 250 FEET TONS/SQ IN 48,076.92 CU YDS/SQ IN 23,148.15

CODE SECT LEVEL D.H., AREA CRUDE TONS CR FE CR MN MAG

1A 21250N 1615 1054 .10 4,807.68 43,65 5.
1A-5A .10 4,807.68 43,65 5.

HASH TOTAL 2,999,518,67

FORMS COUNT 08
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according to the needs of the Mining Department as mining

progresses in different areas of the pit. Hence this system
provides adequate flexibility for advanced planning

Bl

depending upon tonnage and érade requirements.,

Inclusion of Ore Classification

This part of the programme was designed and included to save
time and effort on the part of Mining Engineers inhcalculating
and coding the ore classification in raw source data. The
coding involved calculating the average analysis for the
individual areas and the same code to be used for each
separate entry for any particular area, the repetitive
process was time consuming and prone to error. With: the
introduction of the matrix table in the Ore Reserve Estimate
programme this resulted in a better classification of

group codes for~differentiating between ore and waste in the
present method. The material legend as practiced at

Scully Mine as shown in figure 2.2.

The procedure for computing tonnages and weighted assays

has been explained earlier. The procedure for including

the material code was simplified by building a decisinn table
matrix in the programme and a search through this table

after calculating the concentrate iron and concentrate
manganese . provided thé correct code. However it is still

necessary to indicate the following material codes:
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" Material Code
l. Ferruginous Quartéite 8
2. Surface _ S
3. Waste 0 1
4. Probable ore P

The material code is then punched onto output 'SUMMARY

CARDS' for preparing the summary reports.

Ore Reserve Estimates by Pit, Section & Level

The final part of the programme design and implementation
was to prepare the four summaries as follows:
1. Summary by Ore class, drill hole, level and section.
2. Summary by Ore class, levels and sectiops.
3. Summary by Ore class and levels.
4, Summary by Ore class for the whole pit.
Summary 4 denotes 1-6 material total to give ore, 1-6B as
lean ore and leén material; 7, 7B, 8 and W as waste rock
and S (in cu yds) as the stripping.
See figures 7 & 8. The other summaries breakdown gives

essentially the same information in greater detail.

The 'SUMMARY CARDS' are input to the Ore Reserve Estimate
programme to .prepare the above mentioned reports. The
programming, testing and final pteparation cf the reports

was tackled systematically and the efforts resulted in
considerablé improveménts over the previous method. The
testing, sorting and final editing phases were all internally

built in the programme phase as individual modules. The
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reports are made available periodically without much
delay and this provides the Mining Departmeht advance

information needed for preparing the long range plans,

Exhaustive checks have been aéplied to the procedures from
drawing of the sections to the final summary preparation

to ensure accuracy. With the introduction of an IBM 2770
terminal at Scully Mine the long term planning requirements
have been considerably improved. The'tonnage'available

and grade for any particular area under the present

scheme of mining is prepared by specifying the area and
percentage. This process is then repeated'as the.reserves
get exhausted in that area and a comparison made from what -
was forecast. This enables the Mining Engineers to make
adjustments or alter mine plans to suit their long range
plans and mill requirements.

The generalised"flow diagram for ore reserve estimation is

shown in fig. 2.,5a.

C. GRADE CONTROL & MONTHLY MINING ESTIMATE

The short term estimates are prepared from blast hole

composite plans, that are established for each bench.

Each composite position on plan (see fig. 2.6.) is the
centre of gravity of the polygon obtained by joining up the
blast holes which make up the composite. Crouping of

~blast hole samples to form composites is made after field
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examination of the cuttings so that as far as possible
only ores of a similar type will be grouped together.
Blast hole samples are tagged and combined to form
qomposites in thé laboratory prior to testing. Normally
three blast hole samples will be combined to form

each composite.

Sampling Procedure

~

Samples are cut from the core of ore éutting éhat remains
after a blasthole has been drilled. When the drili is

in position over the hole site, a sampling scoop, designed
to cut a thin radial section from the core of ore that will
form on drilling, is placed in position two to three

inches from the bit, (see fig.2.7). As drilling proceeds
cuttings will be blown up the hole and some will settle
ineide the Scoop. On completing the hole the scoop is
removed and the cuttings tipped onto a plywood board.

For a full bench hole about 120 1lbs. of cuttings settle
inside the scoop. The sample is successively mixed and
coned and quartered until a sample of 10 to 15 pounds
remains, The sample is bagged and tagged, with the hole
number. The hole position and number is recorded on the
appropriate map (see fig. 2.6.) and the sample taken to the

laboratory for testing.

In the engineexring office the samples are grouped into
composites, based on the nature of material in the holes,

For a full bench 3 holes will be combined to form one



composite and will represent 8000 tons of ore approximately.
Lists showing the hole numbers that made up one composite
are sent to the laboratory, the samples combined in
proﬁortion to the depth of the hole and a composite numbér
assigned. After test work is complete a copy of the

results is sent to the Mine Engineering department and

computer services.

Grade Control Procedure

The object of the grade control programme is to prgvide a
blend of ore, suitable for mill feed, at the crusher,
This is achieved in two stages. Firstly the grade of

ore in.front of each shovel is calculated. To do this,
the grading engiheer estimates the percentages of the
composites in front of each shovel that are likely to be
mined during the next 24 hours. He must bear in mind,
that as far as possible only one ore type should be
included per 'set up', and tc this end limit stakes may
be placed-at the operating face to restrict the run of a

-shovel.

The composite numbers and percentages are transmitted to the
computef via a terminal at Scully Mine. The maéhine is
programmed to calculate the tonnage of each composite to

be mined and from this the average grade of ore and total

tonnage available that day at each shovel.

The second part cf the programme is designed to find a



suitable schedule for shovel and truck combinations using the
grade computed in the first part of the programme. Using

the haulage distance from the crusher to a shovel and back,
the maximum tonnage that oné truék can haul in a shift is
célculated. Then combinations of two, three and four shovels
together are calculated varying the number of trucks serving
one shovel. In theory it is possible to assign 5 trucks

to one shovel but in practice no more than 2 trucks are
assigned and the combinations doubled and trebled éo use all
the available trucks. A number of restrictions are

included in the programme to limit the output from the

machine, these are as follows:

Crude Fe - variable

Weight recovery - variable normally 37% tc

0>
~1
ov

Concentrate Fe 60% to 70%

Concentrate 8102 - 0% to 7%
Concentrate Mn - wvariable normally 1.37 to 2%
Trucks per shovel - 2

Shovels per comb. - 4
Output is transmitfed back to Scully Mine via the terminal,
and the grading engineer selects those combinations which
best meet the day's requirements and the information given to
the operating personnel. A flow diagram showing the
procedure for grade control is shown in fig. 2.5b. An

example of the machine output is given in fig.2.9.

Monthly Mine Forecast

This is an attempt to forecast grade one month ahead using
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COMP TOTAL ~ TOTAL
NO FE MM
11142, 36,90  1.10
11163, 36,30 . 2,50

HOLE NO

' 3800
3803
3830
3831

AREA
1975

AREA
ALL

HEADS
MAGN.
1.07
2.86

PCT

0.30
0.40
0.50
0.20

WT
REC. RE

41,12 67,40

BLASTHOLE FILE

TO TAL
MAGN. MN SIL FE

0.88 1,02 1.81 15.60

43.10 66,00 3,20 2,00 1.78 13,80
" MONTELY MINING FORECAST

CRUDE CR FE WT REC CONC FE
0. 36,64 0.0 0. 0.0
3545, 35,74 34,14 1210, 65.80
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the available blast hole data. ?rogramme details are
much the same as for the first part of the grading
programme, except that much largér tonnages are used.
An example of the machine output is given in fig. 2.10.
It was assumed that enough broken and drilled material
would be available in the pits one month ahead of
produqtion to make a realistic attempt at forecasting
grade. In practise very little blast hole data is
available and consequently any prediction that may be
made is based largely on adjoining blasts and the
benches above. This practice, without any understanding of

the geology can prove a very dangerous one indeed!

D. TABLE TEST PROCEDURE

Because of its importance to the whole of the ore reserve
and grade control programmes, it is necessary to describe
the test procedure in some detail. The flow sheet is

given in fig. 2.11.

When the samples are received in thevLaboratéry they are
dried in an oven at 100°C. After drying the samples are
.placed in bread pans and then made up into composites on
the data received from the Mine'Engineering department.

The samples that go to make up a qomposite are selected and
taken to the rolls crusher room, where the samples are
riffled down to the weights required (dependant on the

depth of the holes, and number of samples per composite).
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TABLE TEST FLOW SHEET

Material from hole (6000 1bs)
L

Sample taken in pan (120 1bs)
v

Sample coned, quarter, - to lab (15 1bs)

Sampléydried

Samples rolled into composités

o SaVed

Sample ground to 100%, - 20 (6000 grms)
30 grm sample¢ l ~pSaved
(head sample)

2000 grm sample .
l * at 90% -~ 200

Assay Fe, Mn MAGS ___ TABLE TEST

Concentrate Tails

< ‘l
Samples dried Samples dried

bty discarded <o

1
\
30 grms for assay 30 grms *

Assay Fe Mn SiO2 MAGS Assay Fe Mn

FIG 2.11



The samples are rolled together 6n a rubber rolling sheet,
and then riffled into two equal portions = (approx. 6000
grams each), One half is saved whilst the other is
screened at 20 mesh. the +20 mesh fraction is crushed to
100% - 20 mesh and combined with the ~20 mesh fraction.

A composite number is allocated at this point. The
composite is now riffled into 3 portions, one of 30 grms
for a head assay one of 2000 grms for table test

feed whilst the remainder is saved.

The table used is a 1aboratorylscale shaking table, with
moving splitters. The dry sample is placed in a hopper
above the table and washed down_onfo the table with a

%" stream of water. Water is added to thelmaterial in the
distribution trough to bring the feed to the required
dilution. On the first run, a céncentrate, tailings and
middlings are cut maﬁually. The products are allowed

to settle for 20-30 minutes, a flocculent being added to the
middlings and tailings to aid settlement. The middling
portion is re-run on the table to give a concentrate and
tailing only. These are added to the first ?un concéntrate
and tailings to give the final products. After filtering
‘and drying the two portions are weighed and a percent weight
recovery calculated. If less than 350 grms of concentrate
are recorded the samples are disregarded as below grade.

The concentrate and tailings portion for the normal sample
are rolled and riffled down to 30 grms for assay. Assays

are obtained as follows:



Head Iron(wet) Mn (XRF) Calculated Magnetics
Concentrate Iron (wet) MnlSioz(XRF) Tube test Magnetics
Tails Iron(wet) Mn(XRF) - Tube test Magnetics

A calculated weight recovery is then made as follows:

W= %;% where W = weilght recovery
H = Head assay
T = Tails assay

C = Conc. assay
If the calculated and observed recovery do not agree by

more than 3%, the test is re-run.

It will have become obvious that a great deal of importance
is attached to the table test data, however no confidence
limit for the test results has ever been established.

This problem has been approached in two ways and the results

are given below:

(a) Pierre Gy, Theory and Practice of Sampling Broken Ores

In his papers on the sampling of broken ores Gy states

that the sampling variance may be calculated as follows:

;2 c.a’
M
2 . . . o?
Where s” = relative sampling variance = —
_ bid

d = size largest fragments in cm
C = Constant for any material
M = Sample weight in grms

To calculate C we apply the following expression.
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c = 1.k
where 1 = £(%/.) where L = effective liberation size
| (see fig. 2.12)
and k = m.f.g
where

f = shape factor = 0.5 or 0.2 for flat ore minerals
g = distribution factor = 0.25 or 0.5 for well sized

material

_ 1 - a
a

(1—a)50 + aég where 'a' is the
proportion ore mineral SG. 4, /n gangue 6g
(see fig. 2.12)

Sampling and analytical variance must be calculated each .

t.ime there is a change in grain size, so that

2 _ 2 2 2

Sp = Sy * Sy eeene F S,
where Sé = Total sampling and analytical variance
and Si .o Si =. Sampling and analytical variance of

individual steps.
The sampling and test procedure at Wabush Mines has already
been discussed (see fig. 2.11), and in order to apply the
Gy theory, the test proéedure has been divided into the

following steps:

Step 1 Blast hole to Composite
Step 2 Composite to Table Sample

- Step 3 Table sample to concentrate sample
Step 4 Table sample to tailings sample

Step 5 Composite to Head Sample



Step 1
M = 6000 grms
d = 2.5
1 =0.1
f = 0.5
g = 0.25
m = 4.2 (Fe) and 200 (Mn)
s2 (re) = 0.000137 2 (Mn) = 0.0065
Step 2 All the factors are the same except
M = 2000
d = 0.09
1 = 0.8
g = 0.25
S, (Fe) = 0.00000015 sg (Mn) = 0.00007
Step 3
M = 30
m= 2,0 (Fe) and 200 (Mn)
All other factors unchanged
s§ (Fe) = 0.000005 sg (Mn) =" .0005
Step 4
m = 28,5 (Fe) and 200'(Mnf
s5 (Fe) = .0000] s5 (Mn) not calculated
Step 5
m= 4,2 (Fe)
S2 (Fe) = 0.0000%
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Calculation of concentrate Mn error.

2 2 2
1 + S5 + 53

= 0,065+ 0.000067 + 0.000%

S (Mn)

Total Variance

2
ST (Mn)

It

0.0.071

S = 0.08f

= 0.084 x 1.70 = 0.15

o (Mn)

Average Conc. Mn assay = 1.7 .0.28 at 95% confidence level

Calculation of possible error on weight recovery.

The possible error expected in weight recovery calculations
using the Gy method must be based on the calculated
variances for Head Fe., Concentrate Fé., and Tailings Fe.
and table 2.] lists the results of the Gy method for

calculéting sampling variances for these:
2

S s o 958C.1.*
‘Head Fe. 0.00045 0.012 0. 472 To.93
Tails Fe.  0.000D7 0.00% 0.12% T0.245
Conc. Fe.  0.000009 0.003 0.198% To.26%

2]

* 95% confidence limits

Using the expression:

H-T

W C~-T where W

il

weight recovery

H = Head assay

T Tailings assay
C = Concentrate assay
Using the average assay for head concentrate and tajil, and

their expected deviations from average, as calculated above,
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deviations from the average expeéted weight recovery, can
be calculated. The average weight‘recovery is 41.17 with
calculated upper and lower limits of 43.58 and 39.78
respectively,
Thus: Weight recovery average = 41.17f2.4
at 95% Confidence level and gh(weight recovery)
= 1.2

{b) - The rapid estimation and control of precision using

-duplicate determinations (after Michael Thompson

& Richard J Howarth 1972)

In this method a plot of average of the pairs of samples
(xl + xzyg is made against their absolute difference
fxy = %51 . The points are divided into successive

Cconcentration ranges and the median value of‘llxl - xzﬂ'

in each range marked. A curve fitted through the
medians by eye can be taken as showing the relationship
of C (concentratiocn) toCTC.
A set of 23 duplicate samples for weight recovery and
14 for concentrate Manganese were available for

examination and are tabulated below:



- 72 -

WEIGHT RECY, CONC. MANGANESE

% Uk (x1+x2),.xlfx2 " % 'X1+X2 CXqyTX,
L 2 ) 3 1 2 5 5

16.25 44.42 30.34 =-13.09

48.66 42.80 45.73 + 2.93 1.25 1.42 1.34 =-0.08
54,73 51.21 52,97 + 1.76 0.67 0.50 0.59 +0.08
44.34 48.39 46.37 =~ 2.03 5.84 4.66 5.25 +0.59
15.91 45.60 30.76 =-14.09

55.98 41.40 48.69 + 7.29 2.21 2.85 2.53  -0.32
33.93 32.58 33.26 + 0.67 1.55 1.41 1.48 +0.07
46.44 44.02 45.23 + 1.21 2.31 2.60 2.45 --0.15
48.76 41.86 45.31 + 3.45 1.46 1.51 1.48 -0.02
26.79 44.08 35,44 - 8.65 1.66 1.65 1.66 +0.01
21.00 24.32 22.66 =~ 1.66 2.23 1.91 2.07 +0.16
40.34 26.69 35.02 + 5.36 0.13 0.08 0.10 +0.02
28.93 26.08 27.51 + 1.42 0.12 0.74 0.38 =0.26
47.75 47.13 .47.44 + 0.3

48.02 46.48 47.25 + 0.77

52.61 52.55 52.58 + 0.03

57.39 52.50 54.95 + 2.44

$56.21 57.51 56.86 0.65
43,70 44.30 44,00 - 0.30
56.58 51.16 53.87 + 2.71
46.96 44,19 45,58 + 1.38 1.59  0.15 0.87 +0.72
45.45 41.95 43.70 + 1.75 0.72 0.08 0.40 +0.32

43.88 36.79 40.34 + 3.54 C.60 0.36 0.48 +0.12

Although it is realised that there are not as many paired
samples as is customary for this sort of application, these

were all that were avallable at the time of writing and any



conclusions must bear this in mind.
Tests for significant difference.

The average of the pairs is the best estimate of the
true value and the difference between the first sample and

the average calculated. Then the statistic

% diff

a’ = Sd/‘]n—[ where x difference is the

average of the differences
and Sd is the standard

deviation of the differences
is distributed as 't' with (n-1) degrees of freedom

Weight recovery

x diff = 0.15
sd = 0.72
d = 0.15 /(0.72/4/22)
= 1.0
t 0.90 (22) = 1.321
t 0.95 (22) = 1i.721

t 0,99 (22) = 2.080

as d is lower than t at the 0.90 probability level there
is no significant difference between the two sets of samples,

with respect to weight recovery.
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Concentrate manganese

x diff = 0.09

sd = 0.28

d = 0.09

: /
(0.28/\(13)

= 0.89
t 0.90 (13) = 1.350
t 0.95 (13) = 1.770
t 0.99 (13) = 2.650

Similarly to above, there is no significant difference
between the two sets of samples with respect to
concentrate manganese.
Approximation of standard deviation of the table test
is shown in fig. 2.13. The two equations relating
standard deviation to concentration are given as:
weight recovery ,
¢

oc = 0.5(1+ 10 )

wherecrc = standard deviation at concentration C for

average weight recoveries C = 41.17

theno*C = 2.5

Concentrate Mn oc = 0.1(2C - 1)

when C 1.7 o= 0.24

c

(c) Comparison of two methods.
It is interesting to note that two methods relying on

compietely different information should give comparibie



results. It is also interesting that on average
grade ores the assays obtained at best have a
95% confidence limit of f2.4% on weight recovery
and’f0.47% on concentrate manganese. This rather
belies the apparent precision with which the

| grading programme is carried out. Also final
grade for any location is the average of several
éomposites and the uncertainty of grade will decreage

- wd&N © - n is the number of composites used.

E. DISCUSSION OF PROCEDURES AT WABUSH MINES

The first glance at either the output from the ore reserve
estimate programme or the grade control sheet leaves an
impression that precision tools have been used to generate
such results. Tonnages, even those in the tens of millions,
'are guoted to the second decimal place and likewise for the
projected grades. The apparent accuracy may constitute a
major danger and result in wasteful channelling of time

and effort. Let us first examine the ore reserve estimation

procedures.

At the time when the 30 years estimate was being drawn up,
one geologist noted: 'Since surface outcrops showed extreme

deformation, and since adjacent drill holes showed

0]

considerable variation in the depth ¢f the bottom rocks, it
is necessary to work out the geological structure before any

valid reserve estimate can be prepared'. The geological



structure that was generated was one of simple symmetrical
folds. The 'ore types' that are used in the procedure

are arawn up for convenience rather £han because they
aétually exist. Studies have shown that generating grade
over a large area, using both diamond drili holes and
composites, gives a considerable difference in both weight

recovery and concentrate manganese.

This has been done on the areas mined up to the end of

1968 and for 1969 and are tabulated below:

Wt. Recy. Conc. Mn
Composites to Dec 31/68 " 43.38 1.66
D.D.H. to Dec 31/68 , 47.15 1.84
Production to Dec 31/68 39.16 1.67
Arithmetic Avg. of D w 43.72 1.66
Composites for 1969 43.65 1.83
D.D.H. for 1969 45.36 2.02
Production 1969 38.86 1.76
Arithmetic Avg. DD™W. . 43.58 1.80

The results are in agreement except for the DDH estimates
(ore reserve estimate) and production wa2ight recovery.
The latter may be explained easily in that the actual

plant recovery (from Humphrey's spirals) will never reach

(ol

contrclled table test results. However, the DDH estimate
difference must lie in the method itself. It seems clear
that the interpretation of the West and South Pit areas

as simple synclines has had the result of exaggerating the



volumes of ore to which the grades of high grade high
manganese ores have been projected. The solution lies in

re—ihterpretation of the sub-surface geology.

The grade control problem is somewhat different. This
relies most heavily on the table test data and this and its
shortcomings have already been discussed. One man in the
Mine Engineering department and one at the Computer Centre
are kept almost permenantly employed in grade control. The
limitations of the method are not fully realised. _It has
been shown that table test weight recovery and concentrate
manganese have confidence limits of 2.4% and f0.28%
respectively and yvet an attempt is made to hold grade well
within these limits. The problem is not helped by the

fact that longer term planning is not very far sighted.

" The monthly plan takes no account of grade and it must
'happen that a blend is not possible with the available ore.
To be able to generate grade over an ore type, that is a
lithological unit, not a convenient sub-division, would be
the best guide in planning and of considerable help in

grade control.
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CHAPTER III

'~ GEOSTATISTICS OF THE ORE BODY

A, INTRODUCTION

The ofiginal approach that had been taken to solve the
geology of the Wabush ore body was a classical one, in
which’the mineralogy and petrology of the ore, as found

in bore holes, trenches, surface outcrops and test

workings, was described in detail, and then attempts

made to correlate between sample points. In retrospect

it is only fair to applaud the Qork that was done, in

that many of the major features of the ore body were

brought to light. A major break-through in the structural
interpretation of thé ore body was made in 1964, with the
recognition of the middle quartzite. This was seen as a
narrow but continuous band of iron pcor rock, normally

light yellow in colour due to minor amounts of limonite.

Even so, the geoiogy as presented in the ore reserve estimates
in late 1964 was not detailed enough to allow mining to
'proceed with confidence on startup in early 1965. Because of
the tight limit set by the steel companies on concentrate
gradse tfo,15% Mn tO.ZS% Sioz), the operation as a whole

soon ran.intoc difficulty. Therehwas a confusion over the
location of the high and low manganese zones and poor

quality ores began to appear in the middle of the supposedly



rich West Pit area. It was clear that a new approach was
necessary. A new start was made of pit mapping, but the
similarity of the ores and their general loosely-consolidatéd,
friable nature made this an arduous task. The key, it

seémed, was in the many thousands of samples that had been

taken during exploration work.

Altogether, there were approximately 6000 sample points,

in both the East and West pit areas, all of which had been
assayed for crude iron, crude manganese and crude ﬁagnetics,
Table tests were run, to give a weight recovery and
concentrate assays. These have been loaded onto magnetic
tape and have formed the basis of a statistical study of

the ore body.

The objectiveé of the study are simple. It has been
demonstrated that the quartzite runs as a continuous unit
throughout the entire ore body. It seems natural to assume
that othef units, albeit somewhat modified by faulting

- and metamorphism may exist. By dividing the ore body into
groups using the available daﬁa it may be.possible to

define some or all of these units in terms of their assays.
With the quartzite as the only marker horizon ihside the

ore body, interpretation was impossible, but the identification
of whole suites of rocks, by simple statistical techniqueé,

has given a solution to the problem.
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B. STATISTICS OF THE ORE BODY

General Statistics

Using the random number generator facilities on the

CDC 6400 at Imperial College, 5 samples of approximately
206 data points each were taken from the East and West

pit files. (The fact that the frequency distribution from
the random number generator is rectangular has been
verified.) These samples have been used to provide the
basic statistical information on the ore body.

General information about the ore body has been summarised
in table 3.1.

Sample :
No. Cr.Fe. Wt.Rec. Cr.Mn. Conc.Mn. Conc.Mag.

b |
0
Wi
[

s x s x s

%1

1 36.9 5.8 43.4 13.9 1.47 1.75 1.51 2.18 6.6 9.1.

-2 35.8 5.5 39.2 15.0 1.50 1.89 1.49 1.91 5.7 6.6 E

. A
"3 36.1 6.0 42,2 15.6 1.58 1.84 1.66 2.76 5.5 6.0 S
T
4 35.2 5.2 40,8 13.9 1.49 1.75 1.64 1,97 6.4 7.1
F
5 36.0 4.9 41.5 10.8 1.41 1.59 1.46 1.73 6.5 7.4 I
: T
‘1 35.4 5.7 41.9 16.5 1.73 3.19 1.57 4.85 11.7 11.1 W
- » ‘ E
2 35.8 5.7 41.8 16.9 1.64 2,73 1.56 3.32 12.2 14.9 S
T
3 36.5 6.0 42.3 16.3 2.04 2.39 "1.87 2.54 12.9 11.6
A ‘ P
4 34.8 5.3 39.3 14.8 1.70 2.91 1.67 3.73 10.9 11.0, I
T
5 35.9 5.4 41.5 18.2 1.78 3.20 1.62 3.40 11.7 12.3
- " Average
35.8 5.6 41.4 15.2 1.63 2.42 1.60 2.84 9.0 9.0 for pit

Takle 3.1 Means and standard deviations for

the five East and West Pit samples.
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Fig. 3.1 shows a plot of mean against standard deviation
for the East and West pit samples, for each of the variables
considered. It is interesting to note how the data

for the two areas fall into two distinct clusters of
points, with the West Pit showing the higher standard
deviation. Here we also find a higher mean for crude

and concentrate manganese and for crude magnetics. In

the West Pit however there is a better coverage of the ore
body by drilling and a much larger sample of the lower
member ore is present which will not only affect the
standard deviations of the samples but also their mean
values, Similar reasoning may be appiied to fig. 3.2
where the means of the crude manganese samples héve been
plotted against concentrate manganese samples for both
pits. Inclusion of a large sample from the lower member
ore will tend to increase the mean crude manganese grade;
but will not affect the concentrate manganese mean so much
as the manganese is present as earthy pyrolusite and
washes to tails in both table tests and on Humphries

Spirals.

In order to begin the study in a more systematic way

"some preliminary work was carried out on the samples from the
two pits and this included freqﬁéncy distribution diagrams
and scatter diagrams. Although seven parameters were
available only those four which materially affect the

operation at Wabush, were selected for further study. These
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were crude iron (Cr.Fe), crude manganese (Cr.Mn),
weight recovery (Wt.Rec.), and concentrate manganese
(Conc. Mn.). In some instances thé crude magneﬁics
assay was considered where there was reason to believe
a relationship existed between the variable and one of
the four mentionéd above. Since the method by which
this assay was obtained (Davis Tube test) is open to
considerable criticism, no confidence can be placed in

the results of analytical treatment of this data.

Distribution diagrams

Preliminary work was carried out on a 5% sample of the
ﬁopulation taken at random from the East and West pit files.
The results have been plotted and are presented in)figs. 3.3
and 3.4. None of the distributions presented in fig. 3.3 -
can be fitted to a gaussian model although it may be possible
that the crude iron and weight recovery diagrams are
multimodal. The crude manganese, concentrate manganese

and crude magnetics diagrams show a strong positive
skewness. These latter three have been logarithmically
transformed in fig. 3.4 (using log,, of the value multiplied
by 100 to avoid negative logarithms) and although these

now show a more gaussian, less skewed distribution they
still appear to be composed of th or more independant

populations.

Further work was carried out on the set of samples taken

from the East and West pit areas and Fig 3.5 shows the
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frequency distributions for the crude iron assay for
both'Eaét and West Pits. One point is immediately

clear that, as in the test sample mentioned above, the
distribution does not fit a gaussian model. in fact
in,all of the ten samples, the tri-modality of the
distribution is quite obvious. In the West Pit samples
the major population is centred around the 34% to 36% Fe
group with two subordinate groups centred at 26% to 28% Fe
and 40% to-42% Fe group. In the East Pit one major

group centres at 36% to 38% Fe and two subordinate”

groups at 28% ﬁo 30% Fe and 42% to 44% Fe; surprisingly
an overall 2% shift higher 1n grade in the East Pit. There
is however a much larger percentage‘of samples in the

two higher grade groups in the West Pit.. The regularity

- of tﬁe distribution of samples.not only for crude iromn,
"but also for érude manganese and concentrate manganese

was quite remarkable. The three groups are better
defined later in this chapter. Grade frequency distribution
for weight recovery has been examined but, although all

" samples gave a distribution similaf to that for the

trial sample, they were rathér inconsistent, and no

attempt has been made to analyse them.

Figs. 3.6 and 3.7 show the fréquency diagrams for crude
and concentrate manganese for the East and West Pit areas .
respectively. In fact the. diagrams are plots of frequency

of loglO (assay x 102). Here again the polymodality of
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the distributions is quite striking and the similarity
of distribution from sample to sample greater than could
‘be expected. The centres of the groups have been

tabulated below:

East Pit Crude Mn 1.6, 2.0, 2.4 )
. )
Conc Mn 1.4, 1.8, 2.4, 2.8 )
) 1og10
West Pit Crude Mn l.6, 2.0, 2.6 ) (assay x 100)
‘ : )
Conc Mn 1.4, 1.8, 2.4, 3.0)
East Pit Crude Mn 0.4, 1.0, 2.5 )
)
Conc Mn .25, .63, 2.5, 6.3 ) o Mn R
)O
West Pit Crude Mn 0.4, 1.0, 2.5 )
).
Conc Mn .25, .63, 2.5, .10.0)

The three crude manganese populations appear guite consistent
and easy to define however there is a general lack of
consistency, both in the number of groups and in their
centres, between the crude and concentrate manganese.

Since nothing has been added to the system, on the

contrary material is removed, in moving from the crude

assay to concentrate, it seems reasonable to suggest that

the mineralogy of the manganese is such that it may behave
"in more than one way on concentrating. I have made an

attempt to define the populations better below.

Definition of the populations

Before an attempt was made to define the various populations
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in terms of their means and standard deviations, it

was necessary to confirm the polymodal naﬁﬁré of the

" samples. Crude iron, and qrude‘manganese (from both

the East and West Pit), have been selected for further
study. The complicated nature of the weight recovery
distribution has already been discussed and at this
stage the concentrate managaﬁese.distributions have been
ignored because of the multiplicity of interpretation

that may be derived from them.

The average distribution for each set of five samples

has been calculated and the cumulative fregquency plotted

on probability diagram, (fig. 3.8). A gaussién distribution
should plot as a straight line. Breaks or changes of

slope of the line indicate a break in the distribution.

For a gaussian distribution the mean will correcspond to the
50% probability point on the curve and the 16% and 84%
probability points to ©nwe the standard deviation on

each side of the mean. The plots on fig. 3.8 confirm

the presence of three populations in all four cases and
possibly arfourth in the West Pit c¢rude ircon plot and

East Pit crude manganese plot.

To better define each population the mean freguency
distribution, for each variable under consideration,
has been drawn. Since the distributions are trimodal

in each case (where a fourth is present, it has a probability
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of less than 1% of occurring) then, the upper limit of

the population with the lowest mean, and the lower

"limit of the population with the highest mean, can be

drawn in as a mirror image of the other limit.

To

calculate the limits of the middle population the

values of the populations already accounted for have

been scaled off and subtracted from the observed value

at that point.

This has been done for the variables being discussed and

is shown in fig. 3.9.
étandard

West Pit Crude Iron
East Pit Crude Iron
West Pit Crude Mn.
East Pit Crude Mn.

* Log (crude Mn.x 100)

At the 95%

West Pit Crude Iron

East Pit Crude Iron

From these drawings the means and

X s %
28% 1.3 363
29% 1.5  36%
1.6% 0.20 2.0%
1.4* 0.20 2.0%

Table 3.2

confidence level we have:

group 1 28%Fe.
2 36%Fe.
3 42%Fe.
groupnl 29%Fe
2 36%Fe.

The population may then be drawn in.

deviations for each population are as follows:

0.20 2.6*% 0.23

0.20 2.4* 0.27

2.5%

P+ b+ 0+ 0+ 1+ 1+

3.2%

>
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West Pit Crude Mn. group 1 1.6 +0.4

loglO

(assay x 100)
East Pit Crude Mn. group 1 1.4 +0.4

For the manganese assays in terms of real values upper

limit, mean and lower limit for each type is as follows:

U.L. mean L.L.
West Pit 1 1.0 0.4 0.15 )
)
2 2.5 1.0 0.4 )
)
3 9.0 4.0 1.8 )
) % Manganese
Bast Pit 1 0.6 0.25 0.1 )
)
2 2.5 1.0 0.4 )
)
3 8.0 2.5 0.8 )

The skewness of the manganese distributions may point to
the folley of such a close grading limit for this element
on the mine; (present grading limit is 1.69+0.15%Mn in

the final concentrate).

. The upper, middle and lower members, as such, have been
sampied to see it they fit the parameters calculated above,
as an obvious split, however each unit has a very wide
standard deviation and different mean from each of the

~ above groups:
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Crude Iron Crude Mn.

x s X s
Upper 32.4 4.8 1.4 0.4
Miadle ‘ 38.6 5.2 1.9 0.45
Lower 35.5 5.0 2.5 0.45

It must be concluded that these groups are smaller
units insiae the already defined units of upper, middle

and lower ores.

Scatter diagrams

Although it has been possible to idéntify groups within
the iron formation based on the crude iron and crude
mangahese assay, this is not sufficient to provide a
thorough breakdown of the ore statistically. Two
further parameters, which are of vital importance in the
~control of the operation at Wabush, namely weight recovery
and conceﬁtrate manganese, were next subjected to a
"statistical interpretation. A scaﬁter diagram is merely
a plot of one variable agains£ another, but is a

quick, easy method of revealing simple relationships
between pairs of data. Figs. 3.10 to 3.16 inclusive are
'scatter plots of the data available. Fig. 3.10 is an
arithmetic plot of crude manganese against concentrate
mangansese and fig. 3.11 a plot, arithmetically of

crude iron against weight recovery. In both cases a
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good direct relationship can be seen, more so in fig.3.10,
than fig.3.11. The other diagrams show considerable scatter.
’On‘this basis it was decided to concentrate on the
relationships -crude manganese to concentrate manganese

and crude iron to weight recovery.

Correlation and regression

Correlation is a statistical technique for measuring the
degree of aésociation between variablés,hwhereas regression
analysis is a technique for describing the relationship '
between two variables in terms of an equation relating

‘the response variable (X2) in terms of the predictor
variable (Xl).

(a) Correlation.

The measure of correlation between two variables used

in this study is the correlation coefficient (r)

given by 1 - _
Z(Xl— - X)) (xp5mx2) 3

« The significance of r is tested by measuring its
standard error (Sr)

where Sr = T ererecrecaes 3.2.

for large n or

where r is small. This is distributed as 't* with
n-2 degrees of freedom.

The confidence of the correlation can be measured
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PR

using the probability function *.

n-2
Pf(uncorrelated ”rz) 5¥J6§%%l)(1-r2) 3 ) ceeee. 3.4

correlated

which will tend to zero for high correlation.

The correlation coeficient varies between +1 and
-1. A figure of zero indicates no correlation
whilst +1 indicates perfect positive correlation
and ;l perfect negative correlation.

(b} Regression

Where the points in a cluster appear to group

around a line then regression is appropriate.
Regreésion fits the best line £o a series of points
to minimise the sum of the squares of the distances
from the line. Unless correlation is perfect

(r = il)'then it is possible to draw two lines
through a cluster of points. One will be the
reg;ession of X; on x, and the other of Xy ON Xq.
Where there is perfect correlation the two lines are
coincident. The equatiqn:

rS
— 2
(x2 - x2) =

brovides an estimation of 22 in terms of Xq- Under

* Jeffreys, H (1961) Theory of proabability
Oxford: Clarendon Press.
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normal circumstances it is easy to decide which

. value should be the predictor variable (xl) and

which the response variable (Xz). One for example
may have the more reliable assay procedure, however

in the case under study, because we have already

been able to define crude manganese and crude iron

in terms of their distributions these make for more
suitable predictors on which to better define the

cencentrate manganese and weight recovery data.
Residuals ’

Having defined a relationship between two variables
it‘is possible to better understand the nature of the

cluster in terms of the residuals. After generating

an equation say for example relating one variable A

'+0 a second variable B so that

B = mA + C
it is possible to calculate a value of B to correspond
to eachh value of A. The value of the residuals
is then given by subtracting the calculated value of
B from the real one. Residuals can normally be
expected to have a mean of zero and show a gaussian
distribution around this point.

The crude to concentrate manganese relationship

Examination of the relationship between crude and
concentrate manganese has been approached on a section
by section basis. The relevant data is summarised

in tables 3.2 and 3.4 for the West Pit and 3.5 and 3.6
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Note on tables 3.3 - 3.6

Tables 3.3 - 3.6 have been copied
directly from computer output and

inasmuch:

MN to be read as Mn.

E to be read as -



SECT AVG VAR STD AVG VAR STD
9750 1.60 ,302 ,549 1,62 .315 .56l
10000 1.98 .355 .596 2.06 ,310 ,556
10250 1.53 .344 ,586 1.57 .353 .59
10500 1.83 .426 .653 1.87 .440 .663
10750 1.81 .412 .642 1.72 .437 .66l
11000 1,69 .346 .588 1.67 .341 ,584
11250 1.86 .214 .462 1.80 .251 ,501
11500 2,23 ,242 ,492 2,22 ,289 .537
11750 1.95 ,271 .,521 1,96 .261 ,511
12000 2,12 .221 ,470 2.08 .229 ,478
12250 2.26 ,197 444 2.19 .245 .495
12500 2,10 ,207 .455 2.08 .228 .477
12750 2,20 ,185 .430 2.18 .216 .465
13000 2.22 .154 ,393 2,22 ,184 ,429
13250 2.35 .116 .34l 2.37 ,147 .384
13500 2,10 .118 .433 2,07 ,228 .478
13750 2.28 ,181 .425 2,20 .198 .435
14000 2.17 .175 .418 2.19 .141 .376
14250 2.51 ,064 .253 2,48 .136 .368
14500 2,17 ,169 .411 2,17 ,171 ,413
15000 2,16 ,222 ,472 2.16 .188 ,434
15500 2.17 .281 .530 2,24 ,287 .,536
16000 2.21 .245 .495 2.95 ,224 ,473

TABLE 3.3

SECT = SECTION

AVG = AVERAGE

VAR = VARIANCE

STD = STANDARD DEVIATION

R = CORRELATION COEFFICIENT

T S T TRy eamstases

CRUDE MANGANESE

- 109 -
WEST PIT

CONC. MANGANESE

NUMBER OF POINTS

REGRESSION

SR

.008

.003
.004
.004
.006
.009
.010
.006
.004
.007
.006
.004
.005
.007
.009
.C09

- .,009

.011
.013
.0l1

018

.003
.006

PF
.000000
.000000
. 000000
.000000
.000000
. 000000
.000000
.000000
.000000
.000000
. 000000
.000000
.000000
.000000
.000000
.000000
.0G0000
.000000
.000000
.000000
. 000000
.000000
. 000000

1=

39
105
66
80 .
62
63
54
100
68
160
123
96
121
132
84
97
60
78

69
50
50
39
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EQUATIONS | SECTION
CRUDE-MN = .939X CONC. MN + ,078 9750
CONC. MN = .981X CRUDE MN + ,050
CRUDE-MN = 1,040X CONC. MN -+ -,162 10000
CONC. MN = ,905X CRUDE MN + ,268
CRUDE-MN = .957X CONC. MN + ,028 10250
CONC. MN = ,983X CRUDE MN + ,066
CRUDE-MN =  .965X CONC. MN + ,025 10500
CONC. MN = .995X CRUDE MN + 049
CRUDE-MN =  .932X CONC. MN + ,206 10750
CONC. MN =  .988X CRUDE MN + -,069
CRUDE-MN = .946X CONC. MN + ,109 11000
CONC. MN =  .934X CRUDE MN + .092
CRUDE-MN = .858X CONC. MN + .316 11250
CONC. MN = 1.009X CRUDE MN + -,076
CRUDE-MN = ,870X CONC. MN + ,298 11500
CONC. MN = 1.037X CRUDE MN + -,092
CRUDE-MN =  .989X CONC. MN + ,012 11750
CONC. MN =  .951X CRUDE MN + .105
CRUDE-MN = ,914X CONC. MN + ,218 12000
CONC. MN =  .946X CRUDE MN + .075
CRUDE-MN =  .861X CONC. MN + .374 12250
CONC., MN = 1,070X CRUDE MN + -.229
CRUDE-MN =  ,925X CONC. MN + ,175 12500
CONC. MN = 1,017X CRUDE MN + -,055
CRUDE-MN =  .842X CONC. MN + .366 ' 12750
CONC. MN =  .984X CRUDE MN + ,015
CRUDE-MN =  .843X CONC. MN + .349 13000
CONC. MN = 1.004X CRUDE MN + =.009 ‘



CRUDE-MN
CONC. MN

CRUDE-MN
CONC, MN

CRUDE-MN
CONC, MN

CRUDE-MN

CONC., MN

CRUDE-MN
CONC, MN

CRUDE-MN
CONC. MN

CRUDE-MN
CONC. MN

CRUDE-MN
CONC. MN

CRUDE-MN
CONC., MN

NOTE CRUDE MN =

o

LI} o | ]

[}

]

817X
1.036X

.815X
994X

.909X
.952X

978X
. 792X

. 653X
1.382X

. 906X
914X

957X
.809X

.979X
1,001X

1.026X
936X

111 -

CONC,
CRUDE

CONC.
CRUDE

CONC.
CRUDE

CONC.
CRUDE

CONC.
CRUDE

CONC.
CRUDE
CONC.
CRUDE

CONC.
CRUDE

CONC.
CRUDE

TABLE 3.4
Logio (ASSAY X100)

g8

55 BB BB 22 2B BB BB 8B

+ +

+ +

-+

AV
-.065

412
-.016

.281
.030

.028
472

. 890
~.988

«205
. 186

.093
412

-.023
.067

-.815
.880

13250

13500

13750

14000

14250

14500

15000

15500

16000
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EAST PIT

CONC. MANGANESE

SECT AVG VAR STD  AVG VAR STDEV
18500 1.90 .195 .442  1.99 ,252 502
18750 2.00 .148 ,385 2,06 .184 .429
19000 2,05 ,169 .411 2,10 187 .433
10250 2.04 .156 .395 2,00 187 .433
19500 2,03 155 .393 2.06 .199 .446
19750 2.17 140 374  2.20 .157 ,396
20000 1.96 ,234 .484 2,10 ,205 453
20250 2,09 ,266 .561 2.12 ,234 .487
20500 1,93 .204 .452 1.96 .193 .436
20750 1.97 ,232 .481 2,01 ,210 458
21000 2,00 ,268 .571 2.01 .271 .521
21250 2,08 ,233 .472  2.05 ,318 564
21500 1.90 .361 .601 1.99 .290 .538
21750 2,09 .291 .540 .2,14 252 502
22000 2,13 179 424 2,20 177 .420
TABLE 3.5

REGRESSION

R

.97

21

.010
.007
.007
.008
.006
.010

.010

.005
.003

'020

LIST OF ABBREVIATIONS IS AS FOR TABLE 3,3

PF

———

.000000
.000000
.000000
.000000
.000000
.000000
.000000
000000
.000000
000000
.ooéooo
000000
. 000000
.000000

.000000

1=

42
57
60
64
40
52
63

58

82
70
67

53 .
45

32



EQUATIONS

CRUDE~MN
CONC. MN

CRUDE-MN
CONC. MN-

CRUDE-MN
CONC. MN

CRUDE-MN
CONC. MN

CRUDE-MN
CONC. MN

CRUDE-MN
CONC. MN

CRUDE-MN
CONC., MN

CRUDE-MN
CONC. MN

CRUDE-MN
CONC. MN

CRUDE~MN
CONC. MN

CRUDE-MN
CONC, MN

1S

[

1

o

8

L

[}

.828X
1.,068X

844X
1.047X

.873%X
.969X

1.009X

. 846X
1.089X

.859X
964X

951X
.833X

1.106X
.833X

.974X
- . 907X

945X
857X

1.,052X
.876X

113 -

CONC.
CRUDE

CONC.
CRUDE

CONC.
CRUDE

CONC.
CRUDE

CONC,
CRUDE

CONC.
CRUDE

CONC.
CRUDE

CONC.,
CRUDE

CONC.
CRUDE

CONC.
CRUDE

CONC.
CRUDE

58 B2 BB BZ BB 2B B2 BE BB

58 22

-+

+

+

-+

+253
"0038

«262
-.035

.216
.113

.286
.033

.287
152

.279
.109

-.037
467

- 254
.378

.020
.210

.070
322

-.115
.258

SECTION

18500
18750
19000
19250
19500
19750
20000
20250
20500
20750

21000
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a

CRUDE-MN = 753X CONC. MN + . 536 21250
CONC, MN = 1,075X CRUDE MN + -.187

CRUDE-MN = 1,084X CONC, MN + -,256 21500
CONC. MN = .868X CRUDE MN + . 340

CRUDE-MN = 1,011X CONC. MN + ~,074 21750
CONC. MN = .874X CRUDE MN + . 314 ;
CRUDE-MN = .919X CONC. MN + .109 22000
CONC. MN = .901X CRUDE MN + .280

TABLE 3.6

NOTE CRUDE MN = Logio (ASSAY X100}
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for the East Pit. A number of points emerge from
examination of the tables. |
(i) Increase in mangqpése content both crude and
concentrate from West to East in the West Pit,
and the lack of any apparent trend in the East Pit;
(ii) The higher average for concentrate manganese, in
both pits
(iii) The higher variance for concentrate manganese
(iv) The high wvalue of r( .90) énd low value of Sr
and the zero value (to 6 decimal places)of the
probability function
(v) The consistency of the relationship as éxpressed

in the regression equations.

Sections 20750N from the East Pit and 13,250FE

from the West Pit have been chosen to demonstrate

the features of importance that have emerged from

the study. They are reasonably typical in that

they show those features that are consistent throughout
the pits they represent. Scatter diagrams, residual
distributions, on the average regression equation

for the pit, and on the regression equation for the
particular section, for the West and East Pits are

given in figs. 3.16 and 3.17 respectively.

As was demonstrated with the scatter diagrams above
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»

Note on figs. 3.16 - 3.17

A - - regression line

B - distribution of residuals from
unique equation for section

C - distribution of residuals from

average equation



RIS IR X ]

Section B250E

log(c
[N

Relative Frequency —

30t

20

1.0.

‘. ‘. r
'-“ )," /
L e
N '-"".6(.-‘
Y
LN
. AR
N A e
”~ .
’I
oo

log (cr. mn. x10°%)

10 2.0

& RESIDUAL

TYPICAL WEST PIT
REGRESSION LINE

- DISTRIBUTION

C

FIG 3.16

- L1IT -



Section 20750N

3.0 :
- b F)
- -
,
. e 7z
7.

lag, (cong,, 20.
&mt 1x1 OZ) Lo ,':"':--:: )
R 2
10 | ey
R A
< ogfcrmn. X107 _
30

10 20

VAN

+10

0

TYPICAL EAST PIT
REGRESSION LINE

& RESIDUAL
DISTRIBUTION

- 81T -

FiG. 3.77




(e)

- 119 -

the scatter of points around the regression line is
very close. However it is the distribution of the
residual values that is of interest. The distribution
of residuals around the unique equation for section
13,250E appears distinctly trimodal,. with modes of
-0.4, 0.0 and +0.4 (standard deviations in each case
are in the order of 0.2). 1In fig. 3.17 we see the
data for the East Pit, which has a tendancy towardé a
gaussian distribution, or as for section 20,750
towards slight bi-modality with modes at -0.4 ;nd

zero (standard deviations here being somewhat higher

at around 0.3).

The situation, then, is one where the manéanese
dxides behave in one of three ways as they move
through the processing plant. Firstly we have the
situation where the percentage manganese oxide is
lower in the concentrafe than: it is in the crude,
secondly, where there is virtually no change in grade
and thirdly where there is a téndancy ﬁor the grade
to increase. This may be an iﬁdication that there
are three different phases of manganese mingrals
present and will be further examined in the chapter
which deals with the mineralogy of the ores.

The relationship between crude iron and weight recovery

The problems of expressing a relationship between
crude iron and weight recovery were somewhat different

than those discussed above for the manganese data.
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Typical scatter plots of the two sets of data have
.been shown in fig.2.11 and although in all cases
examined, a similar relationship could be observed,
no constant regression line can be fitted to the data
with any confidence. The problem was approached in

a different way.

If all the iron present in the ore were hematite,
and if all the hematite could be recovered, then we
could express the relationship between crude iron

and weight recovery quite simply:

Crude Iron - Fe 1
Weight recovery Fe,0, 1.43

Since however a certain amount of manganese oxide
and qﬁartz are always caught up in the concentrate,
then 'ideal separation' can be expressed:

$ Weight recovery = (Crude Iron x 1.43) + A
where A = weight% of manganese oxide + quartz in the

concentrate.

In each cése the value of A is known and therefore an
ideal separation for each assay point can be calculated.
The way in which the actual weight recovery differs
from the calculated one will be a measure of how
far from ideal conditions for recovery were, and will
Be expressed most clearly in the residuals generated
from this ldeal separation line. Fig.3.18 illustrates

the residual distribution in the West Pit, as typified
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by section 13250E and 3.19 the distribution in the
East Pit on section 20, 750N.
In the West Pit there is a trimodal distribution
with modes at -4%, -14% and =-20% with a tendency

for a fourth mode at -25% in some sections

In the East Pit the groups are the same with the

exceptibn that the -25% group is totally absent.

Variograms .

The basiw tool for studying the natural dispersion of a
regionalised variable is the variogram. This is a
mathematical function which expresses the variance of
the increments of the regional variable. At a point x
the value of the variable will f£(x) and &at x+h, f(x+h).

The statistic is given by:
2
)

2 (£(x+h) - £(x)
ym = % )

where f(x) and f(x+h) are the assay values of samples
separated by a constant interval h and L is ﬁhe length
of the linear series of assays. In graphing h is plotted

alecng the x-axis and )’Uﬂ along the y-axis.

Matheron has stated that the variogram will show the
following properties:
(1) It is an ideal expresgsion of correlation between

samples
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(2) Anisoptropies in thé.mineralised field will show up
in different behaviour of the variogrém in different
directions. .

(3) Transitional phenomena in continuity over a certain
range then randomness over another range, will be
shown in the change of slope of the variogram.

(4) Randomness when the variogram function is independant
of the lag. .

The varicogram is normally used‘in a 1inéar sense for example

along the length of a borehole or drive. In the case in“

question however a method of examining the ore body in

three dimensions with the variogram was used and is

discussed in further detail in the appendix. -

Typical variograms for the West Pit area are presented in
fig.3.20, The variograms were calculated on a 10%

sample taken from what is essentially the West Pit working
area. Thme of the four variograms Afe -weakly , transitie
Jalthough the peculiar stepping effect cobserved in each
casé, in especially the concentrate manganese and weight
recovery diagrams, is not properly understood. The 'step'
interval is between 30 and 50 feet which corresponds

approximately to the unit interval in the stratigraphy that

- is presented below.

Trend surface analysis

An attempt was made to use polynomial regression techniques

to model the style of foling present in the sections.
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KWIKR8 FORTRAN 1V programme for multiple regression and
geological trend analysis was the. programme used, but although
‘the contour interval and expected ﬁeans were taken to their
expected limits, the resulting maps up to the 7th order

polynomial were not interpretable.

C. CONCLUSIONS

The methods that are used at Scully Mine are inadequate

for proper grade control and there is a tendancy in the

ore reserve estimate programme, to exaggerate the .
guantities of higher grade ore available for mining.
Although the geol&gy that had been outlined to the time
when mining started was good in itself it proved inadeguate

and a method that could deiinecate ore types was sought.

It has been shown in this chapter that it is possible to
subdivide the ore body into units statistically and a
detailed investigation of the sections has shown that
‘these units are probably lithological ones in that they
can be traced in the correct position ielatiﬁe to the
quartzite all over the ore body and when used to draw

1a structufe a synélinorium compatible with the regional
structural geology emerges. These units have unigue
characteristics and although“it would be unwise to be
dogmatic about the statistics of the ore body being a

tool precise enough to define an exact location within
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the stratigraphy, their application has been used ﬁo define
suites of rdcks that have identifiable characteristics.

" The critéria that have been used ﬁo divide the‘ore body
into its units are as follows:

1. Crude Iron

; three populations with gaussian
) (or log gaussian for manganese)distributions

2. Crude Manganese
3. The relationship of crude manganese fo concentrate manganese
and the residual distributions.
4. The relatiopship of crude iron to weight recovery and
the residual distribution.
The stratigraphy developed for the ore body on the basisw

of these parameters is given in table 3.7.

So far however it could be argued that this stratigraphy

is an imaginary statistical one and until it is backed

up by some supporting data it must be regarded with some
reservation. On proving the idea however this division
into some eleven ore units of.the Scully Mine ore body
represents a considerable improvement on the arbitrary

ore classification that is presently used in ore reserve
estimation and grade control. It could form the basis

for the reconstruction of the mining sections and the basis
‘for the reéonstruétion of the mining sections and the basic
tool in a re-evaluation of the ore body. The significance
is far wider reaching than this however in that it will
provide an invaluable exploration tool. The approximate
position in the stratigraphy can now be easily forecast.
The position of the high and low manganese areas can be

forecast with confidence as can the high and low grade
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STATISTICAL CHARACTERISTICS - APPROX.
FORMATION MEMBER UNIT o< . Fe.2 | Wt.Rec.% | Cr.Mn.% | Conc.Mn.%| THICKNESS
TOP NOT SEEN |
PDER 1 25 = 31 | 22 - .30 | .15-1.0 | as crude | 150'-200°
3 33 - 40 | 36 = 47 | 1.8-9.0% = 55T = 70"
MIDDLE 3 36 = 45 | 52 = 60 | .15-1.0 | as crude | 50" = 70"
i 33 = 40 | 36 = 47 T15-1.0 = 20"
5 39 - 45 | 52 = 60 | 1.8-9.0 = 507 = 70°
TRON “MIDDLE QUARTZITE : 50"
FORMATION 5 32 - 40 | 36 - 47 | 1.8-9.0 + 20"
7 32 = 40 | 95 = 37 | 0.4-2.5 T 567 = 707
ILOWER 8 25 < 53 =30 I5-1.0 | as crude | 50" = 70
5 36 = 45 | 42 - 50 | 1.8-9.0 | as crude | 20°
10 | 32 - 40 | 46 - 57 | 0.4-2.5 T 30°
11 [ 25 = 31 | 31 - 40 | .15-1.0 | as crude | 30"
3ASAL SILICATE ' 70"
WAPUSSAKATOO
QUARTZIE

- * 4.0% maximum observed
+ concentrate manganese greater than crude manganese

- concentrate manganese less than crude manganese

. TABLE 3.7 STRATIGRAPHY WABUSH OREBODY
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areas, and the approximate grade of the extensions
of the ore body can be forecast with some degree of

accuracy. \
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CHAPTER IV

GEOSTATISTICS OF INDIVIDUAL ORE UNITS

A. INTRODUCTION

The division of the ore body at Wabush into a large
number of small ore units is of considerable economic
importance. With the revised stratigraphy one should
be able té project grade for long term planning along
the strike of a unit, divide up blasts into their types
for a better 0peration and in future.drilling projects
more easily interpret the information obtained. 1In
addition td this, a much more satisfactory method of ore
reserve estimation could be formulated, where'ore

types rather than arbitrary blocks are used as the main

" criteria in the evaluation processes.

Before any new method can be Qonsidered, it is necessary
to determine just how good are the divisions. To do

" this, two adjacent ore types have been examined in

some detail to determine whether of not their statistics
are unigue and if it is possible to(project their grade
over the whole pit. Selection of the two types was made
because they have been well sampled and have been easiest
to define, because of their location in the stratigraphy. -
The units that have been chosen are units 4 and 5 (see

table 3.7) immediately above the middle quartzite. Unit 4
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is only 30 to 40 feet thigk\and has aqa!: " iron content
(32 - 4v% Fe) and low manganese content (0.15 - 1.0% Mn).
. Rééoﬁery is poor but with %ittle change in manganese
content from crude to concentrate. Unit 5 on the other
hand has a high iron content (39 - 45%) and high recdvery
with manganese in the middle range in both fhe crude and
concentrate. So although the two ore types are
stratigraphically adjacent they should provide a contrast
in terms of their properties. The aréa‘over which the
study has been conducted corresponds approximately to the
working area of the West Pit, but in fact was determined
by the limits to which the sections can be interpfeted with
the present drilling information, that is from 11,250 E
to 14,000 E and 19750 N to 21250 N. However, any

results which emerge from this area of study should be

equally relavent to the rest of the pit.

B. UNFOLDING THE ORE DEPOSITS

The stratigraphy develcped in the last chapter was used

to reconstruct the West Pit sections and details of this
revision are presented in Chapter VI. A generalised
section throﬁgh the West Pit has been constructed (Fig. 4.1)
to illustrate the present discussion. The ore body is

. folded into a series of close, moderately inclined,

gently plunging folds. Two orders of folding are
immediately recognisable. The first order folds can

be defermined by drawing a liné through the median surfaces
- of the present fold system. This is folded and has the

form of open upright folds with a wavelength somewhat
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greater than 2000' and an amplitude of 400'. The second
order félds have a wavelength of about 200' and an
amplitude of 100' and are slightly flattened parallel
folds (type 1lc). It would be considerably easier to
examine1each ore type if the fold systems were not
present; to this end the system has been unfolded in
order to re-examine the grade distribution within the ore
types studied. It should be noted at this point that
although if was necessary to determine the relative
positions of the saﬁple points in the unfolded state,

it was not necessary”to reconstruct the thickness of each
unit accurately. The folds are not flattened to any
great extenf and a precise knowledgérof the geometry of the
original basin of sedimentation is outside‘the'SCOPe of
~this Qork, so it has been assumed that the original unit

had a constant thickness.

.The mine sections reconstructed represent the result of

normal sub-surface interpretations on bore hole data.

The results as illustrated in fig. 4.la are based on a

few exposures of fdlds seen in the Qorking face, and

reflect only the overall bulk geometfy of the deposit.

Thé absence of any strain markers makes it virtually impossible
£o better this. It is pessible at some later date, the
manganese nodules described in Chapter I that occur in unit 3,
may be used as strain markcrs and the details of the-

folding hrought to light.
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To reproduce the local fold style Ramsey's 'isogoni

method was ﬁsed. A well documented fold was drawn and

dip isogons drawn acrosé it. (see.fig.za ). A number of
folds were then constructed at different thicknesses, keeping
the relatiohships between dip isogons a constant. These
folds were used.as a template in the reconstruction

of the sections.

The method used in the unfolding exercise is illustrated
in fig. 4.2. The nature of the first order folds was
aetermined on each section and then the position of the
axial surface on section was drawn in. A plan oﬁ the
'location of the axial traces at 1600 elevation was

then constructed and this was used as the base map for
£he data from the two ore types. The position where

a borehole intersects a unit was measured around the

fold (distance "a‘' in fig. 4.2) and the position of the
intersection drawn in plan at that distance from the
appropriate axial trace. In some cases a bore hole

‘has intersected a unit at a low angle and more than one
assay been taken inside the same unit. Where this occurs
the mean position of each assay was noted and plotted
‘separately. Where the borehole intersected the formation
at a high angle and more, than one assay taken (such that
each assay would occupy the same plan position) then the
average assay is plotted. The resulting maps form the

basis for the trend surface work described below.
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C. ORE TYPE 4

(1) General Statistics

The estimates of the means and standard deviations for the

four variables considered are presented below:

Mean : Standard Deviation
Cr.Fe 35.7 ' 1.6
Cr. Mn Q.7 0.2 % -
. oy
Wt. Rec 41.1 2.9 Logio
(assay x 100)
~Conc. Mn Q.6 0.2 * . .
The waralion of the grade_ may be expressed as follows:
P(32.6 . X « 38.8) = 0.95  ..... Cr.Fe;
P(35.4 « ¥ < 46.8) = 0.95  ..... Wt.Rec;
P(0.2 = X &£ 1.3 ) = 0.95  ..... Cr.Mn;
P(0.16 = ¥< 1.0) = 0.95  ..... Conc.Mn;

X = weon geade.

These follow very close‘ly the predicted expected ranges

set up in the stratigraphy in Chapter TII.

Comparison of the distributicns (Logarithmic in the case
of the manganese assays) using the chi-square test to a

‘gaussionly distributed model has given the following results:

-

| : X~

Cr.Fe 7.2 )

Cr.Mn 4.6 )

Wt.Rec 8.4 ) with 14 degrees of freedom
)

Conc.Mn ' 3.5
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The calculated value for cumulative ;{2 with 14 degrees
of freedom is greater than any of those above and so the
frequency distributions for these variables are best
described as gaussian (after logarithmic transformation

of crude and concentrate manganese assays).

‘(2) Trend Maps

The data for crude iron,weight recovery and crude and
concentrate magnetics were reduced to the horizontal,

as éescribed in sectionB above, and run on a multiple
regression trend surface programme. Original data and
trend maps for the ore type are given in figé. 4.3 - 4.5.

Correlation coefficients and F ratios are given in table 4.1.

Corr.Coef. F ratio (3,38)
Crude iron 0.17 .06 ) =
e s ' | Foog™ 28
Crude Mn. 0.46 2.42 ) o.-s0= 0.8
. ) 1st order
Wt. Rec. 0.22 .20 )
)
Conc.Mn. 0. 45 245 )
Corr.Coef. F ratio (28,13)
" Ccrude iron 0.73 0.56 )
' ) Foos = 2.4
Crude Mn. 0.65 0.35 ) 095
, ) 6th order O.Sso= Lo
Wt. Rec. 0.51 0.09 )
)
conc.Mn. 0.67 0.38 )
TABLE 4.1.

Correlation coefficients and T ratiocs for trend

surface maps on ore type 4.
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The sixth order polynomial trend surfaces give reasonably
high cofrelatiqn coefficients but the F ratio which tests
the hypothesis that the Variancelof the fitted surface

is not significantly different from that of the observed
surface is less than the tabulated value of F at the 5% .
significance level. It is therefore reasonable to conclude
that the fitted surfaces are significantly different from the
observed ones. The sixth order maps require that the
calculation of 30 coefficients is made and with the number
of data points available we are approaching the limit of
being able to do so. All maps from lst to 7th order have
been made, however only the lst order maps are of interest

and the sixth order are presented along with these.

More interesting however is the goodness of.fit obtained
with lst order polynomials on the manganese assays. The
crude and concentrate manganese show similar first order
trend maps with the manganese grade increasing in a south
easterly direction whilst weight recovery map shows grade
increasing in a north easterly direction. The crude iron
map has almost no trend, but examination of the
coefficients of the polynomial indicate a slight increase
in grade in an easterly direction. The latter are only
significant at the 50 per cent level and have a low

- correlation coefficient. The significance of the

trend maps will be discussed later in the chapter.
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D. ORE TYPE 5

(1) General Statistics

The estimate of the means and standard deviations for

this ore type are as follows:

X s *log assay
Crude iron 41.4 2.4
Weight Rec. 54.7 4.9
Crude Mn. 0.49 * 0.17 *

Conc. Mn. 0.46 * 0.15 *

The estimatedtgvude follow the probability expressions

P(36.7 < X <« 46.1) = .95 L ..e... Crude iron

P(45.2< X < 64.2) = 0.95 e Weight recovery

P(L.5 = X £ 7.7) = 0.5  ....... Crude manganese

P(li? s X =< 5.7) = 0.%5 ... Conc. manganese
L= grade

- As for ore type 4 these values follow very closely the
predicted range laid down in Chaptexr III. The distribution

hés been tested against a gaussian distribution

using the-iK 2 test for normality (using the log transformations
in the case of the manganese assays) and have given the

following results: |

observed X2 (15 d.f.)

Crude iron 2.13
. Weight recovery - 4.14

érude Mn. 6.91

Conc. Mn. 3.32

The tabulated value for X “ with 15(d.f.) at the 5%
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critical level is 25.00, is greater than the observed
value and therefore the hypothesis that the distributions
are gaussianly distributed is upheld.

]

(2) Trend Maps

The plots of original data and trend maps for the unit
are presented in figs. 4.6 to 4.8 respectively.

Correlation coefficients and F ratios are presented in

table 4.2.
Correlation Coef. F. ratio (3,43)
Crude Fe 0.17 4.07 )
)
Crude Mn 0.40 2.7 )
}  lst order
Weight Rec. 0.24 t.29 )
)
Conc. Mn 0.49 4.7 )
Crude Fe 0.44 _ 0.16 )
)
Crude Mn C.84 1.5 )
. )} 6th order
Weight Rec. G.59 0.21 )
)
conc. Mn 0.81 1.3 )

TABLE 4.2

Both the trend maps and the goodness of fit of the trend
‘maps are very gimilar to those described for type 4. The
first order maps show manganese grade increasing in a
S.E. direction ranging from 2.0% in the N.W. corner to

4.0% in the S.E. corner. The weight recovery and crude
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iron ﬁaps both show a flatter trend with grade generally
increasing in a north easterly direction. Again crude

iron and weight recovery lst order maps are only significant
at the 50% level and have a low corfelation coefficient,

The sixth order maps are not significant.

E. RESIDUALS ON TREND SURFACE MAPS

(1) 1lst Order

_ Type 4 - Type 5
X . s X s
Crude Fe 0.012 0.40 0.01 0.46
Crude Mn -0.004 0.12 0.004 0.17
Weight Rec. 0.002 0.64 0.0012 0.35
Conc. Mn -0,007 0.13 0.0008 0.21
TABLE 4.3

Means and standard deviations from lst order

" polynomial surfaces.

Table 4.3 lists the means and standard deviations of the
residuals from the lst order polynomial surfaces generated
on the 'flattened' ore types. The means in all cases are
very near to zero and the observed residuals are all
symmetrically distributed around the mean with low standard

deviations.
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The first order maps for manganese are significant because of
their felative 'goodness of fit' and because of the consistency
in trend they have shown in the two ore types. The
contour lines in the manganese maps are parallel to the
Grenville Front and its associated isograd line. (The
biotite isograd runs through the area and is parallel to
the contour lines on the manganese trend maps). The
iron trend is perpendicular to this direction however is
only significant at the 50 per cent level.
Certainly the ménganese if not the iron seems to have some
regional control and its grade will be dependant on this.
The aétual grade will then be function of the regional
trend -

g = f((x) + £'(x)

where g = observed dgrade

£ (x) grade due to regional trend
£'(x) = random variation on the trend
If this is true then the residuals from the first order fit
should have the following properties:
(a) should be symmetrically distributed about zero

(b} mean close to zero

(cY should be regionally random



- 151 -

Frequency distributions of the residuals showed that
even if they are not gaussianly distributed they can
certainly be described as symmetrically distributed
around zero. It could also be noted at this point that
the residuals indicate that the first order maps, as
far as the manganese assays are concerned, provide a

reasonably accurate method of predicting grade.

To test if the residuals are regionally random

variograms were run on them in the two dimensions

of the surface in which they lie. Two typical examples

are shown in fig. ‘4.9. Only a few point pairs contribute
to the value of (h) at low lag. Therefore the apparent
transitive nature of the variograms may be misleading. For .

all practical purposes they may be treated as showing a

considerable degree of randomness.

F. DISCUSSION AND CONCLUSIONS

The approach of examining the grade distribution in
the two ore types above the middle quartzite may be
regarded as a pilot study on the ore body and has had some
interesting results. Of immediate importance is the

~fact that actual grade for all the variables examined was
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excellent support for the arguements expressed in Chapter
III when the stratigraphy of the ore body was set up.
Yet the relatively large difference, in terms of grade,
of the two ore types has confirmed the idea that

the ore body is composed of a number of distinctly
different units. The manganese distributions are
noticably skew and have been successfully fitted to

a log-gaussian model. Inasmuch the grading limit

of 1.69+.15 will be extremely difficult to hold
especially on the high side. Here the uncertainty
associated with the mean is relatively large. It

has aiso been shown that the grade distribution is
predictable and does follow some basic laws that have
simple solutions. The trend maps are interesting

in their similarity, possibly reflecting an under-
lying basic geological trend. In this connection

it is interesting to noﬁe anomalies that occur due to
sampling error and mis-interpretation of the sections.
Neither the iron oxides nor manganese minerals appear
to have any fold or fault controlled trend. The
possibility that weight recovery and concentrate
manganese can be predicted with an acceptable

accuracy from crude iron and crude manganese assays
could be investigated further. This study has certainly

. shown that this possibility is a reality. For example the
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correlation between crude iron and weight recovery

in uni£ 5 was high (0.91) with the regression

equation Weight recovery % = 1.43 Crude iron % - 4%.
The residuals from this equation were gaussianly
distributed with a standard deviation of less than 1%
weight recovery. Iﬁ has already been shown that

present tabling procedures do not offer an answer with a
standard deviation around the mean of less than 2.5%
weight recovery. A continuation of the study on the
remaining ore types is recommended. It was suggested

to Wabush Mines that trend surface work may solve

some of their grade problems and at the time it was
thought that this work was best done on level plans.
However, the mathematical technique for displaying

the shapes produced by interference of fold systems

and faults 6n each other has not been produced yvet. It
seems that this suggestion was ill founded. If we remove
the geological control, by restoring the units to their
unfolded, unfaulted staté, then the grade distribution
of the units can be examined with comparative ease. A
composite plan of the grade disfribution within eéch
unit would be the key to the generation of an ore reserve
estimate not using arbitary blocks but based on the
geological control naturally present within the ore body.

If the grade within each unit is accurately known as well
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as its thickness then ore-reserve estimates become a
matter of routine, planning easier and grade control

considerably simpler.

The method of using trend surface analysis has not
been entirely successfulf It does sugéest however
that some other method,'for example, hand grade
contouring, perhaps assisted by smoothing techniques,
may be of considerable help in forecasting grade.
However, it should be emphasised that the regional
variation within one ore unit is much less important

than the variations between units.



CHAPTER V

" MINERALOGY OF THE ORES

A. INTRODUCTION

In the previous two chapters it has been shown how a
subdivision of the iron formation at Wabush can be made
and justified on the basis of the differing chemistry

of the ore units. .In the section below an atteﬁpt has
been made to show that these differences not only
manifest themselves in the physical and chemical properties
of the oreg, but alsoc can be traced in their mineralogy.
This is hardly surprising since if we have a 'situation
where two ores containing the same amount of manganese
vield concentrates of widely differing manganese content,
then the segregation may well be explained in terms of a
mineralogical difference. A similar arguement can be

applied to the iron oxides.

The ores are essentially very clean. Several hundred
samples have been taken, both in early expldration and

up to present time, to search for accessOry elements which
may be present in the ores. However iron manganese,

and silica only are present in any significant amounts,
and so the mineralogical search can be confined to the
iron andAmanganese oxides, silicates and quartz. The

manganese present in the ores, is present in the normal
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concentration range for sandstones. Here the iron to manganese
ratio is about 1:25 whereas in sedimentary rocks it

varies from about 1:20 to 1:60. The transportation

- mechanism for manganese is similar to that for iron, except
that manganese oxides more slowly and less completely

than iron for any set of conditions and that manganese
oxides and hydroxides are more soluble than their iron
counterparts at any given Eh and pH: manganese will

tend to go into solution and stay in solution longer

than iron. Apart from these, which are of degree&

rather than kind, manganese and iron behave very

similarly. The fact that in some cases there is

virtually no manganese present presumably represents a
break in precipitation and sedimentation from a solution

‘rom which manganese for some reason was excluded.

Nichol (1858) has studied the systems Fe203 mMn203 and
Fe304 ~Mn304 under different temperature conditions
(see fig; 5.1). The solid sclution of ano3 in Fezo3
is markedly effected by temperaturé whereas the

solubility of Mn,0 in Fe,0, is high under almost all

4
temperature conditions and becomes complete at about
100°%. & magnetite, therefore, containing say 25% Mn, in

solution on inversion to hematite would have to exclude

most of the manganese as a separated phase.

The ores at Wabush have already been subdivided and the

mineralogical study has been conducted to seek mineralogical
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explanations for the differences between ore types.

B. MINERALOGY OF THE DIFFERENT ORE TYPES

The mineralogy of the ores at Wabush will be discussed

in reference to the subdivisions made in the previgus
chapters. The nature of the ores is controlled by the
amount of iron and manganese present and also by the way

in which the minerals of these elements behave on processing.
Eleven different ore types have been described and in

the discussion below these have been grouped according to
their manganese content and the way in which the iron

minerals behave as the ores are processed.

Variations in Manganese Content

{(a) Ores with high manganese content (1.8 - 9.0%).
The mﬁgnetite in the ores here have all been extensively
martitised with the change from magnetite to heamtite
originating at the magnétite cleavage planes and
finally in some cases engulfing the whole grain.
Plate 5.1 shows a series of micro photographs of the
high manganese ores. The magnectites are decidedly
pink coloured and the intensity of colour is proportional
to the magnetite content. The change from magnetite
to heamtite is accomanied by the exclusion of

- manganese oxides from the grain and this crystalises

nearby as pyrolusite sometimes as an earthy variety

but more commonly as well crystalised needles. Some



(a)

(b)

(c)

(a)

(e)
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PLATE 5.1.

Virtually unaltered magnetite grain,
very dark in its centre showing a high
percentage manganese. Alteratioﬁ to
hematite has just started along

cleavage planes.

Magnetite grains étill in thé early

stages of martitisation but the manganese
oxides still not excluded from the lattice.
Magnetite almost completely altered

with only the cores of the orignal crystals
left. Manganese oxides have now been

excluded as fine grained lath shaped pyrolusite.

Martitised magnetite and pyrolusite completely
segregated but with the pyrolusite crystallising

close to the magnetite.
Well formwed pyrolusite crystals completely
segregated from the ivon oxides.

Except where indicated otherwise, photographs
on all plates x 110.
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further examination of these ores on the electron
probe microanalyser is shown in plate 5.2. This
shows guite clearly the almost total absence of any
iron oxide from the area where pyrolusite has
crystallised and the fall in manganese content from
magnetite to hematite. In the high manganese ores

in general the crude and concentrate manganese assays
are very similar. The pyrolusite is finer grained
and less dense than the iron oxides, although it is
more dense than quartz. The effect of this is to
cause the pyrolusite to report equally to concentrate
and tailings on processing. In one case (ore types
immediately below the quartzite) a slight concentration
is noted where the pyrclusite grains are not totally

free from the iron oxide crystal (see plate 5.1.(b}).

Ores with manganese in the mid range (0.4 --2.5%)

Plate 5.3. (a) (b) and (c) show the two ore types in
the lower member that possess this characteristic.
Here all the manganese present appears to be included
in magnetite grains. The magnetite grains have

been mortitised, but their crigianl manganese

content was sufficiently low, that exclusion did not
take place on inversion of the magnetite to hematite.
The magnetikes here contain up to about 3.5% Mn in
solid solution and this accounts for all the manganese

present in this ore type. Since all the manganese
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PLATE 5.2,

Magnetite in the beginning of alteration

to hematite with the exclusion of pyrolusite.

Iron X-ray back scatter. Note the almost
complete absence of iron in the manganese

'vein'.

Manganese X-ray back scatter. Note the
absence of Mn. in the hematite and low Mn.
content of msgnetite. Mn fills open crystal

interfaces.

Magnetite in the beginning of martitisation.

Electron image of (d4).

Probe scan for manganese of (d). Note the

drop in manganese content as we move from the

magnetite to the hematite,
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PLATE 5.3.

Magnetites altering to hematite without

the exclusion of manganese oxides.

Clean mangancse free hematite grains. In
(e) two phases of hematite are present,
ocne original and one after magnetite
with minor amounts of manganese present
as exsolution features now removed by

polishing.
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is present in solid solution in magnetite, one

would expect a concentration of manganese during the
processign of these ores. One of the ore types shows
this characteristic but the other does not and the

reason is unexplained.

Ores with low manganese content (0.15 - 1.0%)

Examples of this group of ores is shown in plate

5.3 (d) (e) and (f). The ores contain only heamtite

as an iron oxide. On polished section some of the
heamtite shows small pitting and cavities that have
the appearances of an exsolution feature, although

the mineral exsolved has now been removed by polishing.

This is very similar to some features seen in the

3

high manganese ores, where the manganese oxides were

g

in the process of being extruded from magnetites

(9]

(compare plate 5.3 (e) with 5.1(b))}. Since these

ores do contain a smalil amount of manganese it can
only be presumed that these cavities were originally
filled with manganese oxides, that have been removed
by polishing. All the manganese present is present in
this form, or in solid solution in the hematite or as
a minor cementing agent between hematite grains

(plate 5.3 (d)). In as much we would expect table
test results on samples taken from thcse ore types

to show an increase in the relative manganese content

on processing, and although samples from the diamond
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drill holes do not confirm this, blast hole samples

do.

Variations in the content of iron oxides

There are two issues which could be considered in this
discussion. First of all how much hematite and magnetite
and other iron oxides are present in the ores and how far
does this reflect the trimodal distribution of iron in

the diamond drill hole assays. Secondly, and more
peréinent to the operation of the concentrator at Wabush,
is the question of what form the iron cxides take and how
does this affect their beneficiation. The second point is

of more interest and is discussed below.

Plates 5.1.(b) and 5.3(d}) show typical coarse grained
euhedral textures and one would expect these types of
ores to have a good recovery, and indeed thesec samples

were taken from high recovery ores.

Plate 5.4. shows ores with a less ideal grain size and
distribution. In the photographs 5.4 (b) and (c) although
much of the hematite is present in a recoverable form a
good deal of the iron is trapped in quartz or at a grain
size where spirals will not be very efficient in its
recovery. lere separaticn will be somewhat less than ideal.
In photographs 5.4 (d) (e) and (f) recovery will be very

poor because of the fine and uneven hematite grain size.
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PLATE 5.4.

(a) Coarse grained aggregate with hematite

slightly tabular and showing twinning.

(b) Hematite is present in two grain sizes,
the larger size being slightly tabular but
showing some fracturing, the smaller almost

entirely locked in quartz grains.

Hematite showing its platy habit although

Ci
—

the quartz and magnetite grains are still
equidimensional. Smaller hematite grains are
present at quartz grain boundaries and locked

in quartz grains.

(d,e,f) Hematite showing a vast range of grain sizes
whilst the quartz remains equidimensional

and of a more consistent grain size.
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Study of the hard ores

There are some areas in all pits, but in particular in

the South Pit where the ore is exceptionally hard.
Although the problem has not been studied in any great
detail it appears that the cause is two ﬁold. B sy
that the ores are unleached. Examination of the ores in
situ and in section shows that the ores are in very much
in an original state and that the small amount of silica
that has been removed from some ores tc render tham friable
has not been removed in the harder ores. Plate 5.4 (a) and
{b) show ores from which silica has not been removed
(compare with 5.4 (c)). Similarly 5.4(d) shows a clcse
knit aggregation of quartz and hematite in contrast tc

5.4(f) in which the system is considerably more open.

Nowever, many of the ores have the appearance of beina
re~cemented by re-worked hematite and occcasionally silica.
This 1s often seen in the field in the East and South FPit
areas around fault zones, and to a lesser extent in the

West Pit. For about 2ft. either side of a fault the ore
will become extremely dense and hard and become progressively
softer away from the fault. Where the packing of the faults
is dense this provides an easy route for the introduction of
reworked material and a whole zone may become indurated.

A whole variety of textures are seen in conjunction with

the re-introduction of material, and are illustrated in

plates 5.5 and 5.6. A particularly good example of
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PLATE 5.5,

Colloidal hematite in filling vein; darker

geothite on edge of vein.

Hematite infilling vein and re-cementing

brecciated quartz.

As (b). ©Note the banding in vein representing

different seguences of hematite veining.
'frozen' colloidal hematite. (x 220)

Henathiste valaMcuEunogeiii neMaaimedegaqnuarts
geothite ground mass; partially altered qgquartz

crystals now ringed with heamtite.

Brecciated quartz . vein.
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PILATE 5.6.

Hematite vein re-cementing brecciated quartz

hemative fragments.

Replacement of magnetite by hematite along

the edge of a vein.

Brecciated quartz re-cemented by hematite.

Replacement of quartz by hematite.

'Igland' of ore surrounded by hematite vein,

with re-ccmenting along crystal boundaries.

Brecciated hematite ground mass - re—-cemented

by hematite.
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recementing by hematite and formation of the dense blue

high grade 'steel' ore is shown in plate 5.6(f).

C. CONCLUSIONS

Positive differences in mineralogy and fabric of the ores

can be seen between units. The manganese content would

appear to be an original sedementary feature and reflects

the amount of manganese co-precipitated with the iron

oxides. This is now seen in solid solution in magnetite

and as a discrete phase, pyrolusite, which appears in the ;
main to have been excluded from the magnetite lattice

on martitisation.

The manganese does not seem to have moved very far from

the iron, and this was predictable because of the

similar chemistry of the two elements. 1In some caces

there is evidence of solution of manganese and

reprecipitation close by as a fine grained phase. The

lower manganese ores do not in the main contain manganese oxides
as a discrete phase - rather small amounts in solid solution

in the iron oxides. We would then expect a concentration

on processing along with the iron minerals and although

this is not made evident in the diamond drill hole table test

results, it 1s the experience of plant operations.

The coarseness and evenness of crystallisation will effect
the overall recovery, and this appears to have been fairly

homogeneous in any one ore type.
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In solving the hard ore problem two points have

to be considered. Some ores are obviously unleached
and this causes the ore to be siliceous and hard. How
much of this type of material is present is not known.
It would be in keeping with the experience of other
similar operations to expect an increase in unleached
material with depth. There also appears to be an ore
whose hardness is due to re-cementation, by material
introduced along faults. How much of each ore type is
present in the ore body and particularly their effects
on milling I cannot tell. Of these the latter may be
solved by a detailed investigation of the faults and the
fault density, but to estimate the amount of unleached
material present poses a difficult problem, which will
reqgulre intensive on site investigation to find a

solution.
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CHAPTER VI

CONCLUSION AND RECOMMENDATIONS

A, CONCLUSIONS. .

The geological setting against which the work in the mining
regions of south west Labrador is set, is very poor.

At the present time material movement ih the area 1is in
excess of 40 million tons per year and with the opening

of the Mount Wright deposit this will exceed 60 million
tons per year. The economy of the provinces of Newfoundland
and Quebec as well as Canada itself ié heavily dependant

on the iron ore concentrates that are produced within this
small region, yet the best background information that is
available on the geology of the area is 1:250,000 map

that stops just north of the area of economic interest,

and this relies tc a large extent on three months field
work carried out in 1959, Vast tracts of land lie
unmapped. Against this background any serious regional
geological interpretations in the area are difficult, to
say the least. To date very little attempt‘has been made at
correlation of the iron formations that are exposed in the
mining areas. These at most are only a few miles apart

and the problem of reconciling the interpretation at one
mine with the interpretation at another, should not be

a difficult one if a serious attempt were made to do this..
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Interpretation of the subsurface geology at the Scully
Mine has now reached a relatively sophisticated level.
The fold and fault style in the pits have been
jdentified, and new mining sectiqns construéted. In
Chapter IV I described the structural style of the

ore body as a series of close, moderately inclined
gently plunging folds type lé (Ramsey 1967). These
folds are cut by two sets of faults striking 030° .
and 150° respectively. Inside the oré body eleven

ore units have been recognised and cexamination of these
has led to the conclusion that the mineralogy of units
are quite different, but at the same time relatively
simple.  Chapter V outlines the mineralogy of the ore

types in some detail.

The problems at the-Scully Mine to a certain extent reflect
the poor background information that the exploration
geologists had at their disposal. Most of the problems
+that have now been identified in the working opération
reflect the poor interpretation of the mine geology that
was made prior to the original ore reserve estimates and
on'which the grade control programme was based. Boph
of these procedures reflect the feeling that inside the
- iron formation geology was unimportant. Basically the ore
reserve estimates as far as weight recovery is concezrned
appear to be over optimistic and it is difficult to

judge, because of its unusual distribution, how the manganese
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estimate would vary if a re-estimation of the ore body
were_cariied out. The indications are that the average
mahganese content will decrease since the logarithmic
average is lower than the welighted arithmetic average used.
Even SO, the problem of holding an even grade On manganese
is made no easier, because even if mining could be
restricted to within one ore type the grade uncertainty hés

wide limits, especially on the high side.

The operation as a whole relies very heavily on the
table tests carried out on diamond drill hole and blast
hole samples. I have discuscsed this at some length in
Chapter II. Using Piefre Gy's method to estimate the
sampling yariance from blast hole to final concentrate
_ assay we find that the relative sampling variance on
~crude iron is 0.0R which gives a standard deviation of
0.%] on a head sample of mean of 36%Fe. Thus the expected
uncertainty of the mean will follow the expression:
P(34.6L X &£ 37.4) = 0.95 «ee.... Crude Iron
. Similar calculations have been done on concentrate and
tailings assays and from these we can see that the expected
error in the weight recovery figure;is in excess of 2.5%.
A similar exercise on the mangancse assays put'the
uncertainty of its mean at +0.26% at 95% confidence level.
Methods for calculating standard deviations using
duplicate sampling techniques give similar results.A These

are not directly attributable to bad laboratory techniques
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but rather to the expected variations under the given
sampliné procedures. The fact still remains that

grade is required to be held well sithin the uncertainties
of the means that are used to.establish the grade. The
table test results are taken far too seriously. Provided
an assay looks right it is used with conviction to the
second decimal place and precious man, and computer

hours used to do so. Although the uncertainty of a single
assay is high this does not imply that the uncerta}nty of
even the monthly estimate let alone the 1 year or 5 year
estimate will be high. The table test results as such
will not affect these as the averaging of a large number
of assays will tend to reduce the uncertainty, and when,
as in the total ore reserve estimate the numbe? of

“table tests is in excess of 12,000 the uncertainty will
‘be very small; Any error which may arise in thece long
term plans will be inherant to the method itself. There
is, I feel,icause for concern on the daily level. Here

a few assays are used to assess grade and the resulting

‘uncertainty, high.

The ore body can be divided into eleven ore units as

shown in Chapter III. The fact thét faulting and folding
may cause up to five or six of these units to autocrop on
any one bench at any time, does not immediately help the
grade control engineer, but the fact that the grade within

one of these units can be expressed in simple terms should
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provide help in the long term. I have shown in Chapter IV
how by ﬁnfolding the ore pody,‘grade can be assessed
within any one ore unit. Since the thickness of these
units is known then the next ngical step would be the
re-calculation of ore reserves using as data, the grade
estimated for each unit taking into account its observed

lateral variations and its thickness.

B. RECOMMENDATIONS

[

The assessment of the quantity of hard ore in the pits is a
major problem. There is no doubt in my mind that some of
the harder ores are confined to faults and fault zones

and are due'to re~-cementation of the ores by hematite

and silica. A detailed study of the faulting will
"provide many of the answers as to how much of this ore is
‘present and its whereabouts. Much of the hard ore is
unleached and this being the case the percent hard ore
could be expected to increase with depth. I would suggest
that a considerable amount of research into this topic
"alone would not be wasted money. This could include not
only the assessment of the quantitonf hard ore, but the
relationship between hardness tests‘and the way in which
an ore behaves on milling.

I would also recommend a change in the grade contrel
procedure. At present time a great deal of manpower and

computing time is lost on calculations that are based on
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inadequate data in an attempt to hold grade. An assay

of say 41% weight recovery and 1.0% Manganese may well
prbve on mining to be 37% weight recovery and 1.4% manganesé
because of the very nature of the table test. It seems

that the more reasonable technique would be to average

grade within a blast within an ore typé, thereby

minimising the uncertainties associated with the assay
value. This grade could then be used for all ore being

moved from an ore unit from a blast.

The ore reserve estimate procedure could also bear
change. New sections showing the revised structure and
ore units should be drawn and used as the basis for these
estimates. Instead of the 'block-grading' method presently
. used I would suggest further investigation into the
assessment of grade using the grade plans generated for
each unit. By superimposing each unit's grade plan, one
on top of the other, we would have in effect the expected
grade diétribution tonnage and overall grade for the pit.
- Re-constitution of these grade plans to the folded state
would provide the basis for the cohstructiOn of monthly,
yearly, five yearly, etc. mining estimates, and at any
one time the trend that grade is likely to foliow, would

be readily available. -

I have expressed my concern in the way in which the grading
limits are presently set up. It has been shown that the
manganese frequency distribution is stron?ly positively

skewed and can be fitted to a log gaussian model. This
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being the case range of values on the high side of the
mean to which the uncertainty of the mean may extend,

is far greater than on the lower side of the mean.
Although the position of the steel companies is appreciated,
to have an upper limit on concentrate manganese grade

of 2.0% or thereabout is something which will cause
continuous trouble and a considerable amount of time and
tonnage lost. The grade control problem is not helped
by the fact that at present an attempt is being made

to hold grade within the uncertainty of the means(éf the
table test data. A serious review of the grading limits

is recommended.
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APPENDIX A

A PROGRAMME TO CALCULATE A VARIOGRAM

IN THREE DIMENSIONS

When considering the calculation of the variogram function
in three dimensions it is necessary to compare the

assay values at all sample points, in the ore body,

with all others. Effeétively the variogram function

is calculated on pairs of points that bear the same distance
relationship to each other. To do this on a large ore

body is impractical since an impossibly large number of
distance relationships can occur in a three dimensional
body. Instead fields of points are set up where the distance
" between pairs.is between set values and these values
incremented to give the varicgram function. A generalised

formula for a variogram in three dimensions is given by

J(h) = ?JS ./][S (kx+/7l,y%-haz+}73 ’)——f(X,,V.Z))Z ‘s

where § = number of points within a field

f(x,v:2,) ﬁ_assay value at point co-ordinates x,y,z.
f(x+hl, y+h2, z+h3,) = agsgay value at point co-ordinates
x+hl, y+h2, z+h3.

%

Since in any ore body we are dealing with a finite number
of sample points, a summation provides a satisfactory

- approximation of the above intergral.
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In the programme used each assay plus an X, y and z
co-ordinate are read in as a series of unidimensional
arrays, with their subscripted variables to idéntify
each parameter. This way whole sets of assay data

at a single sample point can be compiled.¢ If a three
dimensional arra& were used only one assay value at a
time could be considered and a much larger storage
facility needed. The value of the field size (SIZE)
is read in on cards at the end of the Fortran deck.
‘Output is a series of gamma h values for incremented
field sizes. To use the programme in one or two
dimensions one or two of the co-ordinate values is

held constant.

To compute the value of gamma h we compare the assay

value at the origin of co-ordinates with all others.

First of all the distance between this assay (subscripted 1)
is compared with assay 2 (subscripted 2) and the distance
between them calculated using Pythagoras' Law. By

dividing this distance by the field size, adding i and
storingzthe result in an interger wvariable position

(INT) we obtain the field into which the pair fall.

37.2 and SIZE = 5.0

{e.g. if distance

INT = (37.2 / 5.0) + 1 = 8

Il

if distance 4.0 and SIZE = 5.0

INT = (4.0 / 5.0) +1 = 1)
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The value of INT can now be used as a subscripted variable
in calculating the squared differences. These are

stored in a variable A(INT) and summed for each value of
INT. Thus we have a series of summed squared differences
for pairs of assays values sorted by the%r distance
relationship inﬁo different fields. This can be then
used in the valculation of gamma h by dividing the

summed square differences by the number of pairs in

each field.

The programme is written in Fortran IV and will run
without modification on a CDC 6000 Series computer

‘on the FUN or MNF compilers without modification.
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PROGRAM MAIN( INPUTsOUTPUT + TAPE + TARPES= INPUT s TARPES=0UTPUT »
1 TAPFO=TAPF )

C A PROGRAM TO CALCULATE A VARIOGRAM IN 3 DIMENSIONS
C
C DISTANCFS RETWEFN POINTS AND ALL OTHER POINTS ARE
.C CALCULATFED ANN THFSFE DISTANCES USFED WITHOUT
c CONSIDFRATION FOR THFE VECTOR RETWEEN POINTS AS
C THE MFANS OF SELFCTION FOR THE  VARIOGRAM CALCULATION
¢
C
DIMENSTION SFCT(1200) ¢FENCH(1200) s ARSCOI200YYFE(I200) +CRMNI1200) »
FWT (1200) s CMNE 12003+ (20003 s A (1500 .
DIMENSION 1A(PD)
COMMON N SI7E
C ,
ot SFET TAPFE TO DATA RFQUIRFD
¢
DO 45 NA=1+P4109
READ (OS5I (TA(IY e Jd=1410)
= FORMAT(10AR) _ >
as CONT INUF '
¢
c GENFRATE A RANAOM NUMREFR TABLFE
c

Y=RANF(31e1)

NO 15 J=141500

AtJ) =RANF(0e0)#10,0
15 CONT INUF

ReAD INTFRVYAL VALLE

oNe e Re)

READN (A 1NNy ST 7%
tNN1 FARMAT(F 7.4

c RFEAD IN DATA AND TAWFE 10 PFRO=NT SAMPLE
C USING 7 RANOOM NUMRERS GENFRATEN
C
NEEC=0 )
J=0
DO PR N=1.1200 :
1 REAN(Oe1000)Y USEFCT ¢ JHOLF ¢ JORD s JFE ¢ JMN s JWT ¢ JCMN ¢ JBEINCH

1000 FADMATIIAIAS IS X314 48X s T4 04X s 14 425X)
IE(FOF Q)P0 ¢3

C .

¢ COUNT NUMRRR QOF orCornhe PEAD

c

= NOEC = RTC 4 1

c ,

c QET P BESTRICTIONS

c
IF(JEFCTeGTe 15000y GO TO
IF(JORD LT 1750y GO TO 1
J=J+1
IF(JeFRa1500) 60 TO 4

C .

C TakeE  TER PFROFNT  GAMPLF

-

IF(A( D) eLFaiNe™y GO TOH 2
cooTo
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2 SECT(N) =JSFCT o,
AFE= JFF
FrR(N)Y=AFE /10040
AMNR= JMN
COMN(N)=AMN/100 0
AwT=UgwT:
WTINY=AWT/100,,0
A MN = JCMN
CMNINY=ACMN/100 0
RENCH(N)Y = URENCH

ASSIGN  NORTHING(ARSC) TO FACH HOLF NUMBER

ARSC (N) = JORD

o CONT INUE

4 WDITF(6.1003)

1003 FORMAT(1H1)

WOITF(6461)

61 FARMAT( 20X 4 ¥CRUDFE  1RON  %/)
CALL PATIRS(FE«SECTs ARSC ¢BENCH)
WOTTF (AL 10073
WOITE(A,60)

Y] FOARMAT{ 20X ¢ ¥CRUDE  MANGANFGF¥,/)
CALL PAIRS{CRMN«QECT ¢ ARSC 1RENCH)
WO TTE(R,10073)

WO ITE(6463)

) FORMAT{ 20X s #WEIGHT RECOVERY %)
CALL PAIRS{WT +CECT « ARSC s BENCH)
WETTF (6H,1003)

WOITTEF (A 64 )

64 FARMAT { POX o« ¥CONCENTRATFE MANGANFSF % /)

CAaLL PATRS(CMM,arrT 3 ARSC RENCH)

Y] WRTTE (AeiNY 1) NZER
1M1 FADMATIPENY : ¥M0e OF RPECOPRPNS =%, 16)
STOP '

IS Nip]
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SUBROUTINE PAIRS(AS«XsYsZ) ,
DIMENSION AS(1200)eX(1200)sY(1200)¢Z(1200)+K{(P000)YsA(2000) s

IDINC242000) 4 H (20NN

COMMON N,SIZFE

MAX=D

DA 25 J=1,2000
H(J)=0e0

KeJ)=n .
AtJ)=NeOH

CANT INUFE

CALCULATF DISTANCFS BFTWEEN POINTS

NNI=N -1

PO 15  JA=1eNN

Jr=JA+

DA 3% JC=UR N
D=SORT(IXCIAY=X{JCII¥X2)+ (Y (JAY =Y (JCH I ¥X 2+ (Z(JAY=Z ( JC) ) %%2 ) )

ASSIGN M ;7 CLLASS INTFRVAL OF SFT [NCRFEMENTS

INT=N /81 7F
INT=INT+Y
KEINTY=K CINTY +1

o

CAL.CULATE  SQUARFED DfFFFRENCES AT AND SUM INSIDE GROUP INTS
ACINTI=ACINTI+((AS CUA)Y-AS (Jdoyry#xg)
SET MAXITMUM VALUF OF INT

IF (INTeGTaMAX)  MAX=INT
CONT TNUS
CAMNT INF

CAL.CULATE GAMMA 4

NN a= INT=1 eMmAX

TFIRK{OINT)IeFQe 0 0 TO 101

Bk INT).

HEINTY=A(INT)Y) /(P N¥ER)

GN TO 4%

HEINT =N gN

CANT TRIE

WOITE(ADDY)Y MAY

FORMAT(1H1 « 20X ¢ #NUMRER OF CLASS INTFRVALS IN VARIOGRAM = ¥414/)
WD TTE(F B2 ‘

FORMAT(20X o 2GAMMA  H3t /)

K7=MAX /10

K7l 721041

K1 =0 o

nNo A Jz ek T et

WOITFAAWEZY MUYy sS4 1Y e HOUE2Y s HOJA3Y o HIJ44) o HOJ+S) o RO JsG) o

VRS a st S0 b0 149

FOAQMAT (2N 1O (A maaX) /)
CNINET TR

[R2=g I

Faem



