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Frontispice

The Heemskirk granite_massif‘with summit'of'Mto
HeemskirkJ(2450'féefj on the left side of
the picture, viewed from Grenville Harbour. In
forégrdund is coastline with outcrops of the

coarse-grained white granite.
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Summary

The Heemskirk granite.massif was intruded as

a diapir about 354 m.y. ago.into Precambrian and Palaeo-
zolic sediménts..It fractionated into two types the red
and white granites, which are distinguished.by their
colour and mineral and chemical.composition. It is sug-
gestea that they also differed in volatile content and
oxygen fugacity. The characteristic mineral assemblage
of the red granite (hematite - magnetite - allanite)
indicates a higher oxygen fugacity than the white type
which is characterised by tourmaline. Both rock types
are biotite or»tWo mica granitéé sensu stricto (Hietanen,
1963). Differences between the granifé types have deve-
.loped durihg and after emplacement of the intrusion.'

| .The gfanite body has é generally stratiform's;ructu— .
re with subhorizontal layering and fhe upper part of

the intrusioﬁ is Qbaracterized by a very flat dome., Its
-internal structure consists of several layers of grani-
‘tes with slightly different mineralogical, textural and
chemical properties. Within each layer cryptic layeéing
'can be défined by the behaviour of the'tréce eiements°
‘The red granite occupies the topmost part'of the intru-
sion and forms a comparatively thin layer in the eastern

part of the body; it acts as country rock, having been



consolidated earlier than most of the white granites.
. Téwards the west the red granite is laterally re-
placed bj the white granite, which probably represents
the majof'part of the Heemskirk granite at depth. The ;
"roof zone of the white granite (contact zone with the
red granite) is enriched by pQﬁrma1ine'nodu1es; which .
are interpreted as dfigihally volatile segregations in '
a crysfallizing magma. The white granite shows a higher
degree of geochemical and mineralogical homogeneity.
Interpfetation of the granite composition in the
- light of experimental data suggests that the Heemskirk
massif was emplaced at shallow depths in the crust.
A temperature of SSOOC is estimated for the.crystalli-
zation of K-feldspars from the'red-graniteo
The surface of the body reflects on a subdued_scéle
the anticlinorial structure of:thé original sedimentary
céver.'The existence of the ghost structure of the
country rocks in the roof-of the intrusion is also indica-
ted by the distribution of the contaminates &nd positive ._.
anomalies of some trace elements (particuiarly within
the red granite), |
. The Heemskirk granite massif is characterized by
very.regular fracture systems. Extensive greisenisation
.and hydrothermal alteration follow the dominant cfoss

joints. The filling of the fissures is quartz, tourmaline



and commonly'caSSiterite in economic concentrétions,

and rare columbite., The majority of the tin deposits
are}found on the white/red grgpite'contact. The abundance
of Sn conceﬁtratién at- the present surfac% in the eastern
part of the body is related to exposure of this contact
and the depth of red granite cover. Where the red gfanite
exceeds 600 feet. in thickness tin mineralization is un-

likely to be economic.



1. Introductlon "'“mh“

_...___—-..-———_.—.——_-————_

Résearch'in priméry geochemical dispersion patterns
has been directed towafds.determining‘the‘diétribution of
selected elements on a relatively small scale, in a parti-
cular rock type or in a suite of rocks, as for instanée,in
plutons which contain deposits of copper (Putman, 1962), .
lead (Oftedahl 1954; Slawson'1959), gold (Mbntei 1967)uan& -
uranium (Jeier 1966). In general the resilts of these
studies have confirmed that ore bodies are haloéd‘by
an abnorﬁally high content of the respective eiementé,in
the host rocks. Hence the economic significancé of fegional
geochemical patterns is that. they focﬁs interest upon‘areas
in which the eleménts are enriched and it is considered
probable that these areas will form the prospecting targets
of the future. The interpretation of the patterns of
concentration'has_to relate the local geology, structure’
and geomorphology. - _

Two fac£ors-ﬁade the Heemskirk massif in western
Tasmania especially apprOpriaté for. this stﬁdy; First,
the high relief-which provides- excellent exposures and
affords an opportunity to study chemical énd mineralogical

variations in three dimensions.. Second, recent topographic



maps of the area are avallable fof geological mapping on
1:31.680 scaie. A generalized'gedlogigg}_map_gf.the_Heems-."m
kirk granite massif -on éééiéwiM:méO 000 wés made as part

of the“p;ésent investigation. -

After preliminary field work in the Heemskirk granite
massif iﬁ became apparent to the writér'that there was no
obvious relationship between the red and white granites,

It was also discovefed that there was fiat layering in the
granite and that this had. some relationship to the general
'structure of the body and to pre-existing structures in |
- the host rocks. With this information, the study was turn-
ed toward complete characterization of the two units of

the Heemskirklmassif and determination of their inter-— '
¥re1ationships and_their relationship to the country;r00kso
However, problems still rémain, such. as the"hatﬁré of the -~
differentiation which'pfédﬁées granitié rocks of different
charaétéf”in close association and the nature, and the
oriéin of hydrothermal solutions. | |

The analysis of the several hundred samples required.'
forAthis study was dependent on the development of'suitably
rapid a%d precise.analytical technique. -The interprefation |
of the resulting large quantity of data was, in tufn, de- |
‘pendent on the use of appropriate statistiéallmethods.

For these purposes the whole rocks and some of their mi-

neral components (biotites and K-feldspars) were analysed



for trace eleménts by non—destrﬁctive X—réy fluorescence
and-ﬁhe chemical data used to construct geochemical maps
for the different rock types within the Heemskirk grani-
' te. Chemical data have been also applied to the solution
of some metallogenic.problems e.g. gébchemical criteria
for identification of tin-bearing g?anites.

Appendix I-contaiﬁs a étudy_on regional geochemistry
and the relationship of granitic rocks to ore deposits-in
the Tasman Orbgenib Zone, The work is a parf of the more
detailed research project which was prepared at the de-
partment of'gedlogyiof the University'of Tasmania in co-
operation,with Dr M.Solomon and Dr D.I.Groves. Apbendix_
IT consist of detailed descriptions of analytical techni-

ques, and tables of chemical data.

The work presented in this thesis was done at the De-
partment of Geology, University of Tasmania. Research
grants from the University of Tasmania and the Australian
Research Grants Committee helped defray expenses, as did
a University Post - Graduate”hesqarch Scholarship. Part of
this'study was aided by the financiél help of GeOphoto
Bgsourpes-Consul}ants. I am indebted to.Dr M.Solomon for

his supervision and active co-operation during.this research.

S



Stimulating discussion with other staff members, Dr. J.

van Moort and Dr. R. Varne,:is acknowledged, and the advice
and 3831eteqce given by Mr., R,Ford and Dr.lc Gee on all
aspects of X-ray trace element snalysis was invaluable. .
Geochemical calculatlons_were madé at the University of
Tasmania Computef Center. _

My epeeial thanks are due to Dr. M.Solomon, Dr. K.Cor-
-beﬁt,;Dr. M.Rieder, Mr. D.I.Jennings, Mrs J.Peterson and
Mr. R.Ford for critical feading of the original manuscript
-and their 11ngulstlc help. I am also grateful to Mr.A.Brown
and several other students of the Unlver51ty of Tasmania "’
for invaluable assistance during the field work. I wish-
to acknowledge the post—graduate scholarshlp from the Uni-

versity .of Tasmanla.

Tasmania represents A significant block within the

Tasman Orogenic zone. The island consists in general of

two fundamental units, the “platform cover" and the older
fundemeﬁt consolidated by Variscan teetenogenesis;

The "platform cover" consists of sediments and voleanics‘
_of Permian Mesozoic, Tertiary and Quaternary age. The old
fundament of this island block is composed mainly of fold-
ed unmetemorphosed and metamorphosed complexes of Pre—--

cambrian and Paleozelc age. The structure of the fundament

-
T



Ay

has been outlined by'Solomon and Griffiths (1972) who have
suggested that the'early (PE - Ordovician)‘history involv- ‘3\_
- ed formation of a new ocean followed by collision pétween A
an island arc - continental margin complex in West Tasmania
and an older Precambrian block now occupying the centre of
Tasmania (the Tyennan Geanticline of Solomon, 1965). Suc-
ceeding shelf éedimentation was interrupted in the'mid -
Devonian by the Tabberabberan Orogeny and this was lelbw-
ed by post brogenic granites, Crystallization of the majo-
rity of the granitie intrusives occurred between 370 million
years and 338 million years.(Fig. 1).

Most of the gran}tqgﬂinaihewTasméniéh bi6&k-oﬁiﬁfogn
in the northWéé{'é;é northeast of the island, the north-
western granites being predominantly of alaskite composi-
‘tion, whereas those in the north-east are more variéd.

The north-western granites are»represented.by the
Housétop, Meredith, Heemskirk and Pieman Héads granite
massifs. The strong similarity in petrochemistry of the
‘Heemskirk, Pieman Heads and Meredith'Granite suggests thatA
theyAare‘connected at depth (Kldminsky & Groves, 1970).

The Heemskirk massif is a high—ievel~calc—alkaline
granite. It has a roughly tear-drop shaped outérdp and is

emplaced in the axial zone of an anticlinorium of Pre-

cambrian metasediments which are overlain to_the south



Figure 1

Major granite bodies of Western Tasmania in relation
to structure (after Carey 1953, and Solomon 1962 in
| -Brooks and Compston 1965), |
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and east by Paleozoic formations. According to Green (1966) -
the Heemskirk granite intrudes Cambrian volcanics, gabbro

and'serpentinised dunite, and Pfecambrian_unmetamorphpsed

siltstones and quartzites Precambrian age (Oonah Quartzite
and Slate), as well as the Siiurian Crotty Quartzite and |
Amber Slate Formations. The dominant country rock is

the Oonah Quartzite and Slate, which consists of alterna-
ting pale grey saccharoidal quartzitic sandstone or
quartzite, thin-bedded micaceous quartzite, and siltstone
and laminated slate. The general‘trends_pf the country
rocks are parallélbto the granite margins, but down the dip
the granite margin transgresses the bedding of the country

- rocks.

| The southern contact of the body is vertical or dips
steeply outward from the granite. The eastern contact has

a moderate dip toward the Zeehan township, andkit is'possib;
le that Ordovician and Silurian sediments to the east of
the body are intruded at depth. The northern contact is
undulating; with a tendency to dip gently outwards (see

figure 5).

1.4, Location, access and_topography

The area investigated is situated near the West Coast

of Tasmania lying between the sea and the tbwnship of

.
~.



AZeehano The coastline forms the western margin of the gra-
nite from Trial Harbour (Reminé) to Granville Harboﬁr,
while the eastern and northern boundaries follow the east-
ern slopes of the Heemskirk Rangé. The area is included in
the geological map of the one mile series K - 55 -5 =50

LZeehan,

The only permanent settlement is a farm at Granville
Harbour, There 1is a number of weekend shacks at Trial
Harbour and Granville Harbour. Access to the Heemskirk

éranite massif consists of two gravel roads from Zeehan.

The Heemskirk massif area consists of two major phy- -

siographic units. These are the coastal plain, which
extends inland for about 2 km and the:Heemskirk - Agnew
Range, which occupies most of the easterﬂipart of the
area (Plate 1). The coastallbihin has a moderate relief,
with deeper valleyé and gullies cioSe io the coast., Vege-
tation cover for that area consists mainly of button -

- grass and thick rain forest occurs in shal£éred valleys
and on the slopes of the Heemskirk Range. "Horizontal"
scrub is common.on flatter ground and on the_high genéle_
slopes in the area between Mt, Heemskirk and Mt. Agnew
(Plate 2). This rugged depression could not be mapped

-because of the thick scrub, cover (see Geolégical map).



The Heemskirk Range covers a roughly circular area in

the eastern part of the region studied, with a number of
peaks over 2500 feet. The highest point is Mt.Agnew, which
rises to 2769 feet on the easternh edge of the Range.
‘ThelseCOnd highest point is Mt. Heemskirk (2450 feet) on
'.the.north - western edge oflihe mountainous area, B N

The topography of the investigated area reflects the
strong influence of recent'vigorous-stream erosion,

The drainage pattern is roughly radial and dendritic,
"There. is a marked water-divide running along North Heems-
kirk Spur via Mt. Heemskirk to Mt. Agnew. The streams
flowing to the north and east belong to the Pieman and
Little Henty Catchment area, while the streams on the
éouthern'and south-western slopes‘are paft_of the Coastal
dfainage. Major streams of the.area are the Heemskirk
River, Tasmah”Ri%gf.;nd Granite Creek. Faults and well-
—marked_joint planes exert a local control on the stream
pattern. | '

The steep slopes of the mountainous part of the
Heemskirk Range, the coast line and tops of the ridges in
the western pért of the area are occupied by.extéﬁsive
outcrops of granitic rocks (Plate 1). The peneplained
parts of granite (western area of the intrusion) have.a

‘thin cover of detrital quartz gravel. More intensive -
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Figure 2

Topographiclmap of Heemskirk granite
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weathering of the granite (kaolinisation is common in

area between Ammy Creek and Granite Creek. -

e e S e . n ———— —— —————— i —— Y ———— o = g

The prominent relief produced by the red granite
reflects the general form the Heemskirk geanticlinal
structure. Steep slopes of the topography correspond to
the boundary of the granite body (Fig. 2). The relief of

the Mt., Heemskirk Range also reflects the general featu-

res of the topography of the topmost part of the intrusion.

In contrast, the part of the'Heemskirk massif west of South
Gap Creek is represented by the gently uﬁduiating plateat
with a prominent N-W trending ridge:(North'Heeﬁskirk

Spur) which is parallel to the internal structures of

the white granite.

The history of geological investigation in the Heems-

kirk region began in 1876 when traces of tin were found

near Mt‘ HeemSkiI‘k, SO Openning the_way for ex_plorati-()n“—--'*""'""

of the Wee;_Qeast~miﬁefeiﬂfieldso

The first report on the tin-ore debosits of Mt.Heems-
kirk -was pubiished by Waller (1902); Twelvetrees and Ward |
(1910) studied the ore- bodies of the Zeehan mineral field

._‘\A
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and their relationship to.the Heemskirk granite._They
amplified Waller’s.observations (1904) about the zonalv
distribution of,oré types, and extended them to include
the Heemskirk tin field. They suggested that the ores
showed a zonal relationship to the Heemskirk gramteo
A detailed study of the South Heemskirk tln fleld was
launched‘by Waterhouse (1916). His description of petro;
Togy of the grahite'and of the mineralogy of the indivi-
dugl mines and prospects is so far the mpst comprehensi-
“ve report on this region. He first used the term
"Heemskirk granite massif",

Blissett (1962) . summarised the geologicél'history‘of
.the Heemskirk granite massif and gave new petrological
and chemical data. He collected a complété list of
published and unpublished references cbncerning the
broader area of the West Coast. The Heemskirk granite and
the geology of the country rocks have been the éuﬁject
of several theses by Honorous B.Sc. students of the Uni-
"versity of Tasmaniéi.n the peridd 1964-1968. Green (1964
and 1966a, 1§66b) studied the thermal metamorphism’and
geology in the Trial Harbour district. The general geology
of the western part of the intrusion was briefly described
by Dalfreyman (1965)
Heier and Brooks (1966) discussed the gebchemistry and

the genesis of the Heemskirk granite massif, and the geolo-
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gical age and chemical composition of the different types
of the granite were. studied By Brooks and Compston (1965).
A detailed study of the relationship between feldspar
alteration and the precise pbst—brystalizétion movement
of rubidium and strontium isotopes in granite was carriedi
out by Brooks (1968). In 1968 Coleman re-examined the
geology and ore depoSits of the sogthern'part of_the
Heemskirk granite massif.
' Both and Williams (1968) studied the mineral zoning in
-the Zeehan mineral field and the relationship between
lead - zinc - tin mineralization and thé Heemskirk granite
massif. The sulphur isotope content in ores from the - |
Heemskirk granite 1s mentioned in the study of Both et al.
(1969). Klominsky and Groves (1970) discused the chemistry
of the Heemskirk granite in the broader sence of the re-
lationship between the granitic rock types and tin and

gold mineralization in Tasmania.

‘The program of investigation‘on the Heemskirk granite
began with geological mapping on a scale of 1:31,680 on
topographic sheet Zeehan zone 7 no. 50A aqd 50C. The de-
tailed geological map covering an area of>47 square miles

(léO.ka) has been prepared.oﬁ*a scale of 1:50,000 (Map I).



In some éreas the thickness of the bush reduced the amount
of -detailed work possible and some other areas had to be
iéft completely unsurveyed. |

The actual mapping was based on petfographic divisions
of granites according to Waterhouse (1916) and Brooks
(1966). The groups of the red and white granite were
distinguished mainly on the‘colour of the K-feldspar and
the characteristic appeafance of biotite. The field cha-
racteristics of'the'red granite are pink potassium feld-
spar, thelfresh character of biotite, and the absence of .
muscovite. Mapping according to these crite;ia was pérti—
cularly safe with the coarse grained facies of both grani--
tes. There were some diffiéultiés in distinguishing the
fine—graiﬁed varieties, howéver, and some fine-grained
rocks were classified according to laboratory data,

Geological mapping included a revisioﬁ_of all known
tin deposits and prospects with respect to their accurate
geographiCal position. Partic@lar attention was given tb
mapping the quartz-tourmaline vein systems. Also inciuded
in the geological map were the distribution and concentra-
tion of tourmaline nodules in both granites,

"Sampling of the Heemskirk granitebwas carried out to-
gether with the geological mapping for the'purpoées of

petrographic study, separation of rbck—forming-minerals



and chemical analysis of trace eleménts. The sampling -
net was determined by two factors; firstly, the occur-
rence of good outcrops, and secondly, a subjective selec~

tion based on the degree of variability of granites in a

partlcular area. Each sample was located on a geological.

map and 1its p031tlon determined by geographlcal coordlna—
tes.

The red granite area was covered by 59 samples;
the white granite area by 46. Each of the lOS-samples
‘were 10 Kg (20 1b) in weight, as fresh as possible and

from a single outcrop._Hand specimens collected with each

[N

sample were used for intercorrelations within each group

of rocks for.photo documentation and for the preparation
of thin sections. The sampling plan used in the Heemskirk
massif could hean a loss of small.scale variabilify. This
prcblem (Tmerson, 1964) was tested on the basis of’ 31gni:
ficant differences between the trend map of analytlcal
data for a complete set of analyses'and a ﬁrend map for
only three—quarters’of the analyticél data. Both maps

- were in goog agreement, proving an existence of variabi-

lity on a regional scale.,

15
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All samples were pieées of gfanite ranging in size
from 5 cm to 20 cm; These were cruéhed to smaller fragments
about\B cm with a hammer and hydraulic splitter. First
crushing by a mechanical jaw crusher produced a- fraction ‘
under 0.5 cm. One-quarter of the sample“was‘used for the
'_separation of K—feidSpar.(from‘red'granite only). A second‘

crushing"(Wifh”jéws a minimum distance apart) produced
~a gravel of grainkize 0.3 cm., A quarterlof fhis gravel was
powdered in a Siebtechnik vibratory grinding mill

(>200 mesh) and was then used for all analytiéal work,
The’rest of the sample was divided by sieves into three
fractions according to grainkize. THe middle fraction

(1-0.5 mm) was used to separate biotite, the fraction under

0.5 mm for heavy mineral separation.

Biotite was_separated-from the 95 rock samples by
Franz-isodynamic magnetic separator in twc stages. In the ..
first stage biotite was separated using a vertically
oriented separator af a current of 4 amps. from a grain

size of 1-0.5 mm. The product thus obtained was further
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separated by the same procedure with the slope at an angle

. of 25° (side angle 25°) and a current of 1 émp. The "purity -
‘'of the concentrate (after washing in water) was checked
under the microscope and was found to be at least 99%.

Separation of potassium feldspars was carried out on

50 samples, mainly coarse grained red grani£eo Fragments

of potassium feldspar several mm acrdss (mainly phenocrysts)

were picked out by hand from the coérsesﬁ fraction of the

‘gfbund samples,

The fine—grained fraction (> 0.5 mm) from several
samples of each rock type was used fof the separation of
heavy minerals. Bromoform was then used to remove the Iight
mineralé (feidspars-and quariz)o The_résuiting concentrate
was divided into three fractions by a magnei and an electro-

magnet. Each fraction was then analysed qualitatively.

Variations ih the chemicéi composition of buik rock
samples and mineral phase separates were determined by
XRF spectroscopy from pressed'pqwdér pellets. Sfandards
were artificially prepared froh pure chemicals by diluting

them in powdered kaolin. The standard rocks T1l, W1, G2 and
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Gl were meésured with the samples-to check the accuracy ‘
of the standards and method. A computer program (U949/3 -
author C.Gee) was used to combgﬁe-mass absorptioh c@ef-
fiqients'at.particular‘Wa&é-lengthso A detailed description

of the'XRF method is given in Appendix IIl.

In order to register differences in the structural
state of the K-feldspar megacrysts from a total of 12 dif;
férent samples Ioéalities weré examined by means of |
a Muller Micro III X - ray powder diffractographa Diffracto-
graph patterns were run over a 20 - rangé of 33.5 -36.0°
at 1/4O (26 ) per minute, using Cu K radiation; a diver-
gence slif of 1° and a receiving slit 0.2 mm. Peak posi-

tionsl%ere measured as describedﬂby_Orville_(}967)0



19

- ————————————————— T ——— -

—— i —— i —

The Heemskirk massif is an epizonal body intruded -
Iinto extensively folded Proterozoic to Cambrian rocks,
(mainly sediments). The granite body consists of the‘red
Iand the white granite (the "Pink" and "Tin" granites of
Waterhouse, 1916). _

The rocks can be distinguished by their colour and
mineralogical composition. The red granite differs from
the white granite in the pink colour of its potassium
feldspar; the different colour of biotite (brown-green
pleochroism for biotite from the red granite and red-

brown pleochroism for biotite from:the:whi£e_granite);
presencé of magnetite, éphene and allanite; éﬁsence qf‘
muscovite and conspicuously lowef 6Qntent of tourmaline.
The chemical composition of both rock types is similar
(Brooks & Compston, 1965), the white granite however, is
more acidic (alaskite). .

The intrusion has a génefally stratiform character.
The most complete sequence of granitic layers is exposed
in the eastern part of the\méssif. Figure 3 shdws the
scheme of stratigraphy in a ﬁ:E gection. In‘the fopmoét
part of the intruéion there are small bod}és,of contami-
nated porphyritic granite (Rll. individual_plocks'of this

contaminated granite have been preserved near the surface
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Figure 3

The stratigraphical scheme of the section across

the Heemskirk granite massif

White granite: W1
' w2
w3

Red granite: R1
R2
R3

contaminated porphyritic granite
medium to fine-grained granite

coarse-grained granite

_contaminated‘porphyritic granite

coarse-grained granite

medium to fine-grained granite
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of the cubola within both the red and white granite.

They result from incompletéﬂéésimilation of small bo-
dies of mafic rocks derived from the local country rock.
On the contact with the country rocks there is

.a coarse-grained red granite (R2)° This is underlain by

a medium- to fine-grained red granite (R3), which is in
turn -underlain by a group of the whife granites which
outcrop mostly in the western part-of the body and form
thé major mass Qf the Heemskirk intrusiop. On the contact
between the red and white granites'there is a 'nodular
facies of medium- to fine—grainéd granite (with nodules .
of tourmaline) (W) which changes progressively to a
coarse-grained muscovite-biotite grénite (W3),at depth,
All rock types within the massif are granites according

io the classification of A.Hietanen (1963). ,

- Figure 4 shows a cfosé—sectidn through a model of
the Heemskirk intrusion before erosion of the overlying
sediments. The upper part of the body hés a flat cupola-
like structure. The surface of'the body appears to
reflect on a subdued scale the double anticlinorial
structure of the original sedimentary cover, The.indivi-
dual anticlines and synclines of the country rocks have
axes plunging generallynESEg and the pattern of layering
within the granite indioates_}hat the same general type

of structure persists.
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Figure 4

A cross-section through a model of the Heemskirk

intrusion before erosion of the overlying sediments,
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Wide;spread tin mineralisation in the eastern part“
of the Heemskirk massif has faken place in a ccntact zone
between-the red and white granite and is accentuated.by
the relief of this contact (map-III). Cassiterite occurs
mainly in quértz-tourmaline, or greisen fissure-veins,
Rich concentrations of tin are erratic, and tend to form
short ore shoots at the intersection of two vein - 'systems.,
According to Baumann’s classification (1970) of the cas-
siterite depoSité in silicate rocks of £he'Erzgebirge'
(central Europe), the tin mineralisation within the Heems-
kirk massif belongs to the "pure vein" type, maiﬁly deve-

Toped as mineralised fissure veins in the top zones of

granites'with very gently—dipping flanks. .
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3. Internal structure and tectonics of the Heemskirk

The Heemskirk granite massif is characterized by
a remarkable layered structure and well deveioped fractu-
re systems, Layering of the intrusion was detected by
geological mapping and was confirmed by chemical analy-
ses of the rocks and their minerals. Fracture systems were
studied on a.statistical’basis by the measurement of the
“joints systems in the field and interpretation of the air

phoiographs.

3.1. Layering

| Wager and Brown (1968) have defined the. layering as
an igneous phenomenon and,morébvep,a planar feature de-
pendent for its ofigin largely upoﬁ\the physical effects
of gravity and the chémical»effects of mégmgﬁic fractiona-
tion. ~

The layering of the Heemskirk granite massif in terms

of the minefalogiqal and grainkize changes is shown in
figure 5. The upper part-éf the intrusion is characterized
by a very flat dome. Its'internal.strucfupe consists of
several layers of granites wiih slightly different mine-

ralogical and chemical properties. Within eadh layer,
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 Figure 5

Geological cross-sections

through the Heemskirk.granite massif.
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- Contaminated porphyritic granite

Coarse grained pgranite

m Medium to fine grained granite
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exists also cryptic layering which can be defined by
the behav1our of trace elements.

In the eastern part of the 1ntru31on the topmost
strata are formed by the red granite which is_underlaln
by the white granite. The red éranite strata consist of
coarse grained-granite and medium-to fine grained grani-
te. The coarsé grained layef occupies the upper part of
the red granite strata in the southeast region of'the_
massif. This layer pinches out toward the north and is
replaced by the underlaying layer of the medium-to fine
grained granite. Iﬁ general the red granite strata thin
away also toward the west and are replaced by the finee
grained whité granite, The layer of the'medigm—té fine

grained white granite passes into the coarse-grained

white granite further to the west.

AN
\

3.2, Planar structures of local scale

It has long been postulated that planar.structures
in granites reflect ﬂhe motion of the magma during empla-
cement (R.Balk, 1948). Experimental studies have déménstraa
ted that repeated intrusive movements of the crystal-rich
magma over a period of time may have produced the promi;
nent grain-size layering in marginél zones of high shear-

-stress, Primary planar structures within the Heemskirk

- granite are not abundant. Flow layers (schlieren) are very

26



rare, and, if present, they are concentrated close to
the contact of the intrusion with the country rockso.
They wefe described as a biotite banding by T.H.Green
(1966) from the Trial Harbour area. Platy flow structu-
res consist of schlieren of mafic minerals or biotife
banding associated with aplite lajering; Schlieren are
mbre«common within the éontact'zone of the red granite
(typé.RZ) with the coﬁntry rocks. Several of them have .
been found in the shoreline outcrops 1 km N from Trial
Harbour. Schlieren consist essentially of those minerals
that make up the surrounding rocks, but in differenf

proportions (remarkable prevalence df biotite and horn-
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blende). The upper boundaries of some of them are grada—'

tional and the schlieren are then_curvéd. They dip and

strike parallel to the contact of the intrusion.
Another type of planar structure. consigts of bioti-
te Dbands associated with aplite layering which is very

characteristic of the contact of type R2 with R3 and of

R3 or R2 with W3. Most bands strike at abbut”65o and dip -

to the south at 300. Biotite banding on the contact
between theﬂpink grénite (typé R2) and the white granite
(type W3) was described in detail by T.H.Green (1964).
' A very similar type of platy flow stfucture was
observed on‘the contaét between granite types R2 and R3,

near the sample point 5'(Plate 3;2). The contact zone 1is
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up to 1 ﬁ wide with very flat dip and consists 6f paral-
lel layers of aplite (aplite schlieren?) and layers of
.the coarse - to medium-grained granite which are in gene-
ral richer in biotite. Tourmaliné nodules are concentrated
along the flow layers on the bottom of the contact zone.
Shearing in the plane of flow or on the éontact'qf compo-
sitional boundaries might be the best explanation for the
"repeated 1ayering and variation in width of the»layered

-z20Nnes,

A few kenoliths occur in the topmosi'barts of the red'
and white granite, cldse1y associated with the contact of
the intrusion and the country rocks. In general the xenoliths
are represented by .two groups of rocks, granltes of dif-
ferent comp081t10n and xenollths of metamorphosed country
rocks, The parallelism of xenollths 1s.;oré obvious near
the steeper contact of the grénite intrusion. Tﬁe~largest
xenoliths within'the red granite 1n the Mt. Heemskirk -and
Mt.Agnew area have the character of relatively thin plates
with hofizontal arrangement, Their orientation indicates
the existence of blanar structure on the roof of the

Heemskirk granite massif, The largest xenoliths within

the white granite consist of two major types: xenoliths
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of the red granite, and xenoliths of contaminated porphy--
ritic granite. The xenollths of red granite’ near Gap
Peak and around Falconer Creek (see geological map) are
thin plates with horizontal arrangement! and represent
remhants of the originallymmofe extensive red granite
layer. Thelr characteristic pdsi;ion also indic ates the
orientation of the planar structures within the Heemskirk
granite massif..The‘large xenoliths of qontaminated por-
phyritic granite in the white granite are coﬁcentraied in
-the NW part of the intrusion and strike parallel to the
contact w1th the country rocks.,

The tourmaline nodules are particularly characte-
ristic part of the medium-to fine-graiﬁed white granite
(Plate%§-l). They are concentrated in the upper part of
the white granite (type W2). The nodules usually form re-
markably spherieal bodies ﬁp to 30 cm ‘in diameter (Plétﬁ
12). The best deVelobment of the nodular layer, up to 20 m
in thickness appears in the boundary zone between the whi-
te granite (W2) and the red granite (R2 or Ré respective-
ly). In detail the arrangement of the tourmaline ﬁodules

 within the intrusion is not typical flow sfructure but
on the regional scale it indicates the existence of the

layering and planar structures within the ‘massif.



The Heemskirk granite maésif is characterised by

regular fracture systems.
In figure 6 is shown a frequency of the total length of
the quartz-tourmaline veins (in black) which in geheral
foilow'the_primary fracture systems. There are five major
systems, NNE-SSW, WNW-ESE, N-5, NE-SW and W-E, of which
the most important are the NNE-SSW and the perpendicu-
-lar WNW-ESE systems. The origin of the fracture systems is
a difficult pfoblem open to several interpretations.

Two two major joint systems are a function of planar
(flow) structures,ﬂ(l)'éfdséﬁjbints and (2) longitudinal
joints éhd £ﬁe basic structure of the primary fracture
systems 1s shown in map iI. The interpretation 1is based
on airphotographs and detailed measufement of the quartz-
tourmaline vein'system in the field. o
1) Croés joints

“Flow lines in the Heemskirk granite massif trend
north-west ahd south—eastf They are traversed by the system
of 1long, partially curved joints which strike NNE predomi-
nantly. The opening of the'fissures-due to the contraction

" of the granite mass after consolidation was associated

with extensive greisenisation and hydrothermal alteration.

H
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. - Figure 6

Diagram of the frequency of the total length of
the quartz-tourmaline veins systems in the Heems-
kirk granite massif (in black) and the fault paf—

tern in the Zeehan mineral field.
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The fissures are usually fil;ed with quaftz-tourmaline
veins (Plate 3-1). Scores 6f'quartz—tourmaline veins

with céssitérite and greisens occupy cross joints predo-
minantly in the red granite., Systems of cfoss joints

show fan-like form reflecting the presence of an arch

or dome in the flow lines. In the marginal zones of

the red granite, the cross joints show a fan-like structu-
re in the map plane. The splitting or bending of the croés
joints systems could be due to topographic effects.
'2)‘Lonéitudiha1 joints (S-joints of H.Cloos, 1923), o

Like the cross Joints, the longitudinal fractures

depend on the direction of linear flow or the principal
direction of shear. They are oriented perpehdicularly to
the cross jdints° Many of them are rougher and shorter

and lack the smooth surfaces of the cross joints., Their
traces’on the mép plane in the red granite area are
conformable with the boundaries of the‘intrusion. Many

of them have a moderate dip and some of them appear to‘be.
~bent., ” |

The formation of the longitudinal joints and ‘their

opsning hay be due to upWard expansion of the earlier |
consolidated fed-granite. Quartz—tourmaline veins, as ‘a -
filling of the longifudinal joint sys%ém,'are more abundanf

in the red granite. - - ~_
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3.5, Faults

Within thé Heemskirk granite massif it 1is possible
to recognize three fault systems: 1) N—S or NNW-SSE,
2) NE-SW, and 3) NW-SE.

The first of these (N-W or NNW-SSE) is most important
and one of the major féults crosses the massif following
South Gap Creek and St.Dizier Creek, This fault could be
responsible for the greater uplift of the eastern part

;of the intrusion in comparison with the western part.,

' The second system ié.represented by the fault fol-
lowing the Tasman River valley in the western part of .
the intrusion. This fault has a regional'character and it
is also an important tectonic featureaof~the country rocks,

The third system (NW-SE) contains the thrust faults
which are concentrated predomiﬁantly in the eastern part

of the maésif.
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4. _Petrography
The Heemskirk granite massif can be divided into two

broad divisions, the red and the white granite, as has
been recognized by all investigators of the massif.
Tabie 1 shows the details of the subdivision of the red
and white granite according to Waterhouse (1916), Green
(1966), Brooks (1965) and this study.
‘ According to colour and\graln size of K—feldspar,
pleochroism of blotlte, grain 81zelof the ground mass and
the prevalence of characteristic accessdny‘_minerals, six
fairly distinctive types may be recognized Qithin the red
and white granite. C
White granite::Wl - Contaminated porphyritic granife

W3 - coarse-grained granite

W2 - medium-to fine—grained granite
Red granite: Rl - Contaminated porphyritic granite

R2 - coarse-grained granite

R3 - medium-to fine-grained granite

Photographs (Plates 6-12) show the overall texture
of the red and white types in sequence from the porphyri-
tic types through the coarseugréined types to medium - and

fine-grained granites.



Table 1

Comparisoh of petrogfaphic subdivisions of the Heemskirk granite

massif of previous aufhors and this study

1

Waterhouse (1916)

Green (1966)

Brooks (1965)

this study

pink granite

gray granite

gray granite

contaminated
red granite

pink granite

red granite

coarse-grained
red granite

C . porphyritic - ey med%um-to fine-
{;Eﬁmgiiéged aplite gg{g?grltlc grained red grand
. tourmaline 3 . -
granite nodular microgranite |medium-to fine-
aplite grained white gr.
. white gra-— coarse-grained
white granite white granite |22t A white granite
) - white gra- contaminated
‘ nite B white granite

SE
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4,1, White granite

This has the greatest surface extent of the two ma-
jor types (62 ¥m® of total 120 sz) and it is probably
the dominant rock in the subsurface part of the Heemskirk

granite massif. ' . ~

4,1.1. WL - Contaminated porphyrltlc granlte (Plate 5-2)

Thié type has white K-féidSpar and quartz phenocrystis
(about 10 per cent by volume) set in a grey phaneric
matrix. The K-feldspar phenocrysts are iwinned on the
Carlsbad law and va_ry from 10-15 mm x 10 mm to 5x3 mm,

Quartz phenocrysts vary from 5 to 3 mm.

The even-grained matrix is compoSed eSsentially of

K-feldSpar, plagioclase, quartz, blotlte and muscov1te,
most chstals being hypldlomorphlc.

This granite forms a minor rock'type in the white gra-
nite mass, and occurs mainly as large inclusions within |
the white granite in the western part of intrusion. The
best outcrop of this rock occurs in the granite—hérnfels
contact on the shoreline at Granville Harbour (sample lo-
cality no.l).

iPlagioclase (20%) is an'impoftant coﬁstituent of

the groundmass. Some of the grains are zonal with cores
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altered to sericite. Bulk composition ranges between

An) s - Anyc. Plagioclase also occurs as mantles (Anzb) |
about orthoclase phenocrysts and as inclusions in K-feld--
spar phenbcrysts. The mantles usﬁally‘consist of single
minute crystals, c-axes beinguorientated berpendicularly‘
to the margins of;the K-feldspér-phenodrysts; Plagioclase
(An25), ocecuring as inclusions within K—feldspar? has a
parallel orientation. Most grains (aboutlooﬁxmm in sizé)

~have rims of albite. Most of plagioclase_(Ans)\in perthi-

“tic arrangement occurs as irregularly brgnching veins and
regular films, _ |

K-feldspar (25%) occurs as subhedral phenocrysts

'(Plate 5-2) and anhedral patches in the groundmass.

Quartz (20%) grains have markedly undulose extinction,
Biotite (6%) forms subhedral crystals varyiné from 0.5 to
2 mm across and locallj occurs in clusters. The mica
contains inclusions of apatite, and zircon. The pleochroism

is « = pale straw, ¥ = red-brown. Some chlorite occurs in

" layers parallel to cleavage.

—— - —————— i ], T — o~ — T —

- . ~

This has the greatest surface .extent of the six major

s

types, and outcrops as shoreline cliffsg There are two va-

riants: muscovite-biotite granite and tourmaline-biotite
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granite. Two-mica granite occurs in the western part of
the white granite area, ToUrméline-biotite granite occu-
pieé the central part of the white granite and tbwards

the east passes gradually into medium-to fine-grained
toufmaline granite (see map I),>The boundary between the
two variants has a transitidnal nature and coincides with '

i

the line marking the difference in color of biotite

(Fig. 7)o
" The coarse-grained granite is an eveh—éfained rock
'(specimep$”68,-82;”835°“White k—feldspar,'milky-white
plagioélase and pale-brown glassy quartz form an evenly
dispersed mixture that is speckled with brown flecks of
biotite. Tourmaline occurs as disseminated crystals or
nodules or as irregular segregations (up to 5 cm in size).
 Most grains are between 2 - 10 mm in 1ength; with some
feldspar about 20 mm long.

Quartz (38%) grains are anhedral. They aggregate and
interlock, Extinction is usually even but large quartz
grains are strained. K-feldspar (37%) forms subhedral and
anhedral crystéls° Some gpains have developed Caplébad
twins. Basal sections show fine-hatched twinning., The feld-
spar is coarsely microperthific éﬁd clbudéd;'"

Plagioclase Anio (17%) is generaily euhedral or sub-

hedral and tabular..Crystals are commonly clouded by de-
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e Figure - 7-...... e e e

Colour of biotites from granites of the Heemskirk

massif (powdered.samples)

1
2
3
4

black-green' ' g
light grey
brown

green (altered biotites)
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composition to sericite and clay. Twinning is universal,
the commonest low being albite. | | _

Biotite (4%) forms ragged subhédral flakes which ag-
gregate and intergrow with muscovite. Inclusions are of
apatité, zircon and monazite. The_pleochroism is « = pale
straw, B = pale brown and ¥ = red-bfowﬁ. In altered rock
the biotite is intensely chloritized with « = pale straw,
13¥'8 = pale gfeen. Among the included minerals are flpori—
te and rutile (sagenite).

Muscovite (i %) is presenf in varying amounts as ré—
action rims between biotite and K-feldsﬁér crystals or as
interstitial crystal aggreéates between the felsic consti-
tuents. Tourmaline (2%) is in‘mdét~cases the dominant ac-
'ceséory. Black tourmaline 1s most common. but green, blue
and brown varieties have also been oBserved;“Ip is found
as'interstitial crystals set between the felsic bonstituents
a@d replacing K-feldspars (Plate l4~l); In some cases the
tourmaliné is inpergrown with the'green variety of mica

or chlorite.

——————— . —— T~ ———— i ———— o — T o ————————— ——— o 2 S e e

(Plate 8-2, 9-2, 10-2 and 11-2)

This typeloccupies'the roof zdne of the white granite

(specimens 100, 51, 85 and 38). The body of that granite
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" type has the form of flat layers and a sharp contact with
the: overlying red granite and/or Precambrian country rocks.
Towards the bottom of the layer the rock passes grédual;y '
into the coarse—gfained white granite (W3) byAincreasing
the gréin—size. The roof zone of the granite is enriched
with tourmaline nodules (tourmaliné nodular aplite of
Green 1966). (They'ocdur in such‘abundance that the weather-
ed granite-soil surface is a venner of tourmaline nodules.)
This part of the roék may be‘classifiéd as an orbicular
granite in the sense of Leveson (1966). The concentration

of the nodules is highest (over 100 per m2) close to the
contact with the red granite (Plate 4-1). Towards the

- coarse-grained grahite their quantity decreases. The tourma-
1ihé>nOQules range from l cm to 25 cm in diameter (Plates
9-2, 10-2,°11-2 and 12). They form spherical bodies usual-
1y surrounded by Quaftz—felsic rims.lacking'fhe biotite
whiéh'is otherwise a.COmmon component~of the granite (Plate
10-2). Blackvtourmaline ana quaftz are the most common
combonent minerals, but occasionélly green tourmaline

(outer parts of the nodulés), fluorite and cassiterite also
océur in the nodules. The tourmaline nbduiéé*are more re-
sistent fo weathering than the granite mas;, and“frequentlyv

stand out several inches in relief. The effec£ is iliustraf—

ed in Plate 4-1 and 4-2.
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Medium - to fine-grained granite is a cream-coloured
rock and has several varieties including»porphyritic and
aplitic types. They are millimétre—grained rocks whose
texture ranges from hypidiomorphic-equigranular to inequi-

" granular-seriate. In soﬁe specimens, "poois" of millimetfe—
" grained feléic material are set in a network 6% aplitic ma-
terial (grain sizé less than 0.5 mm). In the porphyritic va-
riety quartz and K-feldspar occur as subhedral phenocrystso

Quartz (40%) is clear and colourless and occurs in
two forms: as subhedral phenocrysté, and as anhedral grains
'ohly 0.2 mm in size commonly forming myrmekitic 1intergrowth
with albite; Some phenocrysts of quartz have myrmekitic
rims.

Potash feldspar (35%) océurs as intérlocking anhedral-
subhedral crystals with quartz, or as small (up to 5 mm)
phenocrysts. It is usually very dusty in conirast to
the clear quartz. Unaltered crystals afe perthitic and
‘exhibit the cross-hatched twinning of a microclined

The plagioclése (20%) is nearly pure albite, and is sub-
hedral to euhedral with albite and-periéline twins., Serici-
tization is a common feature of the majérity of‘plagioclase
crystals, . -

Biotite (3%) forms ragged, thin,  subhedral flakes which
are usually completely altered to chlorite, Dark brown mica

may be either biotite or the paler lithionite. The pleo-
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chroism of unaltered biotite is & = pale straw,B = yellow-
brown and ¥ = brown., The many inclusions in the biotite

or chlorite usually contain inclusions of fluorite and
opaque ore, and occur in association with tourmaline,

The pleochroism of the altered biotite is « = pale strew
and f =¥ = brown-green.

Tourmaline (1-3%) appears replacing K—feldspar, while
Quartz exhibits straight margins against the iourmaline
(Plate 4-2). The pleochroism of tourmaline is € = indigo
blue, w = green-yellow or brown-yellow, | °

" Muscovite occurs as an accessory disseminated through-

out the rock and usually interstitial to feldspars.

4.2, Red granite

—————— . o ] s e e st

The red granite forms a relatively thin layer consist-

ing of three rock types. On the surface the most abundant

Al

type 1s coarse-grained granite R2, The red graﬁite covers

57 km® of the total 120 km?, - IR

4.2.1. Rl_-_contaminated porphyritic_granite_ (Plate 5-1)

' Type Rl (specimens 36 and 78) forms small sheet-like
bodies in the vicinity of the roof of the intrusion, and
occurs as large inclusions within types %2 and R3. There
are abundant inhomogeneities and‘rapid changes in texture,

The granite is a brown-red coloured medium-grained rock
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with phenocrysts of K-feldspar, quartz and plagioclase
set in a groundmass of ééSentially K-feldspar, plagioclase{
quartz, biotite, hornblende, abundént magnetite and sphene.
Kccessories are represented by zircon, apatite and fluorite,
| The red-coloured.K-feldspar‘occurs in two forms:
as subhedral phénocrysts and as anhedral grains only about
1 mm in size. The phenocrysts are commonly twinned on
the Carlsbad law and vary from 20 x 10 mm to 5 x 3 mm.
They are frequently mgntled by a rim of white-coloured
- albite which may be as thick as the whole diameter of
the K-feldspar core. Both phenoérysts and grounamass
grains are perthitic, and are frequently dusty with_élayQ
| " Plagioclase (20%) forms a few sﬁbhedral phenocrysts; and
is én essential constituent of the groundmass. Bulk com-
position ranges between'An5 - An35. Plagioclasev(An27)
also occurs as inclusions within K-feldspar (smail simply-
zoned crystals). | |

_Qﬁartz (20%) occurs.in two forms: as anhedral-sub-
hedral smoky;coloured phenocrysts (up to 10 mm in size),
and as anhedral grains only about 002‘mm in size in the
groundmass. The groundha%ﬁNQQartZ-freqﬁently forms inter—
growths_wi£h~ofth65iégé to give graphic texture,

Hornblende (up to 3%) occurs as subhedral boikilitic
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crystals-l mm in size. It may be prééent as single crys-
tals or as "matted" ciots0 Minerals found'wiphin the horn-
blende are magne:i "2, sphene, zircon, apatite; biotite,
fluorite and alla:'iﬁo Pleochroic colours are patchy but
% = yellow,.a‘= L. in-green, ¥ = green. |

Biotite (2-5 %5 forms subhedral crystals often associat-
ed with hornblende. Pleochroism is ° = straw,B =3 = yellow-
green. In some samples (specimen 12); biotite is more abun-
dant (hornblende is absent) and unaltered biotite exhibits
the pleochroism « = dark straw, =3 = almost apaque.

Magnetite is fhe most abundant accessory in the rock.
It is usually concentrated in hornblende and K-feldspaf as
mihutelsubhedral crystals (Plafe 16-1) which are frequently
mantled by sphene. ‘ ‘ -

Zircons are often zoned., Magmatic zircons contain in-
clusions of older zircons which may be derived from the Q;—
similated countfy rock (Plate 20 and 21).

Sphene (1%) is euhedral or anhedral-and\appeérs to be
an alteration producf of the mafic minerals (together with
magnetite) from the country rocks,

Apatite, as well as violet fluorite and allanite are

common &accessories,

——— e T ——— T ———— . v —————— — — i ——— ————— ———————— . —— —— ——

Outcrops of ?hismtype“bééﬁﬁwahe southern margin of

.-
1
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the intrusion and the major pgrt of the area between Mt.
Heemskirk and Mt. Agnew and have the greatest surface
extent of thé red granite'group, The coarse-grained grani-
te is an even-grained rock with élighfly vérying grain-si-
ze. Texture is typically hypidiomorphic grahular°

Pink-coloured potash feldspar (38%, mostly orthocla-
se) occurs as subhedral and anhedral grains from 5 20 mm
in size. In the upper part of the coarse—gralned granite
layer K-feldspars are generally mantled by albite. Albite
Trims are largelyAsericitized. Twinning on the Carlsbad law
is almost universal and usually the feldspar is coarsely
" microperthitic and clouded (haematite pigment and kaolini-
zation). Quartz (37%) is énhedral with frequent large crys-
tals (up to 5 mm in size)., These grains are often unstrain-
ed but small grains ére usually strained. A typical feature
of the rock is a net of tourmaline needles in the quartz |
grains (Plate 15). .

Plagioclase (18%) is éeﬁerally subhedral and tabularo'
Albite twinning is universal. Some crystals shows diffuse
zonation in the rahge (An35—An5). Sericitization-is a com-
mon featﬁre‘of the p}agioclase° |

Biotite (6%) forms subhedral crystals varying from
0.2-2mm in width. Pleochroism is « = dark‘étraw, f = green-
brown and ¥ = dark brown to“opagde ksome'minor chlorite

forms in_layers along the cleavage)..
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Sphehe, magnetite, zircon and apatite occur within the
biotite. Pleochroism of altered biotite is « = dark straw,
f =3 = dark green. This type of mica- contains violet fluori-
te. A typical.acceSsdfywsf'type'RZ is allanite, which occurs

in the.upper part of the coarse-grained granite layer (Plate

13‘2)0

10-1 and 11-1)
Type R3 usually .occupies the lower part of the red gra-

4.2.,3. R-3 Medium-to fine-grained granite (Plate 8-1, 9-1,

nite layer. This pink to red coloured granite is underlain
"by white granite (type W2) and overlain by coarsngrained
red granite (usually R2). On the western margin of the
Heemskirk massif the granite intrudes Precambrian sediments,
Both upper énd'lower contacts of R3 are sharp and distinct
forngeological mapping. Thepe.is generally a péssage from
fine- to medium-grained granite. The comgoé{£idnal and
textural range of.the rock is wide, and a comprehensive ac-
count is'difficulto'Broadly,lhowever, 1t may be considered
as belonging to two main categories: |
a) fine-grained apiite granite, which usually occurs close
‘to the contact of the red granite with sedimentary
country rocks or with the white granite
b) medium—gréined granite, which frequenfly'oécupies the up-
per part of the R3 layer and shows a gfeat similarity to

type R2.
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Both rock varieties are essentially equigranular rocks.
The R3 type very commonly contains-segregations of

" tourmaline. As previously mentioned; at the red-white_gré-.
nite contact, tourmaline is concentrated into spherical no-
dules. Some variéties of type R3 are very light coloured

and are very similar to type W3. In such cases 1t is dif-
ficult to-find field criteria to distinquish the typeso'

Potash feldspar is generally interstitial and slight-

1y perthitic. It is usually vefy,dusty (clay and Fe pig-
ment) in contrast to thenéléaf Quartz. Graphic texture is

a commdh-féature of K-feldspar (Plate 13-1).

Quartz is anhedral and interstitial and almost unstrained°
Myrmekite is a common form of the quartz grains.

Plagioclase (An2b-0) is subhedral with albite and pericli-
. ne twins. The cores of the grains are often sericitized,
~and some crystals show a diffuse zonal structure.

Biotite forms subhedral flakes or agregates with pleochroism
o« = dark straw, B = yéllow—gréén, ¥ = dark brown to opaque.
It is generally associated with magnetite., Biotite flakes
'ére usually chloritized along the cleavage. Accessories are

represented by magnetite, tourmaline; zircon and apatite.

Dyke of‘granitié rocks occur within both granite
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typesg_whi1e>sills 6f.aplite 6r tourmaline aplite granite
arejcommon in the red granite (in the Mt. Agnew area).

In general they are identical to the aplitic variety of |
the white granite (type W3). A flesh-pink coloured vériety
of aplite shows a close relationship to the fine-grained
red granite (type R3) (Plate 11-2).

Pegmatite is not-abunaént within the Heemskirk granite
massif, and usually occurs intimately associated with apli-
ﬁeohPegmatite'centres of the aplite dykes (up to 30 cm‘inv
width) consist of crystals of orthoclase, quartz,ctourma;
line and albite, Pegmatite patches and .streaks are more -
abundant within the white granite and_consist of quartz
crystals up to 10 em in size'aﬁd‘aggregéfés.éf'albite'and"
orthoclase.. | |

Unusual basic dykes with axinite occur within the red
graﬁite° They outcrop on the coast 1 mi1e~north of Trial.
Harbour. This rock type has been described in detail by
Waterhouse (1916) and Green (1966). According to Green
(1966) the lepSlde—rlch rocks are derived from the assimi-
iateq mafic country rocks by the magmaﬁié activity of

the granite.,
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4.,4,1, Tourmaline fissures, quartz-tourmaline veins, dykes

——— . ——————— —————— o ————— —— = o—— ——— b == =

‘Map IT shows the distribﬁtion of the maJjor postmagma-
tic vein systems. It is obv1ous that the fissures and
velns were formed and filled with quartz and tourmallne
gfter gonsolldatlon of all the granite rocks. Grelsens are
rare and are mostly concentrated within the white granite.
A féw quartz-tourmaline dykes occur invthe red granite
pygdqminantly (Plate 5-1), Pfominent=individual'veins or
swarms of parailel veinlets are common near the contact
of the red and white granite (see map II). The width of
the major veins and dykes varies ffom 1 to 10 m, The inter-
sec;igns of tourmaline fissures.and.quartz—tourﬁaline veins
do not usually show appréciable di splacement, but in rare
cases the N-S system of veins is slightly_displaced by
a s;milgr one striking E-W. This ié in agreement with the
observations of Waterhouse (1916). The majority of the
veins gnd large‘dykes were fested or mined for their .con-
tent of cassitefite. Detailed desériptions of the véins
and their mineralogical variability were published by
Waterhouse (1916). B

The essential component mineral is quartz, with coarse
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grained black tourmaline and green tourmaline varieties
being.less common. The tourmaline crystals commonly form
radiating clusters (tourmaline suns) (Plate 19), Wolffamite
and newly discovered columbite are minor\consti.tuentso On
some -veins, pyrite (Federation mine) and érsénopyrite
(Spencer Brothers? workings).a}e common sulphideso:Fluorite
is a characteric accessory minerai.df the majority of quartz-
‘tourmaline veins and dykes. Greisen veinlets and veins
usually consist of quartz, Li-bearing micé, iéurmaline and
fare cassiteri‘te° In one case thé presence of 1epidolité

was discovered (see map ITI),

A few brecciated quartz-tourmaline veins occur along
faults and fissures in the country rocks inrthe vicinity
of the northern ﬁargin of the Heémskirk granite, The ce-
menting material of the sharp fragmenis of banded quartz-
--=tourmaline consiéts of quértz cryétals and needles of
tourmaline, with the latter usualiy concentrated néar the
outside of ﬁhe quartzose fragments, giving them a zonal -

structure (Plate 18).

4,5, Thermal metamorphism . o ,

In general the metamorphism of the Precambrian sedi-

ments is slight and an andalusite- or chiastolite- bearing



52

hornfels and a pelitic hornfels is the only characteristic

assemblage. One of the major effects of ‘the granite in-

trusion appears to have been the silicification and tourma-

"linisation of the sedimentary rocks. On the north and NE
.flanks of the 1ntru81on there is w1despread tourmallnlsa-
tion (up to 1 km from the contact) of 1nterbedded slates,
The original slates and quartzites_have been widely
feplabed by quartz and ﬁéuqmaline, the-reéulting rock '
‘being a striking banded black and white rock (Plate 17-1).
Argillaceous pands'have been replacéd by tourmaline, while
 the arenaceous bands are represented by quarlebands, the
- ~resulting banded rock being cdmposed entirel&‘of these two
minerals (Plate 16-2)."The least-altered rodkskha;e cross-
-cutting tourmaline veinlets, -and it is noticeable that -
the tourmaline and quartﬁ have impregnated the quartzite
to a large extent on either side of the vein fissure
(Plate 17-2). It seems clear that the;composition of the
sedimentary rocks has determinéd.the.type of alteration.
These banded quartz-tourmaline feplacemept rocks were
described in detail by-WaterhouSé‘(1916). Selective .
weathering of the intensivély\foufmalinised.sediments pro-
duces a cellular structure. ;_m.ﬂ o |
More pronodnded'éontact effects.of.thé Heemskirk gra-
nite on ﬁhe mafic and ultramafic rocks have produced, a va-

riety of mineral assemblages. According to Green (1966)



they are lime-and ferromagnesia-riéh (hypersthene, cum-
mingtonite-labradorite; diOpside-hornblende-diopside),
megnesia rich (cordierite - hypersthené; cordierite-
-anthophyllite), and ultramafic'(olivine—:and/or pleo-
naste). Biotite (or phlogopite) is an.élmost,invariable
component and garnet and sphene may also be present in
these ngups0 These rocks-are noted here because. they:
suggest a source for mafic xenoliths in the red.granite

as well as in the white granite. Some outcrops of the
confaminéted_porphyritic granite indicate‘that the mafic
rocks were.resistant to assimilation and bring intolpromi—
nence the idea that the type ‘Rl and W1 forﬂéd‘ﬁy-hybridi-\
zation. Green . (1966) and Waterhouse (1916) descrlbed

the occﬁrrenee of diopside-rich bodies and dykes -with
axlnltelwlthln,the granlte body near the southern margin

of the granite mass. -

4;6°'Ghost structure of the country'rocké within

s ——————————————— ——————————— . o —— i ————— i ——

—— T —— T ————————————————

In general the internal structure of the intrusion is
stratiform. The layering shows a diminishing influence-of_
the structure of the country rocks with depth (Fig. 4)ol
‘The structure of the country rocks has the form of a brachy-

antic¢linorium which consists of several semi-parallel.
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brachysynclines and brachjgnticlines (the Heemskirk Anti-
clinorium according to Blissett, 1962). The axes of these
structures trend in the ESE and NW respectively, with the;-
'apex of the structure in the cerntre of the granite massif.
On the eastern side the brachysynclinorial closure iermi-
nates in the area of the Oonah Hill (Zeehan), 3 miles.
eastefly.of the-Heemskirk granite massif (anticlinal -nose,
of the Heemskirk Anticlinorium according to Biissetﬁ,
1962), It is evident that the structure of the country N
rocks has been partly“cabiéd by the intrusion and is re-
flectédmin the internal structure of the. granite body (see
figure 4). Iﬁe geological evidence for it is in theldisiri—
butibn of the small bodies of contaminated porphyritic
granite (Rl and Wl) and a few large xenoiiths which are
derived from the local country rock (mafic and ultramafic
rocks) as ﬁhe result of incomplete assimilation of the
robf‘rocks, The‘geochemical evidence for it is in the
distribution of the positive anomaLies of. some trace ele-
ments particularly within the red granite (see figure 43)
The patterﬁ of_the ghost structure of the country
rock in the roof of the iﬁtfusion 1s shown in figure 8,
There is an obvious close relationship between the.posi-- ...
tion of the outcrops of méficirocks.on the southern,
eastern and northern margin of the intrusion and the ﬁat—

tern of the contamination of the toplayer of the intrusion.
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Figure 8

Schematic tectonic map of the Heemskirk-Zeehan area
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"This agreement indicates the existence of palimpsestic
ghost stratlgraphy in sense of Whitten (1960) within
the Heemskirk granite massif.

~The iongitudial axis of.the dome structure of the
1ntru81on is oriented- WNW ESE. In the western part. of ..
the body the axis-dips” very gently towards the WNW while
1n the eastern part of the intrusion the axis dips
towards the ESE. The apex of the axis arch is situated

aproximately at Gap Peak.
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5. Mineralogy

L e o s o — —— ——— —— o —— o ————— T —— - ——— " —— . " —

of the Heemskirk granite maSsif was.studied by means of
the universal stage (Becke - Beckef method).
Rl (sample 36 - 27 % An); | o
R2 (sample 11 - O, 11, 12 % An, sample 48 - 35, 31, 32 % An);
R3 (éample 19 - 6, 6, 9; 21 % An,-samp1e~24~-‘6, 0 % Anjj.
—W2 (sample 68 - 14, 16, 6 %_An, sample 83.—-29, 28,v
rim 0, 9 % An); - |
W3 (sample lbO -0, 0% An),

According to Brooks (1968) the plagiéclase in the red
granite,differ clearly in color andISpecific gravity. |
The fresh plagipclasé (75% ofjtotal.plagioclase content)
is greén with s.g. 20660 and éltered plagioclase of s.g.
2.640 being distinctly pink. Brooks (1968) used the powder
X -ray technique according to Smith (1956) to determine
plagioclase compositions in the-coarée-grained red granite

(approximate An25)°

——————————————————————————————————— was studied only in

the red granite. The Na20fcontentfwas used to calculate

the total amount of albite in K-feldspars. The average




:Na20 content (3.44%) is roughly equal to 30% albite and hence
the perthiie has composition close ﬁbn0r7o Ab30' According
to the distribution pattern of the Na,O in the K-feldspars
of-ﬁhe red granite. the.higﬁef Na,O content is in the up-
per part of the red granite layer. It could be interpreted .
as increase of the albite content in the.K-feldspars. (up
to Or60 Ab4o), It coincidee with increasing of An content
~in coexisting plagioclaees.
| Aesumlng that K-feldspar~and a38001ated plagloclase
(average for the red granite An20) were 1in, or were close
:to, a state of equilibrium, the K - 'ratio of Barth (1956)
may be used to obtain the approximate temperature at which
‘ equilibrium was establlshed For the two feldspars k=0,.38
' and using Barth"data (see also Winkler 1961) the tempera-

ture of crystalization of K - feldspars in the red granite

is about 6509 Ce

'5 1.3, Triclinicity of pota881um feldspars

e e S ot S i o P e e e e

The trlcllnlclty A , as defined by Goldsmlth and ‘
Laves (1954) may be regarded as a measure of the degree of
the order offthe Si/Al arrangement in the. tedrahedral sites
"of the K-feldspar lattlce° It is: calculated as a.= 12,5x
[@ (131] - a [lBl]]and‘varles from A = 0 in dlsordered

structure of the monoclinic sanidine to A =1 in theh
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completely ordered triclinic maximum microcline. In nature
~there is a éontinuOus gradation between the monoclinic énd
triclinic potash feldspars,

It.is known that disordered modifications of feldspars.
are formed at higher temperatures than are -ordered ones
(Goldsmith and Laves 1956, Speﬁéér_l9525 Mac Kenzie 1957)°
Thus monoclinic alkali feldspar is fsrmgd'at temperatures
greater than 500° C (Goldsmith and Laves, 1956, Barth
1959). The natural alkali feldspars are very dften mixtures
of structural variants, differing in triclinicity within
the rock of érains or parts of grains (Dietrich 1962),

12 samples of K—feldspars from the red granite and
2 samples from the white granite Were'examined‘(Fig°.9).
Triclinicities measured accordihg to the.method of
Goldsmith and Laves (1954) are given in figuré 10,

Careful tests_df K - feldspars of the Heemskirk gra-
nite showed no separation or broadening of tﬁe 131 - 131
reflections for moét of the samples, Slight triclinicity
was find only in sample No, 80, 105 (the red granife)
and 17 (the white granite/see figure 10). The majority of
samples were prepared from the red granite, including type
Rl with 2 samples, type 2 with 6 samples and type lewithf
1_sample. The white granites, type W1 and W3 are reﬁresent-
ed. by 1 sample each; The total range Of.A values for se-

1eéted samples is 0.0 - 0.33. Only the single peak 131 is
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Figure 9

Distribution of samples for chemical analyses and
determinations of triclinicity'of K-feldspars

(Tab. 2, 5 and 13).

Open stars - Qhémiéaluanalyéés of rocks and bioti-

" tes (chlorites)
Black stars - chemical analyses of tourmalines

Open squares - triclinicity of K—feldsﬁars
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Figure 10

Diffraction patterns in range of 131 - 131 reflections

for alkali feldspars of the Heémskirk granite, showing

triclinicities from 0.0 to 0.33. Number of samples cor-’

respond to sampling net in the map.I and figure 9.
36, 12 - contaminated red granite

69,73,9,48,80,— coarse-grained red granite
63,18,105 - medium-to fine - grained- red granite .
17 - coarse-grained white granite

1 - contaminated white granite-
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~ observed 1n ail specimens for type Rl, R2 (except 105-R3,

17-W2) and Wl. According to monoclinic symmetry the pheno-

crysts of the potash feldspars may- be described as perti-

thitic "org%clese“.

~ According to RimSaite (1967) fhe colour of mica de--
pens on the amount: of colouring iqns present and on the
proportion of Ti and Fe’’’ions..
Black-green coloured biotites (colour of powdered dry
'samples) of the Heemskirk red grenltes have considerably
Iower Al content than the brlgnt brown coloured blotltes ‘

of the white granlte. It is-in- agreement w1th results of

RimSaite (1967) that aluminum exerts a bleaching effect

end yields brighter colour, |

Brown, bleck—green and gray colours (colour of biotite
powders) commonly observed in the biotites of the Heemskirk
granite are related to the-state- of oxidetion of.iron end'
to the propo}tion of titanium and manganese in the octa-
hedral layer. A comparison ef colour: of mica with'the're-

tios Fe ' "'(Ti and Fe''§ Fe’’is as follows.
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- ——— — ———— i — T ————— T ———— T —— T — - .

Most prominent colour Sample No, Fe “/Ti F /Fe
Gray (type W2) 99, 68 . .1.86 - 0.16
Browﬁ (ty»= W3) = 83, 90 0672 - 0.12.
Black-green (typs R2)  73,69,48 1.13. 0,16
Black-green (type R3) 19 v 1.6l 0.28:

—— . ——————— . —————— T —— i —————————— ————— ————— i —— i —— T — o —

The relationship between.the colour and ratios
Fe ’/Ti and Fe"')Fe"confirms the observations of
Rim8aite (1967) and Hayama (1959). According to Rim3aite
(1967). ferric iron, when present in octahedral:caopdina-
tion ih the_propoftions exceeding Fe “?/Ti = 1.0 and
Fe’’’/Fe’’ 0,17 imparts a greenish colour to mica. It is
in good.agreemeht with black green colour and average .-

/Tl -1, 5 and Fe’ ““/Fe’’ -.0.25 ratios for the red

granite.

5.2.2., Refractive Indlces

——u—-——-——_——_—_—_q_—_—.--——_—

Refractive index /8 was measured by blvarlate method

" on nine samples of blotltes of both granlte types (Tab.13).
Results of samples 18, 19 and-69 were checked by immersion
method. The range and mean values of indices of the bioti-
tes from the red granite differs of thoée.for the white

granite biotite. In general the red granitekhiotites show
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- higher refractive indices. Within the red granite group
biotite of the coarse-grained granite shows lower refracti-

ve indices (except sample(69)‘ihan biotite of the nedium-

grained granite (19).

5.3, Tourmaline

~

Tourmaline occurs in aggregates occasionally with whi-

te granite, and commonly in masses of slender prismatic

crystals radiating from a centre, It is usually black mine-

ral in hand Specimens; not uncommonly dark green, dark brown

and blue in colour. The tourmaline nodules are sometimes zo-
nated with black cores ahd.green rims. Green tourmaline
occurs generally in asséciation with cassiterite.
Tourmaline from the Heemskirk granite massif is com-
monly refered to as "schorl" in the literature (Blissett
1962, Green 1965). From analyses of Table 2 it seems pro-
per to use this term for all tourmalihes'tested from both
red and white granites (Fig. 9). Tourmalines of the white
granite show higher Al content and generally lower Mg )
and Fe content. ToUrmalinés from the red granite are cha-
racterized by higher Fe content predomiﬁantely° In figure
11 the chspical énalyses of tourmaline are plotted in.the
priangle diagram MgO- FeO-A1203 together with main end-
-members of the schorl type of the tourmaline group : dra-

vite and schorl (elbaite und uvite are omitted for low Li

R
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Figure 11-

MgO—FeO—A1203 diagram for composition of tourmalines

D - theoretical composition of dravite .

S - theoretical composition of schorl

Open stars - Tourmalines from the white granite
Black stars - Tourmalines from the red granite

Number of samplés are marked in the figure 9.
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TABLE 2.

Partial - Chemical A-nalysés of Tourmaline

Area -\»Jhite granite Red granite
colour | black " black black qreen| green black | black
No.of Sample | 15 60 52 48 3 34
$i02 | 3310 | 3401 | 3464k | 3470 | 3182 | 3364
Ala05 | 32,62 | 3133 | 33.54 | 33.30 | 3050 | 29.16
Fe, 05 | 19.40 21.30 | 17.93 17.46 2425 | 22.47
TiOq 0.36 0.26 0.36 0.35 | 020 | 0.23

cao0 .16 | 105 (.14 118 1.%6 142

Mg O 1.63 1.59 1.89 3.39 2.22 2.14
Na, 0 2.10 2.13 2.03 2.03 2.05 2.00
Ko 0 0.21 023 | 030 | 018 050" |
1,0 |- 0,03 00k | 0.04 0.03 0.07 | 003
antion | 040 | 060 | 055 | 050 | 085 | o065
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‘and Ca contents in the analyses),

Tourmalines of the red granite show a low varlation
in £he-chemical composition -and they lie close to the ‘
theoretical pole of schorl. Higher variability in compo-
sition is obvious in the group of the tourmalines from
the white granite. Their séhorl molecule contains up to
25 per cent of dravite (sample no. 48). Tourmaline from
the-fed granite show an excess iﬁ total iron content. Ac-
cording to cell dimensions of the sample no 3 (a - 15;98‘8,
¢ - 7.18 &) there is some similafity to ferric iron tourma-
line orvbuegeritev(other type of fexmic téﬁfmaline)o Further

analytical data are needed tb“clérify this speculation.

Accessory mineral components of the Heeiékirk grani-
tes were studied in thin sections of. the rocks, Ffom nine
samples of the principal rock typés and theilr varieties
the heavy minerals were concentrated and separated for
quantitative modal analyses. Both the red and white granite
are characterized by specific iineral assemblages of acces-
sories,

Aésemblage of magnetite —'sphené - allanite - heama-
tite - zircon (- fluorité and hornblende) fepresents the
red granite and assemblage of tourmaline - muscovite -

- fluorite represents the white granite. A relative distri-
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Figure 12

Distribution of major accessory minerals in

the Heemskirk. granites.



—_— Arbitrary  scale ——
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bution of accessory minerals in the vertical scale is
shown in figure 12. from which it is obvious that there
is a more varied mineral assemblage in the red granite.
This observation in compatible with the mode of origin of
the red granite. Quantitative modal analyses of heavy mi-
nerals 1in the red‘and white granites are shown in Table 3
(opaque minerals - magnetite and ilmenite are not included).
In the red granite a decrease of hornblende, apatite and
zircon content is apparent in the sequence of rock types _
}Rl—ﬁ2-R3, A reverse relationship was found in the fiuorite
contént. H

Tourmaline 1is the‘dominant mineral in the white gra-
nite, There is a decrease in the fluorite content in the
sequence of the rock types, W3—W2. The presence of anda-
lusite, hornblende and Ti-minerals in some white granite
samples indicates the contaminétion of the whitevgranite
magma (by country rocks). The.occurence of andalusite

indicatés a high Al content in the white-granite (see
table 2),wThis“is'56hpatible with the composition of
country rocks where an andalusite or chiastolite-bearing

hornfels is characteristic assemblage.

Occurences of cassiterite, tourmaline (schorl),

fluorite, wolframite, pyrite, chalcopyrite, arsenopyrite,



» Accessory Min'erals’f of the Heemskirk Granites

‘¢ 318vl

Red granite White granite
Rock Type - | Ry Ry - R, R, Ry Ws W3 W,
mineral I e | 36 69 4% B | 19 66 | 93 00
Tourmaline - C- - - 15 81 -8 19
Fluorite 2 | N 4 53 | 13 i o 2
Zicon . | s 55 IR B S S T A | 52 13
Apatite | 7| 25 1 | P 1 3
Epidote - - - { 9 - - -
Honazite - - B - | - - 1 - -
Hornblende ‘ 39: 7 5 1 o - 12 i
o i sy | 47 | 8 | ® | .1 | 2 | 9 1
Andalusite - - - - - - - {

X(0paque minerals are not included)

oL
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-

molybdénite, bismuthihite, galena, stibnite (?), spha-
lerite, pyrrhotite were diséfibedAin detail by Waterhouse
(1916) froﬁ quartz-tourmaline veins and greisens of the
Heemskirk granite massif. The ﬁrincipal localities of
those minerals are marked in the geologidal and minera-
logical maps (see map I and Ii) and they are completed by
some occurences-which were discovered during the,author’s_
field work. The most- interesting discovéry is abundént
cassiterite on the eastern slopes of the Mt.Heemskirk -
Mt..Agnew Range in country rocks immediately adjaéént to
the contact of the Heemskirk granite,

-Cassiterite was found in the'quartz—tourmaline veins
oﬁ the ridge which is parallel to the-latifude'of .
41°%52°30"" (see map II and Plate 17-2). '
XRF study of some samples pro#ed'occurende'columbite,
lepidolite, Ag- tetfahedrite, Jamesonite and heamatite-
-magnetite in some old.workings and outcrops as new mine-
rals for the Heemskirk granite massif (see map II).

Columbite was found in the trench close fo Allison’s
Workings (in vicinity of the samﬁle'point no. 20), 1 ki-
1ometerhnorthwesterly of Federation.minea 01ld trench is
situated onlthe ridge above main adit of Allison’s
Workings. The system of quartz—tourmaliné.veins'and

greisens runs in the nortﬁ—ea§t dirrection. Material with
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'columbite is a fragment‘of the vein in 10 cm of thickneéé;-
The sample shows bandedvtekiﬁreo The vein consists of the
-older quarti—toqrmaline fillings (outer zdpe) and tourma-
line rich agregate needle-like cTyétals as a inner zone

of the vein filling. In centre of the vein there are
abundant crystais of columbite‘up to 10 mm in size,'sit—
ting on tourmaline as a youngest mineral.of the vein,

Lepidolite was found in-the detritgs of the greisens
veins in the northwestern part of the Héemskirk"granite_
massif ( ee ‘the map I). The samples -consists of quartz,
tourmaline, Li—mica and lepidolite. Lilac-coloured lepido-
lite is concentrated in the centre of the vein in associa-
tion with Li-mica and quartz. Boulders of veln material
(up to 30 cm in sizé) were collectéd on the old track
crossing Tasman river approximately 600 meters further to
south.

Ag - tetrahedrite was identified in samples from
»Spencér Brothers’ working and Woodings’ workings apprbxi—'
mately 2 km northwesterly of.Trial Harbour. Tetrahedrite
'GCCurs in association with arsénopyrite, chalcopyrite, -
tOurmaline,.fluorite, quartz and Li-mica.

JaméSOnite was identified in sampies from Sweeney’é
mine as a very abundant minefal occuriﬁg~in association
with pyrite, cassiterite and fluorite in the quartz-chlo-

~

rite- talc matrix, Fine-grained needle-like agregates of



the Sb - mineral has been probably described from

the same locality as stibnite by Waterhouse (1916).

6. Chemistry of rocks and minerals

———— ———— i —— T ———— T —

—_———— i ——————— . —— i ———————————— T —— | ————— — " — —— " ——

—— i —— i ————

The chemical composition of the Heemskirk granite_
rocks has been studied by Heier and-Brooka(1966), and
Brooks agthompstonﬂ(iééé); other. chemical analyses are
contéihéd in studies by Rattigan (1968) .and Blissett
(1962). The mean chemical compositions,bf the red and
white granite shown in.Table 4 accord;ng to Klohinsky
and Groves (1970) are based on-the data of Brooks and
Compston (1965) and Blissett (1962). Table also shows
~ ranges of percentages of -the individual .oxides. The ma-
- ximum and minimum concentrations of the'oxidés indicate

a considerable fluctuation in both rock groupSQ Theée
differences reflect the difference in mineralogical com-
position of each petrographic. type withinlboth rock groupss

For comparison in table 5 there are shown new chemical

analyses of the major rock typés bf-the_ﬁeemSkirk'massif;—n-

. --v_—-.-': - 73——-—5
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TABLE 4.

Average chemical .analyses of the
red and white granite:and average
chemical composition of the Heemskirk
S - granite massif”

The red granite . | The white granite The Heemskirk

massif
mean | range mean | range mean

SiOg | 75.24 | 768-732 | T444 [76.6-729 74.84
Ti0q 0.20 0.30-008 | 0.19 | 030-0.07 0.20

AlpOy | 12,68 | 126-12.39 | 13.55 | 143 - 12.6 | 13.12

Fe,0, | 0.62 | 096-016 | 0.31 | 078-0.01] 0.46 |
FeO | 127 | 212-036| 1.50 | 2.00-083| 1.38 | - -

MnO | 0.04 | 0.05-002] 0.04 | 0.07-tr. | 004
MgO | 031 | 065-009| 0.37 | 058-013| 034

Ca0 | 074 | 164-018| 082 | 113 -047| 078

Na,0 | 201 | 3.65-240] 2775 | 318-219| 283

K20 521 | 5.80-495 496 | 6.04-369| 508

P,0g [ 004 007-001 010 | 0.13-004 007
H, O~ 025 070-0.19( 0.6 0.30 -0.05 0.20

Sum {100.07 99.87 99.96
Number . ' .
an?afwses 7 7 : ‘ 14

*a f_ler Rattigan (1964)
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Chemical analyses of the Heemskirk granites

Red granite

White granite

Rock Type Ry Qg ' W, - Wi
Mo.Sample| 60 | 73 | & | 18 o | 60 | 00 | 68 | 83
Cil, | 739 | 745 | T35 | U545 | 7675 | 1509 | 7430 | 1540 | 7457
Ti0p | 031 | 035 | 0.3 | 020 | o.15 | 0.07-) 0.43 012 | 0.20
a0y | t2.6% | 1273 | 12.87 | 237 | (.78 | 13.29 | 13.00 | 13.09 | 43.14
Fe,0,.1 019 | o.60 | 0.25 |01t | 078 047 | 0.5 | 0.27 | 0.22
Fe0 | 190 | 165 | 0% | 125 [ 1.00 | 0.93 | 122 | g1 | 1.43
HnO | 0.05 | 0.0% [ 002 | 0.03 | 0.0 | 0.02 | 0.03 | 9.02 | 0.03
ﬁqﬁ 0.32 0.06 | 0.2 | o.w3 | 0.22 | 0.17 0.27 _0,35 10.12
Cal | 084 | 008 0.8 [ 0.8 | 0.96 | 0.55 059 | 0.66 | 043
LigQ | 0.0 001 | 0016 | og4 | 0.0088] 0.003 | 0.02 | 0.02 | 0.02
Na,0 | 300 | 320 | 340 | 206 | 292 | 308 | sm0 |34y | g8
1,0 530 | 502 | 542 | 548 | 550 | 510 | 510 | 510 | 519
Py Og | 0.03 | 0.0% 0.09 | 0.02 | tr. | 0.00 | o071 | 003 0.06
(0, 022 [ 041 | 020 | Ok | 007 | 0.08 | 045 | p.ay | o.0%
M,0F | 047 | 100 | o9t | 066 [ 052 | 080 | 035 | o015 | 04
Ho07 | 028 | 039 ] 032 | 029 | 022 | 030 | 024 | 0% | 0.2
F 0.47 | 0.2 | 0.20 | 040 | 0.0 | 0.08 | 0.12 o.a.i 0.12
S 0.00 | te | tr. | tr | tr | tr tr. | tr. tr.
£ | 99.68| 0946 | 9956 | 100.4 10042 | 100.20 | 100Mk | w046 | 99.55
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From a:comparison of the averages for the red and
white granite it can be seen that the chemical data of both
granites are very similar°~There are some differences in
content of A1203, Fe2O3, and Tibz, $i0,, Li,0. In general
the red granite is richer in A1203, Fe2 3 apd T102 content
and poorer 1n_S;Q2 and—L120 content in comparison with the
composi{ioﬂ:of the white granite. Figure 13a shows the
ibosition of the mean and the range of analyses in the cla-
ssification of granitic rocks according to .Tuttle and
Bowen (1958) and Hietanen (1963)b | A»

A diagram of normative Ab-Or-Q (f‘ig° 13b) shows the
Heemskirk intrusion as é true gfaniteo'The mean and~cloée.
cluster of analyses lie in the inner triangle which limits
the spread of granites séensu- stricto. In diagrams of norma-
tive Ab-Or-An according to Hietanen (1963) the mean and
the majority of analyses also lie in-the field of granites
.sénsu strictd;

Regional variations within the granite were studied
by means of_tpace.elemehts;“AéCording to -the generally ac-
: cepted”&iéw, the behaviour pattern of trace elements is
a magnification of the ﬁajor element pattern in monoto—'
nous granites, where in some cases the response of major
elements ié rather insignificant or undetectable.

| The content of seleéted trace elements -and NaZO'was

studied in 105 rock samples of the red and white granite.
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Figure 13

A) Triangular diagram An-Ab-Or according to Tuttle
and Bowen:(1958). Inner triangle limits the range

of the granite field.

B) Triangular diagram An-Ab-Or according to Hietanen
(1963).
Classification of coarse-grained calc-alkalic
igneous rocks. on the basis of their ﬁormative
féldSpar content. Ab, An and Or refer to the mole-
cular norms of albite, anorthite and orthoclase.
The plots of the weight norm would fall a short
distance father from the Ab cérnef.
Open circles - White granite .
Black circles - Red.granité-.
Star - Average composition of\fhe\Heemskirk

granite massif
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_The.conCEhtféfions of Rb;.Sc, Na,0, Zr, F, Nb, Pb,

Ba énd Sn are shown in Tables A-1 and A-2 of Appendix II.
Table 6 shows the arithmetic means, and range of content -
of elements studied. Figure 14 indicates interfacial
trends of the mean concentration of elements studied in-
individual rock types (R2, R3, W2, W3). A correlation
between the elements studied (log base) in rock is given
in Table 7.

The differences in the average contents of the elements
studied in the red and white granites (Table 6) are markedly .
_ distinguishable in the content of Rb, Zr, Sr, Pb and Ba.
Tﬁe*di%ferences in -the concentrapion of Sn,-Nb, F and
Na,0 are less marked or are within the féﬁgéiof‘analytiéai“
error (Nb). These érithmetic'meansﬁin heterogeneous groups
of the white and red granite mask the differences in the
concentration of elements in each indifidual rock type
(R2-R3 and W2;W3); Figuré 14 shows the differences.in the
average coﬁtent of the elements studied ih the basic
petrographic types W3-W2-R3-R2 in stratigraphic sequence
- from the underlying to the overlyiﬁg rdcks. A continuity
between the chemical trends of the red and white granite
is marked by a broken line.’ |
B§ In the sequence of rock types W3 ﬁ2"R3' R2 fhere is-
a gradual decrease in the Rb content towards R2. As can be

seen from Table 6, the white granite is richer in Rb.



vAaBLE 6.

" ROCkS
Mean (ppm) “in % '
Red Granite |White Granite {Heemskirk Granite
Rb 379 ppm 499 ppm - 439 p'pi'n
Sr 24 ppm 15 ppm 20 ppm
Na,0” 3.26 % 3.30 % 3.28 %
Zr 202 ppm 91 ppm 146 ppm
F 017 % 0.16 7% 017 %
ND . 14 ppm. 13 ppm 4 ppm
Pb 42 ppm 51 ppm | 46 ppm
Ba 152 ppm 85 ppm 118 ppm
Sn 22 ppm 26 ppm 24 ppm
standard Deviation _
Rb 74 97 85
Sr 17 21 19
Na 0.26 1 0.34 0.30
r b4 36 40
F 0.04 0.04 0.04
Nb 8 9 9
Pb 8 12 10
Ba 100 04 97
Sn 6 8 7
Ny 59 46 105

79



correlation matrix
(Data in log base 10)

‘'L 31svi

- Aﬁ”f’wxﬁ**\wn S
- Red granite
O] Rb | Sr | Na0 | Zr F Nb | Pb Ba Sn
/////// 7////// . 7 44 /////7
Rb — 7550, om0 Vs o o7 e [/ oo
-0. | -0 -0.200 0773 0.021
Sr ///9/%6 Y 0343 | 0.685 0.221 | -0.438 0 ///// |
_ 7777777, . 1
Na,0 | - 0.284 //;9.36/0 % -0.219 -0.309 | 0.064 | 0.127 -0.449 | =0.100
W s ///// Y,
// -0, -0.26 0726 0.052
zr S50 oors | ot | -0z /07557
'F | 033 | -0132 -0.225 | -0.083 0.027 10.088 0.237 0238 |
' Y/ e 7//// 77777 T - | _
05777 s/ 626 4/ -0.40% 0.116 0.225 | -0.365 0.104 |
ND ?//5;;//;%/ DG00I 0P00 % . - -
04247 -0.287 | -0.164 -0.054 0.182 0.145 ' -0.299 0.107
°b //// /;;?/?/;7 7777, 7 77777 //// / 77777 '
iy
/I A - /] /) / -
Ba [/05177/ 887 81277 S365) oo (/8557 -0 0120
Sn 0.141 - 0.064 019 | -0.176 0.057 0.12t | . 0360 0.050

White granite - x=fCy)

08
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Figure 14

Méan concentration of trace elements and Na20 in
the main rock types of the Heemskirk granite . mas-

sif. Abscissa is on an arbitrary scale.
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The Rb content in the rdcks of the Heemskirk massif
is closely related to the chemical coﬁposition and modal
concentration of biotite and potassium feldspar. In both
minerals Rb (diadochically)'feﬁlaces thé potassium. The
degree of dependence of the Rb content in host rocks,
and the content in biotite and potassium feldspar, was
studiedlin the red granite, ]

Rb in rocks is in positive correlation to Rb in po-
tassium feldspar but in aﬂéqtipathetic relation to Rb in~
qo-existingfbiotités;“iﬁfboth'granites Rb is in positive B
relétiéhship-tq Zr, Na, Pb and'negative correlation to -
Zr, Sr, and Ba. The weak positive correlation of Rb with
F is obvious only in the white granite. A remarkable anti-
pathetic relationship between Rb and Zr was found also ﬁyv
Hahn-Weinheimer and Johanning-(1969) on granite plutons'
in Schwarzwald (Black Forest). in Germany. According to
these authofs the characteristic relationship between the
Rb and Zr probably corresponds to the.trend of differenti--
ation of the studied plutons.

Rb in the red and white granites is also related to
Nb and Sn in biotites (Fig.15)°‘From the figure it is ob-
vious that the Rb content in the host rocks remains stable -
(300 ppm) with increasing Sn-content in: biotite up to
50 ppm Sn. The Snrcéntents above-50,ppmvcorrespond exact1y

to. the higher concentration of Rb in rocks. These trends
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Figure 15

A) Plots of Rb content in granites vs. Nb content
in their biotites. |
B) Plots of Rb eontent in grahites vs. Sn content

in theilr biotites.

black triangles.and'opéﬁdcircles - Red granite

open'ffianglesvand black circles - White granite
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in the Heemskirk massif can be important for the locali—

zation of the more promising Sn. mlnerallzatlon arease -—. -

Sr The Sr content of the rocks of the Heemskirk massif
is remarkably variable with the hlghest:concentratlons
-occurring in the R2 phase of the granite.

In white granite there is on .the éverage a lower
concentration of Sr in the coarse grained .type W3. Higher
values of Sr with considerable variation in range wefe
found in rocks of the Heemskirk massif. by -Brooks-and
Compston (1965). Sr in both rock groups is ciosely posi-
tively related to Zr, Ba and antipathetically related
to Nb, Rb and also to.Na2O-in the white granite,

Naéo The Na20 concentratibp‘represents the albite content

in the Heemskirk massif rocks. The mean~concentratidhs of
Nazo for thé red and white g;ani@e.are-nearly identical,‘\
but within both rock'grbﬁbé there exiét remarkable diffe-
rence ééhéan-be seen in;'figure‘l4°

The lowest NaZO contents are in coarse-grained red
granite_(RZ),and the highest concentrations are.in the
type R3. The NaZO content in the white granite lies between
the two éxtremes and tends to increase from W3 to w2.

Na,0 in the white granite'has.an antipathetic rela-
tionship to Zr, Sr and Ba and positive-cofrelation only

with Nb.
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In the red granite the negative correlation of Na20
with Zr, Sr and Ba, is considerably less important. Thefe'
I-,is a complete lack of correlation between Na20 and Nb.

Zr Zr in the Heemskirk massif foéks‘qpcurs only in

: zircon,.A marked. variation in the Zr conténtvexists not
only betweén the individual'fbck group (Table 6) but also
within each of tﬁe groups. o

As can be seen from figure 14 Zr cdncentration'increa—
ses in the sequence of rock W3-W2-R3-R2.- |

In the white and red granite Zr has a positive cor-
relation with Sr and Ba and an antipathetic relationship
with Na,0, Rb and Nb (with the exception of Bb'in the white
granite). |
F The total F content in the Heemskirk massif rocks has
a remarkable complex characters F is presenﬁ in muscovite,
biotite; tourmaline,-accessory fluorite, apatite, and to-.
paz.

The mean F content in both granites maské_the more
marked variations within both these groups based mainly on
the total content of biotite.. A lower content of biotite
in type R3 and W2 corresponds to-lower F concentratibns,
whereas in types.- W3 and R2 - biqtite richer*rocksf; the\F
contents are remarkably higher. -

In the white granite F has a tendencyltowards a weak

positive relationship with -Rb and a weak negative relation-

el
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ship with Na,0. In .the red granite F has a weak positive
correlation with Sr, Ba and Sn and negative correlation

to Na20.

Nb Most Nb occurs in biotite, with some in accessories
(sphene, zircon,-magnetite); The tight bonding of Nb in
Biotite is obvious from the positive -correlation of Nb in
the host rock vs. Nb in biotite in both granites. From
Tablé‘6 it can.be seen that the mean Nb contents are
practically the same for the red and white granite. Within
“both granite'groups there are marked variations .in the Nb
éontent. The highest inhomogeneity of Nb daté is in the
red granite. From figure 14 of the interfaciél trends'of
trace elements in granites. it is 6bvioﬁ84that“there is a
,remarkable difference in the Nb content iﬁ type R2 (120ppm)
and R3 (23ppm). In the white granite there is a similar
trend (higher content in type W2) but it is less marked.
In the white granite Nb has a positive correlation
with Rb and NaéO and an antipathetic‘relat§on-to'Sr? Zr\
and Ba. The same applies for the red granite éxcepf for
sto, which shows no correlation with Nb.
Pb  In the rocks of the Heemskirk maséif Pb is mainly in
K-feldspars. On thé'average it is more concentrated in the
white granite. Within each individual graﬁite group.there
is 'an increase in the Pb content from type R2 to R3, W3 to

W2 respectively. Between the two granitic types there is

-



\]

87

a considerable break.

From the correlation matrix (Table 7) it is obvious
that the Pb does not have any marked correlation with any
of fhe siudiedvelements in .either the red or the.White ‘
granite. In both'granites Pb is only weakly positively
correlated to Rb. In the .white granite Pb.hés a tendency
towards positive édrfélétion with Sn and in ﬁhe'red grani-
te a véry weak correlgﬁion between Pb and Nb exists.

Ba As 1s generally accepted, Ba has a tendencyfto be élq—
éely related to Sr in-K-feldspars (Heier and Taylor 1959).
In_theI{eemskirk granite rocké there are'generally high

Ba contents in the réd graniteé. From Fig. 14 it can be
seen that a high concentration of Ba belongs‘only to type
R2 while in type R3 the Ba content is the -lowest of all
observed types in the Heemskirk massif. In the white gra-
nite it is obvious that there is a decrease in Ba content
from type W3 to W2°'in general the-lowest Ba contents are
in the medium to fine grained types.of both granite groups.

From the correlation matrix.it can bé"séén that the.
Ba in the red and white granite is in positive céffelatibn v
with'Sr and Zr and ih antipathetic correlation with Nb,
Na2O and Rb,: |

sn  The presence of Sn in the rocks of the Heemskirk mas-

'8if has a complicated character. The greatest part of the

tin is bound up in the biotite but a considerable.amount
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is also present in the potassium feldspar of the red
granite. Other concentrations of Sn are in the-Ti acces-
sory minerals (sphene, rutile) and muécovite in the white
graniteo

Accessory_cassiterite was detected in some samples
of both granites. On the average the higher concentrations
of Sn occur in the white granite. Figure 14 shows a de-
creasing trend in Sn content. from type W3 to R2, The mean
Sn contents of rocksﬁ.nvthe.Heemskirk massifrcorrespond
to the lower boundary .of Sn concentratiOn in typical th'm-
bearing granites (see figurefB)°

From'the~correlation matrix (Table 7) it is obvious
that there is a weak positive correlation of Sn with Pb
in the white granite and with F in the red granite.

The relationships to other elements.arerlot statisti-

'cally significant in the same way:as F and Pb.

The content of selected trace elements was studied
in 96 samples of biotite from red and white grani&e. The
element concentrations of Rb, Sr, Sc, Ni, Cr, F, Cl, Zn,
Nb and Sn are shown in Table A-5 and A-4,in Appendix IXs
Tab1e8shOWS.the arithmetic means and standard deviation

of elements studied. The relationship'between the trace:.



TABLE 8.

-Biotites .
Mean (ppm) *in%
Red Granite |White Granite [ieemskirk Granite
Rb 736 1069 Q01
Sr 6 6 6
- Sc - 89 97 - 93
Ni 232 231 232
Cr 50 65 62
Fx 0.74 0.655 0.64
Cl 3404 1730 2567
Zn 345 382 363
Nb 288 372 330
Sn 63 103 83
Slandard Deviation
Rb 351 533 442
Sr 6 7 7
Sc 18 19 19
Ni 117 90 102
Cr 11 23 17
F~ 0.37 030 0.33
Cl 1835 1757
Zn 152 192
Nb 161 134
. Sn 37 74
number of sampk h4 39 : . g 3

89



correlation matrix
(Data in log base 10)

Blohie of the red qramie

X ) .
y Rb | Sr| Sc | Ni |Cr | F Cl | Zn | Nb | Sn
1 ;7777 ///4/// 7777
-0.359" | -0.218 | -0.332 /056 6130784 0379 | -0334 | -0.003
RO . T Wi 4//// G197, -
Sr | -owus | 0401 | 0339 | -0.157 | -0.234 | -0204 | 0.031 | 0206 | 0.361
////
SC | -0256 | o139 | 0187 | 0.477 | -0271 | -0341 | -0.005 //%s 0.038
‘Ni .| onz | 0.049 |: 0.358 5177 -6@6651/0/%%’5/ 0.329 [/ o/eﬁﬁ/ﬂ)/z@ﬁé
_ 777777 ‘ s ' /9////’//;;;5./664/’ PP II NIV IV /
Cr {9/@7/3/. 0183 é/ 54307 -0.004 55/7// 06217] 0389 | 0346 | 0.265
F | 0259 | 0103 | -028% | -0.189 | -0.010 wisio Sk 5k e
///// . ////// 777777 ‘ ///// /;9748 //{//Aé/;/fé/ '
’ 0.4 [£20.716 40,4027 02 0.431 504 06157 -0.220
Cl_poassy o4 1707 J000%) OB uss O o0
/7777 (77777 oo oe4
Zn | -0256 | 0295 704977 0.226 | -0420 | -0285 722337 /3 /4;1;, -0.049
. 4 ya
R esed yd ;S S S S
222 | -0019 1067546566 40137 - $5374 .
ND | 0222| -009 Z0813/086677 6407 -ome 785577 oans 0380
SN -0.068] 0113 %fé&{/V 77N T 7777 /0//////77
' ' /////; /0'/5/@_;4;9'1}:}6/ g /-9/6}7% /ﬁgf/ 933/‘/

/

5 3lgvl

06
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TaBLE 10. A-B

Correlation matrix
(Data in log base 10)

'X=f(\[)

__Red granite
y ~2| Rb Sr F Nb Sn
S A //7/77
RD %/%/4/4; 0.276 /94_/3/2 7| -o0m2 | 0145
ol ST | 0.274 | -0.177 20196 | 0109 | -0.240
= //////7 T ////// -
G - ‘ v
8 o T e
0.9% - -0.06
| No / 7 /8857 o [/83%57 -oue
ol 0.37 -0.24 - 0.240
2| sn z//,/g ° _owm | oo
| White aranite
y Rb Sr F ‘Nb Sn
- 755
Rb 0.071 -0.174 . 0/20/2 0.030 [77-0.344
-0.040 0.019 0.319 -0.1 0.165
gl Sr 7 //// 0
ol F -0.238 0.239 //o 692774 -0.163 -0.246
0 5757 o VAT o
o Nb PN, //////3 - Lo OB
£l 9Sn 6{1374/ 0067 0283 / 0/4?2// 0.131
2 //// 11227 ///// :



TABLE 11.A-B

Correlation matrix
(Datain log base 10)

Red granite

K-feldspar

e % iy |

- 92

y 21 Rb Sr Na Pb Ba | Sn
SN LS690-03657] oaun [6T8074 aise
208104007374 0213 | -0191 1207097 -0231
LA 7 B /////%Z
AT aso N esh 0.0 03137 <0039
v N T 2
Pb %.5605 (055571764317 0288 10485 -0.085
//4/5//////;;/ Ir s %/44/// -
(4627 % -0203 [/ 06K17) -0.228
Ba ///9'736/2/,49%2/ 0202 | -020 //3// SR
Sn | 0165 | -0200| -0.19 | -0.006 | -0.096 | 0.058
"Red biotite
X Rb Sr Sn
e 777777
0.007 ¢ /
B| Sr 0.170 0.173 -0.033
Y " .
Ll Sn e cam | ams |



TABLE 12 A-B

1 - White granite
2- Red granite

- 3- Red qranite (marginal contact phase)

K-Feldspars

mean (ppm) | std. def.
Rb 610 102
Sr 76 20
Na,0 344% 0.28
Pb 79 .21
Ba 1135 422
Sn 29 0 -

‘Chemical Analyses of Biotites
| 2 3
Si02 35.93 36.54 36.39
"Ti0s L 8: 1. 78 3.95
Al5 04 15.6% 14.05 16.15
Fe,04q 4 .42 4 42 3.58
FeO 23.52 22.55 18.16
MgO 3.82 4.39 6.00
MnO 0.29 0.50- 0.60
Ca0 - 0.62 0.97 0.1
Na,0 0.41 0.50 0.35
K20 8.21 7.83 0.57
AV = - -
H, Q" 2,49 2.90 326
F 1.85 1.65 1.45
Li, O 0.39 - 0.28 0.32
Total & 99.63 99.36 00.18
* |.H. Rattigan '




~ Chemical ‘Analyses of Biolites

‘g 318VL

‘Red granite _ White granite
Ra R3 Wy Wa
69 73 48 18 | 19 99 | 90 68 63

Si02 35.20 34.23 33.33 20.86 .35.13 33.01 34.9% 29.32 33.28
Ti0p 4,28 3.75 3.63 3.80 . 3.80 1.85 2.75 2 45 3.27
A0, 12.58 12.51 14.26 16.22 16.69 2304 | 19.75 20.65 21.49
Fez0s3 . 3.74 5.30 3.4 10.33 6. 40 3.22 2.45 5.54 2.79

. Fe0 2430 21.72 25.00 20.30 20.30 23.85 22.87 | 2480 21.80
- Mn0 0.38 0.41 0.32° 0.57 0.%4 0.62 055 0.70 0.50

- Mg0 5.15 7.05 5.50 447 2.73 L7 3.02 3233 443
- Cal 1.01 280 1.69 2.52 0.3% 0.056 048 2.00 0.79
Li20 0.20 0.14 0.19 0.12 0.19 0.15 0.35 028 | 026
‘Ko 0 7.7 468 5.92 1.30 5.23 265 6.96 2.33 6.55

Na,0 023 0.31 0.15 0.45 0.20 0 0.27 0.29 0.12 0.13
P, 05, 0.45 0.4 0.40 0.44 0.21 0.10 0.08 0.12 012
CO - 014 0.17 - 02 | 026 0.32 022. 0.20 0.16 0217

"H20* 269 5.06 418 8.00 5.91 839 431 6.49 | 431

H20" 0.25 0.23 022 | 0.74 039 0.21 0.19 0.36. tr.

F 1.40 1.73 1.5k 0.52 075 023 1.08 1.30 .0.79

S 0.03 0.006 0.01 0.02 0.02 0.009 0.009 0.05 0.02

g 09.86 100.51 10034 99.02 09.99 99.59 100.29 | 100.00 | 10080
T/0 1.6707 [1.6553 [1.6573 [1.6651 |1.6677 |1.6477 | 1.6545 |1.6576 | 16481

Mean /1 1.662%2 16519

ve



TasLE 14.

Average Chemical Analyses of Biotites

' 95

White granite

Red granite
| Ran-qe Hean Range Hean
$i02 35.20 - 3333 | 3447 395 -33.28 W 12
Ti 0y 428 - 3.63 3.87 3.45 - 2.75 3.10
Al 0, 16.69 - 12.51 14.01 2.49 -19.75 20. 62
Fe,0, | 640 - 374 £80 | 279 - 2.45 2. 62
fe0 25.00 - 20.30| 22.83 22.87 - 21.80 | 22.3%
Nn O 041 - 0.32]  0.36 0.5 - 0.50 0.52
Mg 0 705 - 373 | 5.36 h43- 302 | 373
Cal 280 - 0.38] 147 0.79 - 0.48 0.6k
Li,0 0.20 - 014 | 0.18 035 -0.26 | 0.29
K20 T1h - .68 5.89 6.96 - sss 6.76
Na,0 031 - 005 0.2 029 - 0.3 | 0.2
P, O 0.45 - 0.21 0.37 - 0.12 - 0.08|  0.10
€02 0.32 - 0.14 0.22 0.27 - 0.20 0.23
H, 0% 5.91 ~ 2.69 4:46 kot - &Y k. 3
Ha 07 0.39 - 0.22 0.27 049 - tr. 0.10
F LT3 - 0.75 198 - 1.08 - 0.79 0.04
< 10016 1006
o?uamngl?iges | 4 2
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elements-(in'iog.fase_lO) is given in a correlation
matrix (Table 9)5 Table 10 shows the interqorrelation of
 these elements (in log tiize 10) between host rocks and
blotlte and Table 11b be.'zen blotlte and .potassium-feld-
~spar°

Bulk chemical analyses of biotites from both granites
(Rattigan, 1968) are shown in Table 12. Sample no. 1
represents the composition of biotite from the white.gra-
nite and Sample No. 2 represents:the compositiqn of bioti-
te from the red granite° Table 13 shows new chemical ana-
lyses of biotites from the ma jor rock types of the Heems-
kifk\granite massif. From a comparison of thg‘averages for
biotite —.R and biotite - W (Table 14) it can'be éeen re=
markable dlfference in content of A1203, Fe203 and MgO.

In general higher Fe2 3 and MgO content is in biotite - R
and higher Ale3 content is in biotite - W, Relative high
content of H20+ in both biotites indicates significant
‘alteration of some samples (chloritisation).-

Accordlng to the. 018851flcat10n of trloctahedral micas
(Foster, 1960) the analysed samples of whlte and -red bio-
tite lie on the lower periphery of the Fe-biotite field.

‘The red biotite (mainly the bigite from contamlnated gra-
nite) is closer to the Mg pole (Fig. 16a)

The differences in chemistry are due among other

things to the mineralogical association of each granite,
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A)

B)

Figure 16

Triangular diagram of R3 (Fe, 04 + A1203-+'T102)

'~ MgO and FeO (+MnO) according to the classifica-

tion of trioctahedral micas (Foster 1960).

.Open star - average composition of biotites from

the Heemskirk massif (according to

the data of Rattigan 1964)

Open star on black backgrouﬁd'— R - biotite of the

red granite
- W - biotite of the

white granite

Triangular diagram FeO + MnO - Fe203 + Ti02~- MgO
Black circles - biotites from Erzgebirge tin-bear-
| ing granites (Central Europe) ac-

' cording to Brauer (1967). :
Open circles - biotites from australian tinbear-
ing granites accordiné to Rattigan

(1964)

~Black star - average composition of the biotites

from the Heemskirk granite
Open star - composition of the biotite from the

contaminated red granite (Heemskirk

granite massif). = .- e
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Biotite in white granite occurs in association with musco-
vite while the biotite in»fea granite occurs alone.
A high content of Al203 and a lower SlO2 content in
biotite W™ agrees with the results of Nockolds (1948),
He suggested the same relatlonshlp for blotltes assoclat-
ed with muscovite. A low Mgd content and high FeO in bioti-

te W is in agreement with the general~chemical trend 1in

both rockse.

Mean contents of trace eiements in Table 8 for bioti~- |

tes R" and W Show.marked~differences_in Rb; F, Cl, Nb and
Sn. On the other hand.the contents of Sr, Ni and Cr are
. approximately equal iﬁ both ‘biotites. These mean‘values-
mask differences in the concentration within each group of
biotites. In figure 17 the.interfacial trends of mean |
contents in the rock types W3 = W2 - R3 - R2 can:be seen.
Rb is the trace element that is most ideally camouflaged
on the Biotite structure and it exhibits_a'welltknown
coherence with K. The mean cpntent'of'Rb.(Table 8) is of
the same ofder as the concentration of Rb.-in Sn-bearing
gfaﬁites in SOuthern'Englend which -were published’&y_
Bradshaw (1967).

In the biotite R group the concentration of Rb increa-
se from type R3 to R2. The same trend is\bbvious in the

~

Blotlte W and biotite R from the whlte (W) and red (R)
granite.

e ——
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Figure 17

Mean concentration of the trace elements in biotites
of the main rock types of .the Heemskirk granite mas-

sif . Abscissa is.on an arbitrary scale.



ppm

Rb Sr Sc Ni Cr
0 500 1000 1500 © 5 10 80 50 100 150 250 50 50 60 70
1 al J 1 J 1 J 1 J i 1
R2 — = ———— ] —— ——
) - 4 - -
R3 \ / I Vs A
Ay 7 | g \
AN / \ , / \
AN / | / AY
N /
\ / | 7/ \
N / 1 -/ \
W2 - ——a
ws _ —————— EEEEEE——— = ] —
F cl Zn Nb Sn ppm
0.4 0-6 0-8 %, 0 2000 4000 6000 300 400 500 200 400 50 70 80
1 1 1 1 J 1 1 ] 1 1
Ra - /- u La —a
L e - ‘-
R3 _.\ ] ' / / \
\ f 4 ] A
/! A
\ ! p I N
\ ’ / \
\ 1 7 1 N
.\ t s i \
L S | L - -




ol



biotite W from type W3 to W2. In both'casés the Rb con-
centratlon increases from underlylng to the overlylng
rocks, w1th a marked increase 1in- absolute values between
the biotite R.and W.

In Table 9 it can be seen that the Rb 1n the biotite
R shows a marked positive correlatlon with F Cl and an
antlpathet;c relationship to Cr. Rb in biotite W has
a positive,correlation only with Cl, and a negativeeﬁe
with Cr. The Rb concentration in the biotite R is negati-
vely cofrelated with Rb and positively correlated to F in
host rocks. Rb in the. biotite W shows ohly a weak anti-
pathetic relationship with Rb in the host .rock.,
§§ In the biotite structure Sr occurs in the’ interlayer
with Na, Ca and Ba. The Sr content in the biotites of
the Heemskirk massif 1s of the same order as in .the -
 Catrige Pass pluton of the Sierra Nevada Batholith (Dodge
and Moore, 1968). In the sequence of the rock types in
the Heemsklrk massif the lowest Sr contents are 1in type
W2 and the hlghest in type R3. Types R2-and W3 have appro-
ximately the same concentration of Sro_From Table 9 it can
‘be seen that Sr does not shquany'marked correlation with
other elements in either the biotite R or biotite W.
The same applies to the correlation of_Srfbetween biotites

- and bulk rocks (tab. 10).

100
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Sc The main features of the geochemistry of scandium are

known through the studies of Goldschmidt and‘Pgtgrg_(;931),%T

Kvalheim and Strqpkm(l939)}mﬁbf{séhko (1961). According

3+ 2% and Fe?? in.crystal

to theéé'égudies Sc”’ replaces lig
structures. In the problem of the disbersion of scandium

in ferromagnesién minerals of the early stége of crystal-
Iizatién of magmatic rocks Ringwood (1955) postulated that

scandium enters them at the expense of“Fe?-+ and not at

2+. Ringwood explains the possibility

the expense of Mg
of replacement of a ferrous ilon by a scandium ion by the
fact that 803+ has a considerably larger ionic' radius and
also a higher electronegativity than Mg2+..

In the rocks of the Heemskirk massif biotite is-the '
only ferromagﬁesium mineral, and indeed it contains ‘the |
majority of the Se content -in the rock, - |

Data on ggandium“afé'réigtively abundant (ﬁodge, '
Smith aﬁamMays, 1969; Tilling, Greenland and Gottfried,
1969; Dodge and Moore, 1968)° Some ‘of the previous studies
have indicated that the Sc content of biotite increases
with decreasing temperature of crystallizétion (Oftedal,
1943; Ingerson, 1955; Herz and Dutra, 1964).

The mean Sc content ‘for Biotites studied is somewhat

higher than in data published by Herz and Dutra (1964)

and Ingerson (1955) for biotites from alkaline granites,
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In general the biotite R has a lower Sc content than

the biotiie W. Figure 17 demonstrates a graduél decrease
in Sc -concentration -from the lower part of-the massif-to
the overlying rocks (W3—W2—R3—R2).

- Table 9 shows the positive correlation of Sc¢ with
Zn, Nb and the negative correlatiog with Cl and Cr for,
the ‘biotite W. In the biotite R Sc can only be correlated
with Nb. | ‘ - s ’

Ni According to Herz and Dutra (1964), in the early sta-
ges of differentiation Ni can substitute readily for Fe
as both have similar ionic radius»a'ndelectronegativity°
In 1ater.différentiétion Ni may form complexes dépending
upon the availability of O and volatileé (Herz and Dutra
1964). |

The mean content of Ni is practically the same for
both types of biotite, corresponds to the maximum values
in granitic biotites p_ublished'by Haack (l967) and

greatly exceeds the valggs_published"fOf'bidtitéénﬁy’_

Hertz (1964).

Figure 17 shows that there is_an increasing concentra-
tion of Ni from type W3 to type R3 and a stéeﬁ decrease
from type R3 to type R2. A similar trend is .obvious for
Zn and Nb (see p. 28 and 29). Ni'in biotites ‘R is in
positive correlation with Cr, Nb and Sn, and negative

- correlation with F and Clo-
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In the biotite W Ni shows positive relationship to
Nb and Sn and négativé correlatioh with Cl,

Qg substitutes for FeS' in the octahedral. position in
the structure of biotite. The concentration of Cr in
biotites of the Heemskirk massif 1is relatively lower than
the averages published by Haack (1969) for biotites of
some European granites, '

In the sequence of rock-types W3 W2 R3 R2 there
is a remarkable increase in the concentration'of_Qr-from
W3 to W2 and considerable decrease from R3 to R2. A simi=- o
lar trend ié 6bvious for Ni and Nb (see p.102 and105) .’

Cr in the biotite R is in positive .correlation with Ni -

and negative correlation with F, Cl and Fbo In biotites W
Cr has an antipathetic relationship to Sn, Rb and Sc.

E' In the blotite structure F isomorphically replaces the
OH group° In biotites of the Heemskirk massif a minor .part
of the fluorine can be bonded in fluorite which is a com-
mon impurity'in biotite W.»Anothér.impurity'in.the biotite
i1s apatite which cannot.be completely removed for the |
purposgd of analysis and hence.its F content contributes

to the determined concentration of fluorine in the biotite,

Figure 17 illustrates the increasing .trend of F
content from the biotites W to biotites R. The highest
fluorine concentrations are in Type R2.'A similar trend

is shown by Cl (see p.104). F in the biotite R has a po-
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sitive relationship to Rb, Cl and negative correlation
with Cr, Zn, Nb. In the biotite W F shows a positive cor-
relation only with Cl.

In the correlation matrix (Table 10) fluorine in the

biotite R is in.positive correlation with Sc, F, and nega- N

N\,

tive correlation with Rb in the host rocks. In the_case\Z N
of the correlation of trace elements of the bioti£e W aﬁd |
the white granite fluorine of biofites shows only a posi- '
tive correlation w1th Cl of the bulk rocks°
Cl In the same way as F, Cl1 also replaces the OH group
1somorph;ca11y, both in the biotite and apatite.

Paft éf the Cl content of biotites can be related to.
the aqueous inclusions in that mineral. Some studies on

fluid inclusions in other granites :support the view:

that most of the ore fluids are.chloride solutions
(Roeder,“l§60);'Kébgédg;g to Sainsbury and Hamilton (1967)
the volatile compounds.SnF4-and SnCl4 are~importaht
transport agents of Sn.

Cl shows the same increasing trends in its concentra-
tion as F in sequence of rock types from‘W3 to R2-which
has the hlghest Cl content. From the correlation matrix
(iable 9) can be seen that the C1l in the biotite R is in
a close positive correlation with Rb, F and has an anti-

pathetic relationship to Ni, Cr, Zn and Nb., In the bioti-

te W Cl is in positive. correlation with Rb, F and in a ne-
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gative relationship to Sc, Ni, Zn, Nb and Sn.
Zg‘ The mean Zn content of both types of biotitee is very
similar to average cohcentration of Zn in 8iotites for -
Cornwall (350 ppm) reported by Bfadshaw (1967) . ‘
In'the sequence of rock types W3—W2—R3—R2 (Fig;l7)
the Zn content varies markedly mainly in biotites R. In.
the biotite W the Zn content is higher in type W3. The
highest Zn content is in-biotiﬁe R (type R3) and decreases
iﬁ type R2. Zn in the blotite R has a pqsiti&eicorrelation :
with Nb end partially also with Cr and Ni. An antipatheiie
relationship exists between Zn-and F, Cl.
" In the White biotite 7n is in positive correlation
with Sc and Sn, and in negative correlation with Cl.
Nb The_heterovalent isomorphism of niobium is very pro-
nounced. Nb replaces certain quadrivalenf catiens (Ti, Zr,
Sn) and some trivalent cations (Fe)., In granites the most
common substitution of Nb is for Ti ena'Zr° In the bioti—
tes of the Heemskirk massif the Nb content 1ncreases in
the sequence of rock types W3 W2 R3. from 380 to 450ppm,
There is a marked decrease from R3 to R2 (down to 220ppm)°
Nb in the biotite R positively correlates with Sc,
Ni, Zn, Sn and negatively correlates with Cl, F and partly
with Rb. ’

In the biotite W Nb has a positive correlation also

with Sc, Ni and an antipathetic relationship ﬁo Cr .and Cl.,
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In the,correlatiohlﬁatrix biofites versuslgranites
(Table 10) the Nb from biotites R and W has a positive
correlation with Rb, Nb and negative correlation with
Sr from the host rocks.,

§§' The highest concentrations of Sn in granites are
to be found in the micas, and some accessory minerals
(magnetite, sphene),

‘In the literature the Sn content in biotite is gene-
rally accepted as a useful metallogenic‘indicatér-of pos-
sible Sn mineralisation. Higher concentrations of Sn are
generally found in biotites from Sn-bearing granites, and
méy'ﬁe as much as ten times_higher than the éoncentration
of Sn in the bost rocks (Hesp, 1970). .

The incorporafion of tin into biotite is generally

explained by diadochic substitution for cations occupying
octahedral sites in the biotite structure. The character
of diadochic. substitution has not yet been exactly defined
mainly because of lack of experimental data.

Vendel (1945, 1956) and Neubauer have claimed that

2*, Accofdihg to

Sn4+-(also'Sn2+) can substitute for Mg
Hellwege (1956) in the.diadochic bond of Sn in biotite,
Fe2+, Fes' and Ti%+ also play a role. Barsukov (1957).

assumes the bond of Sn in the structure of biotite to

show a two-step isomorphism:
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1) Li+Fe3*:;: Mg2+ + Fe2+
2) Litsn?t == Mg2+ + Fe3+
The bonding of Sn in the biotite structure has an

apparently complex character.

The Sn contents in -the biotites of the Heemskirk mas-.

'sif are on the average lower than those published by
Bradshaw (1967) for the biotites of the Sn-bearing gra-
nites of Southern England. ' |

On the other hand the averages for the red biqtite\
(60 ppm) and white biotite (100 ppm) are in'agreeaent with
thé values published by Jedwab (1955).for biotites from
non-mineralized and mineralized granites -respectively
in France.- -

In the sequence of rock types W3—-W2-R3—-R2 the Sn
content decreases from 100 ppm to 60 ppm. Sn cdnfent is
generally higher in the'biotite W; Sn in the biotite R

has positive correlation only with Ni, Nb and Sr. On the

other hand Sn content .in the biotite-W-shows “closer rela-

- tionships tO‘théﬁéhgﬁical composition of the biotite,
Correlation matrixi(Table 95 shows the positive re-
lationship of Sn to Se, Nb and Zn and negative correlation
to C1 and Cr. ' |
In the corrélation of bulk rocks and their biotites
Sn in biotites shows a positive felationship to Rb, Nb .

and antipathetic relationship to Sr in bulk rocks. In
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the biotite R versus red granite correlation Sn in biotite
has a weak correlation only with Rb frbm bulk rocks.

According. to Vendel (1949), Sattran and Klominsky
(1970), Rattigan (1963), Hosking (1967) and others stan-
niferous:granites are characterized by very‘low Mg and'Fe
contents. This results from a low content of biotite which
is' the oﬁly mafic mineral in these rocks. As shown in '
figure 16b the composipion of biotite in both Erzgeﬁirge
_area (M.Brauer, 1967) and the major tin—bééfing.granite
pfovinces”ofanStérﬂ'Aﬁétralia'(data.according to Rattigan)
is coﬁéentrated close to the-Fe pole of the Fe203 +-Ti02 -
- Mg0 - FeO '+ MnO diagram. From this.diagram (Figol6b)
it can be seen that‘the composition of biotite from the
Heemskirk granite is practically identical with the compo-
sition of biotites from these tin-bearing granites,

Cations of Mg, Fe and Ti used in. the fofmation.of
micas in tin-bearing granités,are not numeroﬁs enough to
camouflage all Sn, so that scattered accessory cassiterite
arises. From this point of view it is obvious that the tin
content of biotites.should be related directly to the
availability of tin and inversely'to the modal content
of biotite in the source rodk, This“typefof'éalculation SR
was done by H.Brauer .(1967); Sattran and Klominsky (1970)
and Hesp (1970). o
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’ On-thefbééié.§f the Sn concentratioﬁ in the host
rocks, the Sn content in biotite énd the modal concentra-
tion of biotite in the tin-bearing‘granites of Erzgebirge
(Central EUrope), Sattran and Kiominsky (1970) :established
on an empirical basis the saturation limit of the diado-
chic bond of Sn in biotite crystal structure. Granites ..
which can be considered as potential séurces of Sn accumu-
lations and contain free cassiterite have leés than .25 g
of Sn éaptured by the biotite in one ton of granite and
more than 25-30 g in the host rock (Fig. 18). From figure
18 it can be'séen that the white granite completely sa-
tisfigd these conditions for.é pqtentialnsqu#ce of Sn -

mineralisation.

6.3, _Distribution of Na, 0 and_trace elements_in K-feldspars

The content of NaZO,-Rb, Sr, Pb, Ba.énd Sn was studied
~on 43 samples of K-feldspar~from the coarse grained red
g:aniteo_The.elemental céncentrations of_thése elements
are presented in Table A-5 of Appendix ITI.

Table 12b shows their arithmetié mean and standard
deviation. Intercorrelations of elements in log base 10
are given in correlation métrix (Table 15). Table 11 shows
the correlation coefficients of sélected‘eiements in log

base 10 between potassiim feldspar and red~granité and po-

tassium feldspar and the biotite R,



110

Figure 18

Tin saturation limit in granites of the Saxo-
-Thuringian zone (A) and distribution of ;inlin
thre different granitic rocks (B) according to
Sattran and Klominsky (1970). | |
Black star - average for biotite from the white
| granite -
Open star - averége for biotite from the.:ed
granite |
H - average Sﬁ content in. the Heemskirk granite

massif.,
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Correlation matrix
(Data in log base 10)

K-feldspars of the red granite

‘Na

y ~X_| Rb Sr Pb Ba Sn
‘. 77777777 ' 7 ////7
Rt? p— 6/// 0.846 ///-oii?/// 0.275 /-/9} ;q/f/ 7] o3
| 0 0917 0.012
) 75557 0w 907 ©
'- - 291 -0.163
Na 79557 % | ows | 02 |
Pb 0.362  [/7/°0419 / -0.356 -0.378 -0.039
' - ///// // 7 //
667 ﬂ 9107/ 0242 | -0376 0.068
Ba //////// DIV _ :
SN | 0.089 0078 | -0.106 -0.067 0.035

Xx=f(y)

"G 318V

ittt
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Except for Sn the elements'considered are those

that can occuby the potassium site in the feldspar

structure.

B§ exhibits its well known aséociation with the g1+

‘According to Taylor and Heier (1960) a large scale frac-
‘tionafiqn process must operate to produce.ahjeffective
enrichment of Rb vs. K. The mean,value of 600 ppm cor— '
responds to the lower boundary of the Rb content of
K-feldspar from the- tln-bearlng granltes of south England
Wthh ‘were. studled by Bradshaw (1967).

A marked negative correlation between‘the Rb, Ba and
‘Sr proves the antipathetic‘relatibnship of these elements
in K-feldspars and also in the bulk rocks. The weak posi-
tive corrélation between the Rb.and Pb is supported by
Bradshaw’s .results (1967). From Table 10 it can be seen
that the Rb content ian—feldspars appears to be dépendent
@n the whole rock composition. Rb of K-feldspars is nega?
tively corrélated with Sr, Na,0, Ba and negatively corre-
lated with Rb from the bulk rocks. _
§§_ is often regarded as a close assoclate of Ca° Accordlng
“to Heier and Taylor (1959) Sr-in K-feldspars shows close
"association with Ba.and a much Qeékér”reiéiidh fb'Ca.'In“f"

the correlatlon matrlx (Table 15) Sr shows a marked anti-

pathetlc relatlonshlp with Pb and also partly with N320
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The_pdsitive correlation with Pb lies on the boundary

of statistical significance. From Table lla it can be -
seen that Sr in K-feldspar has a close relationship to
the Sr and Ba content of the bulk”rocks“and weaker anti-
'bathetic relationship with Rb in bulk rocks..On the oiher_’
hand in the correlation matfii for K-feldspar and biotite
R the Sr does-nof show any_statistically significant
felationship with either Rb orASn.-‘ |

' NaéO From Table 15 it can be seen that Na\has_a weaker
;ggzpathetic relationship with Rb. A positive correlation
between the Na and Ba is on the boundary of statistical
significance, A similar antipathétic relationship exists
between Na and Pb. From the table:it 1s obvious.that Na
in K—feldspar has a marked positive correlation with

the Sr and Ba and an antipathetic relationship with Rb

in bulk rocks. The mean value of'Na in the K—féldSpar of
red graﬁite shows a contentlvery similar to the unminera-
lized'granites of Dartmoor in Great. Britain (Bradshaw,
1967). |

.gp according'ﬁo Heier (1962) Pb does not show any simple -
relation to any of the other elements substituting for K
in potassium feldspars., In our case Pb exhibits a ‘weak ;
antipathetic relationship to Sr. The. correlations of Pb

with other selected elements are nearly‘all statistically

non-significant. From Table 11 it can be seen that Pb.in



red granite KQfeldspar has a positive relationship to Rb
and negative correlation with Sr, Na and Ba of the bulk
rocks is statistiéally ihsignificant. The mean and range
of Pb content for these feldspars are minimal to the de-
terminations of the lead content of mineralised granites
of Bradshaw (1967), Slawson and Nackowski (1959) (50ppm)
and Wedepohl (1956) (100 ppm).

gg according to Heier (1962) and Engelhardt (1936) Ba
forms a strong ionic ‘bond with oxygen which causes Ba

to be markedly captured in the early formed K-feldspars.
This marked tendency for capture was also found in this
study (see section on regional variation of Ba).:In'Table
- 15 thefe is a strong correlation betﬁeen Ba and.Sr and an
anfipathetic relation between the Ba in K-feldspar and Rb
inlhostlrocks. The mean rangehfor Ba in the K-feldsparé
overlaps with the lower range of variation in .the Pb
content 1in granitié feldspars (Heier, i960)o

‘ §Q the mean Sn coﬁtent innfed_granite.K-feldspars is si-
milar to the reported means of 16-32 ppm Sn.(Ivanova{ 1963)
and 29 ppm Sn (Bradéhaw, 1967) for K-feldspars from unmi-
neralized granites.-Sn does not show any imbortant corre-
lation with other elements in K-feldspar. Siﬁiiarly there
is no corrélation between K-feldspar versus bulk rocks

and K-feldspar versus biotite.
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The aim of the geological mapping of the Heemskirk
massif was to determine by field criteria the degree of
homogeneity or heterogeneity in the varioug rock types.
The majority of these criteria - colour, grain size
and mineralogical associations - have a semiquantitative
character, and hence, despite its accepted importance,
geblogical mapping remains a rather subjective method.
for'investigation of granites. .

. An attempt to solve the disadvantages of geologicél'
: mapping'on an objective basis, resulté in the quantifica-
tion of geologiqal data and the applicatidn of statistical
methods propagated by Whitten and others. Trend surface
analysié, factor analysis’and'discriminant analysis, are

- the basic statistical ‘téchniques used to Study the areal

variation of granites and to test the significance.of .---: =

. the already gstablisheﬁ'566k"éroupsvin'the field part of

study.

'7.1._Trend_surface_analysis

Trend surface anélysis belongs to the,series of
methods that have beén used to express the distribu-

tion of data in space. Any measured geological variable.



which is defined by spadé coordinates is called the re-
gionalized variable. These«variabies are not strictly
indépéﬁdent of each other. They influéncewgach‘other up
to some diétance-:hich it is necessary £0‘considef-for
interpretations of tﬁe results obtained by hathematiéal
and statistical methods. The theory of the fegionalized
variables has been studied by G.Matheron (1965) and
.86y (1967). |

In this study the standard trend surface analysis
was used to distinguish large - scale regional vériation
from the complex pattern‘of local flﬁctuéiioné and to ae—
fine the geochemical anomalies within the Heemskirk gra?

nite massif, g

Trend surface analysis is a potentially uséful
quantitative analytical technique whereby the underlying
area trend, or- background, may be'separatéékfom random
local variations to give a trend surface and residuals,
In theory there are various types of mathematical functi-
ons which can be regression fifted to a series of points,
with varying success. In common dsage, however,'
trend surface analysis-implies least-squares fit-
ting of polynomial surfaces. Many applications of this
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method in geology_ahd geophysics were published by
Whitten (1959), Peikert (1962) etc. Irregular spacing
within the grid of samples points necessitates use of

non-orthogonal polynomial analysis (Krumbein 1959).

— e = ————

We may designate a single map observation as Z; 5 in
a two-dimensional field with coordinates U and -V (provi-
ded that the U-axis is normal to the V-axis). .

'then: Zij = ?ij + eij’ |
where i3 18 the trend in the point (Uy, Vj) and €5 s
the random component. The trend ¢ has unknown parameters

i j =1’ 2‘0.0_0,-11
H

in the general point and may be expressed as

?': 4 +0610U +odolv+ eoceo of Up Vq

_ 00 Pq

the polynomial coefficienté may be found by a least-squares
linear—modei-techniques‘s

Thus for the linear surface, the matrix and vectors

concerned are

n =U =V 'r:g EéZiJ-
s=su s0® sov|, R =|< |[b= $U; %45
sV sUV svz_J ) < V75 5

For the quadratic surface the trend may Ee expressed as
?&2) - 2 2

FocgoU t g1 Vo F oy U + 26 UV + o0 5V

<00



The matrix and vectors concerned are

| 2 2

n 2U; - svj ST
o2 30 2y2v. 2
sU;  sUf  sSUVy EU7 éUivs £€U; V5

£V, s5U.V., sV2 =USV, SU,V2 £V

o=t %Y ivj SRR
2 3 20 ey 3 2.2
suf su]  =ufvy o =Udvg sUlvs
U, v ssuzv s&ulvg €€U3VJ ssUzve $5U. vg
2 2 3 24,2 22U‘V3 vd

$VE sEU Vs EVD ULV 3 v

éUiZi
2ijij'
U321 ;
iiUlVJZlJ

V27,

J7iJ

— . -—

For the cubic surface the trend may be expressed as

(3)_ 2
¢ ‘.—°6°° lo
2

+°¢30U3 + oaleZV +o412UV +o¢63v3

O U F gV Fec, UT +egy g

vV + .502V2 '-I-

Matrix equation for this surface is derived by extension

of the matrix for quadratid surface.

For any contour-type map a measure of the total va- .

riability is given by the sum of squares, designated as -

SS ‘'of the mapped variable computed as SS

(o]

of observation, X

: 2
(%,-%,)

where

X_ is the observed value of “the mapped variable at a point

is the average of -all observed values,

When a surface is fitted to a map the total sum of squares




119

is divided into two parts, one (part A) associated with '
the fitted surface-and the other (part B) with the-de--- -~
viations frqm,that'surfééé;wfhe percentage-of the total

- he ar‘t A‘ . (1} > d
sum of squares 1s 100 x (§§5€—§) called "the reduction 1n

the sum of squares attributable to- the fitted -surface”.
Only third order (cubic) surfaces.are considered
pertinent because:
1) trace elements have an erratic natufe
2) planar surfaces do not seem adequate because curved or-.
concentric patterns are common in many ciassical
- examples of the granite structure,
Cubic trends were determinedﬁfor all minor elements in

both the red and white -granite for rocks and their minerals,

As with cher-techﬁiéﬁé there ére certain prbblems and li-
mitafioné to tfend surface analysis.,

Trend surface analysis of geological variables deals usual-
ly with ungridded sample points. From this point of view
according to Doveton and Parley (1970) the modification
requires that the distribution of .data points satisfies
three basic criteria: 1) a reasonable number of points;

2) an even dist:ibutionAof pointsand 3) a map strip which

is not greatly longer than wide.
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If these basic conditions for useful application of trend
surface analysis are not observed a more or less progres;
sive distortion of the cOmputéd surfaces frpm:their theore- -
tical ideal is obvious. -Critical réﬁarkg on the method

were published aISO'by.Chayes and Suzuki-(l963). A criti-
cism of the existence of-thé\frepd in géology was launched
by Matheron (1965). . |

Perhaps one of the most serious difficulties is that of
determining whether certain trends obtained\are\signifi—
cant. If a.low~degree of polynomial surface is uéed»the de;

viations contain some part of the trend which is not neces-

- sarily separate.

The trend surface analysis demonstrates the existence
of véry strong and consistent. gradients (trends) for each
trace element examined within the Heemskirk massif. In
this way the statistically significant variability has been
proved within both the whole body and the particuiar rock -,
types. These trends appear to have a ge@logical éignifiganée \\\
for the following reasons: - | ]
1)AMajor axes of the trend surfaceé”are ﬁarallel énd

superimposed,

2) virtually identical trends were found for a large
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number - of trace elements patterns,
35 total variance-of-trend surfaces indicates that all
are non-random. |
Only ihird ofder surfaces (linear + quadratic + cubic
trends) were considered for Rb,- Sr, NaéO,.Zr, F, Nb, Pb,

Ba and Sn in both the red and white granites.

The trend surface analysis for Sr, Zr and Ba is shown
in figures 19, 20, 21, A distinctive' feature is that the
linear plus quadratic plus cubic partial trend surfaces

for these elements are remarkably similar to one another.

The patterﬁ of surfaces has . the character of flat troughs

with low Sr, Zr and Ba content -in the'highest structural “
aﬁd alfitﬁdinal level §f ihe white gfanite‘(mainly fine
grained granite - type W2). Complemenfary ridges of high
Sr, Zr and Ba contents occur in the SE part .of the'white
granite - in the area rich in indications of tin minera-
lisation, |
IThe_surfaces for the red granite'conSist of riﬁges of

high Sr, Zr and Ba content in the highest structural le-

vels of the red granite and complementary troughs of low --.

Sr, Zr and Ba content on the -bottom-of the red granite .
layer. The shapes df these trend surfaces show a general

N-S trend.

BT e el i e e s e~
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Figure 19

A - trend surface analysis (third degree) and
B - positive deviations for Sr in rocks of the
Heemskirk gfénite massif (vélues in ppm).

Per cent sum of squares accounted for by the

trend surfaces of the red grénite 13.4 and: the

white granite 53.1.
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Figure 20

A - trend surface analysis (third degree) and
B - positive deviations for Zr in rocks of
the Heemskirk granite massif (values in ppm).
Per éent sum of squares accounted.for by the
trend surfaces of the red granite 19.4 and

the white granite 45.2.
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Figure 21

A - trend surface analysis (third degree) and
B - pésitive deviations for Ba- in rocks of the
Heemskirk granite maSsif (values in ppm).
Per cent sum of squares accountéd for by
the trend surfaces of the red granite 17.8 and

the white granite 37.0.
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Positive deviations for Sr, Zr and Ba are located in
the topmost part of the type R2 (including type Rl)o'The
maximum anomalies correspond~with the occurrence of the
contaminated porphyritic granite‘(typean) with abundant
magnetite, sphene and zircon. The correlation between the
distribufion of thé deviations and internal structure of
the topmost part of the red granite indicates the existence
of.éh eastward plunging ghost syncline within the rocks of
the Heemskirk granite massif., In the white granite the po-
sition of the positive deviatiohé for Sr is in agreement

with the location of the positive deviations for Ba.

The trend surface analysis for Rb, Na,0 and Nb is
shown in figures 22, 23, 24. General featureg"of the trend
surfaces for these.elements are similar. In the cﬁpola-
—like trend surfaces the maximum Rb, Na20 and Nb contents
roughly correspond with the highest structural parts of
the white granite'(the fine grained granité - typevW2)°
Contours of the trend surface show a tendenéy to cdniinue
'underneath the red granite layer. The areé occﬁpied by |
the fype R3 coincides with an elevation in the trend surfa-
ces, and the region with prevalence.bf the'types R2 and
Rl is indicated by the depression in-the Na2O and Nb-trend

surfaces. High Rb content corresponds with the lower part
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Figure 22

A - trend surface analysis (third degree) and
B - positive deviations for Rb in rocks of the
 Heemskirk granite massif (values:in ppm)._
Per cent sum of squares accounted for by
‘the trend surfaces of the'réd-granife 18.4 and

the white grahife-66.8.
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Figure 23 .

trend surface analysis (third degree) and

positive.deviations for NagO in rocks of

Heemskirk granite massif (values in %).

cent sum of squares accounted for by
, !
trend surfaces of the red granite 47.4 and

white granite 52.4.
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Figure 24

- trend surface analysis (third degree and

positive deviations for Nb in rocks of-
Heemskirk granite-massif (values in ppm).
ceﬁt sum -of squares accounted fof by |
trend surfaces of the red granite 7.3 and

white granite 55.0.



2Miles
K

=

{

_ww‘-_“%_ﬁw_%__mﬂg:_”_wmm_g .gwag_ % ﬁg

COUNTRY ROCKS

Positive deviations from the cubic trend in red granite ,

D White granite

ﬁ_._.___

Positive deviations from the cubic trend in white granite

L
-
c
©
-
(&
©
[
[+ 4

g P

il w~

‘(..\., N
-




—ol?/rs



129

of . the red granite layer (type R3) while the upper part
of the red granite (type R2 and Rl1) shows a low Rb content.

Distribﬁtion patterns of the Rb, Na,0 and Nb positive
deviaiions for the red grénite.mostly cover the outcrops‘
of the type R3 or indiéate a thin layer of the type R2.
Rb deviations are remarkablyxhigh in comparison to the
white granite area. In the case of~Na2O in the southern
part of the red granite the positive deViapiohs cover
a part of the type R2 - in which there is a~high concen-
tration of tin mineralisation. These gnomalies may repre-
sent the process of albitisation within the mineralized
area. In génenal the Rb, Na,0 and Nb positive deviations
v.lie in the areas which are occupied by the Sr, Zr and Ba
negative deviétions and vice versa.
Tin

The trend surface anélysis for Sn ié shown in figure
25. Clearly, the main variations in the Sn content occur
in the white,granite only. The Sn surface for the red -
granite is véry flat without distinct variatién except for
the northern part of the area, o

Positive deviétions for Sn in fhe white granite oc-
cur mainly over the outcrops of'the type'W3; Positive de-
viations in the red granite are more complex, partly si-
tuated within the type R3 and partly within the type R2
and R1 respectively. The major part of the aﬁomaly'is si-

~tuated in the mountainous part of the Heemskirk massif.
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Figure 25

A - trend surface analysis (third degree) and

B - poéitive deviations for Sn in rocks of

the Heemskirk granite massif (values in ppm).
Per cent sum of squares accounted for by

the trend surfaces of the red granite 23,4 and -

the white granite 50.5,
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'The_higher Sn content in the red granite (type R2 and R1)
could be related to the accessory sphene and magnetite,
which is abundant mainly in the type Rl and in the upper

part‘of the type R2. : RN

Fluorine

The trend-sufface analysis for F is shown in figure
26. Thé general shape of the surface for’the red'granite
" is quite similar to that of Sr and Ba. The éﬁrface con-
sists of a flat ridge trending north - south and a paral- .
lel complementary trough of low F content on the bottom
 of the red granite layer. The surface for the white gra-
.nite is more complex.

Positive deviations of fluorine for the white granite
consist of two parallel belts trending E - thhichxcor-
respond to the elevations of the white graniﬁe underneath
the red granite (Mt. Heemskirk and Mt. Agnew antiforms in

figure 4).

Lead

The trend surface analysis for Pb is shown in figure 27.
The surface for the white granite is remarkably similar\
to that of Rb showing the ridge—iike shape ﬁith NW-SE
trend. Low Pb content mostiy coincides'with the distribu-

tion of types R2 and Rl respectively.
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Figure 26

A - trend surface analysis (third degree) and
B - positive devig}jgps_for~F~in“TOéks“bf- o
the Heemskirk'érénite massif (values in %).

Per cent of. squares accounted fér'by"the trend
surfaces -of the red granite 16.1 and the white

granite 38.5.
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Figure 27

. A - trend surface analysis (third degree) and
'B - positive deviations for Pb in rocks of |

the Heemskirk granite massif (values in ppm);

Per cent of squares accounted for by the trénd
surfaces of the red granite 6.2 and- the white

granite 41.0.
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The positive deviations for the red granite are
moSfly concentrated in the type R3 and in the lower parts
of the type R2. The positive deviations fof the white
granite cover most of the type w2 érea. The greatest ano-

maly coincides with the topmost part of the white graniteov

-—— —— ——— ———— — - ——— - —— ——

The third order surfaces (1iﬂéar~+-quadraticm+_cubic_
trends) were considered for Rb, Sc,'Ni,'Cr, F, Cl, Zn, Nb
and Sn in biotites of the red white granite (biotite R and

biotite W).

The trend surface'analysis for Rb, C1 and F is showﬁ
in figures?28,29, 30. General featurés of the trend surfa-
ces for these elements are quite similar (except the surfa-
.. ce of F for the biotite R). The Rb, Cl and F contents in
all cases decreases towards the highest parts of the white
}granité structure. The hi;h F content in the coinéides

with the type R3 and the low F content with tﬁe type R2.
The Rb anomalies partly correspond to the spread éf

the tin deposits. The greatest deviations of Cl coincide

with the position of the Rb deviations. In general the ma-
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o " Figure 28

A - trend surface analysis (third degree)_ahdw\
B - posiiive deviations for Rb in biotites of
the Heéﬁskirk granite. massif (values in ppm)., ’
Per cent of squares accounted for by the trend,
surfaces of the biotites - R 42.2. and biotites

- W 25.0.
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-

A = trénd surface anaiysis, (third degree) and
B - positive deviations for Cl in biotites of
the Heemskirk granite massif (values in ppm).
Per cent sum of squares accdunted for by the . ~
trend surfaces Qf_the biotites - R 5,4_'04.and

biotites - W 5709.
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Figure 30

trend,éurface analysis (third degree) and
positive deviations for F in biotites of
Heemskirk granite massif (values in %).
cent sum of squares accounted for by
trend surfaces of the biotites - R 19.2

biotites - W 38.5.
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ximum deviations for the biotite W correspond to the up-
‘per part of the intrusion. An important feature is the
absence of positive deviations around the red granite pla-

te (xenolith?) in the SE and of the white granite area.

Scandium ' ~

The trend surface analysis of Sc is shown in flgure
31. The Sc surface for the biotite R shows a»very smooth
shape with Sc content increasing toward the west from
about 70 ppm to 100 ppm. The high Sc content corresponds
malnly with the distribution of the type R3. The trend
surface isolines are semi-parallel to the contact in
the southern and eastern part of the red granité° The surfa-
ce for the biotite W shows a cupola-like shape trending
east-west. The high Sc content corresponds to‘the disfribu—
tion of the type W2.

The distinctive feature of the patterns for Sc in
both biotites is the coherence of the trend surface iso-
lines. It indicates the close similarity in the distribu-
tion of Sc in both biotites. The Sc contents in the types
R3 and W2 are nearly 1dentlcal and also the Sc contents
in the type R2 (R1) and W3 (Wl1) are very smular° It
‘could be 1nterpreted as a result of the parallel layerlng

_w1th1n the Heemskirk ma881f. Literature data (Oftedal,



139

o=}
-

the
Per

the

and.

Figﬁre 31

trend éurface analysis (third degree) and
positive deviations for Sc in biotites of
Heemskirk granite massif (values in ppm) .
cent sum of squares accounted. for by |

trend surfaces of the bliotites -'R:40.2

biotites - W 71.9.
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1943; Ingerson, 1955) indicate that the Sc content in bio-
tites increasé with decreasing temperaﬂure of crystalli?
éation. The more general use of the Sc geothermometer 1is
limited by the lack of experimental data. Nevertheless
the application of the Sc data for petrological purposes
a semi-quantitative basis is bossible. From this point of
view biotite from granite types RBNaﬁd Wé}cfystellized
at relatively lowef temperatures than biotite from typés
R2 and W3. o

The distribution of the positive deviations for the
biotite R and W corresponds predominantly td the type R3
and W2 with some exception on the southern contact of

the red granite and eastern part of the whitg granite. -

- Niobium and nickel

—— ————— ——— ——— G —————

The trend surface analyses of Nb and Ni are shown in
figures 32,33. The content of both elements rises westerly
as well as easterly, with low Nb, Ni concentrations in
the type Rl, R2 and high Nb, Ni content in the R3 type.
The surfaces for the biotite W are only slightly similar,
There is a geﬁeral rise ih the Nb, Ni content.from the
west to the east. |

The distribution of the positive deviations for both
.elements in the white granite are very similar. There is -

a remarkable lack of positive anomalies.around the red
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- B Figure 32

A - trend surface analysis (third degree) and'_‘“
B - positive deviations for Nb-in'bidtifeé of
the Heemskirk‘gbénifé massif (values in ppni)° 3
Per cent sum of squares accounted for by

the trend surfaces of the biotites - R 16.7

and biotites - W S54.4.
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Figure 33

trend sdrface analysis (third degree) and -

positive deviations for Ni in biotites of
Heemskirk granite massif (values in ppm),
cent sum of squares accounted for by .
trend surfaces of the biotites - R 31.2

the biotites - W 69.5.
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granite xenolith in the SE part of the white granite area

(§imi1ér to Rb).

Chromium’

-—— - —— - ——

The trend surface anal&sis of Cr is shown in figure
34. The surface fof the biotite W consists of a ridge of
high Cr contents trending NW - SE and a éomplementary
trough parallel to the coast line.

The positive deviatidns’for the biotite W consists
of three.separate anomalies which partly correspond to
the distribution of the W2 type. The positive deviations -
for the red granite coincides with fhe outcrops Qf the ty-
pe R3. Anomélies within the R2 type indicate the thiner
parts of the layer bf that type. A significant feature of
the deviation pattern within the red granite is the ab-
sence of positive anomalies in the cenfral areal between

Mt. Heemskirk and Mt. Agnew.

Zinc

The trend surface analysis of Zn is shown in figure
35. The surface for the biotite R showé an identical shabe
to that of N320 in the rocks with low Zn content in the
Mt. Agnew antiform area (dominantly the type R2) and
high Zn content in the Mt. Heemskirk antiform area (pfe-

dominantly the type R3). The surface for the biotite W
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Figure 34

trend surface analysis (third degree) and

positive deviations fopvgg“inmbiotites of

Heemskirk'gréﬁiie massif (values in ppm).
cent sum of squares accounted for by
trend surfaces of the biotites - R 24.7 and
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Figure 35

.trend surface analysis (third degree) and

positive deviations for Zn in biotites of
Heemskirk granite massif (values in ppm).

cent sum of squares accounted for by

trend surfaces of the biotites - R 17.4._and -

biotites = W 76,5 ="
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shows a ridge of high Zn content increasing toward the
easto, | )

The high positive deviations for the biotite W pre- .
dominantly'cover the'typeAW2 afeé. The highest Zn anoma-
lies for th; biotite R lie in the type R3 area., The gene-

ral shape of the positive deviations corresponds to the

morphology of the white granite contact underneath the red

granite., The high Zn content coincides with the Mt, Heems- -

N

kirk and Mt. Agnew antiforms,

Tin

The trend surféce analysis of-Sn is shown in figure 36,
High Sn content corresponds'with the type R3 and low.
Sn content is related to the type R2. In the biotite W
the high Sn content coincides with the outcrops of the
- upper layer of the white granite.

- The distribution of the positive aéviations for the
biotite W completely covers the typé w2 and‘the'ﬁpper
part of type W3. In the red granite the position of the
Sn anomalies partially corresponds with the éub-surface

elevations of the white granite.
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et

Figure 36

k.- trend surface analysis (chird'degree) and
B - positive déviations for Sn in biotitites
of the Heemskirk granite massif (values .in ppm)
Per cent. sum of _squares accounted for. by

the trend surfaces of the biotites-- R 38.6

and biotites -~ W 47. 5.
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The trend surface analysis'fdr Sr and Ba is shown in
figures 37, 38. The generai shapes of the surfaces are
quite similar and suggest a bilateral symmetry with the
maximum Sr and Ba lying in the upper part of the red gra-
nite layer. A well defined belt of high Sr -and Ba contents '
runs from thevsoqthern margin of the granite to its north-
ern contact. The low Sr, Ba content corresponds to the
lower part of the red granite (type R3).

Rabidium

The trend surface analysis for Rb is shown in figure
39. The general shape of the surface.is quite'similar to
those of Sr and Ba, but with areas of low Rb correéponding
to afeas of high Ba and Sr,.A well-defined belt of low Rb
content runs from the southern margin to the northern con—
tact of the red granite. |

The positive deviaiiong cover quiteué large afea

trending N-S.-

Trend surface analysis of Na20 is shoWn-in figure 40.
The surface of Na20 for potassium feldspar is véry similar

~to that of NazO for the rocks and Zn for the biotites,
J
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Figure 37

A - trend.surfage analysis (third degree) and

B - positive deviations for Sr in K-feldspars

. of the-Heémskirk granite massif' (values in ppm). .

Per cent-sum Qf_squares sccounted for by‘

the treﬁdﬂsurface of K-feldspars.32.2.
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Figure 38

A - trend surface analysis (third degree) and

"B - positive deviations for Ba in K-feldspars

of the Heemskirk granite massif (values in ppm).
Per cent sum of squares accounted for by .

the trend surface of K - feldspars 35.3.
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’ | F,i_gul‘e —39 - "".i""' T

A - trend sufface analysis (third degree) and
B - positive deviations for Rb in K-feldspars

of the Heemskirk granite massif (values in ppm).

'Per~cent sum of squares accounted for by

the trend surface of K-feldspars 35.3.
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Figure 40

A - trend surface analysis (third degree) and
B - positive deviations for Nazo.in K-feldspars
of the Heemskirk granite massif (values in ppm).
Per éent sum of squares accounted for by the.

trend surface of K-feldspars 39.8.
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Thé positive deviations are mostly concentrated along
the eastern contact, predominantly within the types R2

and Rl,

Lead

The trend surface analysis of Pb is shown in figure
41, The surface.is quite similar to that of Pb for the
rocks, with low Pb content on the eastern part and hlgh
Pb content in the western area of -the red granite.

The positive deviations consist of two major anoma-
lies. The larger one occupies the cehtfa1~and nofthern
-area and the smaller one lies_in the SE marginal zone of
the red granite. Both anomalies pagtly correspond to some

parts of the Mt. Heemskirk and Mt. Agnew elevations.

Tin

Trend.surféce analysis of Sn isshown in figure 42,
High Sn content is on the eastern margin and the low Sn
content is on the western margin of the red granite.

The highest anomalies are related to the type R2. In
the area of the Mt. Agnew elevation the anomalies corres-
pond with the topmost part of that structure, which partly

corresponds to the distribution of the tin mineralisation.
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Figure 41

A - trend surface analysis (third degree) and

3 - poéitive deviations for.Sn in K-feldspars
of the Heemskirk_granite massif (values in ppm).
Per cent sum of squares accounted for by thé

trend surface of K - feldspars 33.5.
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Figure 42

A - trend surface anaiysis (third degree) and

B - positive deviations for Pb in K-feldspars

of the Heemskirk granlte massif (values in ppm).

Per cent sum -of squares accounted for by

the trend surface of K-feldspars 11.8.
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Despité some disadvantages bf the trend surféce ana-
lysis both in the theory and practice, the method was found
to be véry useful for testing the geologicél and structural
models of £he Heemskirk granite,'The trends confirm the re-
-lationship between the trace elements distribution in the
_rocks and their minerals and the general structure of the
granite body. Due to the marked topography of the Heems-
kirk massif the distribution patterns of most elements
largely emphasize the vertical direction of the regional
frenda In this sense we are able to study the granite layer
for a thickness of up to 900 m. )

Two-dimeﬁsional patterns of trace elements in the red
apd white granité are characterizéd by a well marked dis-
continuity, mainly in aﬁsolupe values (except Sc). The bi-
lateral symmetry of the cupolé;liké trend surfaces (mainly
in the white granite) indicates the&presence of a very
vflat dome structure, elongated in a WNW - ESE direction.
The general higher density of i1sopleths nearlﬁhe southern
and ﬁorthern margins of the body probably reflects the
steeper flahks of the cupola. The trend surfaces are de-

formed due to the mountainous relief of the Mt.Heemskirk
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Figure 43.

A‘— The major fidgesband troughs of the trend
surfaces (third degree) for.Ba,'Sr4ahd-Zr of
the rocks (full lines) and Rb, Sr and Ba of
K-feldspars (dashed lines)

‘ Bf- Complex positivé anomalies for‘Sr,.Ba and

Zr of the rocks.,
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and Mt. Agnew area. The shapes of the Sr, Zr and Ba surfa-

ces for 'the red granite are very éimilar to thdse of Sr 5\
and Ba in the feldspars from the same rocks. The axes oK |
the ridges are concentrated in the narrow belt running

from the southern to the northern contact of the granite

body and curving (probably due to morphology) tQ the west

(Fig. 43). This zone with maximum Zr, Sr and Ba content

both in the rocks and their feldspars roughly corresponds

to the distribution of the iopmostvpart of the req granite

in which there are many‘areas of contaminated porphyritic

granite (Rl type). On the other hand the surfaces of Ba,

Sr and Zr for the whipewgrénite~show aébfe85i6ﬁé very si-

milar infshabéAénd'orientation of their axes of symmetry.
As 1is shoWn in figure 43-A the axes are concentrated in

a belt running NW-SE which divides in the southeast part

of the white granife‘area towards fhe south. The marked
region in figure 43-A represents the minimum Zr, Sr and

Ba content in the white granite and is mainly occupied by
the type W2, i,e. the granife layer ﬁnderlaing the bottom
of the red granite. The zoné of the minimum Ba, Sr’ and

Zr content traces the major axis of symmetry of the
Heemskifk-intrusion in the western part of the gfanite out-
crop, dipping towards the NW. | ‘
In general the major axes of the surfaces Qf_the studied

elements are oriented_in.the'réd gfanite prédominantiy in

)
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the N-S direction While those in the white granite are
oriented mainly in the NW-SE direction (Fig. 43-4).

Brooks and Compston (1965) have interpreted very
' 86

high values for initial sr87 / Sr~" in the Heemskirk gra-
nite massif as due to contamination by radiogenic Sr

from the crustal material during emplacement. The possi-
tion of the granite in dominaﬁtly Precambrian rocks rich

in radiogenic Sr favours this hypothesis., Marks of conta-
mlnatlon have been found both in upper parts of the white
‘and red granlte which were situated close to the contact =~
of the granite body and the country rocks. These areas
mostly coincide with the positive anomalies of Sr, Ba

and Zr in both rock types on the present surface of the
intrusion. Figure 43-B illustrates the areas in which the
positive anomalies of Sr, Ba and Zr are overlapping. In

“the red granite thése multiple positive anomalies correébond
to the spreading.of the scattered bodies of porphyritic
 granite with abundant hornblende, sphene and ziféon. Small
bodies of this granite type have the character of xenoliths-
- relicts of the inténsively assimilafed sedimentéry récks
with horizors of ultramafic and mafic rocks. Martite -

- hematite patches which occur in the northern part of

the body may also be regérded as relicts of country rocks.

The positive anomalies of Sr, Zr and Ba could be interpret-

ed as. ghost structure'(Whitten 1959), although a few xeno-=
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ilithic relicts of the country rocks are known from most
of the area involved. The ghost structure of the country
rocks within the Heemskirk granite massif is in good ag-
reément with the fold struéture.bf the country rocks arpund
the intrusion (see Fig.“8)mand explains for example, the
presence of the largest mqitiblg\positive geochemical
anomaly as the coﬁtinuation of the~brachysyncline of
the country rocks dipping toward.thé Eéét-(Fig.43—B).
In general the Rb, Na,0 and Nb positive deviétiops in the
‘red granite represent a local variability of the iowef red
granite layér, in contrast to the Sr, Zr and Ba poéitive
deviations which reflect the local variability of the up-

per layer of the red granite. o :

1)

Discriminant analysis is a statiétical metﬁod'which
allows one to classify samples into predetermined groups
on the'basis of a large number of variables. It is used
to test the significance of the difference in aiready

established groups of the white and red granite, and also

,\\

to assigd unknown samples to appropriate groups. An unknown N
. . . ~N
sample is classified as a red or white granite by éubsti-

1)

The programme of discriminant analysis was prepared
after Davis and Sampson (1966).



tuting‘tﬁé values of K variables for that sample into

the disériminant function. Samples are distinguished ac-
cording to their position relative to the index Ro.'It is
apparent that discriminant analyéié cannot be used ﬁhen
the differences between two groups are not statisticglly
sigﬁificanf or when all the samples belong to one groupe.
These assumptions of differenceé between the two groups
must be fested. |

Test of statistical significance is derived from Mahala-
nobls’ generallsed distance function D2 which is a measura
of the distance between the multivariate means of the two
clusters of the a priori selec;ed groups of"’ samplesa It N
is derived by_substitutiﬁé fhe difference between the va-
riable means A, B......... K into the discriminant
function: | |

D= X\, AL+ ')\b AB + A, aC + ...‘....)\kAK

To test the significance of differences between the multi-

variate means the value F can be used.
F = PR e P — P _—— s ___ D
k. n, +n.-K-1 ]

171 2 (nl+n2) (nl+n2—2) _ k

How each variable contributes to the total distance between

the multivariate means can be expressed as a perbentage:
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Aa Al . .

—=-=5-- = % which A contributes to ‘the total distance

i D

Xk aR | N - i

—--=5== = 9% which K contributes to the total distance.
D

The values of the constants (X ) are obtained by solving
a series of K simultaneous equations:
s;sA X, * SSpg Ay * SS ?\c *eoeesSS,p Xk = aA(ny+n,) - 2

AB " 'b AC BN

.SS

AK X, + SS A + SSg,4 A ‘+.._....ssK >_\k = aK(ny;+n,) -‘ 2

AK b c

This information makes it possible to determine which of

the variables contributes significantly to D2

and those
which contribute only a little. Some authors Qse this

method to ellmlnate unimportant wvariables from the set of

. criteria used for 013381flcat10n. The selectlon of signi-
ficant variables is very often complicated due to the ‘

fact that the degree of 1ndependence of variables amongst ...
themselves 1s not.always known.'

Dlscrlmlnant analysis in the Heemskirk massif was
carried out on both bulk rock samples and on the biotites
of the red and white granites. The results are tabulated
in Tables 16, 17, 18 and graphically represented in figure
44, The F-test proves that there is a éignificant diffe-

rence between the red and white granites.
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~Table 16

Discriminant analysis of the rockeland their biotites from

the Heemskirk granite massif

Rocks:

F = 49.2038 with 9 and 86 degrees of freedom

D% = (Mahalanobis’ generalized distance function) = 21.29
R = "(Multivariate mean of the red granite) = 20.91
DI (Discriminant Index) ‘ =12.71
W (Multivariate mean of the white granite) = -0,37

Contrlbutlon of each Varleble to the total distance between
the multivariate means:

Variable. Constants Per cent contributien
Rb . -0.0653 . 36.76
Sr . -0.3568 : -14.58
Na ' | ~7.2569 _ - -1.28
Zr . 0.1480 77.08
F 16.6378 1.40
‘Nb 0.1850 . 0.68
Pb | -0.0179 ) 0,75
Ba . | -0.0088 .. ... =po78 T
Sn I R - | 1.96
Biotites:
= 18.9178 with 10 and 75 degrees of freedom :
2 (Mahalanobis’ generalized distance function) = 10.54
(Multivariate mean of the biotite R) ' = -8.66
DI (Discriminant Index) =-12,59

W -(Multivariete mean of the biotite W) ==19.21
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Contribution of each variable to the total distance

between the multivariate means:

Variable . Constants . Per cent contribution
Rb - -0.0119 37,30
St ~0.0025 -0,01
Sec -0.0393 | 3.26
Cr a -0,2136 - 11.09
Ni 0.0280 ' 0.38
F 1.8783 - | ' 1 3.61
ca o 0.0025 , 38.95
- Zn | 0.0023 ~0,80
Nb 0.0016 -1.27

Sn o . =0.0195 T.49



‘Table 17

Discriminant functions of the red and white

R e

2
3
4
5
6
7
8

9
10
11
12
18
19
21
23
W h

1
13
12
15
16
17
51
59
60

20
22

d g‘f'é“n'i t e

9.68783
31.99419
11.96736
24.27380
18.27957
12.59573

17.07068

26.25710

'31.50023

17.16806
14.22705
17.12302
16.27261
20.67850
19.58925

ite g

-0,06233
-2.48380
-2.28089
-,'4.;22 516

4,31030
-1.54565
-0.06552
-4,68481
-2,.33300

795243Q
15.84974

24
25
26
28
29
31
32
33
34
35
36
37
39
40
41

© 30.51791

19.99625
21.32748
19.39032
11.89773

1 28.96017

15.64680
23.97681
23.41718
19.80666
20,46053
22 ,66116
26.91579
17.94298
21.84146

ranite

61
62
64
65
66
67
68
82
83

217
30

-4,96660
-4 .39094
0.34471
-0.68650
~-3.49304
-3.31519
0.56683
1.63041
~0,14189

22,30202
15.19966

42
43
44
45

47
48

49

52
53
55
56

57

63
69

70~

84
85

.87,

88
89

91
92
93

38

46

18.05611°

22.55241
23,87022
18.64461
21.99821
20,29381

- 16.53662

26.,29298
21.,69179
12.17845
13.55876
17.83751
12.62345

 27.10646

21.27196

0.73362
0.91795

-0.25633

2,11810
10.86468
~0.42605

.-9.92194

-'2 02344’5
3.87865

8.38787
17.80495

granite-.- -~ -~

-1
72
73
74
75
76
77
78
79

80

8l

86
104

105 -

94
95
96
98

99

100
101
102

103 .

50
54
58

23.,60220
21,27080
20,69653
23.52176

20,11189

27.87102

| 25,43542

25,90749
25.49484
25,70613

24,22385-

25.,00703
14.77271
22.,45276

1,88539
-1.21612

-0,08327
-1.53340

- =1.04329

-1.61086
-0,89732
5.34336
4,35451

9.53547

8.46997
3.54059

165



Table 18

Discriminant functions of biotites

biotites

e
N = O

18
19

O 0 3 O U W

-5.93661

~8.92048
-16.48737

-8.96227
~4.25255
-5.31003
-13.46741
-8.96611

~4.91444 -

-8.84132
~8.59643
-8.02119
-6.67072

biotite

1
14
15
16
17
51
59
60

20
27

-20.7837T
-20.84291
-15.68567
-14.89659
-20.31323
-22.49286
-18.95053
-20.54306

. =9.66895
-5.71606

21

23 .

24
25
26
28

.29

31
32
34
35
39
40

61

62
64

65
66
68
82
83

38
46

R

~4.,41404
-9.73483
-5,01687
-11,.34528
-11.65223
-15.16970
-10,20250

-10.00412

-7.15794
-7,10593
~9.33740
~11.604 42
~7.84783

W

—18 008836

-18.56442
~22.44582
~16.93797
~14,04277
-17.92686

-9.94051
-16.79366

-15908470
-13.53190

41
42

43
44
45
47
48
49
52
53

55

56
57

84
85
88

89

91
92
93

50
54

_5024113

-7.05385
-7.72998
~-T.43456

“"5 000762
 —10095767

-9.43128
-6,98578
-5,18178
-8.,07253
-9.37879
~13.39357
~9,00742

-27.28688
-18.81566
-23.23827
-20,10789

-27.20718

-25.87042
-13.24689
-19.78433

-1093915.

"'9 ° 703 93

63

69

70
1
T2
73
T4
76
7
79
80
81

86.-

104

94
95
96
a7
98
99

101
102

o8

-8023383

-2,67290
-8.17209
-6.,63937
-8.80446
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~11,26970

—11 [ 50636

| -6.30645

~7.79980
-8,14541
-9,89852
-9.96284
-7.87368
-6,71542

. —15060522

-16.,20351
-23.57463
-15.79627
-19.25417
~19,02760
-22,41423
-13.82252

_10035175
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In figure 44 the multivériatevmean W for the white granite
and its biotite lies to the left of discriminatory index
DI and is apparently further from the index than the
multivafiate mean R for the red granite and biotite R ‘
which 1lie to the right of the index. Discriminatory function
of .the individuél samples are grbuped in close proximity
to the multivariate means of the red and white granites.
In the white granite group the samples form a distinctly
seérégated group having a range from f5 to +5; The red
-granite gfoup exhibits a much greater range of aiscriminé4h‘
tory functions, from +10 to +30. Some of the samples of
the red granite lie on the left side of DI. From the sym-
metrical shape of the graph it is possible to .suppose |
a normal distribution of thevdiscriminatory functions of
the red and white granites. A marked separation of the red
and white granite proves their geochemical independence
and the range of their degree of geéchémical homogeneity.
According to these criteria the white granife is more ho-
MOgEeENeous.,

The discriminant functions for biotite sh ow fhat they
are closer tb the discriminant index Dilthan the values
for rock samples. As can be seen from the diagram (Fig.44)
the range of the discriminatorylfunétion of biotite is
the same for both groups ana varies between -3 and -13 for

the biotite R and from =14 to -20 for the blotite W,
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Figure 44

Histograms showing the variation in discriminant

functions for rocks and their biotites.

W - multivariate mean of the white granite -
(biotite -~ W) . B ' ' .
, : -~
R - multivariate mean of the red granite
(biotite - R)

DI - discriminant index

i aw e bem et d
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The frequency graph of discriminaﬁt functions for the
biotite R has the character of a normal distribution.

The very close proximity and partial overlap of the bioti-
tes R.and W indicates’a continuous development of ﬁhe
magmatlc series the red-white granite. This contlnulty

is characterized by the geochemical 81mllar1ty between

the most acid-members of the two granite groups.

Table 16 showslhow each individual trace element
contributes to- the total distance between the multivariate
‘means 1n both'rock groups. In the rock Zr contributes most
to the discrimination (77%) between the red and'whitebgra—
nite. Zr occurs as zircon in both graniteé. The generally
higher Zr content in the red granite supports the idea
that part of the zircon in the red granife was transferred
into the granite from assimilated country rocks. This was
earlier confirmed by qualitative analyses‘of heavy.mine—
rals (see Plate 20 and 21). ﬁb and Sr are also imbortant
trace elements for the purposes of discrimination. Rb
contributes 37% to the discrimination and Sr 14%. The dif-
ferent levels of content of Rb, and Sr in the two granites
(higher Rb and lower Sr concentration in the white grani-
te) indicate the difference between the main masses of
the red and white granite.

Discrimination of biotites is most éignificantly shown

by Cl1 (contribution of 39 %) and Rb (contribution of 37%)
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concentration, Cr and Sn éhow also relatively significant
contribution for purposes of biotite discrimination,

The results of discriminatory analysis confirm that
the red and white granites are basically two different
- geochemically defined rock types. A closer look aﬁ the
distribution of the discriminatory values for biotite
shows that there is a marked similarity betWeeh the fine
grained tybes of both groups. This similarity indicates
the continuity of magmatic differentiation within the
‘granitic bodj up to the early stages of crystallisation.,
In the later stages the effects of assimilation markedly
influenced the geochemical.regime of the red granite'(for
instance the content of Zr and Sr). These external influ-
ences are the bases underlaying the significant discri-
mination of geochemical characteristics of the red and
white granite., The range of the discriminatory functions
repfésents the serious effect of endogenoﬁs and exogenous
influencés during the emplacement, crystallisation and fi-
nal consolidation of thé‘Heemskirk massif.

Trend surface analysis was used to find distribution
patterns of the discriminant functions within the red and .
white granite and their biotites fespectively (Figs. 45
and 46). ‘

The trend surfaces for discriminant funétioﬁS‘of the rocks

shown in figure 45 reflect the general features of -the
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Figure 45

Trend surface analysis (third aegree) of discri-
minant functions for rocks of the Heemskirk gra-
nite massif. Per cent sum of squares aCCOuﬁted

for by the trend surfaces of the red granite 20.2

and the white granite 25,2,
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chemical and mineralogical variation within the both gra-
nite groups. The pattern of the trend surfeoes for the
red granite proves the higher mineralogical and chemical
homogeﬁaty of the centrsl mountainous paft“of the red
granlte area between Mt. Heemskirk and Mt. Agnew. This

psrt of the 1ntru81on corresponds to the upper sequence

of the red granite layer, lylng nearly parrallel to

‘the topography. On the steep slooes of the western side

of the Heemskirk Range there is obvious by a rapid decrease
of the discriminant \functions. Low values of the discri-

minant functions correspond to the lower bed of the red -

granite (more-acid, medium to fine grained granite -

type R3). The highest values of discriminant functlons
occur in fhe vicinity of the northern and southern margins
of the intrusion, and indicate the presenoe of the more
basic facies of the sed granite,

The pattern of the trend surface for the-white grsnite
rough%y ooincides with the distribution pattern of the
major rock types (Fig.45). The area within the zero iso-
pleths corresponds predomioantly to the coerse grdined
white granite (type W3). The area east of the zero iso-
pleth (lying close to the red granite contactj, and the
southern part of the white grehite region with negative

discriminant functions, correspond to the more acid type

of the granite (medium to fine grained granite - type W2).
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A The positive discriminént functions in the north-western
pari of the white granite coincide with the outcrops of
the marginal type of the granite with abundant remnahts
of the granitised and aésimilatéd country rocks. The abso-
lute values of the diSCPimihanf functioﬁé'indicate the
tendency of that part of the\Whi;e granite to approach
the red granite cbmposition. \ |

The trend surfaces for discriminant functions of fhe
biotites shown in figure 46 reflect similar\féatures.of

- the variation in chemical compositidn within both'rock
groups as do the surfaces oflthe discriminént functiéns

' of the Tocks. |
The pattern of the surface'for.biotite R proves the same
tendency of the chemical composition'of the red granite
layer as was shown in figure 45.

In fig. 46 the stratigréphical bédding of the red granite
is represented by the sequence of the discriminant isd-
pleth from -12 to;—6, from the bottom to the top of.

the stratum. | | -

The surface for functions of the biotite W shows a similar.
pattern to the trend surface for the white granite in fi-
gdre 45. The sequence of the discriminant isoplethsﬂrouéhly
represents the stratigraphy within the white granite.

The topmost part of the intrﬁsion, ouidropping on the con-

tact with the red granite,'corresponds to the values -22
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- Figure 46

Trend surface analysis- (third degree) of‘diécri4
minant functions for biotite of the Heemskifk
granife massif. Per cent sum of sqﬁaréS-accgunt;
ed for by the trend surfaces of the biotites -.R
38.8 and the biotites - W 24.7.. '
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- -24). The lower part of the intrusion, occupying

the centre of the white granite area is iimited by fhe
isopleths -20. Remarkably higher iSOplethé (-18, -16)
cover the northern-margiﬁ of the-intrusion where there
are abundant remnants of the assimilated country rocks,
The far west of the white granite is covered~by_the iso-
pleths -22 and lower. This is in good agreement with

the prevalence of the fine grained gfanite (type W2) in
these parté of the intrusion. In general the trepd sﬁrfa—'
ce analysis of the discriminant~functioné of the rocks
and their biotites supports the.existence of the 1ayering

and stratigraphy within both rock groups.

The distribution of trace eléments in'granites is
charactérized by the occurrence of groups of geochemically
" coherent elements, that is, gfoups of elements that under
given conditions behave in a similar way. Factor analysis
»enableé one to define geochemically coherent groupsfbf )
trace elements and leads to the reduction of obSerGed re-
lationships among many variables to simbler relationships
among fewer variabléé. By using factor analysis it is pos-
sible to indicate the nafure of the basic factors such as

chemical conditions of crystallisation and assimilation

which influence the distribution of the elements. As most
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of ihe trace elements show more lognormal distribution
rather than normal distribution all the data were tfansform-
ed to logarithm of the concentration of each element to
'form-the correlation matfix for the factor énalysis. |

I To'enable a simpler interpretation of the factorl
analysis results, the red granite,'white granite, biotite
R, biotite W and the "red" potaééium fgldspar were facto-
rized separately. Factor matrices of eacﬂ individual group
‘are given in Tables 19, 20,-21,_22 and 23. The proportion
-0f the overall data variability céntained in each factor
is .expressed as a percentage of variance. The degree of
representation of each element-in a coefficiéhtlmatrix
“is measured by the coﬁmunality, whicﬁ i's the sum of squar-
ed factor loadings for each variable. The commﬁnality l@O
signifies complete representation of variable. Choice of
the number of factors to be used is determined somewhat
subjectively by cutting off the number of eigenvalues
smaller thén 0.5, The factors are presehted iﬁ figure 47..
The horiZontéi'line in each diagram is a zero loading for
the elements. Posipive loadings occur above the centre Ine
and negative loadings occur below, The further a particu- |
lar element is from the horizontal line the higher its
loaqing.

In interpreting the results of factor analysis it is

necessary to emphasize that the loadings on the first A

L
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Varimax factor matrix of the red granite *

Factor
Element : Communality
| 2 3 4 5 6
Rb | o819 ' - 0.427 0.873
Sr -0.860 - 0.290 | 0.869
Na,0 | 0.209 -0.960 | 0.992
7r | -0.914 0.872
F [ 0974 0.997
Nb 0.239 -0.938 0.951
Pb -0.973  0.996
Ba -0.843 0.281 0.863
Sn -0989 0.998
Percent of variance explained by factor
34.5 | 1.4 1.9 1.23 3.4 . | 117
Cumulative percent of variance _
345 | 458 | 571 | 68.4 | 8.7 | 93.4

*| oadings < 0,2 omitted
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TABLE 20.

\

Varimax factor matrix of the white grenite*

Factor :
Element W 5 3 -4 : 5 Communality
Rb | 0587 | 0344 | 0524 | -0.344 | 0.857
Sr | -0848 | 0.347 | 0.275 | 0935
Na,0 | 0772 | -0.267 0.205 | -0.304 | 0.88f
Zr | -0.922 o 0.897
F | 0977 e e 0.964
Nb 0.396 | -0.901 | 0984
- Pb ' - 0.229 | -0.926 0.913
Ba |-0900 | | 0.219. | 0886
on | 0.966 | | 0973

Percent of variance explained by factor

38.7 13.2 11.9 15.5 12.9
Cumulative percent of variance |

38.7 | 5.8 | 637 | 792 | 921

*[oadings < 0.2 omitted



TasLE 21.

Varimax factor matrix--of “red® biotites™

Element ractor : Communality
! 2 3 4 5 _
Rb | 0.875 0.899
Sr - 0.240 -0.910 | 0.919
Sc 0.957 0.948
Ni -0384 | -0757 0.300 0.827
Ccr -0799 | -0.42% 0.856
F 0.722 -0.221 -0.343 0.725
Cl 0.749 0225 | -0.461 0.876
Zn | -033 0.874 0.895
Nb 0481 | 0451 | 0.644 0.902
Sn | - o858 | -0.269 | 0814
Percent of variance explained by factor
28.3 8.4 | 126. | 16.3 1.0
Cumulative percent of variance
28.3 46.7 59.3 75.6 86.6

*Loadings < 0.2 omitted
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TABLE 22.

Varimax factor matrix of »white” biotites*

Elefnent Factor Communality
\ 2 3 [ 4 | 5.
Rb | - 0083 | 0.975
Sr 0.804 . 10223 | 0.866
¢ [ -0750 | -0287 | 0212 ‘| 0.245 | 0768
Ni | -0941 0946
Cr | oess | -O428 | | 0015 | 0.949
F . 0.292 | 0.309 | 0.897
Cl 0.640 | 0.549 -0.492 | 0.911
Zn | -0356 0.638 | | o
Nb | -0.846 N -0.433 0.924
Sn | -0.6%8 | 0564 0795 |
Percent of variance explained by factor .
1303 | 160 | 134 | 153 | 13.3
Curnulétive percent of .variance
30.3 | 463 | 59.7 75.0 | 88.3

*|oadings < 0.2 omitted



TAaBLE 2 3.

Varimax factor matrix of *red* K-feldspars®

Element Factor ' = Communality
] 2 3 "4
Rb 0.856 -0.267 | 0,828
Sr -0.939 0.942
Na, 0 0.962 | 0.990
Pb 0.239 0.955 ‘ 0.999
Ba -0.940 0.911
Sn -0.996 0.996
percent of varianceexplained by -factor T
43.2 17.0 16.9 17.5
Cumulative percent of variance
43.2 60.1 71.0 . 94.4

¥ Loadings < 0.2 omitted
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Figure 47

Composition of factors in rocks, their bioti-

tes and K-feldspars
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factor delineate the most.general pattern of relationship,
in the correlation matrix and in turn, in the original
data. The loadings'on.the second factor delineate the
next most general pattern and so- on. Where an element

is confined to a simple.factor it is likely that its
occurrence within granites, blotites and potassium feld-
spars can be explained by a simple prooess, but wbere a
complex factor pattern is observed for ‘an element then
several 1ndependent_or partially independent processes
—probably contribute to its distribution.

Relatlonshlps between the variables can be expressed by
factor axes which are at right angles to each other (Fig.
48). Vectors represent factor loadings between variables.
Variables that are closely correlated will be clustered

- together, whereas uncorrelated variables-will be at rlghtu

angles_to,each'other. Antlpathetlc related varlables will
be opposed to each other at about 180° in the direction
- of the vectors.

Factor scores for each sample are important to the-
interpretation_of the data, for they are a reduced set of
new uncorrelated variables that carry almost the same
information content as the origdnal data. Factor scores

‘can be used as a data for the trend surface analysis.
This trend surface analysis is very similar to cannonical

correlation. It is a partial summation of areal variation
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Figure 48

ﬁiots of varimax loadings for factor 1 and 2 of

the rocks, ‘biotites and K - feldspars. Full llnes L

- loadings for the red .granité; ‘dotted llnes -

4

loadings “For the white granite. Circles - llmlts

of the statlstlcal significance of the loadings.
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of trace elements within a particular factor. In appendix

.II Tables 6, 7, 8, 9 and 10 record the factor scores of .

areal varlatlon of the factor scores of selected factors

within the studied area.

The following description of factors is based on the rota-

ted varimax factor matrix as well as on the.total cubic

trend surfaces of factor scores.
The results of factor ahalysis indicate that the

" -mentioned trace elements are grouped into six independent
factoys in thé red granite, five in the white granite
and biotites and four factors in potassium feldspar.

In general the distribution of traceelements is controlled
by the bulk chemical composition of rocks and their rock-
-forming minerals and reflects the chemical--conditions .

- of differentiating.crystalliiéiion and contamination,
Discussibﬁ”ﬁﬁich follows useslthe factor loadings of the
elements and the influenées Qf thelfactors at different
parts of the granite body (factor surfaces) to investi-
gate this significance. Figure 47 shows that the overall
dlfference in composition of factors and their sequence
in the white and red granites is very 51m11ar. Slgnlflcant
differences were found in composition of factors for

biotites from the same groups of rocks.
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The most important factor in both red and white gra-
nite is a bipolar factor including two groups of ele-
ments. Sr-Ba and Zr is opposed by Rb. Na2O.has a.-major
loading with Rb in the white granite but occurs on a dif- .
ferent factor (factor 5) in the red graniﬁe. Rb-Ba-Sr-Zr
in the most important factor in both granites (as shown
by discriminant analysis) indicating that theméoﬁééﬁtréiidh-

.of these~eleménté’éé;ermines the classification of samples
into the red or the white granite. In both cases factor
1 characterizes the group of potassium feldspérs as a ma-
jor-component of both granites as well_aé the accessory
mineral - zircon.
The trend surface for this feldspar-zircon factor is
shown ' in figure 49. Total cubic trénd surface for factor
1 may be compared with the equivalént trend surfaces of
the individual elements Zr, Sr, Ba and Rb. Despilte the
differences for Rb the surfaces for these elements are
quite similar-to each other and to the surface for factor 1.
There 1s a better fit between the percentagg_sum of the
squares of factor 1 invthe white gfahité than in the red.
This indicatesfé'higher degree éf similarity in the
distribution of the above mentioned elements in the. white

granite.
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. | . Figure 49 -

Trend surface analysis (third degree) of factor
scores - factor 1 for rocks; Per cent sum of
sduares accounted for by the trend surfaces

of the red granite 34.0 and the whité granite.
20.1. o
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‘Most monocombonent factors = 2, 3, 4, 5 (6 for
the red granite) are essentially related to one of the rock
forming mineralé. | -
Factor 2‘accoun§s for aimost all the variation of fluorine
in both rock tyﬁes. The main sourée of F is bioiite,-even
though some F is contained in_irregularly'disseminated N
'tOurmalineﬂand-accééS&f& fluorite and apatite, Factor Pb
is eéseﬁtially related to feldsﬁars} Factor Sn represents
firstly the isomorphically bound Sn in biotite and free
-accessory cassiterite. Factor 5 of both granites involves
significant loadings of Nb as well as Sr and Rb. The geo-
chemical coherence of Nb and Rb is dependent mainly on
the occurrence and chemical composition of biotite. Factor
6 in the red granite is related exclusively to the distri-
bution of Na - essentially albite.lThese factors (2-5 and
6 for the red granite) do not present'any additional
information to that provided by the raw F, Sn, Pb, Na data.
Figure 48 shdws the inter-relationship of variables
" between the two most importaﬁt faétofs. ?ériébles-are s
clusteredsinto two groups. -Most trace elements'are'grouped
closely to factor axis no. 1 and confirms the complex cha-
racter oflfactor'l. A second group of vectors is réprésented
by fluorine in both rock types. This is one of the most-
~important volatiles in the magma and apparently cannot be

significantly correlated with other trace elements.,
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Significant differences in the composition of indi-
vidual factoré for biotite (Fig.#?) indicates crystalli-
sation under differént physical énd'chémical conditions.

. The most important factor in the biotites of both granites
is obviously bipolar.

In the biotites-R Rb-F and Cl are opposed by Cr, In ad-
dition to these major loadingé\Ni\and Zr are consistently
Toaded with Cr. Tﬁe Rb group represénts anions and inter-
layer Qatipns and the Cr gfoﬁp are the cétions of the octa-
hedral sheet. In the white granite facfor 1 cbnsists of

the group Cr-Cl which is opposed by Nb-Sc-Sn and 7r cohe-
rent grbﬁp..' B

Factor No. 2 in the biotite R is represented by most cations
of octahedral sheet in relatively high negative loadings
(Sn-Ni-Nb-Cr). | |
Factor 4 in both groups of biotites 1is characterized by

the bipolar position of the groups of anions (Cl,'F) and
cations in the octahedral sheet. The antipathetic éharacter
of the loadings of these elements in the biotite Rand W
emphasizes the différence.in'the structure of both bioti-
tes. | |

Factor 5 for the biotite W represents a high loading of F.
= ~
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The position of F in the iast factor of the biotite Wlis
in contrast to the position of F of the biotite R in
factor l. .

The total cubic trend surface for factor 1 has a bet-*
ter fit than any other factor. The essential form of
the trend surface, shown in flgure 50 reflects common
features in. the dlstrlbutlon patterns of the above mention-
ed elements involved in factor 1 of both biotites. A de-
crease of scores represents a decrease 1in the content of
~elements with negative loadings. The relatively smooth
decrease of factor scores along the structural axis of
the white granitevcontrasts with the more cemplicated
pattern for the biotite R. This is partly explained by
the different composition of the apove mentioned factors.
A better fit of the percentage of squares for the trend
surface of factor 1 for.the biotite W indicates a higher
degree of similarity in the distributien of the above
mentioned trace elements in this type of biotite.

The total cubic trend sufface_fer faeterué reflects
Sn, Ni, Cr, Nb and Sr regional distribution in the biotite
R and Rb, C1, Se, Cr'in the biotite W. Fit of the percenta-
ge of squares for this surface of Factor 2 is again better
for the biotite W. The pattern of the trend_surface snown
in figure 51 1s very similar to the partial trend surface

for original data of trace elements presented in factor 2
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Figure 50

Trend surface analysis (third degree) of factor
scores - factor 1 for biotites., Per cent sum of
squares accounted for by the trend surfaces of

the biotites - R 36.4 and biotites - W 60.9,
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Figure 51

-

Trend surface analysis (third degree) of factor
scores - factor 2 for biotites. Per cent sum of
squares accounted for by the trend surfaces of g

the biotites - R 31.7 and :biotites W2l.4.
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as well as to the trend surface for factor 1.

Fig. 48 shows a plot of the distribution of all ten.
elements in the plane formed by factor 1 and 2. Trace
elements are clustered into two groups. The major group
of variableé can be seen to project into the axis of
factor 1 and consists of Cl, F, Rb, Cr, Sc and Zh for red
biotite and Ni, Nb, Sn, Zn for the biotite W. At right
angies to the main vectors there is Rb, Sc of the biotite
W and the Sn, Nb and Ni for the biotite R. A marked diffe-
‘rence in the distribution of the vectors of both -blotites
R and W indicates theAdifferent physico—;hemical environ-
ment dﬁring their crystélliéétion. |

The six.trace elements analysed form a coherent group,
Sr-Ba #s. Rb, Pb in factor 1 (Fig.47). Sr shows coherence
to Ba and the Ba/Sr ratio decreases with increésiﬁg
fractioﬁatibn of the -granite magma. This behaviour is
interpréted by Heier and Taylor (1959) as due to the less
ionic character of the SrO bond, which leads to the prefe-

2+

rential acceptance of Ba“ . Rb.and Pb exhibit a mutual

coherence due to substitution for K but the existence of
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Figure 52

Trend surface analysis (third degree) of factor
scores for K-feldspars of the Heemskirk granite

massif. Per cent sum of squares accounted for by

the trend surface of K-feldspars 51.3.
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high ﬁositive loadings in factor 3 indicates a morevcompli—
cated bonding of Pb in K;feldSpar. The trend surface for:
factor 1 shown in figure 52 represents a distribution
pattern which is very similar iﬂ form to the trend surface
for individual elements (Rb, Ba,'vaand'Sr)»°
Factor 2 is related exclusively to the Sn distribution
within the K-feldspar. It is believed that Sn occurs as
very.fine disseminated Sn mineral or, according to Borchert'
and Dybek (1960), in a‘possiblé_substitution of San— com-
‘plexes for SiOZ4 tetrahedra in silicate apd alumosilicate
rock forming minerals.

| Facfor-5 is essentially a Na'factor. The indepeﬁdence of
Na shows that it is present in feldépars only as albite
(perthite).

Figure 48 represents a plot of.varimax ioadings for
factors 1 and 2. There is a similarity betweén Ba,'Sr, Na

and Rb data, No statistically important relationship exists

between these elements and Sn.

T T Sm e S m e e i B e = — ———— —— — — ] o — o v o T — o o S o oo

Throughout  the WOrld,'pin~depositsAhavé ranked among

the earliest discoveries of mineral resources-and the ma-

jority of depogifs which can be located easily from
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a superficial examination of the earth’s surface have been

discovered. The current emﬁhasis is, therefore, on methods
of exploration for ore bodies which do not outcrop
(Saukov, 1959; Barsukov & Volosov, 1967; Bradshaw & Stoyel,
1968). | | '. ’
One of the main methods of investigation of this
probléms involves the use of regional geochemistiry in con-
nectidn withlhetailed geological_mapping,_The chemical and‘
geological models of the massif weré used to .contour the
contact between the white and red'granites° These models
are compared with the spatial distribution of known Sn de-
posits and their mineralogy iﬁhdisgussing the locality of

hidden (blind) mineralisation within the Heemskirk massif.

A series of geblogical profiles and geochemical maps

of selected traée elements were used to determine the va;'
riation of the elements veftically between the white/red .
grani#e contact and the top of the granite dome (i.e. thev
group surface or the contact Qf the red granite-with countfy
rocks, fig. 54% Va?iation factérs,for the content of trace-
elements against thickfiess df;the red granite cover are |
shown in table 24. These show a direct variaiion of element

»

content with thickness.
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Table 24

< N

with increasing of the thickness of the red granite cover 

An increase or a decrease of the trace element content

by 100 ft.

An increase of the
thickness (in ft.)

Rocks (ppm) _|piotite (ppm) of the red granite

about
Zr 3 (Increase) 100
Ba | 25 (Increase) | . .- 777 R 100

Sc N 5 (Decrease) , 100

P S
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Figure 53

- Idealised cross-section through the Heemskirk

granite massif.

C - is the altitude of the basement of the'red]
_ granite at -particular point on the ﬁap ‘
A - is the altitude of the ground at the parti-
culérl point oﬁ the map
x - 1is tﬁe content of trace element on the
- present surface in the red granite
¥y - the content of tracé element in the red gra-
nite at the red/white granite contact, in
a W - E direction parallel-to-the axis of

the majbfﬂéiructure of the Heemskirk massif.
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Figure 54

Structural map of the eastern part of the Heemskirk

granite massif.
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The altitude (C) of the base of the red granite at
a particular point on the map (see figure 53) was calcu- x\
. lated from the equation: ~ N

| C=A- (x=y) - 100
z : .

is the altitude of the ground at the particular

where A
point on the map

X - ié the content of trace element on the present
surface in the red granite
y - the content of trace element in the red granite

at the nearest red/white granite contact in

a W-E dingtion~parallél“tdythé axis of the
'“"méjor structure of the Heemskirk massif

an increase (+) or a decrease (-) of the content

N
|

in ppm with increasing altitude by loo feet.

Figure 54 shows structure contours on the contact

between the red andAwhite granite and illustrates the

form of the white granite surface beneath the red granite.
The basic shape is a flat cupola with minor elevations and
depressions., Particularly well developed is the Mt Agnew |
aniiformAWhich bifurcates towards the west. The Mt “Agnew
and Mt Heemskirk antiforms are separated by a brachisyh-_‘
clinal depression. The antiformal axes are approxima%ely

parallel in an E-W direction. At the eastern end the structu-
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res curve towards the s uth. Their amplitudes are approxi-

mately the same but the apex of the Mt Agnew antiform is

further east. The axes of both structures pldnge gently

to the east. The majority of quartz-tourmaline veins and

greisen zones, often tin bearing, are concentrated in

the apical parts of the Mt Agnew and Mt Heemskirk anti-

forms (Fig. 54). This is confirmed by the presence of eco-

nomic tin mineralisation in these antiformal structures

(see position of tin mines and prospects, figure 54),

8.2. Discussion

Almost all the studied trace elements exhibit a dis-

continuity in their regional pattern between the red and

white granite. This discontinuity is illustrated by the

~form of the isopleths, and absolute values, “I <

Distribution patterns of selected elements in the

white granite, especially in the contact zone with the

red granite, reflect the general features of the structure

of the base of the red granite. Towards the west the

structure of the white granite has a flat cupola-like

character, elongated in a WNW direction. The discordance

of the isopleths at the contact indicates the continuation

of

this structdre beneath the red granite further east.,

In general the internal structure of the intrusion =



202

is sﬁraﬁiform with the»boundaries between the granite
layers'sub—parallel° Variationbstudies throughout the

area proved that cryptic layering Withih the individual
rock groups follows a similar pattern. This sub-parallel
1ayering sh6ws a diminishing inflﬁence'of the structure
of - the country rocks with depih.\
| .The established patterns of trace-element concentra-
tion in rocks and their minerals reflects the physico-
fchemical conditions of crystallisation and consolidation
-of the granite body. The isotherms of crystallisétion
within "the intrusion would havée been generally paraiiel

to the isopleths of the content of the trace elements.
Accorqing to the calculations of Larsen (1945) and

Van Moort(1966) these isotherms seem to be sub-parallel
during cOoling»énd crystallisation of granite magma, and
cross the boundaries of the granite bodies at low angles.
The same can be said of the trace;elemeﬁt isople ths.

Garnett (1966), who studied the distribution of cas-

siterite in vein tin deposits in Cornwall, concluded that
the Sn zone was probably\related to the regional isotherms
of the granite mass as a whole. The resuits of work at .
‘Heemskirk indicate that the zone of economic tin concent}a—
tion crosses the red-white granite-cqntact at a small angle

and dips away more gently than the peripheral granite
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boundary. According to Bauman (1970) one of the most es-
sential prerequisites for ‘the deposition of commercially
1mportaﬂt tln deposits 1in Erzgebirge (centra Europe) is

the development of tectonlc structures. durlng intrusion

and cqnsolldatlon of tln—bearlng granites, the residual
solutions béing concentrated in the upper parts 6f granite.
pupolés. Internéi layering within the granite cupolas is
flatter than the granite dome and the 1ower*boundéry of
the tin zone is pafallel to the internal layering of the
granite. - N

-Similar relationships between the internal structure
of the granite and the distribﬁuion of tin mineralisation
have been fouﬁd in the Heemskirk massif. Econbmicglly
important aécumulatibns of Sn in the red granife area afé
'commonly located in close proximity to the.contact with
the white granite. The;abundance~of Sn concentrations at
the present. surface is depenaent on the thickness of the
preserved layer of the red granite i.,e. on ‘the depth of
the contact.below the present groﬁnd level., In the Mt Agnew
and Mt Heemskirk antiforms .indications of mineralisation’
are relatively close to the present SurfaceoiThese areas

are the most promlslng reglons for detailed. geological.

prospecting.c The main factor which limits" subsurface in-
vestigation'is the thickness of the pfeserved red granite

layer. Where this exceeds 600 feet any economically impor-
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tant tin accumulations have been uncovered at the ,surface.

The red'granite in the area of the Mt Heemskiyk“agtifoqﬁ[ SRR
is. generally thiqkerwthan‘600wféét:_Tﬂis suggests that

the occdffégées of minerélisatioﬁ'at the surface in this

area are in‘the topmost parts of tHe ore zone. On'the other

hand to the west of £he Mt Heemskirk and Mt Agnew antiforms
disseminated occurrences of cassiterite indicate the lower
boundary of the same ore zone.

" In genefél the ore zone approximately corresponds to
the upper éurface of the white granite. Within the Heemskirk
and Mt Agnew antiforms the mineralisation overlies the red-
-white granite contact surface in the form of ore aureoles,
The lower'boundary of the ore zone is pafallel-to the -
cryptic layerihg within the granite body. The upper bounda-
rj forms a much more pronOunced dome than the white granite
surface, Thls observatlon is in agreement W1th the work
of Garnett (1966) and Bauman (1970).-

One of the most important factors controlling minerél
zonation around the ore-bearing granites is temperature,
Thelisograds of crystallisation of the granite aré'probably
conformable with the cryptic layering, consequently the
mineral zonation within the ore zone itself may be paral-
lel to the cryptic layering in the granite. Further expe-
rimental evidence -is needed tb clarify the above 'conclu-

sions.
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The Heemskirk massif, particuiérly its east