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ABSTRACT

Gahnite (ZnA1,0,) is commonly associated with sulphide mineralization

in metamorphosed massive sulphide deposits, and also occurs in marbles,
pegmatites and quartz veins. Its formation has been attributed to the
breakdown of Zn-staurolite or desulphidation of sphalerite during
metamorphism. The stability of zinc-rich spinels under a wide range of
metamorphic conditions in a variety of lithologies results in its
persistence in rocks where many other prograde, high temperature minerals
and sulphides have been altered. This has resulted in various
investigations into its use in exploration and potential for determining
metamorphic parameters. With the interest in finding new ore bodies and in
determining the metamorphic history and mineralogy in Namaqualand, some
gahnite~bearing localities have been investigated in this study.

Gahnite occurs in association with massive sulphide mineralization in the
Bushmanland Sequence rocks (Aggeneys Subgroup) of the Namaqualand
Metamorphic Compiex at Aggeneys and Gamsberg. Gahnite also occurs in
‘quartzites and metapelitic rocks at Achab, 8 km east of Gamsberg and in
sillimanite-corundum rocks 35 km north-east of Aggeneys. On Oranjefontein
farm, 70 km south-west of Aggeneys, co-existing green and blue gahnite
occurs in quartzites and garnet-rich rocks in a similar stratigraphic
succession to that which occurs in the Bushmanland rocks in the north.

Gahnite mineral chemistry and textural relations indicates that it formed
during diagenesis and subsequent metamorphism of precdrsor
sulphide-bearing, aluminous metasediments at Aggeneys, Achab, Swartkoppies
and Orangjefontein in the reaction (Spry and Scott, 1987a};

A1:51,05(0H), + ZnS + 0.505, -> ZnA1,0, + 2510 + 2H0 + 0.5S;

Calculated maximum metamorphic conditions are 650 x50 °C at 4.5 - 5 kbar in
northern Namaqualand and 650 - 750 °C at Oranjefontein in central’
Namaqualand. Conditions of the prevailing metamorphic f{0). were calculated
in the metapelitic assemblages at Aggeneys (~16.0 *0.7), Achab (~15.8 *0.7)
and Oranjefontein (-16.5 #0.7). It is possible that there is some
re-equilibration of gahnite composition and new gahnite formation during
subsequent low grade metamorphism. In the quartzites at Aggeneys and Achab
textural evidence supports the continued formation of gahnite along fractures



by infiltration of oxidising metamorphic fluids. Under these circumstances
gahnite forms by reactions such as;

2HsA105 (in Hz0}) + (Zn,Fe)S -> (Zn,Fe)}A1:0, + H20 + H,S (Moore

and Reid, 1988 in press). At Oranjefontein the formation of aimost endmember
blue gahnite is attributed to alteration of the high grade assemblage by
oxidising metamorphic fluids during retrograde, low temperature metamorphism,
i.e. (Zn,Mg)A1,0, (green gahnite) + Mg-biotite + garnet + guartz + H.0

-> ZnA1,0, (green gahnite) + chlorite + rutile + hematite + sericite

Minor zoning in gahnite in a massive gahnite rock at Swartkoppi@s is
attributed to gahnite growth'during-decreasing metamorphic temperatures and in
a sphalerite-quartz~gahnite assemblage at Aggeneys, to Fe/Zn exchange between
gahnite and sphalerite.

It was found that gahnite occurs in a wide variety of assemblages and exhibits
a range in composition. This is attributed to the ability of Zn=spinel to
incorporate increasing quantities of zinc under decreasing metamorphic
temperatures and increasing f(0)» conditions and the complete solid solution
between the endmember components of spinel. Gahnite, associated with sulphide
mineralization at Aggeneys has the compositional range '
Ghnyo-a2HC18.305pP2-s. At' Achab gahnite occurs in guartzites and

metapelitic schists and has the compositional range Ghnsa—>gHC;_37Sps_e.

In the sillimanite-corundum rocks at Swartkoppies, a wide range of
compositions are exhibited by zincian hercynite and gahnite i.e.
Ghnis-sene3s-s585Pe-1s8. Green gahnite associated with the high grade
metamorphic facies at Orangjefontein has the compositional range-
Ghnss—esHC10-179p20-34. Retrograde blue gahnite has in excess of 90

mol1% gahnite component, less than 10 mol% hercynite and less than 3 mol%
spinel.

It is concluded that gahnite compositon is affected by various parameters
including bulk chemistry, the composition of co-existing minerals, metamorphic
f(0), and temperature. It will be important to determine the host rock
1ithology if gahnite composition is to be used to imply the presence of zinc
sulphides. ‘ '
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Chapter 1. INTRODUCTION
1.1 Geological Setting

Gahnite, a zinc aluminium spinel is commonly found in association with zinc
mineralization or is related to the breakdown of zincian staurolite in
aluminous metasedimentary environments, eg. Broken Hill, New South Wales
and the Appa]aéhianﬂCa1edonides. In South Africa gahnite occurs in the
ore-bearing Bushmanland Group of the Namaqualand Metamorphic Complex.

Recently gahnite has received much attention, because with ever increasing
need to find new ore bodies, gahnite has been used as an indicator mineral
for exploration purposes, due to its association with massive sulphide
deposits and its resistance to weathering.

Although spinel and quartz are incompatible and hercynite-quartz
associations are only compatible at granulite grade metamorphism, several
studies indicate that the substitution of zinc into spinel or hercynite
stabilises the mineral with quartz to amphibdlite or lower grades. Spry
(1984) and Wall and England (1979) suggest that gahnite composition may be
sensitive to changes in temperature and metamorphic f(0)> and f(S)=.

The presence of gahnite in highly metamorphosed rocks, and commonly in
association with quartz in Namaqualand provides an opportunity to confirm
these theories. '

1.2 Present Investigation

Gahnite occurs in rocks in the ore-bearing horizons of the Gamsberg zinc
deposit (Rozendaal, 1978) and Aggeneys massive sulphide deposit (Ryan et
al. (1982) in northern Namagqualand. Figure 1 is a locality map of northern
and central-Namaqualand. Gahnite also occurs associated with schists and
quartzites on the farm Achab which borders the Gamsberg zinc deposit.
Furthermore, very local massive gahnite and gahnite~-sillimanite rocks occur
on the Swartkoppies sillimanite deposit on the farm Pella Mission, north of
Aggeneys and Gamsberg (Fig.l). Near Springbok, gahnite occurs at
Vioolskraalberg on the farm Oranjefontein. At this locality, blue and
green varieties of gahnite were found to co-exist in quartzites
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and schists in rocks which are be]ieved to be correlatives of the
Bushmanland Sequence (Hicks et al., 1985, Strydom 1982). '

The work reported on here includes the study of gahnite-bearing 1ithologies
found at Swartkoppies, Achab farm, Broken Hi1l and Black Mountain at
Aggeneys and Orangjefontein farm in Namaqualand (Fig{l). Detailed mapping
and sample collection was done at the localities of Achab and
Oranjefontein. Samples from Swartkoppies, Broken Hill and Black Mountain
-were made available to the author by J.Moore. The study includes a
mineralogic and petrographic appraisal of gahnite and associated
assemblages in order to establish the stability relations of the mineral in
the context of regional metamorphism. Microprobe studies of gahnite and
associated minerals were done to détermine the extent of zinc substitution
into mineral phases coexisting with gahnite. Other important aspects of
this study include the formation of gahnite in the rocks and a comparison
of gahnite composition with those reported in available literature.

According to Spry (1982a, 1984), gahnite associated with massive sulphide
mineralization has high zinc and iron contents and low magnesium content.
Bernier et al. (1984) found that the ratio of Zn0/Zn0+Fe0+Mg0 in gahnite
and staurolite is related to its position relative to mineralized zones and
thus an increase in the ratio could indicate the presence of underlying
sulphide ores. Ririe and Foster (1984) found gahnite-bearing sillimanite
gneiss a potential directional indicator for mineralization. It is one of
the aims of this study to elucidate any lithological or compositional
characteristic of gahnite which may be associated with its proximity to
mineralization.

1.3 Previous Work in Namaqualand

Exsolved zincian spinels from magnetite with up to 14 wt% Zn0O are reported
from hypersthene-,plagioclase~,phlogopite~,magnetite-,sulphide-bearing
noritoids at the 0'Okiep mine in Nababeep by Stumpfl et al.(1976). Zincian
spinels with 15 wt% Zn0 are reported from
quartz-,feldspar-,sillimanite-gneiss associated with cupriferous- and
magnetite-rich zones from the Kouberg Synform south east of Nababeep
(Rozendaal, 1982). Zincian hercynites of similar composition are reported
in association with mineralisation in the Kielder District by Gorton
(1981).



Lipson (1978) records the presence of trace quantities of gahnite in the ,
aluminous schist and calc silicate rocks from the Big Syncline ore body at
Aggeneys . De Waal (1981), Ryan (1982) and Ryan et al. (1982) observed
gahnite in association with the ore horizons at Broken Hill. Spry (1986,
1987a) and Spry and Scott {1986a) studied zincian spinel and gahnite in
sulphide-rich rocks, garnet quartzites and quartz-magnetite rocks from
Black Mountain and Broken Hill ore bodies at Aggeneys. It was found that
gahnite associated with massive sulphides is zinc-rich, (65-85 mol1% gahnite
component), in comparison to gahnite in the garnet quartzites (18-75 mo1%)
and magnetite quartzite {20-76 mol1%)..

At Gamsberg Rozendaal (1982) found that gahnite occurs mostly in the C
member above the ore horizon where it has a compositional range of
Ghny>_;gHC16-185p3-6. In the B member (ore horizon) gahnite is less
common and has the composition GhnzsHcssSps.
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Chapter 2. GAHNITE MINERAL CHEMISTRY
2.1 TChemistry of gahnite

Gahnite, ZnA1:0,, is a member of the aluminium Spinel Series of the

Spinel Group which also includes a Magnetite Series (Fe3®*) and Chromite
Series (Cr). The structure of the spinel group has 32 oxygens and 24
cations, of which 8 are in 4-fold coordination (A position) and 16 in
6~fold coordination (B position). Gahnite (ZnA1.0.) along with spinel
(MgA1:0,), hercynite (FeAl1:04) and galaxite (MnA1,0,) are

normal spinels with 8 R*2 cations in A and 16 R*3 in B, as opposed to
inverse spinels like magnetite Fe3*(Fe®*, Fe3*)0, or franklinite
Fe3*(Zn2*, Fe3+)0, with 8 R*2 in A and 8 R*2 + 8 R*3 cations

in B (Deer et al. 1969). ZnA1,0,, MgA1,0, and FeA1zO4 appear

to be miscible in all proportions (Deer et al. 1980, Rumbie 1976). The
wide variety of compositions exhibited by the Spinel Group minerals enable
them to accurately reflect the bulk rock composition of the rocks in which
they occur (Rumbie, 1976).

2.3 Occurrence of gahnite

Gahnite is named after the Swedish chemist J.G. Gahn and was apparently
recorded as early as 1907 (Simpson, 1931). Early references to gahnite
include documentation of its occurrence associated with ore~bearing
pegmatites (Eskola 1914, Simpson 1930, 1937). ‘Andersen et al. (1937)
analysed blue gahnite from the gem gravels of Ceylon and attributed the
unusual blue colour to Fe?* in the mineral structure. Generally gahnite
is reported as having a blue-green colour (Deer et al., 1980). Pehrman
(1948), discussed Zn-Fe exchange in spinel and proposed a hydrothermal
origin for spinel in pegmetités. An early reference by Rankin and Merwin
(1918), makes note of the incompatibility of spinel (MgA120.) and

quartz which react to form sapphirine, garnet and siilimanite, and
cordierite with increasing quantities of quartz (Friedman, 1954). Von
Knorring and Dearnley (1960), documented the structural characteristics of
gahnite. Several early authors record gahnite as a mineral associated with
zinc mineralization (Haranczyk and Skiba 1961, Segnit 1961, Vokes 1962,
Salotti 1965, Frondel and Klein 1965, Nemec 1972).

!



Gahnite occurs in a variety of sedimentary, metamorphic and pegmatitic
environments. The occurrence of gahnite in sedimentary environments is
attributed to its resistance to weathering. Gahnite occurs as an accessory
phase in quartz-feldspar pegmatites {Eskola 1914, Simpson 1930, Pehrman
1948, von Knorring and Dearnley 1959, Batchelor and Kinnaird 1984).
‘Weathering of such pegmatites probably produces the detrital gahnite found
in sedimentary rocks (Hutton, 1957). Gahnite is infrequently reported from
granitic environments (Tulloch, 1981 and Stevenson, 1985). In pegmatites
and granites the origin of zinc in gahnite is attributed to closely
associated ore lodes. However, Tulloch (1981) proposed that gahnite formed
in a highly evolved, garnetiferous-, muscovite-, alkali-feldspar granite by
late~stage breakdown-of muscovite and concentration of zinc into late-stage
aqueous solutions,

In metamorphic rocks gahnite occurs in metapelitic and cordierite~-
orthoamphibole schists and gneisses. Common assemblages observed are:
staurolite + muscovite/biotite + quartz + sillimanite/andalusite +
magnetite + gahnite (* K feldspar, plagioclase, garnet, cordierite) and
cordierite + orthoamphibole + quartz + gahnite (* staurolite,
cummingtonite), A o

Its presence is most commonly attributed to retrograde breakdown of
zinc=rich staurolite, desulphidation of sphalerite under oxidising
metamorphic conditions or prograde metamorphism of zinc~bearing sediments.
Although staurolite, biotite, muscovite and chlorite may contain
significant quantities of zinc in their structures, in aluminous, zinc-rich
terranes, gahnite is a common phase. ’

Gahnite appears to be stable over a range of metamorphic temperatures and
is reported from quartz veins, (Gandhi, 1971), low temperature
chlorite-sericite schists (Haranczyk and Skiba, 1961), slates (Kramm, 1977)
and in a contact metamorphic aureole (Schumacher, 1985). It is stable in
the presence of quartz {Kramm 1978, Dietvorst 1980, Schumacher 1985) and
also in highly aluminous rocks (Atkin 1978, Spry 1982b, Feenstra 1985).
More specifically it is found in cordierite-anthophyllite rocks associated
with mineralization {(Essene et al. 1982, Wolter and Siefert 1984, Schreurs
and Westra 1985, Treloar et al, 1981).
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Gahnite is a common accessory phase and may even constitute a major mineral
in metamorphosed massive sulphide deposits e.g. the stratiform massive
sulphide deposits of Broken Hill, Australia (Segnit 1961, Hobbs 1975,
Plimer 1877), the massive su]phidé deposits of the Appalachians (Sandhaus
1981, Craig 1983, Field and Haggerty 1984) and Scandinavian Caledonides
(Vokes 1962, Sundblad 1982, Spry 1983, Spry and Scott 1986b) and the
Colorado Precambrian massive sulphide-deposits (Sheridan and Raymond 1977,
1984, Karlsson et al. 1980). Gahnite is reported as an exsolution product
of franklinite at the Franklin and Sterling Hill Zn-Fe-Mn deposits, New
Jersey (Frondel and Klein 1965, Frondel and Baum 1974). Gahnite is also
reported from Cu-Zn Skarns (Salotti, 1965} and an Archean iron formation in
association with zinc mineralization (Appel, 1986).

2.4 Gahnite-forming reactions

Various reactions have been put forward to explain the formation of gahnite
in metamorphic rocks. These include reactijons which occur during prograde
metamorphism of zinc-bearing sediments and prograde and retrograde
metamorphism of precursor zinc-bearing minerals. Some of the proposed
reactions are listed below.

1. from zinc adsorbed onto sediments which are subsequently metamorphosed
e.g. Zn (oxide/sulphide/carbonate) + kaolinite = gahnite + quartz +
water (Kramm 1978, Karlsson et al. 1980, Appel 1986, Segnit 1981, Field
and Haggerty 198}).

2. from breakdown of a zinc—-bearing aluminosilicate phase e.q.

(i) Zn biotite + sillimanite + quartz = cordierite + gahnite + fluid
(Dietvorst, 1980) or )

(i1} Zn staurolite + biotite + quartz = sillimanite + K-feldspar + rutile
+ Zn hercynite + garnet + fluid (Stoddard 1976, 1979).
Zn staurolite = Zn hercynite + cordierite + sillimanite (Atkin,
1978). ‘
Zn staurolite + Sn phlogopite = cordierite + corundumi+ gahnite +
nigerite + hogbomite + Sn-poor phlogopite {Spry, 1982b).
Zn staurolite + muscovite + quartz + 0, = andalusite + Zn
hercynite + magnetite + biotite + Hz0 (Schumacher, 1985).
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by desulphidation of sphalerite during metamorphism e.g.

Gedrite + sphalerite (+staurolite) + 0, = gahnite + quartz + S, + H.0
(Plimer 1977, Sundblad 1982, Williams 1983, Bernier et al. 1984).
Sphalerite + pyrite/pyrrhotite + aluminosilicate + 0, = gahnite +
guartz + Sz or

Almandine + sphalerite + S, = gahnite + pyrite + quartz (Spry and
Scott 1986 a,b, Spry 1984).

in pegmatites and quartz veins from hydrothermé] solutions permeating
through sulphide-bearing rocks e.g.

Zn2* + A13* + 4H,0 = gahnite + BH* (Hobbs, 1975).

2KHZzA105 (in fluid) + sphalerite = gahnite {+ HzS + 2KOH in fluid)
(Moore and Reid, 1988 in press}).



Qhapter 3. GEOLOGfCAL SETTING OF THE STUDY LOCALITIES
3.1 Regional geology of the Namaqualand Metamorphic Complex

The Namaqualand Metamorphic Complex (NMC) covers a large section of
northern and central Namaqualand (Fig.l). It consists of a variety of
intrusive, metasedimentary and metavolcanic rock units which have
undergone extensive deformation accompanied by regional metamorphism
(Table 1). The lithologies encountered at the study localities are
correlated with the Bushmanland Sequence which comprises a pretectonic
metasedimentary sequence within the NMC (Table 1).

The NMC supracrustal rocks represent a major, east west striking, mobile
belt. Deformation varies extensively across the Namaqua province and
various interpretations have been applied to the tectonic and
stratigraphic units encountered e.g. Joubert (1971) and Blignault et al.
(1983). The latter define two main episodes of deformation related to the
Namaqua Orogeny. A regional early planar fabric defines the first event.
The large-scale intrusion of syntectonic augen gneisses of the Little
Namaqua Suite are closely related to an episode of major thrusts and
isoclinal folding. To the north of the Aggeneys area, the Groothoek
thrust (1000 - 1200 Ma) resulted in the superposition of the calc-
alkaline, metavolcanic Orange River Group over the metaquartzite/schist,
Aggeneys metasediments. Joubert's (1971) F1 and F2 deformational events
are included in this deformational episode.

The second deformational event occurred in the period 1000 to 1100 Ma and
is seen as late, macroscopic upright and open to gentle folds on a
regional scale (Joubert 1971, Blignault et al. 1983). Late shears impart
the last regionally important structural imprint (Joubert 1971, Moore
1977, Blignault et al. 1983) and caused the major deflections in the
regional lineation pattern.

In western Namaqualand metamorphic events .relate to the two structural
episodes described above. Early planar structures and large-scale
intrusive augen gneisses are associated with a high temperature, low
pressure, prograde event (Moore's, 1977 M1 event in the Namiesberg).
Waters (1986) describes the metamorphic regime as largely isobaric and
suggests that the high temperatures attained are not related to isostatic
uplift in the NMC. Upper amphibolite grades metamorphism are recognised
in the north (Ryan et al., 1982) and to the south and in the central area
a granulite facies zone is recognised (Albat, 1984). In metapelitic
schists the transition is; quartz + K-feldspar + plagioclase + biotite +

~-10-



Table 1:

Complex (after SACS, 1980).

Lithostratigraphic division of the Namaqualand Metamorphic

Koperberg Suite
Spektakel Suite

Keimoes Suite

Hoogoor Suite

Littie Namagualand Suite
Gladkop Suite |

. Vioolsdrif Suite

Orange River Group
Okiep Group
Bushmén1and Group
Korannaland Group

Marydale and Kaaien Groups

Syntectonic intrusive

rock units

Pfetectonic metasedimentary

and. metavolcanic rock units

..ll_




sillimanite % garnet -> quartg + K*fe]dsﬁar + plagioclase + cordierite +
garnet * biotite * sillimanite (Moore 1983, Waters and Whales 1984).
Several workers (Clifford et al. 1975 a,b, Zelt 1980, Albat 1984, Waters
and Whales 1984, Waters and Moore 1985) describe various aspects of the
granulite terrain in Namagualand. |

Various retrograde metamorphic signatures relate to the second
deformational event of open folding and shearing. The early folds are
associated with a lower amphibolite to amphibolite facies metamorphic
event (Moore's, 1977 M2 event). Later structures are associated with
lower grade, greenschist facies metamorphism (Moore's, 1977 M3 event).

3.2 General geology of the Bushmanland Sequence

The Bushmanland Group comprises a metasedimentary sequence and overlies a
basement gneiss complex. SACS (1980) recognises several
lithostratigraphic units within the Bushmanland Group including the Pella
and Aggeneys Subgroups which were originally described by Joubert (1974)
and later in the Namiesberg area by Moore (1977) (Table 2). A more
complex stratigraphic succession is récognised by Praekeldt et al. {1983},
however their stratigraphic terminology remains informal and is therefore
not being used in this thesis. '

A generalised succession of the Bushmanland Group in the Pofadder -
Aggeneys area is given by SACS (1980). This consists of a basement
porphyroblastic= and pink gneiss and an overlying metasedimentary sequence
which comprises metapelitic schists, metaquartzites, iron formation and an
overlying quartz - muscovite schist and conglomerate unit. At Aggeneys
and Gamsberg, economic barite and massive sulphide mineralization occur
within the iron formation. The iron, manganese and barite mineralization
is described by Mathias (1941) and Coetzee (1958). Sulphide
mineralization at Aggeneys is described by Moore (1974, 1983), Ryan (1982)
and Ryan et al. (1982} and at Gamsberg by Rozendaal (1978, 1980, 1982}).

At Swartkoppies, on the farm Pella Mission, si-llimanite—corundum rocks
constituting an aluminium ore deposit, occur within the metapelitic schist
unit. Several workers have described various aspects of the aluminous
rocks (Coetzee 1941, De Jager and von Backstrom 1961, De Jager 1963, Frick
and Coetzee 1974, Joubert 1974 and Moore 1980).

According to Tankard et al. (1982) the Bushmanland Sequence above the pink
gneiss represents an accumulation of sediments in a shallow basin or

-79-



Table 2: Lithostratigraphy of the Bushmanland Group (after SACS, 1980).

Quartz - muscovite schist and conglomerate unit
Iron Formation Unit
Metaquartzite Unit

Schist Unit

4

Mafic gneisses with intercalated metasediments

Leucocratic gneisses with intercalated metasediments

Quartz - muscovite schist and conglomerate unit
Gams Formation (iron formation)
Metaquartiite

Namies Schist Formation

Pella

Guadom

Hom

Aggeneys
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basins. The association of concentrations of Al, Ca, Na and B suggest
that the parent rocks consisted of clays and evaporites formed in a sabkha
or playa-like environment (Moore, 1977). Although there is some dispute
as to the origin of the sediments evidence indicates a sedimentary basin
(basins) initially filled under terrestrial or marginal marine conditions
(Tankard et al., 1982). \

3.3 General geology of the study areas

Four gahnite-bearing localities hosted in the Bushmanland Sequence were
chosen for the basis of this study. The lithostratigraphy of the
Bushmanland Sequence is described by SACS (1980). Table 2 shows the
subgroup breakdown. Swartkoppies occurs in Bushmanland rocks which are
correlated with the Pella Subgroup. Achab locality is part of the
Namiesberg area which is correlated with the Aggeneys Subgroup (Moore,
1977). The fourth study locality, Oranjefontein, occurs in central
Namaqualand, somewhat distant from the three geographically close areas in
northern Namaqualand (Fig.1). Lithological and stratigraphic similarities
with the Bushmanland Sequence at Aggeneys have resulted in this Tocality
being correlated with the Bushmanland Sequence (Hicks et al., 1985).

Table 3 compares the generalised stratigraphic succession at the 4
localities. Figure 2 is a comparison of the supracrustal rocks at the
study localities and shows the similarities in lithology and to correlate
the gahnite-bearing horizons in the context of the genefa]ised succession.
There is some controversy concerning the stratigraphic succession of the '
iron formation in the Broken Hill ore body compared to that at the
Aggeneysberge and Gamsberg. At the Aggeneysberge and Gamsberg the
sulphide~bearing iron formation rocks overly the metaquartzite unit
whereas at Broken Hil1l the iron formation occurs below this unit (Ryan et
al. 1982, Rozendaal 1982, Moore 1986}.

The Aggeneys ore bodies, Swartkoppies and Achab are believed to be part of
the amphibolite facies zone of the NMC. At Oranjefontein, the presence of
biotite-cordierite-garnet rocks associated with quartz-
feldspar-cordierite-biotite schist indicates a transitional facies which
achieved close to granulite grade metamorphism (Hicks 1983, Hicks et al.
1985). Ryan et al. (1982), Moore (1977) and Rozendaal (1978) recognise
three metamorphic events in the Aggeneys area for which Tankard et al.
(1982) quotes maximum estimated metamorphic conditions of 690 °C at 3 - §
kbar.
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Table 3:

Comparison of the stratigraphy in the study areas.

PELLA
(SACS 1980)

NAMIESBERG
{Moore 1977)

AGGENEYS

ORANJEFONTEIN

(Ryan et al.1982) (Hicks et al.1985)

Grey Gneiss with
schists and minor
amphibolites

Quartz muscovite
schist and nodular
gneiss with -
amphibolite

L

Magnetite quart-
zite (Aggeneys -
Iron Formation)

Metaguartzite

Metaquartzite

Metaguartzite

Metaquartzite

qtz=biot=sill-musc
schist,
sill=cor bodies

qtz-biot=sill-musc
schist,

sill=rich rocks,
amphibolite,

calc silicate

qtz~biot=sill-musc
schist,

dark quartzites,
amphibolite,
sill-rich rocks

gtz-K feld-cord-
biot-sill-gar
schist

Porphyroblastic
gneiss

Quartzo-
feldspathic gneiss

Quartzo-
feldspathic gneiss

Quartzo-
feldspathic.
gneiss

Achab gneiss

Porphyroblastic
granite gneiss

Biotite gneiss
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Swartkoppi

es Namiesberqg {(Achab) Aggeneys

Oranjefontein

(SACS 1980; (Moore, 1977) ' (Moore 1983;
de Jager & von ‘
Backstrom 1961: 1982)

¢

Frick & Coetzee

1974)

,sill-cor rock

QCENTRTNTNT)
1O 000 0N
'O 60000

I

Ryan et al.,

musc-sili schist

BIF

meta-quartzite |*

mica-sill schist

leucogneiss

o RIEEICER
OO oenon

{(Hicks et al.,
1985)

garnet-rich rocks

C calc sillcate V amphibolite G gahnite-bearing rocks
)
4
Fiqure 2: Comparison of the stratigraphic succession of the supracrustal

rocks in the study areas.
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3.3.1 Aggeneys =~ Broken Hill ore body

The Aggeneys base metal deposits are situated in northern Namaqualand
approximately 80 km west of Pofadder and 110 km north east of Springbok
(Fig.1). Three separate ore bodies; Black Mountain, Broken Hill and Big
Sync]ihe comprise the Aggeneys deposit (Fig.3). Gamsberg zinc deposit is
situated approximately 12 km east of Aggeneys and is similar to Aggeneys
deposit with respect to stratigraphic position and ore genesis (Rozendaal,
1982). Samples used in this study were obtained from Broken Hill (Fig.4)
and Black Mountain.

Four phases of deformation are recognised in Bushmanland rocks at Aggeneys
and Gamsberg. The rocks were subjected to metamorphism with an upper
1imit bordering on granulite grade, which is correlated with the F2
deformation (Joubert, 1971). Retrograde metamorphism followed and largely
overprints evidence of the early metamorphic history. Rozendaal (1978)
estimated temperatures of 630 - 670 °C and pressures of 2.8 - 4.5 kbar for
the high grade event in the Gamsberg, whereas Ryan et al. (1982) obtained
temperatures of 670 - 695 °C at 3.4 - 6 kbar at Aggeneys.

The stratigraphic succession of the Naméqua]and Metamorphic Complex at
Aggeneys consists of a basal augen gneiss and the overlying Bushmanland
Sequence (SACS, 1980). At the Aggeneys deposits, the Bushmanland Sequence
comprises a basal pink gneiss overlaid by quartz-biotite-muscovite- ‘
sillimanite schists, quartzite and then quartz-feldspar-muscovite-biotite-
sillimanite schists. A generalised stratigraphic column according to Ryan
et al. (1982) is given in Table 4. The ore bodies associated with banded
iron formations (BIF) have a sulphide mineralogy consisting of pyrite,
pyrrhotite, sphalerite, galena and chalcopyrite (Ryan et al., 1982).

Various metapelitic rocks and some gahnite-bearing quartzites were
obtained from Black Mountain and Dabiepoort, but most of the
gahnite~bearing rocks were obtained from Broken Hill (Fig.4).

The ore bodies at Broken Hill consist of a lower sulphide-bearing
quartzite, followed by a succession of banded and massive sulphide and
baritic rocks which grade into magnetite amphibolite, BIF and garnet
quartzites.
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Table 4: Stratigraphy of the NMC in western Namagqualand

(after Ryan et al., 1980).

Amphibolite / Leucocratic Grey Gneiss Formation

Aggeneys Iron Formation
White Quartéite Formation
Aluminous Schist Formation
Pink Gneiss Formation

Augen Gneiss Formation

Bushmanland

Sequence

NMC
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Ryan et al. (1982) have divided the rock types into sulphide, oxide and
silicate facies (Table 5). From Black Mountain in the west to Gamsberg in
the east, the mineralization shows a progressive decrease in Cu and Pb and
increase in Zn (Ryan et al. 1982, Rozendaal 1982)(Table 6). Metal
concentrations in the ores are further divided into a Fe-Pb-Cu dominated
succession at Black Mountain and Broken Hill in the south-west and a Mn-Zn
dominated succession in the Aggeneysberge and at Gamsberg in the
_north-east (Moore, 1983). Genetic model interpretation, based on these
and other characteristics of the deposits, emphasise a sedimentary basin
environment of deposition with an exhalative source, with Gamsberg
representing a deeper, more distal environment (Ryan et al. 1982, Moore
1977).

Gahnite has been observed throughout the mineralized zones (Joubert 1971,
Moore 1974, 1980, 1986) and also occurs at the contact of crosscutting
pegmatites (Ryan et al., 1982). The formation of gahnite has been
attributed to desulphidation of sphalerite (Ryan et al. 1982, Spry 1987a}.

kY

3.3.2 Achab

Achab farm is situated approximtely 8 km east of Gamsberg. The areas
studied occur along the northern flank bordering Gams Noord farm. The
position of the gahnite-rich rocks in relation tovthe surrounding
lithologies is shown in Figure 5.

The lithologies which crop out at this locality comprise a basal
leucogneiss (correlated with the pink gneiss at Broken Hill}, with Tocal
bands of calc-silicate rocks and amphibolites towards the base of the unit
(Fig.5). This is succeeded by the Namies schist and metaquartzite (Moore,
1977). Impersistent bands of gahnite-quartz rock, cordierite-

. anthophyllite rock, sillimanite~rich rock, tourmalinite and amphibolite
occur towards the base of the aluminous schist. The gahnite-quartzites
and gahnite-bearing schists occur at the contact between the'1eucogneiss
and the aluminous schist and locally in the upper horizons of the
aluminous schist near the contact with the overlying metaquartzite unit.
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Table 5:

Distribution of mineralization with respect to rock type at.
Aggeneys massive sulphide deposit (after Ryan et al., 1982).

FACIES ROCK TYPE - - - MINERALS MINERALIZATION
Silicate Magnetite Amphibolite quartz, magnetite, |[moderate
grunerite, cumming-|galena (gn)>
tonite, spessartine|{sphalerite (sp})>
fayalite chalcopyrite (cp
Oxide Magnetite quartzite magnetite, quartz, jmoderate
garnet, biotite gn >sp >cp
Ferruginous garnet quartz, magnetite |very weak
quartzite- |garnet, biotite sp >cp >gn
Sulphide Massive sulphide pyrrhotite, pyrite | high
quartz gn > pyrite >cp
Sulphide quartzite quartz,'pyrrhotite moderate-high
pyrite gn >sp >cp

f

Table 6: Zoning of mineralization between

deposits (Ryan et al., 1982).

Aggeneys and Gamsberg ore

WEST

EAST

OREBODY

Black Mountain
Broken Hill
Big Syhc]ine

Gamsberg

BASE METAL CONTENT

0.75 %Cu 2.67 %Pb
0.34 3.57
0.04 1.01
0.00 0.50

0.59 %Zn
1.77
2.45
7.00

- D
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The Namiesberg at Achab (Fig.5) has undergone similar polyphase -
deformational events to the rocks at Aggeneys (Moore, 1977). Three
metamorphic episodes were interpreted to have affected rocks in the
Namiesberg (Moore, 1977). These are; M1, for which temperature estimates
of 630 and 750 °C at

5 - 7 kbar are given, M2 at 600 - 500 °C and 3 = 5 kbar and M3 at less
than 500 °C and below 3 kbar pressure (Moore, 1977).

3.3.3 Swartkoppies

Swartkoppies sillimanite-~corundum deposit is situated on Pella Mission
farm approximately 30 km north-west of Pofadder and 35 km north-east of
Aggeneys in northern Namagualand (Fig.l). It was first described by
Coetzee (1941) and the discovery of further sillimanite deposits in
northern Namagqualand led to follow up investigations by de Jager and von
Backstrom (1961), Frick and Coetzee (1974) and Moore (1977). SACS (1980)
correlates the rocks at this locality with the Pella Subgroup of the
Bushmanland Sequence (Table 2). Table 3 lists the stratigraphic
succession in the area.

The sillimanite-corundum rocks occur as massive bodies in a basal
biotite-sillimanite schist. The schist has been correlated with the
Aluminous Schist of the Bushmanland Sequence at Aggeneys (Praekelt et al.,
1983). The sillimanite-corundum rock consists of radiating fibrolite
masses which merge into colourless sillimanite prisms containing corundum:
cores and ilmenite inclusions (Coetzee, 1941). Biotite-sillimanite schist
overiies the sillimanite-corundum rock. Massive quartzite forms the
uppermost unit in the Pella area. Limonite specks in the basal schist
horizon infer the former presence of sulphides (SACS, 1980). Massive
gahnite and gahnite-fibrolite rocks crop out locally in the sillimanite-
corundum rock. Secondary copper staining was observed at the sampling
locality (Moore, pers. comm.). Similar siliimanite-corundum rocks occur
in Achab Pan and are 1nterpreted to result from progress1ve metamorphism
of high aluminium clays (Moore, 1977, 1980)
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3.3.4 Oranjefontein

Oranjefontein farm js situated in western, central Namaqualand
approximately 50 km east of Springbok and 70 km south-west of Aggeneys
(Fig.1). Gahnite-bearing lithologies occur on a prominent hill,
Vioolskraalberg, in the northwest section of Oranjefontein farm. A
geological map of the area is_shown in Figure 6.

Vioolskraalberg forms part of a narrow belt of paragneisses enclosed
within pretectonic and syntectohic gneisses which form a basal intrusive
suite of porphyroblastic grey gneisses in the Little Namaqualand Suite
(SACS, 1980). Vioolskraalberg is a flat lying, synformal structure which
is correlated with the F3 deformational episode of the Namagualand
Metamorphic Complex (Joubert, 1971). The stratigraphic succession at
Vioolskraalberg bears strong resemblance to the lower portions of the
Bushmanland Group, as described by SACS (1980), which host the base metal
sulphide deposits of. Aggeneys and Gamsberg (Table 3).

The basal unit in the vicinity of Vioolskraalberg is a coarse-grained,
biotite gneiss, which is locally overlain by lenses of pink weathering,
leucocratic, quartzo-feldspathic gneiss. This is succeeded by weathered,
brown, aluminous schist. A thick succession of massive, coarsely
crystalline, white guartzite forms the uppermost unit at this locality.

Dark green, crystalline spinel coexists with bright blue spinel in a
variety of rock types at the interface between the aluminous schist and
overlying quartzites (Fig.6). The gahnite~bearing rocks were first
described by Joubert (1971) who linked the presence of blue spinel to late
stage quartz pegmatites associated with retrograde shearing at the
locality.

Within the aluminous schist are narrow, lense-shaped bodies, not longer
than 5 m and approximately 0.5 m thick, consisting of garnet-bearing
metape]itic rocks. 1In the uppermost portions ,of the aluminous schist,
massive garnet and garnet-biotite schists locally contain gahnite. At the
same stratigraphic level are gahnite-quartz rocks containing green and
blue gahnite and locally, galena. The gahnite quartzites show greater
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lateral persistence than the massive garnet and garnet-biotite rocks which
are restricted to lenses preserved within a major synformal fold closure
(Fig.5). In the lower horizons of the massive quartzite, fine-grained
blue gahnite fills cracks and fissures and appears to radiate outward from
_green gahnite cores. Locally, galena and specks of chalcopyrite occur in
the lower horizons of the massive quartzité unit. On the southern flanks
of Vioolskraalberg at the contact between the schist and quartzite, a
green epidote-chlorite contains up to five percent galena.

To the south of Oranjefontein, metapelitic rocks are dominated by
granulite facies quartz-K feldspar-garnet-cordierite gneisses (Joubert
1971, Moore 1983,1986, Albat 1984, Waters and Whales 1984, Waters and
Moore 1985). and to the north in the Aggeneys/Gamsberg area by
quartz-biotite- muscovite-sillimanite schists of upper amphibolite grade
(Moore 1977, Rozendaal 1978,1982). Pressure-temperature conditions of 700
- 900 °C and 5 - 6 kbar have been estimated for the granulite terrain
(Albat 1984) and 650.- 700 °C and 4 - 5 kbar for the amphibolite grade
rocks at Aggeneys/Gamsberg (Moore 1983). The garnet-bearing metapelitic
rocks contain biotite, cordierite and rarely sillimanite and K feldspar at
Oranjefontein, and appear to represent a transitional zcne between the
granulite and amphibolite facies. Temperatures of 600 - 750 °C at

4.5 - 5 kbar were calculated by Hicks et al. (1985}).
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Chapter 4. GAHNITE IN THE CONTEXT OF MINERALIZATION AND METAMORPHISM
AT THE STUDY LOCALITIES

4.1 Introduction

The following sections describe gahnite-bearing lithologies at Aggeneys,
Achab, Swartkoppies and Oranjefontein. Using petrographic data and
mineral analyses an éttempt is made to tie the formation of gahnite in to
the regional metamorphic history of the Bushmanland rocks in Namagualand.
Geothermometric and oxygen fugacity calculations are applied to
metapelitic assemblages. An explanation of the methods employed is given
in Appendix 2. Gahnite compositions are compared to similar gahnite
occurrences in the Titerature.

Mineral analyses were made on the Cameéca microprobe in the Geochemistry
Department at the University of Cape Town and are listed in Appendix 4.
Tables of average analyses of minerals are given in the text.
Stoichiometric recalculation of Fe3* content of gahnite was necessary

for the calculation of endmember compositions. The method used for
recalculation is outlined in Appendix 1 and a list of endmember
compositions of analysed spinel is given in Appendix 3.
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4.2 Aggeneys

4.2.1 Petrography
Samples obtained from the Aggeneys locality include gahnite-bearing
quartzite from the Black Mountain ore body and Dabiepoort (east of
Aggeneys) and samples of the magnetite quartzite, magnetite amphibolite
and massive sulphide horizons at Broken Hill. Estimated modal proportions
of most of the samples studied are given in Table 7.

Gahnite~bearing guartzites

Amphibole-,garnet-bearing quartzite from Aggeneys contains pale,
pleochroic blue-brown blade-1ike anthophyllite and gedrite, and small,
euhedral garnet grains as major minerals other than quartz. Magnetite,
chalcopyrite and green gahnite occur in minor to accessory amounts. The
bright green spinel occurs as tiny, rounded grains in the matrix or in

-

association with magnetite.

Quartzites obtained from Dabiepoort contain pale-brown biotite, pale green
gahnite and accessory quantities of iron oxides, goethite, galena and
pyrite.

Various gahnite-bearing samples associated with su]phfde-bearing ores were
obtained from the Broken Hi11l ore body. These are described below.

Magnetite quartzite

(1) Banded Magnetite Quartzite. (Figure 7a)

Compositionally this rock is almost bimineralic consisting of quartz (>
70%) and magnetite (~ 20%). Quartz grains are large (up to 6 mm), strained
and tend to be elongate with sutured grain boundaries. Magnetite occurs
as elongate grains with ragged outlines; occasionally euhedral forms are
present. Magnetite contains 0.2 - 0.4 mm quartz and green hercynite
inclusions (Fig.7a}). Exsolved hercynite grains most commonly occur a]ong‘



a. Exsolved hercynite in the magnetite- _b. Porphyroblastic gahnite with rims
quartzite. of muscovite in the massive sulphide
rocks. Alteration to sphalerite
occurs along cleavage traces.

>r

c. Euhedral gahnite associated with d. Gahnite rimmed by a stacked corona
sphalerite, muscovite and quartz of sericite, quartz and sphalerite
in the massive sulphide rocks. "in an embayed garnet grain in the

brecciated massive sulphide rock.

Abbreviations: o
G - gahnite, Ga - garnet, M - magnetite, Mu - muscovite, .
Q - quartz, §$ - sillimanite, Sp - sphalerite, R - rutile.

»

Fiqure 7: Textural relations of minerals in rocks from Broken Hill.
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Table 7. Estimated modal proportions of minerals present in samples studied from Aggeneys

BH-1 BH-3

SAMPLE: BH-2  BHLO-1
Magnetite 30 15

Hematite . tr

Chalcopyrite 5 35

Pyrite 15 tr
Pyrrhotite 25 25 10 10
Sphalerite m m 10 5
Galena tr 5 40 10
Quartz 25 5 10 55
Feldspar 5 m
Pyroxmangite 5 5

Garnet 5
Chlorite m tr '
Biotite 5

Muscovite 5 10
Gahnite/hercynite m tr
Tourmaline : m
Amphibole ; tr tr

Sillimanite tr

BHWE-1 BHWE-2 BHG-302 240AGS6  DPE

40 €0 20 m

m o 10 5 tr
ty
5 m '
m m
tr ty
45 20 75 75 9t
m 10
tr m tr
tr tr T
tr
tr tr tr m n
10

'm' indicates minerals present in minor proportions (5% or less)
'tr! indicates minerals present in trace quantities (1% or less)

Rock Types:

BH-1, BH-3
BH-2
BHLO-1

BHG302
240AG56
DPB-1

: sulphide-, amphibole-bearing BIF
: massive sulphide rock

: brecciated massive sulphide
BHWE-1, BHWE-2:

sulphide-bearing magnetite quartzite (BIF)

: banded magnetite quartzite (BIF)

: amphibole~garnet quartzite
: metaquartzite
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the edge of'magnetite grains, bordering on matrix quartz. The exsolved
hercynite contains tiny magnetite and guartz inclusions. Spinel also
occurs as tiny grains in‘quartz inclusions in magnetite. Accessory
mineral phases in this rock include muscovite and chlorite (Table 7).

{2} Sulphide-rich Magnetite Quartzite. ‘

Sulphide minerals include chalcopyrite, pyrrhotite and sphalerite [Table
7). The ore minerals form coarse interlocking grains. Minor phases
include garnet, phlogopite, chlorite, muscovite and gahnite. Quartz and
magnetite are the major phases with quartz occuring as coarse grains, (0.6
-~ 4 mm), with undulose extinction and sutured grain boundaries. Euhedral
magnetite grains occur throughout the rock. Chalcopyrite and pyrrhotite
appear to be associated. Sphalerite, like magnetite occurs throughout the
matrix. i
Pale-green gahnite grains up to 0.35 mm are associated with sulphide
minerals and magnetite. Green gahnite is commonly anhedral or occurs as
ribbon=-1ike inclusions in chalcopyrite, pyrrhotite or sphalerite.
Sphalerite is commonly spatially associated with gahnite and occasionally
surrounds it and infills fractures in gahnite. The association of
sphalerite with fractures in gahnite suggests that gahnite is replaced by
retrograde sphalerite. Gahnite commonly contains guartz inclusions and
shows no disequilibrium features towards guartz.

Garnet occurs locally as aggregates interspersed with magnetite and
quartz. Garnet and gahnite were not observed in contact.

Sulphide=rich amphibole~bearing BIF.

The samples studied include a quartz-, magnetite-~dominated assemblage and
a sulphide~dominated assemblage, however both rocks contain the mineral
suite; quartz + magnetite + chalcopyrite + pyrrhotite + sphalerite +
galena + pyroxmangite + amphibole (Table 7). Quartz is invariably
surrounded by a thin rim consisting of small radiating pyroxmangite
grains. Pyroxmangite also occurs as pale, (0.4 - 0,8 mm), subhedral grains
in the ore assemblage. Amphibole occurs in a blade-1ike habit, displays
gxce]]ent twinning, typical amphibole cleavage and has a 2V of 80-90-<.
Grain size is similar to that of pyroxene. The amphibole contains
significant quantities of manganese and appears to fit the description of
tirodite described by Ryan et al. {1982). Although sphalerite occurs
throughout, no gahnite was observed in the samples studied.
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Massive Sulphide. (Figures 7b,c)

This rock contains a sulphide-dominated assemblage. The gangue minerals
include quartz as a major phase along with brown phlogopite, colourless
muscovite, minor feldspar and pale green gahnite. Sulphides include
galena, pyrite, pyrrhotite and sphalerite (Table 7).

Quartz occurs as large poikiloblastic grains (up to 1.7 mm). Large
phlogopite and muscovite laths coexist with quartz. Most of the
orange-brown phlogopite is corroded and altered. In contrast to this,
muscovite is unaltered and exhibits euhedral grain shapes.

Pale green gahnite occurs throughout the assemblage as inclusions in the
ore minerals or along with quartz and muscovite as part of the gangue
mineral assemblage (Fig.7c). Where it occurs as inclusions in ore,
gahnite forms large anhedral grains commonly bordered by sphalerite and
magnetite (Fig.7b). Inclusions of magnetite, sphalerite and rutile occur
in gahnite. A feature of gahnite in this assemblage is the narrow rim of
muscovite which surrounds the grains and forms a boundary between it and
the surrounding sulphides. Small grains of quartz are commonly associated
with gahnite in the ore and these too are surrounded by muscovite
(Fig.7c). Occasional grains of gahnite are surrounded partially by a
narrow rim of quartz.

Gahnite surrounded by quartz is generally associated with sphalerite.
Large complex gahnite-muscovite-quartz intergrowths on closer inspection
comprise inclusions of gahnite and quartz hosted in large, optically
continuous muscovite -poikiloblasts. Scattered, euhedral grains of gahnite
also occur as inclusions in quartz grains in the matrix.

" A coarse, brecciated form of the massive sulphide rock consists dominantly
of quartz cemented by pyrrhotite, gaTena and pyrite. Minor sphalerite is
present as well as garnet, tourmaline and muscovite (Table 7). The
dominant quartz fraction is recrystallised and exhibits a fine mortar
texture. Muscovite occurs in elongate, curved laths with stumpy grain
terminations and is generally surrounded by sulphides. Tourmaline occurs
as 0.06 - 0.4 mm, rounded grains displaying a yellow-orange/orange
pleochroic scheme. Garnet tends to be concentrated locally as Subhedra1,
fractured grains of up to 1.7 mm in diameter. Larger grains contain
inclusions of quartz, magnetite and fine sillimanite needles. Garnet is
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commonly fractured and infilled with sulphides. Pale green gahnite is
rare, occurring as anhedral grains in muscovite. A single grain of
gahnite occurs in an embayment in garnet surrounded by sphalerite. The
gahnite grain is surrounded by a stacked corona consisting of an inner
sericite layer, quartz and a wider sphalerite rim (Fig.7d). Quartz and
sericite grains surround the complex mineral aggregate.

4.2.2 Mineral Chemistry

Mineral analyses were obtained by use of the Cameca Microprobe in the
Geochemistry Department at the University of Cape Town. An explanation of
the technique employed and method of data reduction is given in Appendix
1. Natural and synthetic standards were employed. Individual mineral
analyses are listed in Appendix 4. Table 8 lists average mineral analyses
of the rocks studied.

Muscovite. ’

Muscovite is a major phase in the massive sulphide rocks (Table 8).  The
simplified general formula for analysed muscovite is:
KzMgo.3-0.35F€0.4-0.47T10.13A13.55(S16A12)026(0H) 4.

There is some substitution of Ti, Mg and Fe for octahedral Al and this
site is slightly overfull according to the structural formula. A
stoichiometric recalculation of the analysed composition did not reguire
that any of the Fe be present in the Fe®* state. Individual muscovite
grains contained up to 0.23 wt% Ca0 but most of the ana]yses'contained no
calcium. A single analysis of a Na-muscovite was made but the rest have <
0.5 wt% NaO. None of the muscovite analysed contained zinc above the
detection limit for this element (0.2 wt% Zn0).

Biotite/Phlogopite

In the massive sulphide rock orange-brown biotite occurs along with
muscovite, the latter replacing earlier brown biotite. The simplified
structural formula for biotite in this sample is:
Nao.o3K1.7Mno.13Mgs.3Fe1.9Ti6.2(A12.65S1s5.4)020(0H)a.

Biotite contained. significant quantities of manganese (up to 1 wt% MnO).
Phlogopite occurs as a minor phaSe in Eu1phide-bearing BIF (Table 8), and
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Table 8. Average {or representative) analyses of minerals present in samples
studied at Aggeneys. '

n
SAVWPLE

Si02
Ti02
A1203
Cr203
FeO
MO
M0
Ca0
n0
Na20
K20

Total

n
SAWLE

Si02
Ti02
A1203
“Cr203
Fe0
MnO
M0
.Ca0
n0
Na20
K20

Total

nd:

BIOTITE

7
BHG156-7

34.14
4.11

19,22
nd

24.65
0.23
5.17
nd

0.07
9.8

96.67

"MUSCOVITE

1
BHG156-5

45.30
0.59

35.50
nd
1.83
nd
0.34
nd

0.2
7.13

90.91

Lo
AR

© O
EROAN

BHG156-5

33.89 -

3.41
19.49
0.08
25.89
0.24

nd

7
BH-2

42.76
1.51

32.10
nd
3.12
0.07
1.63
nd
0.13
0.21
9.25

90.78

EN

oz RoBz N8
Rl BRe

O O3
N6

8
&

3
BHLO~1

43.64
1.35

32.02
nd
2.55
0.09
1,38
nd
nd
0.51
9.64

91.18

_35...

0.13

0.06

0.14

PHLOGOPITE

1
BHAE-2

41,12
0.08

12.98
nd
9.91
0.51

21.32
nd
nd
1.02
7.33

94.27

CHLORITE

1

BHG156-5

29.50
2.46

21,40

nd
28.32
0.43
7.63
nd

0.08
2.72

92.54

3
BHWE~2

30.42
nd
9.56
nd

43.80
2.04
2.15
nd
0.15
0.14
0.32

88.58

1.01

0.41
0.03
0.32

0.09
0.07
0.07

element was not detected or the amount detected is below the detection limit
of the analytical method employed. :
o: is a statistical measure of the range of 'n' number of analyses.

A1l Fe was analysed as FeO.,
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Table 8. Average (or representative) analyses of minerals present in samples
studied at Aggeneys.

-t

PYROXMANGITE  TIRODITE ANTHOPHYLLITE GEDRITE TOURMALINE
n 2 5 1 2 : 5
SAWPLE BH-1 BH-3 240AG56 240AG56 BHLO~-1

(o] : (o2 g s]

Si02 47.03 0.19 583.14 0.16 50.98 44.55 0.75 35.00 0.66
Ti02 nd nd 0.04 0.13 0.02 0.69 0.18
A1203 nd 0.19 0.06 4.14 13.06 0.04 34.01 0.%0
Cr203 nd nd nd nd nd
Fe0 9.30 1.41 13.97 0.40 24.41 25,66 0.32 9.14 1.12
MnO 40.96 2.98 15.71 0.69 0,30 0.27 0.01 0.22 0.4
MO 2.16 1.37 14.40 0.49 18.03 13.58 0.37 4.87 0.75
Ca0 0.22 0.10 0.20 0.06 0,07 0.12 0.0 0.72 0.23
Na20 nd 0.11 0.03 0.26 1.04 0.07 1.60 0.21
K20 nd nd nd nd 0.11 0.05
Total 99.67 97.72 98.23 98.41 86.36

GARNET
n 5 5 2 4 3
SAMPLE BHAE 1 BHLO 1 240AG56 BHG 156~7 AGB0-195

(o3 6 g g a]

Si02 36.72 0.20 36.31 0.12 37.37 0.11 37.01 0.16 37.19 0.18
Ti02 nd ndl ' nd nd nd
A1203 2.89 0.18 21.52 0.04 21.81 0.28 21.19 0.09 21.16 O.11
Fe0 21.67 0.48 24.79 0.60 3534 0.86 32.74 0.38 34.86 0.13
MnO 17.82 0.75 16.33 0.73 1.24 0.01 8.7t 0.05 5.73 0.07
Mg0 1.47 0.09 0.98 0.10 5.3 0,17 1.45 0.06 1.36  0.07
Ca0 1.43 036 0.5 0.14 034 0.01 1.17 0.04 1.93 0.07
Na20 nd nd nd nd nd ’
K20 nd nd ‘ nd nd nd
Total 100.00 100.46 101.40 102.27 102.23

nd: element was not detected or the amount detected is below the detection limit
of the analytical method employed. ‘

g: is a statistical measure of the range of 'n' nurber of analyses.

A1l Fe was analysed as FeQ. :
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Table 8. Average (or representative) analyses of minerals present in samples

SAWPLE

Si02
Ti02
A1203
Cr203
Fe0
MnO
MgO
Ca0
n0

Total

n
SAVPLE
Si02
Ti02

A1203 -

Cr203
" FeD
MO

MO
Zno

Total

studied at Aggeneys.

MAGNETITE
3 1 4 4 1
BH-1 BH-3 BHWE~1 BHWE-2 240/G56
o _ 0 o
0.02 0.01. nd 004 002 0.04 0.01 0.08
0.4 0.02 0.21 0.10 0.02 0.15 0.02 0.14
0.13 0.06 0.20 0.3 004 0G40 0.8 0.23
nd nd nd nd . 0.18
95.23 0.25 92.08 9%.26 0.43 95.82 0.98 95.13
1.76 0.04 2.26 0.3 006 0.3 0,07 nd
003 003 nd 0.02 0.01 nd nd
nd nd nd nd nd
nd - nd nd nd 0.14
97.21 94.75 97.08 96.76 95.90
GAHNITE
11 . 1 9 - 10 ' 6
BH-2 BHLO~1 BHWE-1 BHWE-2 2400656
0 o 0 ]
nd nd - nd - - - nd nd
nd nd nd R L nd
57.04 0.35 53.03 56.69 0.24 56.97 0.41 55.77
007 0¥ nd nd nd nd
7.12 0.50 10.41 9.22 0.31 9.51 1.08 16.9
0.51 0.06 0.49 038 00 05 014 nd
1.15 0.11 - 0.79 1.07 0.06 1.06 006 2.77
33.60 0.57 32.17 32.47 0.44 31.74 1.02 24.10
99.49 101.89 99.83 99.83 99.58

0.62
IOM

0.16
10&

nd: element was not detected or the amount detected is below the detection limit
of the analytical method employed.

o: is a statistical measure of the range of 'n' nurber of analyses.
A1l Fe was analysed as Fe0.

SAWLE

n
Fe

Total
Zn/Fe

SPHALERITE

3
BH-2
' )
58.94 0.08
8.13 0.07 ‘
0.30 0.06
3.80 0.24

101.17
7.2
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has the structural formula:

Nao.sK1.3MNo.0eMda. sFes . 3ATo.3(A12516)020 (OH)a. It

was found to contain less manganese than biotite (0.5 wt% MnO).
Stoichiometric recalculation of biotite and phlogopite did not require
that any Fe occurs in the Fe3* state. Analysis for zinc in biotite and
phlogopite gave values of less than 0.2 wt% Zn0 (0.2 wt% ZnO is the lower
detection 1imit for this element in the analyses).

Chlorite

The only chlorite observed in the rocks studied occurred in the
phlogopite-bearing BIF (see above). Chlorite is significantly rich in
iron and silica and contains in excess of 2 wt% Mn0. A simplified formula
is Nao,1Ko,1Mgo,7Mno,4FeB,5A11,5(A1181?)020(0H)4.

Garnet

In the massive sulphide and sulphide-bearing BIF, garnet has high
spessartine contents. Average core compositions of garnet in the samples
studied are Almse.,Spesss,.sPyaGross,;.s and

Almas.sSpessac.sPys.sGross,. - respectively. Similar

spessartine-almandine garnets are recorded in the aluminous schist at
Aggeneys (Ryan et al., 1982) and at Gamsberg (Rozendaal, 1982). Garnet in
the Aggeneys garnet—~,anthophyllite quartzite has an average composition of
A1m7sPyzoSpess3Grossl; Garnet compositions are plotted on a

triangular endmember diagram, Figure 8. '

o Tourmaline

S0 Small quantites of pleochroic orange/yellow tourmaline occur-in the

- brecciated massive sulphide rock. These have a formula of:
Nao.sCao.03Mg1.sFe;.eMno.3Ca0.2A16B3S11602> which is
equivalent to 44 mol% dravite and 56 mol% schorl endmembers. The total
wt% oxides in tourmaline is 85 from which the boron content is estimated
at approximately 15 wt% B>0s.

Amphibole )
The sulphide-rich, amphibole-bearing BIF from Broken Hi1l contains a

. Mn-~rich amphibole which is described as tirodite by Ryan et al. (1982).
The structural formula of the amphibole is
Nao.13Cac.03Mnz.1Fe,.asMgs . 3S150,2. Garnet-orthoamphibole
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Garnet compositions (Broken Hill) plotted on a tr%angu1ar
end-member diagram

-39-



quartzite from Aggeneys has coexisting anthophyllite and»gedrité e.q.
Anthophy] ] 1te; Nao.oacao.01Mno.04Fe3. 12Mg4. 1A1o.5(si7 .BA]O.OZ )022
and Gedrite; Nac.zilao.o02Mno.oafes.sMgs. A1, .3(Si6.0A15.1)022.

Pyroxenite
In the magnetite-amphibolite Mn-rich pyroxenite is fairly common. Average
analyses yield a structural formula of Cas.oif€o.16MN6.76M3d6.05510a.

Magnetite
Magnetite in the BIF contains between 0.2 and 0.5 wt% MnO. In the massive
sulphide rocks magnetite contains up to 2.3 wt% MnO.

Gahnite

Average gahnite endmember composition for the BIF is
Ghnyo.oHC23.155pa.»sGaly.2. Zincian hercynite exsolved from

magnetite in non-sulphide~bearing magnetite quartzite has a composition
of Hcss.eGhnza.-Sps.sGals.2. In the massive sulphide rock,

analysed gahnite has the composition Ghnys_ aHC1aSps.2Gal,. 3.

Gahnite in the amphibole-garnet quartzite has the composition
Ghngz.9HC34.65P12.5"

Figures 9, 10 show variation in wt% Fe0 and Mg0 compared to wt% Zn0O in
gahnite. Gahnite from Dabiepoort has similar composition to the
sulphide~associated gahnite at Broken Hill. However gahnite in the
garnet-amphibole quartzite from Aggeneys has lower zinc and higher
magnesium content than sulphide-associated gahnite. Zincian hercynite
exsolved from magnetite in the BIF has a relatively high Fe content.
Compositional differences in géhniteamay‘réf1ect variation in bulk rock
chemistry and thus available componénts for gahnite formation or
alternatively may reflect a sensitivity of gahnite composition to
variation in parameters such as.metamorphic fluid, temperature, pressure
or f(0)-. By accounting for the Fe content of gahnite in these rocks
Figure 11 shows that gahnite compositions define separate fields in the
different 1ithologies and thus show sensitivity to variations in bulk rock
chemistry despite the dominantly iron-rich character of the surrounding
lithologies at Aggeneys.

Analysed gahnite and zincian hercynite from samples studied are plotted on
a triangular endmember diagram, Figure 12. Available data on gahnite
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Figure 9: Gahnite compositions, (Broken Hill): ZnO/Fe0
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Fiqure 11: Gahnite compositions, (Broken Hill): Mg/Mg+Fe vs. Zn/Zn+Fe
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GAHNITE

SPINEL HERCYNITE
Symbols:
large dots  : massive sulphide (Broken Hill)
small dots : gahnite-bearing quartzite (Dabiepoort)

open squares : garnet-orthoamphibole quartzite (Aggeneys)
open triangles: magnetite quartzite (Broken Hill)

Field 1: gahnite associated with metamorphosed massive sulphide
deposits (Spry, 1984).

Field 2: gahnite associated with aluminous metasediments
(Spry, 1984).

Figure 12: Gahnite compositions (Broken Hill) plotted on a triangular

end-member diagram.
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associated with sulphide mineralization in other parts of Namagualand is
Jisted in Table 9, as well as some reported compositions from
metamorphosed massive sulphide deposits from other parts of the world. It
is apparent that gahnite composition can vary substantially, however, most
of those associated with metamorphosed massive sulphide deposits eg.
Appalachians (Sandhaus, 1981), Swedish Caledonides (Sundb]ad, 1982),
Quebec (Bernier et al., 1984), Broken Hill, Australia (Plimer, 1977) have
high zinc contents and low spinel contents as was suggested by Spry
(1984). Included on Figure 12 are the fields proposed by Spry (1984) for
gahnite from metamorphosed massive sulphide deposits (field 1) and from
aluminous metasediments (field 2).

Table 9 also includes Mg-rich gahnite compositions from high-Mg, aluminous
rocks (Essene et al. 1982, Wolter and Siefert 1984, Treloar et al. 1981).
Gahnite from the anthophyllite-,garnet-bearing quartzite similarly shows
higher Mg contents (11-15 mol% spinel) than the sulphide associated
gahnite (3-6 mol% spinel).

The high Zn content of gahnite associated with sulphides (70-80 mo]%
gahnite), high Mg content of gahnite in the Mg-rich,
anthophyllite-,garnet-bearing quartzite and high Fe content of gahnite
exsolved from magnetite appear to indicate a sensitivity of spinel
composition to bulk rock chemistry.

4,2.3 Metamorphism and f{0)>

Samples obtained from the metapelitic schist at Broken Hill contain the
assemblage: quartz-biotite-sillimanite (+ K feldspar, garnet, magnetite).
The BAMM Buffer (Zen, 1985) for oxygen fugacity calculation is applicable
to this assemblage and the presence of co-existing biotite and garnet
enable calculation of metamorphic temperature.

Texturally, biotite and sillimanite define a pervasive schistosity in
these rocks. Quartz is strained with grains elongate parallel to the
fabric defined by sillimanite and biotite. Biotite is orange-brown to
pale brown and is partially corroded along the grain boundaries. The
association of biotite, sillimanite and garnet suggest a prograde
dehydration reaction involving biotite as a reactant phase. Garnet grains
are small (approx1mate1y 1 mm in diameter), and mostly occur as inclusions
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Table 9. Gahnite compositions from Namaqualand, some massive sulphide deposits and Mg-rich rocks.

COMPOSITION OF GAHNITE IN NAMAQUALAND

Locality:

Gamsberg

Kielder District,
Namaqualand
Kouberg Synform, -
Namacqualand
Broken Hil11,Black
Mountain; Aggeneys

Reference:

Rozendaal, 1982

Gorton, 1981
This study
Rozendaal 1982

Spry, 1966,
1987a

Asserblage:

B menber. (ore zone)
C menber (ore zone)
massive sulphide rocks

gqtz-fsp-sill gneiss
magnetite zones
massive sulphide
garnet quartzites

COMPOSITION OF GAHNITE IN MASSIVE SULPHIDE DEPOSITS

Massive sulphide deposit,
Mineral District,Virginia

Swedish Caledonides

Bleikvass1i ore deposit,
Norway

Massive sulphide deposit,
Montauben-Les-Mines, Que.
Massive sulphide deposit,

Broken Hill, Australia

Massive-sulphide deposit,

Fornas, Spain
Archean Iron Formation

Sandhaus, 1981
Sundblad, 1982
Vokes, 1962
Bernier' et al.
1984

Plimer, 1977
Williams, 1983

Popel, 1986

mineralised metapelitic
and metavolcanic rocks
mineralised quartz-mica
schists

quartz-rich muscovite
schist
biotite—garnet-quartzo~
feldspathic gneiss
sulphide associated
metapelitic rocks
sulphide associated
metabasites

mineralised BIF and

associated anthophyllite-

gedrite rock

d]"POSITIG‘l OF GAHNITE IN MAGNESIAN-RICH ROCKS

Massive sulphide deposit,

Manitauwadge, Ontario

Massive sulphide deposit,

Falun, Sweden
Cu~Co-Zn ore bodies
Outokumpu district,
Finland

Essene et al.,

1982

Wolter and

Siefert, 1984

Treloar et al.,
1981

spinel-nigerite-hogbomite

rock

cordierite~anthophyllite

rock .

spinel-phlogopite schist

crd-amphibole rock

...46_

288%83&

—
P
~
(4]

79

72

57-78

72

41

50~70

13-15
2361

7-24

15-24

16-50

73-78
23-70

<5
31

13

4-14
310

11

4-5

14

0-24
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9-19
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in biotite. Garnets commonly have a central poikiloblastic region
containing tiny quartz and magnetite inclusions and clear rims. In some
assemblages biotite is replaced by retrograde chlorite.

Averagé analysed mineral compositions from the aluminous schist are
included in Table 8. The structural formula for muscovite is :
Kx.zaNao.oe(Feo.zMgo.o7)(Tio.osA13.7)SieA12020(0H)a and

for biotite is

K1.aNao.aneaMg1.2A1o.7Tio.a(Sis.3A12.7)ozoOHzo

The compositional range for garnet is Almya—»9Py2S5pesS13-20Grossa—a.

Ryan et al. (1982) propose three metamorphic episodes in the Bushmanland
rocks at Aggeneys, the first, M1, is largely masked by re-equilibration
during the slightly lower M2 event. Temperatures of 670 - 695 °C and
pressures between 3.5 and 6 kbar have been estimated for the observed
maximum metamorphic grade attained in the area (M2) (Ryan et al., 1982) .
These estimates are based on the presence of orthoclase, sillimanite and
cordierite in the aluminous schist, diopside in the amphibolites, and
grossular garnet in calc-silicate rocks at Aggeneys. Retrograde
metamorphism to greenschist facies, (M3), result in alteration of garnet
to chlorite and epidote, sillimanite to sericite . An estimate of 440 °C
at similar or lower pressures is given for this event (Ryan et al., 1982).

In order to calculate P-T conditions of maximum metamorphism, (M2}, cores
of coexisting garnet-biotite pairs were analysed. Cores were selected to
minimise the effects of Fe-Mg re-equilibration during (M3) retrograde
metamorphism (Indares and Martingole, 1985b). Results of calculations are
listed in Table 10 . Biotite-garnet pairs yield a maximum temperature of
650 °C at 4.5 - 5 kbar, according to the method of Indares and Martingole
(1985a). An explanation of this method is outlined in Appendix 2.

Garnet was found to be significantly spessartine-rich in the rocks studied
(13-20 mo1% spessartine component ).

In the magnetite quartzite, small exsolved grains of green spinel occur
along the borders of the magnetite grains. Both magnetite and hercynite
co-exist with quartz in this assemblage.

The hercynite-quartz stability field has been jnvestigated by Richardson

14
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Table 10: Results of geothermometry on co-existing garnet-biotite pairs in a
sample of the aluminous schist from Broken Hill.

ana]ysis nr: 1 2 3 4

Corrections for substitution in Garnet

Xca 0.0330 0.0336 0.0332 0.0313
Xmn 0.1962 0.1933 0.1908 0.1922
Ko=Fe/Mg 12.9167 12.1050 12.5398 12.6954

Corrections for substitution in Biotite

Xvq 0.0761 0.0941 0.0899 0.0810
Xan 0.1195 0.1331 0.1963 0.1218

Ko=Fe/Mg 2.8586 2.2000 2.6271 2.8445

at 5 kbar pressure
T°K 915 800 843 908
T°C . 643 527 570 635

Maximum Temperature = 915 °K or 643 °C
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(1968), Hensen and Green (1971), Holdaway and Lee (1977) and Bohlen et al.
(1986). Bohlen et al., (1986) did experimental studies in the
Fe~A1,05-Si0, system and determined the equilibrium Tocus of the

reaction: 3 FeAl,0, + 5 Si0, = FesA125i30:2 = 2A12510s

which is located at 5.2 kbar and 865 - 880 °C. However this reaction has
a positive dP/dT slope and incorporation of zinc and/or magnetite in
hercynite increases the stability field of hercynite-quartz. Zinc,
especially may stabilise hercynite to much JTower temperatures (Ffast
1973, Vielzeuf 1983). In the magnetite quartzite, hercynite has the
composition Hcss—esGhNz0-365Ps—-11.

Magnetite is able to absorb a Timited quantity of zinc into its structure
(Wedepohl1 1970, Deer et al 1980). The solidus limiting the solid solution
between magnetite and hercynite is shown to be dependent on temperature
and oxygen fugacity (Turncock and Eugster, 1962). According to their
calculated isothermal sections magnetite is able to incorporate less than
5 mol1% hercynite in solid solution at 600 °C and f(0)> = ~14. Above 600
°C and at lower f(0)2, the solid solution between magnetite and

hercynite increases. '

The experiments of Turncock and Eugster (1962) show that magnetite=~
hercynite solid solution is severely limited at amphibolite grades of
metamorphism. Similarly, there is a limit to the stability field of
hercynite and quartz at amphiboliite facies (Bohlen et al., 1986). However
the incorporation of a percentage of zinc into the structure of hercynite
may increase the stability field of hercynite—quartz to amphibolite grades
and lower (Frost 1973, Vielseuf 1983). In the magnetite quartzite, it is
probable that the hercynite-quartz and hercynite-magnetite assemblages
coexist by virtue of the zinc content of the original spinel phase.
Exsolution of magnetite-hercynite possib]y occurred during the post
metamorphic cooling stages of the upper amphibolite grade, (M1}, event.

Metamorphic f(0)2
Zen (1985), proposed an empirical calculation for f(0)= based on the

assemblage biotite-garnet-muscovite-magnetite=quartz. The aluminous .
schist contains this assemblage. Table 11 shows results of calculations
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Table 11: Results of oxygen fugacity calculations on the a]um1nous schist
and BIF from Broken Hil1l.

Rock Type: BIF Aluminous Schist

Sample nr: BH-2 BHWE~1  BHLO-1 BHG156-7 BHG156~5 AG80-195
Correction: biotite

-4 log Xs; 0.15 } 0.22 0.20 0.24

~3 109 Xfa 1.56 0.86 0.83

Correction: garnet

=3 10g Xre 0.91 0.73 0.40 0.33
Correction: muscovite

+2 log Xan -0.15 _ ~0.02

+4" log Xs, -0.01 -0.05

Average correction biotite

1.71 1.02
Average correction muscov1te ) .
-0.13 ~0.07
Average correction garnet '
0.91 0.37
Total correction . ‘
2.47 1.30

Reference BAMM buffer at 650 °C and 4.5 kb:
Log f(0)> = 10.29 - 26284/T + 0.148(P-1)/T + 650/T = ~17.5 + 0.7
Corrected log f(0)> Aluminous Schist = -16.02 = 0.7 ‘
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employing the BAMM buffer system of Zen (1985) and using the calculated
temperature of 650 °C and pressure of 4.5 kb. The BAMM Buffer yields a
metamorphic log f(0)> of -17.5 +/~ 0.7 without correction for
substitution for Fe in biotite and garnet and Al in biotite and
muscovite. Corrections for the substitutions yield calculated log f{0}).
= =16,02 +/~ 0.7. An attempt was made to apply the buffer to the
sulphide-rich BIF, but as the calculation does not take the sulphide
phases into account, the results are invalid.

4.2.4 Gahnite Formation

In their study of gahnite at Aggeneys, Spry and Scott (1987a) suggest two
reactions for gahnite growth in the sulphide-rich rocks 1i.e.

1. FesA12Si130.:2(1in garnet) + ZnS + Sz => ZnA1,0. + 3FeS + 3S5i0: + 02

2. FezA1,5i30,2 + ZnS + 2.5S5; => ZnA1.0, + 3FeS; + 3Si0; + 0,

In the sulphide-free assemblages, e.g. aluminous metasediments, magnetite-
barite rocks, gérnet-quartzites and magnetite quartzites, they suggest that
gahnite-formed during prograde metamorphism of sulphide-bearing sediments i.e.
3. A1.Si1:05(0H)a(kaolinite) + ZnS + 0.50, -> ZnA1,0, + 25i0, + 2H,0 + 0.5S;

Gahnite and garnet are observed in a number of sulphide- and non-sulphide-
'bearing assemblages, although not necessarily in contact, but evidence of
garnet breakdown is sparse. Spessartine-rich garnet, as occurs at

Aggeneys, is generally accepted as a variety which is stable at relatively

low metamorphic grades. Although not observed in the rocks studied, it is .
more likely that garnet alters to form chlorite than breaks down in an
anhydrous reaction to form gahnite.

Gahnite is associated with muscovite and phlogopite in sulphide~bearing

rocks, however, the almost insignificant quantities of zinc in mica limits

the possibility of gahnite formation from a precursor zinc-bearing phase
(Dietvorst, 1980). The common association of gahnite and sphalerite in
sulphide-bearing assemblages suggests that gahnite formed early in the
paragenetic history as opposed. to forming by retrograde alteration of mica

or by garnet breakdown.

3
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Ririe (1982) found that coexisting gahnite-magnetite along with ore
minerals, in Precambrian sulphide deposits in Colorado, display p
metamorphic textures which are consistent with a premetamorphic origin.
Evidence supports the formation of magnetite and gahnite during prograde
metamorphism in response to changes in f(S)z and f{0)> by the
reactions;
4, 3FeSz + 20, => Fes04 + 352

1/20, + A1,5i0s + ZnS => ZnA1204 + Si02 + 1/252
At Aggeneys and Gamsberg there is some dispute as to the origin of the
sulphide mineralization with support for a fumarolic exhalative source
{Ryan et a].,V1982 and Rozendaal, 1982) and a chemogenic sedimentary
origin (Moore 1986). It would appear from the metamorphic textures
observed in this study that gahnite, sphalerite and magnetite formed
during the same prograde metamorphic event and are thus premetamorphic in
origin.

Moore and Reid (1988, in press) show that gahnite associated with
sphalerite in quartzites in Namagualand can form from infiltrating
metamorphic fluids carrying alkali-A1,05; complexes e.g.

5. 2KH, + (Zn,Fe)S => (Zn,Fe)A1:04 + H2S + 2KOH or at Tower K*/H",

6. 2HzA105 + (Zn,Fe)S => {Zn,Fe)A120, + Hz0 + HaS. )

A similar hydrothermal-type reaction was proposed by Hobbs {1975) for
gahnite formation in pegmatities and quartz veins at Broken Hill massive
sulphide deposit, Australia.

The presence of muscovite rims around gahnite in some rocks appears to
support the introduction of a fluid phase into the rocks, possibly
associated with the later, retrograde metamorphic event (M3) in this
area. The stability of gahnite at amphibolite grades of metamorphism
(650 °C, 5 kbar) is indicated by its coexistence with sphalerite, garnet
and quartz in sulphide-bearing assemblages. It is therefore suggested
that gahnite-formation was initiated during diagenesis and continued
during prograde metamorphism of the sulphide-bearing sediments. A reaction
such as (3), above is envisaged during diagenesis and during the early
metamorphic stages. The abundance of micas and garnet in the rocks
indicate an adequate supply of Al throughout the metamorphic paragenesis.
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Subsequent to the M1 and M2 metamorphic events, low grade metamorphism
accompanied by the introduction of K-bearing fluids into the rocks would
account for retrograde breakdown of phlogopite and formation of muscovite
in some of the assemblages observed. Reactions such as (5) and (6) are
possibly associated with the retrograde event. The presence of sulphides
and ubiquitous K-beafing mica phases, in the halo of rocks whicH surround
the ore bodies at Aggeneys, indicate .an adequate supply of Zn and K for
this type of reaction.
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4,3 ACHAB
4.3.1 Petrography

Gahnite~bearing quartzites can be traced as a thin horizon in the
aluminous schist from the Namiesberg mountain on Achab farm northwards
beyond Tafelberg and towards the Gamsberg in the northwest {(Fig.5}. In
the Namiesberg, gahnite occurs mostly in quartzites and schists at the
contact of the aluminous schist and the underlying quartzo-feldspathic
gneiss. Gahnite occurs locally in the upper horizons of the aluminous
schist at its contact with the metaquarzite unit.

Metapelitic Rocks

Metapelitic rocks sampled for the study of gahnite at this locality
include sillimanite and muscovite schists, a cordierite-gedrite rock and
biotite=sillimanite~muscovite schists., Gahnite is present in the
biotite-sillimanite-muscovite schist which also contains minor ilmenite
and rutile. The sillimanite and muscovite schists sampled are almost
monomineralic, containing only accessory quantities of zircon. Table 12
lists modal proportions of minerals present in the rocks studied.

Gahnite-bearing biotite~muscovite-sillimanite schists are composed of
coarse red-brown biotite, muscovite and fibrolite (Fig.13). Abundant tiny
inclusions of zircon occur in coarse biotite Taths., Biotite, muscovite
and gahnite, sillimanite (Plate 1) or garnet form the major phases present
in these rocks (Table 12). Garnet occurs as coarse, euhedral '
porphyroblasts with a central portion.- containing many minute quartz
inclusions. Occasional grains of biotite and rare green gahnite also
occur as inclusions in garnet. Anhedral green gahnite is found
interstitially to biotite, sometimes bordering on garnet grains and
contains both biotite and sillimanite inclusions (Plate 2}. Gahnite
occurs as a prograde mineral in these assemblages. No Fe-Ti oxides are
present in these samples, although they occur in most other Tithologies at
this locality.
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Fiqure 13: Textural relationship of gahnite in the biotite-muscovite-
schist. g
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Table 12. Estimated modal propoftions of minerals present in samples studied at Achab.

SAVPLE ABN1 ABN5 ABN2 ABN4 ABN16 ABN6 ABN7

Quartz 10 65 15 €0

Biotite : 65 15 m tr

Garnet ‘ 15 b

Cordierite tr m .

Sillimanite 85 25 m 35

Plagioclase tr

Muscovite m _ 8% 15 35

Sericite m

Magnetite tr 10 tr m

Gahnite tr 15

Rutile om : )

Zircon Ctr tr ‘

Gedrite 40

Tourmaline ' 40

SAMPLE ABN3 ABN8 ABNS ABN10 ABN11 ABN 12 ABN 13 ABN 14 ABN 15
Quartz 95 80 80 80 Q0 75 8 8 95
Biotite m m m 10 tr ' tr
‘Garnet :

Cordierite

Sillimanite .10 . m

Orthoclase . ‘ ‘

Muscovite v tr tr m

Sericite tr tr tr

"Magnetite m tr m tr tr m tr tr tr
Gahnite - tr 2 10 5 10 10 10 15 tr
Rutile - tr tr tr tr tr tr

Zircon

'm' indicates minerals present in minor proportions (5% or less)
'tr' indicates minerals present in trace quantities (1% or less)

ABN 1,5 sillimanite schist

ABN 2 muscovite schist

ABN 4,16 biotite-muscovite-sillimanite(+garnet, gahnite) schist
ABN 6 garnet—gedrite rock

ABN 7 tourmaline quartzite

ABN 3,8~15 gahnite quartzite
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The porphyroblastic garnet-gedrite rock has a matrix composed of quartz
and minor cordierite, plagioclase and biotite. Porphyroblasts of gedrite
contain inclusions of biotite, quartz, magnetite and cordierite and are
bordered by biotite and cordierite. Garnet porphyroblasts contain quartz
and magnetite ‘inclusions and are generally surrounded by biotite. Garnet
and gedrite comprise in excess of 70 % of constituents of this rock. Rare
grains of green zincian spinel are associated with magnetite as inclusions
in gedrite. '

Gahnite-bearing Quartzites

The gahnite-bearing quartzites contain 5-20 modal% gahnite in a coarsely
crystalline quartz martix (Table 12). In some rocks vughs are associated
with gahnite-rich laminae. The vughs may be partially infilled with
rutile and goethite. The possibility that the vughs are dissolution
features resulting from desulphidation of sulphides appears to be
supported by trace element analysis. Up to 1.03 wt% Pb and 522 ppm Cu
were found in whole rock analyses of some of the gahnite-quartzites.
Gahnite in the laminae occurs as coarse, poikiloblastic porphyroblasts
concentrated and aligned along bedding planes (Plate 3). Abundant
crystallographically orientated inclusions of quartz give the gahnite
porphyroblasts a sieve~like appearance. Small, rounded grains of rutile
and ilmenite also occur throughout the matrix. In some rocks, gahnite
porphyroblasts are associated with cracks and fissures. '

Biotite, rutile and muscovite or sillimanite occur as minor phases in the
gahnite quartzites (biotite and sillimanite locally up to 10%). Rutile
occurs as rounded grains and is closely associated with gahnite.
Gahnite-biotite and or gahnite-muscovite associations are fairly common
and occassionally rare gahnite grains contain inclusions of needle-like
sillimanite. In many of the gahnite quartzites, gahnite is associated
with prograde muscovite and biotite.
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4.3.2 Mineral Chemistry

The bulk compositions of metapelitic schists and quartzites from this
locality indicate high Si, Al and Fe contents and low Mg and K contents
(Table 13). Figure 14 gives an indication of the relative proportions of
these elements. Relatively high Ti contents (1.3 - 4.9 wt%) are
attributed to the presence of trace quantities of ilmenite and minor )
rutile in the quartzites. Zr contents of 300 - 1300 ppm are attributed to.
the presence of abundant zircon inclusions in biotite in the metapelitic
schists. Significant quantities of Rb (up to 450 ppm) are similarly
associated with biotite in the schists. The presence of zinc-in the
guartzites is attributed to gahnite. Pb contents of 1.03 wt% and Cu up to

"522 ppm have been attributed to trace guantities of sulphides (now

oxidised) in the quartzites.
Average analyses of minerals in the samples studied are given in Table 14.
Garnet, Plagioclase and Cordierite

The biotite-muscovite-sillimanite schist and the cordierite-anthophyllite
rock contain garnet in their assemblages. Endmember garnet compositions
are plotted on Figure 15. Average garnet composition in the schists is;
Alm,o.sPya.=sSpess=.Gross=z. In the porphyroblastic garnet-gedrite

rock garnet, co-existing with Mg-rich cordierite and gedrite, has the
composition; Alm,» . ePYiz.s5pessa.elGross,. The composition of

plagioclase in this rock is AnasAbs,. ‘

Biotite and Muscovite

Biotite compositions have been plotted on an endmember diagram (Fig.16)
and are shown to be fairly Al-rich (siderophyllite). In zinc~rich
1ithologies, micas commonly incorporate zinc into their structure
{Palache 1935, Frondel and Ito 1966, 1975, Plimer 1977, Stern and Klein
1983). In gahnite-bearing quartzites at Achab muscovite contained less
than 0.02 wt% ZnO (lower detection limit = 0.02). However, biotite has
Zn0 contents of 0.06 -~ 0.16 wt% and locally up to 0.28 wt%. An altered
biotite grain in one of the gahnite quartzites contained 0.7 wt% Zn0, In
gahnite-bearing schists biotite contained up to 0.35 wt% Zn0O and in the
porphyroblastic garnet-gedrite rock 0,09 wt% ZnO.
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Table 13. Whole rock analyses of some gquartzites and metapelitic schists from Achab.

(analyses by generosity of Dr. J.M. Moore).

Sample: ABN-1  ABN-2  ABN-3  ABN-4  ABN-S5  ABN-6  ABN-/ ABN-8  ABN-9

Si02 40.67  71.47

Ti02 2.04  0.87
A1203  54.26 18.91
FeO 0.89  0.62
MnO 0.00  0.00
Mg0 0.00 0.0
Ca0 0.06 0.0
Na20 0.28 0.35
K20 1.5 4.3
P205 0.06  0.03
H20t 1.5 3.0
H20- 0.10 0.13

Total 101.29  99.65

Trace e1emenfs (om)

Rb 76 178
Ba 83 583
Sr 34 67
Th 41 21
U 5 4
Ir 1310 601
No 62 20
Mo 1 -«
Sc 28 11
Ni 2.3 1.9
Pb 22 34
In 39 3.5
Cu 1.9 <1.1
Y 33 12
La 43 28
Ce %6 61
Nd 44 27

95.10

0.04 .

1.23
2.44
0.00
0.24
0.02
0.03
0.41
0.02
0.56
0.02

100.09

218

36.33
-1.29
36.22
12.95
0.72
3.37
0.38
0.14
5.02
0.24
3.59
0.16

100.26

457
249
15
37
5
739
58
5
37
38
26
1730
16
70
38
92
a1

-590~

64.37
4,85
23.74
5.42
0.12
0.21
0.67
0.25
0.13
0.43
0.61
0.02

100.80

12
112
27
5
<4
369
26
4
24
3.8
75
182
38
32
39
103
63

78.00

0.41
11.82
"2.65

» Otm

2.10
0.33
0.40
0.10
0.00
1.65
-0.01

97.46

12

10

14
<1
7.8
24

76
<1
16
6.2
17
8.7

BoBnBndo

AD
oo

~

Oor0O00OQQOLNE
SRNBOYEEBEIRR

<2.4

1133%
522

16
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FeO+MgO K,0

AlLO * FeO+MgO
AlLO, AlOs 9

FeO

Figure 14:

Whole rock compositions of some samples from Achab plotted on
triangular diagrams.
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Table 14. Average (or Representative) analyses of minerals studied in Achab rocks.

GARNET CORDIERITE ~ PLAGIOCLASE  GEDRITE
!/
n 18 14 6 3 2
SAWLE  ABN 4 ABN 6 ABN 6 ABN 6 ABN 6
o o o o 1

Si02 36.89 0.62 37.08 0.54 48.98 0.28 55.66 0.49 43.13 0.84
Ti02 0.0l 0.01 nd nd nd 0.23 0.08
A1203 21,42 0.25 21.65 0.45 32.97 0.15 27.48 0.31 15.75 0.47
Fe0 0.45 1.26 32.52 1.0 6.08 0.2 23.76  0.05
MO 9.51 1.5 2.07 0.3 0.11 0.06 nd 0.55 0.08
Mg0 1.94 0.37 5.64 0.63 9.81 0.8 nd 13.33 0.0
Ca0 1.29 0.44 166 0.1 nd 0.40 9.5 0.0 0.52 0.0
n0 nd : " nd nd nd 0.09 0.0
Na20 nd : nd 0.35 0.06 593 0.20 1.72 0.02
K20 nd “nd nd 0.04 0.00 .nd
Total 100.51 100.62 98.30 98.61 99.08

BIOTITE
Nr.anal. 4 . 4 9 4 5
SAWLE  ABN 3 ABN 4 ABN 6 ABN 9 ABN 10

a I8 g o o]

Si02 36.06 1.3 34.55 0.06 37.15 0.55 35.42 0.43 35.66 0.74
Ti02 0.78 0.3 2.2 0.23 1,29 0.18 2.17 0.74 3.10 0.66
A1203 20.62 0.60 21.00 2.74 17.69 0.25 18.57 0.32 19.53 0.31
Fe0 18.34 1.0 21.03 1.19 14.69 0.47 14.12 0.0 20.22 0.85
MO 0.29 0.08 0.26 0.09 nd - 0.15 0.05 0.29 005
MO 8.17 1.31 7.82 0.62 15.32 0.28 12.90 0.98 9.00 0.77
Ca0 . nd nd nd nd . nd
Zno 0.16 0.01 0.10 0.09 0.09 0.00 0.06 0.07 0.13 0.08
Na20 0.22 0.08 0.28 0.04 0.2 0.05 040 0.04 0.31 0.03
K20 7.90 1.45 843 0.59 7.79 0.46 7.95 0.13 8.97 0.09
Total 92.55 95.69 94.44 91.74 97.21

nd: element was not detected or the amount detected was below the detection
1imit of the analytical method employed.

¢: is a statistical measure of 'n' number of analyses

A1l Fe is analysed as Fe0.
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1
ABN 16

36.14
nd

62.67
0.34
nd
nd
nd
nd .
nd
nd

99.15 -

ABN 13

36.65
3.14

19.87

18.59
0.28
6.92
nd
nd
0.22
7.72

93.39

SILLIMANITE

0.65
0.18
1.10
0.02
0.03
0.37

0.09 -’
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Table 14. Average (or Representative) analyses of minerals studied in Achab rocks.

SAPLE

Si02
Ti02
A1203
Fe0

Ca0
Zn0
Na20

Total

n

SAMPLE

A1203
Cr203
FeO -
Mn0

Mg0
n0

Total

BIOTITE

GAHNITE

6
ABN 3

55.42
nd

15.18
0.38
2.15

25.46

98.59

MJSCOVITE

1
ABN 1

44.28
1.71

36.73
0.95
nd
0.56
nd
nd
0.80
9.24

93.27

g
0.37
0.11
2.13
0.04
0.22
2.54

ABN 2

43.84
1.74

34.90
1.25
nd
0.58
nd
nd
0.59
9.07

91.97

2
ABN 6

56.83
nd

22.68
0.14
6.27

13.22

9.14

0.61
0.04
0.26
0.15

0.06

0.02
0.07

o.%

1.58
0.01
0.72
1.91

NS

nlof B,

0.06
0.69
nd
nd
0.52
8.30

940%

11

BN 8

56.06
0.04
9.65
0.20
1.36

32.83

100.14

e=gE

0.27
0.06
0.21
0.04
0.03

0.21"

ABN 12

43.59
1.76

34.53

0.92
nd
0.64
nd

0.54
90%

91.03

3
ABN 9

58.33
nd

13.82
0.31
3.62

24.67

100.75

nd: element was not detected or the amount detected was below the detection

1imit of the analytical method employed.
d: is a statistical measure of 'n' number of ana]yses

All Fe is analysed as FeQ ‘
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ABN 16

45.14
1.16
36.47
1.37
nd
0.49
nd
- 0.02
0.67
10.16

95.48

ABN 10

55.79
nd
11.25
. 0.36
1.98
30.16

99.54

0.17
0.11
0.86
0.18

0.01
0.00

0.01
0.12



Table 14. Average (or Representative

GAHNITE

n 13

SAMPLE  ABN 11
A1203 56.54
Cr203 nd

Fe0 - 15.08
MnO 0.26
Mg0 1.45
n0 25.94

Total 99.27

0.11
12.24
0.20
2.04
27.86

99.65

OO0 OO0OOO0O

nd: element was not detected or the

limit of the analytical method emplo

d: is a statistical measure of 'n'
Al1 Fe is analysed as Fe0

.

7
ABN 13

Itn 56.91 0.29
ol 0.4 0.05
% 13.41 1.00
3 0.42 O.
o 174 O.
28 27.21 0.52

99.73

ved.,
nurber of analyses
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7
ABN 14

59.01
0.02
10.27
0.30
1.65
29.61

100.86

g
0.98
0.04
0.3
0.03
0.03
0.52

8
ABN 16

56,50
0.06
14.93
0.26
1.41
26.87

100.03

amount detected was below the detection

) analyses of minerals studied in Achab rocks.

eRgn?

ooo0000

NS

e



SPESSARTINE

w
z
a )
z -
¢ x LAY )I\ A
s o
par} o
< m
GROSSULAR
Symbols:
open squares : garnet-gedrite schist

open triangles: biotite-muscovite-sillimanite schist

Figure 15: Garnet compositions (Achab) plotted on a triangular endmember
' diagram.
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Fiqure 16: ~ Biotite compositions (Achab) plotted on an endmember diagram.
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GAHNITE

SPINEL ) HERCYNITE

Symbols:

dots : gahnite quartzites

open circles : biotite-muscovite-sillimanite-gahnite schist
open triangles: biotite-muscovite-garnet-sillimanite schist
open squares : garnet-gedrite schist

Field 1: gahnite associated with metamorphosed massive sulphide
deposits (Spry, 1984).

Field 2: gahnite associated with aluminous metasediments
(Spry, 1984).

Figure 17: Gahnite compositions (Achab) plotted on a triangular endmember
diagram. ' g
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Figure 21: Cation ratios of biotite:gahnite, (Achab}).
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5 - 3 kbar pressure. Sillimanite is stable throughout the M1 and M2
events. The M3 event is characterised by sericitization and
chloritization of feldspars and sillimanite. Moore (1977) estimates that
greenschist grade metamorphism with temperatures below 500 °C and
pressures below 3 kbar existed during the M3 metamorphic event.
Assemblages observed in the metapelitic rocks at Achab include;

Biotite + muscovite + garnet (+ sillimanite, gahnite)

Sillimanite + muscovite + biotite + gahnite ‘

Garnet + gedrite + quartz + biotite + cordierite + plagioclase (+iImenite,
magnetite, hercynite)

Sillimanite + quartz + rutile + ilmenite

Muscovite + sericite + rutile + ilmenite

The reaction determining the transition from medium to high grade
metamorphism if metapelitic rocks is; muscovite + biotite + quartz =
K-feldspar + almandine + sillimanite + H,0 (Winkler, 1967). This takes
place at around 640-650 °C at between 3.5 and 5 kbar (Winkler op. cit.).
The association of biotite, muscovite, sillimanite, almandine and/or
gahnite in the pelitic schists indicates that metamorphic conditions close
to this transition were reached at this locality.

In the metapelitic biotite-muscovite~sillimanite schists, garnet contains
in excess of 20 mol% spessartine indicating possible re=equilibration
(during M2 metamorphism) and making it unsuitable for geothermometric
calculations. However, the garnet-gedrite rock contains the assemblage:
guartz + plagioclase + biotite + cordierite + garnet or gedrite. The
presence of plagioclase confirms this assemblage as part of Moore's (1977)
. upper amphibolite grade facies. This is plotted on an AFM diagram
(Fig.22). Garnet-biotite pairs from the garnet-gedrite rock were analysed
to determine metamorphic temperatures. Garnet contains approximately 80
mol% almandine in this assemblage. Geothermometry by methods of Holdaway
and Lee (1977) and Ferry and Spear (1978) indicate a maximum calculated
tempefature of 670 °C at 4.5-5 kbar pressure (Table 15). Results
employing the method of Thompson (1976) are consistent with those using a
recent method by Indares and Martingole (1985a) which takes into account
substitution of Ti and Al in biotite and Ca and Mn in garnet. Table 15
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Fiqure 22: Mineral compositions in the garnet-gedrite schist (Achab),

plotted on an AFM diagram (Thompson, 1976).
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from Achab.

Method Employed

Holdaway & Lee (1977)
Thompson {1976)
Ferry & Spear (1978)

Indares &
Martingole (1985a)

(e

garnet-biotite

—

5 mineral pairs)

669°C

565°C

646°C

560°C
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Table 15: Results of garnet-biotite geothermometry on pelitic rocks

alculated Temperature-at 4.5 kbar

garnet-cordierite
(5 mineral pairs)

638°C



1ists results of the calculations. The calculated temperature employing
the latter method is 560 °C at 5.5 kb indicating reQequilibration during
Moore's (1977) M2 event. The former temperature appears to be more
compatible with the observed assemblage and is preferred as an indication
of the highest temperature attained during metamorphism of the rocks.

. Oxygen fugacities were calculated using the BAMM buffer proposed by Zen
(1985). Results of calculations on prograde assemblages in the
metapelitic schists and quartzites show that relatively oxidising'
conditions were associated with the M2 metamorphic event, i.e.

log f{0)> = -15.8 to ~16.4 at 670°C. Table 16 lists results of the
calculations. '

4.3.4 Gahnite Formation

Gahnite is associated with biotite, sillimanite and garnet in the schists
and biotite and muscovite in the quartzites at Achab. No disequilibrium
features are observed between gahnite and quartz. It appears that gahnite
is stable in the assemblage observed.

Dietvorst (1980} found that small quantities of gahnité formed by
breakdown of zinc-bearing biotite {0.14 - 0.24 wt% Zn0), sillimanite and
cordierite to form cordierite and spinel. At Achab, biotite contains up to
0.7 wt% Zn0 in some cases, but the large quantities of gahnite in these
rocks {up to 15%) and the absence of evidence for biotite breakdon
preclude gahnite formation by this method alone.

Small quantities of Pb and Cu were found in whole rock analyses of the
quartzites and as Gamsberg is situated only 8 km north-west of the
sampling localify, it seems probable that the rocks at Achab contained
sulphides in their precursor sediments. The gahnite-bearing quartzite
horizon appears to be correlated stratigraphically with the
sulphide-bearing quartzites which underly the ore horizons at Gamsberg
(Moore, pers. comm.). A reasonable method of gahnite formation would be
that it formed from ZnS-bearing sediments (shales) along with prograde
biotite, sillimanite and garnet during the high grade metamorphic event.
It is proposed that zinc entered the structure of biotite during prograde
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Table 16: Results of oxygen fugacity calculations on Achab rocks.

Metapelitic Rocks

Assemblages:

(i) Biotite + muscovite + garnet + sillimanite + gahnite + ilmenite + rutile
(ii) Cordierite + plagioclase + biotite + garnet + anthophyllite + ilmenite

Sample nr: ABN-4 - ABN-16 ABN-6 ABN-2 ABN-1
Corrections for substitution in Biotite

-3 log Xre 1.02 0.93 1.56

Corrections for substitution in Garnet ’

-3 log Xra 0.47 0.37

Corrections for substitution in muscovite

42 log Xan -0.04 ' 0.14 -0.08
+4 log Xsy 0.01 0.15

Total correction 1.66 1.16 2.08 0.30 -0.12
Average Correction = 1.75

Reference BAMM buffer at 670 °C and 5.5 kbar: :
Log f(0)= = 10.29 ~ 26284/T/ + 0.148(P-1}/T = 650/T = -17.58 + 0.7

Corrected log f(0). = -15.83 * 0.7

' ' Quartzites

Assemblage:

Quartz + gahnite + sillimanite + biotite + muscovite + rutile

Sample nr: ABN=-3 ABN-~12 ABN-9 ABN~10 ABN-13
Corrections for substitution in Biotite '

-4 log Xss 0.17 . 0.18 0.25 0.13
-3 log Xre 1.03 1.56 1.01 1.21
Corrections for substitution in muscovite

+2 log Xan -0.08 -0.06
+4 log Xs; -0.01 _ -0.01
Total correction 1.20 -0.07 1.74 1.26 1.29

Average Correction = 1.21

Reference BAMM buffer at 670 °C and 5.5 kbar:
Log f(0). = 10.29 - 26284/7 + 0.148(P-1)/T + 650/T = -17.58 * 0.7

Corrected log f(0). = =16.37 + 0.7
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metamorphism. Dietvorst (1980 and Plimer (1977) document prograde
biotite, associated with mineralization, containing small quantities of
zinc. Dietvorst (op. cit.) found that gahnite formed as a reaction
product of the breakdown of biotite to chlorite during retrograde
metamorphism. Evidence of Fe-Mg exchange between gahnite and biotite
(Fig.21.) is interpreted to result from Zn-Fe-Mg exchange initiated by
overstepping the zinc saturation level of biotite during subsequent low
grade metamorphism {Moore's M2 event).

Thus initial gahnite formation is the same as that which is suggested at
Aggeneys i.e.;

ZnS + A1,Si205(0H)a (kaolinite in argillaceous sediments) + 0.5 0, =>
-ZnA1,0, + 25i0; + 0.5S, + Hz0 +ees(Spry, 1987a).

" In the garnet-gedrite rock small quantities of gahnite occur as inclusions
in the gedrite porphyroblasts. Williams (1983) proposed that gahnite
formed as inclusions in gedrite associated with sphalerite by reaction;
gedrite + sphalerite + 0, -> gahnite + Si0, + H>0 (+ S in fluid).

However there is no evidence of gedrite breakdown to form gahnite in the
garnet-gedrite rock. It would seem thus, that gahnite in this assemblage
has also formed as a prograde mineral.. The relatively Mg-rich, Zn-poor
composition (Fig.17) of gahnite in this assemblage is attributed to the
bulk chemistry of the rock in which it formed.

In some of the gahnite quartzites, poikiloblastic gahnite occurs along
fractures. It appears that the fractures or cracks acted as conduits
whereby fluids carrying the components necessary for gahnite formation
could enter the rock. Although biotite is commonly altered in these rocks
it is not necessarily associated with fractures (or gahnite) and the
biotite breakdown is interpreted to result from a weathering process.
Moore and Reid (1988 in press) have suggested that aluminium may be
carried in alkali complexes by metamorphic fluids. It is proposed that
retrograde breakdown of prograde aluminous mineral phases in. the
underlying sediments resulted in fluids carrying Al-alkali and Zn-Fe oxide
complexes which permeated the overlying rocks i.e.;

2KHzA105 + (Zn,Fe)0 + O -> (Zn,Fe)A1:0, + 2H20 + 2KOH ...(Moore and Reid,
1988 in press). This resulted in re-equilibration and addition to pre-
existing gahnite and accounts for some of the variation in gahnite
composition observed at this locality (Fig.17).
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4.4 SWARTKOPPIES

Massive gahnite and porphyroblastic fibrolite-gahnite rocks occur in the
economically exploited, sillimanite~corundum rocks at Swartkoppies, on the
farm Pella Mission in northern Namagualand (Fig.1). The regional geology
of this locality is described in chapter 3.3.3.

4.4.1 Petrography

Gahnite-bearing rocks from Swartkoppies include a massive, crystalline
gahnite rock, a porphyroblastic gahnite-fibrolite rock, a gahnite-
fibrolite rock and a gahnite-sillimanite rock. Modal proportions of the
minerals present in the samples studied from this locality are listed in
Table 17.

The massive gahnite rock is composed almost entirely of medium grained,
dark, blue-green, crystalline gahnite. Gahnite grain size is bimodal,
with the majority of grains euhedral to subhedral and between 0.5 and 3 mm
in size. '

In patches gahnite is subhedral to anhedral and fine grained (0.1 mm),
(Plate 4). Round, 0.4 mm, vugh-like structures infilled with rutile
needles and corundum occur throughout. Rutile occasionally forms small,
0.1 mm, reddish-brown inclusions in gahnite. Much of the coarser gahnite
grains are colour-zoned with darker green cores and pale, almost
colourless rims :

(Plate 4). Locally yellow=-orange goethite infills intergranular spaces
and crosscuts gahnite grains. .

The porphyroblastic fibrolite-gahnite rock contains isolated, 3.5 - 8 mm,
dark green, euhedral gahnite crystals in a massive white fibrolite matrix
{Fig.23a). Fibrolite comprises in excess of 90% of this assemblage.
Gahnite porphyroblasts contain inclusijons of corundum, occasional goethite
blebs and fine, needle-like fibrolite. Crystalline gahnite comprises
approximately 5% of the rock's constituents. Pale muscovite commonly
borders gahnite grains and similarly to gahnite, contains inclusions of
fibrolite. Goethite and fine grained rutile occur as minor constituents
associated with recrystallized, coarse sillimanite in the matrix. Rare,
fine quartz veins transect this rock. \
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Table 17. Estimated modal proportions of minerals present in samples

studied from Swartkoppies.

SAMPLE SK 2 SK 10 SK 3 SK 4
Sillimanite 95 70 70
Gahnite 95 m 15 25
Biotite ' 10 m
Rutile . m m m
Goethite m

Corundum tr

ITmenite 5

'm' indicates minerals present in minor proportions (5% or less]).
'tr' indicates minerals present in trace quantities (1% or less).

ROCK TYPES:

SK 2 : Massive gahnite rock

SK 10 : Porphyroblastic fibrolite-gahnite rock
SK 3 : Sillimanite-gahnite-biotite rock

SK-4 : fibrolite-gahnite rock
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b. | ReTationship of gahnite to
sillimanite and biotite in the
,si]]imanite—gahnite—biotite rock.

a. | Anhedral gahnite porphyroblasts
in the fibrolite-gahnite rock.

Abbreviations:
B - biotite|, M - magnetite, G - gahnite, S - sillimanite.

e]ationshipsvof gahnite in samples from Swa}tkoppi
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A sillimanite-gahnite-biotite rock has a matrix composed of recrystallised
radiating sillimanite laths and fibrolite. This rock contains
approximately 70 mol% sillimanite and 15 mol1% gahnite (Fig.23b}. Biotite
is the only other major mineral phase and comprises approximately 10% of
the rock. The presence of sillimanite crystals along with fibrolite
probably indicates recrystallization in response to changing metamorphic
conditions.

Gahnite aégregates are composed of 0.06 - 0.4 mm, subhedral, bright green
grains associated with the coarsely crystalline sillimanite. Anhedral
gahnite and magnetite blebs also occur as numerous inclusions along
cleavage planes in sillimanite (Fig.23b).

Locally biotite rich areas occur in the matrix. The biotite is
orange-brown to pale brown and similar to sillimanite, contains inclusions
of gahnite and magnetite. Biotite grains are interrupted and broken up by
the coarse sillimanite laths., Larger gahnite grains also contain segments
of disrupted biotite laths. Magnetite occasionally occurs as coarse 0.6
mm grains associated with gahnite but no gahnite exsolution is observed in
magnetite. Minute grains of rutile occur in association with magnetite.
It appears that biotite, sillimanite, magnetite, gahnite and rutile have
crystallized as part of the same prograde assemblage.

The fibrolite-gahnite rock is composed of fibrous sillimanite and
aggregates of gahnite grains. In contrast to the previous lithology, this
rock contains very little biotite and fibrolite is not recrysallized to
form sillimanite. .

Gahnite aggregates are composed of 0.1 - 0.4 mm, "fractured, gahnite
grains. Common sillimanite and magnetite inclusions and rare orange-brown
biotite occur in the aggregates. Occasional rutile grains are associated
with magnetite and spinel. Veins composed of fine grained, polygonal
quartz transect the rock. Some of the coarser gahnite grains are colour
zoned similar to the massive gahnite rock. No spinel exsolution was
observed in magnetite.
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4.4.2 Mineral Chemistry
Mineral analyses of biotite and gahnite are given in Table 18.

Biotite

Biotite is annite with approximately 17 wt% FeO and 10 - 13wt% MgO.
Average biotite composition (Table 18) is :

K;.sNaoc. 1MgsFe2Alo.a(Sis.3A12.7)0200H)a. The zinc

content in biotite is below the detection 1imit of the microprobe for this
element (0.02 wt%). '

Qualitative analysis for zinc in magnetite and fibrolite similarly
indicated a concentration level below the detection limit of the
microprobe.

Gahnite

In the samples studied gahnite exhibits a marked range in Zn-content
considering the small sampling area. Compositions vary between 0.13 -
0.35 wt¥ Mn0, 1.7 - 3.5 wt% MgO, 15.7 - 25 wt% FeO, 13.2 - 25 wt% Zn0, and
range from zincian hercynite to gahnite. | : :

Mo]ecu]ar proportions of Zn, Fe and Mg in gahnite were recalculated as
end-member gahnite, hercynite and spinel. The normalised values are
plotted on a triangular diagram (Fig.24). The galaxite molecule is
insignificant (< 0.4 wt% MnO) and is not included.

Gahnite compositions vary from a zincian hercynite in the sillimanite-
gahnite-biotite rocks to gahnite in the massive gahnite rock and
porphyroblastic fibrolite-gahnite. rock. A1l spinel compositions plot on
the Fe=rich {hercynite) side of the diagram and/show very limited
variation in Mg content. The compositional range of gahnite studied from
this locality falls within the area indicated by Spry {1984) for gahnite
occurring in aluminous metasediments {Fig.24). In the aluminous rocks at
Swartkoppies, gahnite exhibits a far greater range in Zn content than the
sulphide associated gahnite at Broken Hill or gahnite in quartzites at
Achab.
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Table 18. Average (or representative) analyses of biotite and gahm'te' from Swartkoppies.

BIOTITE
n 4 ‘ 1
SAPLE K 3 X 4

g
Sio2 35.42 0.44 35.35
Ti02 1.53 0.37 2.41
A1203 19.72 0.22 19.78
FeO 16.60 0.48 17.83
MO 0.14 0.02 0.09
MO 12.60 0.8 10.23 .
Cal nd nd
n0 nd nd
Na20 0.32 0.06 0.33
K20 8.25 0.16 8.23
Tota 94.58 94.20
GAHNITE
n 13 12 11 2
SWPLE K 2 X 3 X 4 X 10

c o o 5
A1203 58.28 0.45 57.76 0.28 57.64 0.54 56.32 0.02
Cr203 0.06 0.05 0.24 0.3 0.1 0.3 nd
FeO 15.68 0.48 25.02 0.35 20.86 0.65 15.98 0.48
‘MO 0.13 0.06 0.35 0.3 0.2 0.3 0.19 0.03
MO 201 0.07 3.49 0.11 2.82 0.11 1.73 0.08
Zn0 2031 0.38 13.24 0.28 18.40 0.34 25.02 0.9
Total  100.46 100.10 100.09 99.24

nd: element was not detected or the amount detected was below the detection
limit of the analytical method employed.

o: is a statistical measure of the range of 'n' nurber of analyses. "

A1l Fe is analysed as FeO.
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Symbols:
open triangles : porphyroblastic fibrolite-gahnite rock
closed triamg]es: massive gahnite rock
closed squares : fibrolite-gahnite rock
.dots : sillimanite-~gahnite-biotite rock

demarcated field: gahnite associated with aluminous
_metasediments (Spry, 1984).

Fiqure 24: Gahnite| compositions (Swartkoppies) plotted on a triangul.
endmembpr diagram.
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The zinc-rich gahnite in the porphyroblastic fibrolite-gahnite rock has
the compositional range Ghng,—ssHC3s5-38SP>~10 and in the massive

gahnite rock Ghng,_ssHCzs—a0SPa—~10. Zincian hercynite from the
fibrolite-gahnite fibrolite rock has a compositiona]Irange of
Ghnza_a1HCaeSpis. In the recrystallised sillimanite-gahnite~biotite

rock, zincian hercynite has the compositional range;
Ghnzy_3oHCsa-5aS5P1a-17+

Plotting gahnite compositions in terms of their cation variability
indicates an inverse relationship between Fe and Zn (Fig.25), and between
Mg and Zn .(Fig.26). On both diagrams compositions of gahnite in the
massive gahnite and porphyroblastic gahnite-fibrolite rocks overlap to
some extent and contain the highest zinc contents. A plot of the Mg/MgtFe
vs. IZn/Zn+Fe ratio of gahnite (Fig.27) indicates little variation in Mg/Fe
ratio in gahnite from Swartkoppies. '

Zoning in gahnite

Minor compositional zoning occurs in colour zoned gahnite grains. In the
porphyroblastic gahnite-fibrolite rock this is shown by an increase of 0.5
- 2 wt% Zn0 and a similar decrease in iron content from core to rim,
corresponding to the colour variation of dark green cores and pale to
colourless rims., Zoning is discussed in more detail in chapter 5.3.

4.4.3 Metamorphism

The sillimanite-corundum rocks at this locality are hosted in a
sillimanite-biotite~garnet metapelitic schist. No geothermometric
estimations or calculations have been applied to Swartkoppies rocks in
previous studies and unfortunately none of the metapelitic schist samples
were available for this study. Similar sillimanite-corundum rocks are,
however, found in the aluminous schist at Achab and Aggeneys (Moore 1977,
1980, 1986) and the metapelitic schist at Swartkoppies is correlated with
the Namies schist at Achab (Moore, 1977) and the Aluminous schist at
Aggeneys (Joubert, 1970) by SACS (1980). At the two last named localities
three metamorphic events have been determined {Moore 1977, SACS 1980, Ryan
et al., 1982) with a maximum grade of upper amphibolite facies.
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Co~existing sillimanite-biotite~garnet at Swartkoppies indicates that
similar metamorphic grades/were attained in the area. Regional
metamorphism of amphibolite to upper amphiblite grade is assumed in the
Swartkoppies area with temperatures of 650 *+50 °C and pressures of 4 - §
kbar, based on the calculations made in chapters 4.2.3 and 4.3.3. \

4.4.4 Gahnite Formation

Similar gahnite-bearing, garnet-sillimanite schists and gneisées to those
at Swartkoppies, are associated with the metamorphosed massive sulphide
deposit at Broken Hill, Australia (Plimer 1977, Segnit 1961). Segnit
(1961) proposed that the garnet-sillimanite rocks formed as a result of
metamorphism of argillaceous (kaolinite-rich) sediments and that gahnite
formed, during metamorphism, from zinc absorbed onto clay minerals e.q.;
A1551,05(0H)s + Zn0(in kaolinite) = ZnAl1,0, + Si0, + 2H,O0.

The absence of a zinc-bearing aluminous phase at Swartkoppies
{sillimanite, biotite and magnetite did not contain zinc) reduce the
probability of gahnite formation by breakdown of a zinc-bearing précursor
mineral phase, but do not necessarily exclude it. However, the
porphyroblastic and massive habit of gahnite, the similarity of the
stratigraphic column with that at Achab and Aggeneys (Fig.2) and the
presence of concentrations of sulphides in Bushmanland Sequence rocks at a
number of localities in Namaqualand (Rozendaal 1982, Moore 1886) suggests
that sphalerite might be the precursor Zn phase at this locality. At
Aggeneys and Gamsberg small quantities of sulphides occur in the rocks
surrounding the ore body (Ryan et al. 1982, Rozendaal 1982) and there is
evidence for sulphides occuring in more than one stratigraphic horizon in
these ore bodies (Moore, 1986). It is proposed that, similar to the
Aggeneys and Achab localities, gahnite formed during prograde metamorphism
_from ZnS-bearing shales. The presence of magnetite in the
sillimanite-biotite-gahnite assemblage indicates oxidising conditions
during metamorphism and supports the formation of gahnite and zincian
hercynite by a reactions such as;

2A1.Si205(0H), => A12Si05 + A1:05 + 3Si0- + 4H20 and :
'2A1231205(0H)4 + ZnS + 4FeS. + 40, -> 2(Fe,Zn)A1,0, +

Fes0, + 4Si0- + 4H.0 + 3/2S..

-87~



The host sillimanite-corundum rock contains very 1ittle Si in the form of
free quartz and it is unlikely that the compositional variation (Fe, Zn)
of gahnite between samples can be explained in terms of disequilibrium of
gahnite-sillimanite. Rather, it is proposed that limited mobilization of
Zn and Al species resulted in the formation of gahnite in an essentially
closed-system metamorphic environment. Hence the variation of Zn and Fe
components of gahnite at this Jocality is largely a function of the
availability of components (i.e bulk chemistry).
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4.5 ORANJEFONTEIN

At Oranjefontein, on Vioolskraalberg, gahnite occurs in small quantities in
almost all lithological types overlying the guartzo-feldspathic gneiss.

For the purpose of description these rocks are divided into rocks in which
gahnite occurs mainly as an accessory phase; the aluminous schist,
metapelitic rocks and glassy quartzites, and where blue and green gahnite
occurs as major phases; the quartzites and garnet-rich rocks occuring at
the interface between the aluminous schist horizon and the overlying
massive quartzite unit.

This locality formed part of the investigation into mineralogic anomalies
in the Namaquaiand Metamorphic Province supported by the CSIR as part of
the National Geoscience Programme. The Oranjefontein gahnite occurrence is
described in a paper by Hicks et al. (1985) and much of the information
contained therein results from this study and that which formed part of an
unpublished honours project (Hicks, 1983).

4.5.1 Petrography

A ge61ogica1 map of Vioolskraalberg is shown in Figure 6 and the
description of the stratigraphic succession at this locality is given in
chapter 3.3.4. A petrographic description of the lithologies, as they
appear in the stratigraphic column, is given below. Estimated modal
proportions of minerals present in the samples studied at this locality are
given in Table 19.

Quartzo-feldspathic gneiss

As these rocks are not of particular relevance to this study, they are only
mentioned briefly. The biotite-rich, quartzo-feldspathic rock crops out '
locally as a nodular pink-weathering leucogneiss. The leucogneiss owes its
distinctive pink colour to the presence of K~-feldspar (>9800 mol%
orthoclase). Lens-shaped sillimanite segregations weather positively and
give the rock a nodular appearance. Locally these rocks contain some
garnet and amazonite,
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Table 19. Estimated modal proportions of minerals present in samples studied at Oranjefontein.
PINK GNEISS AUUMINOUS SCHIST _
SAVPLE J10 J12 WUE76 JEN JE 27 JE11 JE13 JE 28 JE29
Quartz 75 55 75 60 &0 65 85 75 60
Biotite m 10 m 10 10 m m m
Chlorite m m m
Muscovite .
Hercynite tr tr _ tr
Magnetite m m m m m
Cordierite 10 0 . 20 20 m m 10
Orthoclase m 10 m 15
Sillimanite 5
Garnet m m
Sericite 20 0 m m m m m
Zircon tr tr tr tr tr
Goethite tr tr tr
Epidote '
Hematite tr
Rutile tr tr
ALUMINOUS SCHIST BIOTITE-GARNET-  MASSIVE ALTERED GARNET-BIOTITE ROCKS
QORDIERITE SCHIST GARNET :
ROCK
SAVPLE J3B JE34 | JE31 JE3R JE4HM J3% JE3B JE8 JFED
Quartz 60 75 45 m 10
Biotite m m 0 50 50 0 45 10
Chlorite
Muscovite
Green gahnite m
Blue gahnite m 10 m
Hercynite
Magnetite m m
Hematite m m m 10
Cordierite 25 10 m 30 '
Orthoclase m ’
Sillimanite m .
Garnet 15 15 80 55 50 30 45
Sericite m m m 45
Zircon tr tr tr tr
Goethite tr tr tr tr m tr
Epidote ‘
Rutile tr tr
'm' refers to minerals present in minor proportions (5% or less)
ty' refers to minerals present in trace quantities (1% or less)
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Table 19. Estimated modal proportions of minerals present in samples studied at Oranjefontein.

ALTERED GARNET-BIOTITE ROCKS GARNET-BEARING
: METAQUARTZITES
SAMPLE JE 7 JE 9 JE16 JEI19 JEI18 JE14 JE 15

Quartz 30 m

Biotite 60 50 0 - 90
Chlorite ' 65 m 10 m m m
Muscovite

Green gahnite 15 2

Blue gahnite 10 m m
Hercynite tr

Magnetite m

Hematite m

Cordierite

Orthoclase

Si1limanite

Garnet 15 - m m tr tr
Sericite 10

Zircon

Goethite m m m

Epidote 15 €0

Rutile m m m m
Tourmaline

Galena m m

METAQUARTZITE
. SAVPLE JE20 JE21 JE17 JEB EIF FEN

Quartz 75 9% 95 95 95 95
Biotite m m
Chlorite m m m
Muscovite
Hercynite tr
Magnetite tr
Hematite m
Cordierite
Orthoclase
Sillimanite
Garnet 2 tr tr
Sericite tr tr
Zircon tr
Goethite
Epidote
Rutite tr
Tourmaline m m
~Galena tr tr

'm' refers to minerals present in minor proportions (5% or less)
'tr' refers to minerals present in trace quantities (1% or less)
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Table 19. Estimated modal proportion

SAVPLE

Quartz
Biotite
...altered
Chlorite
Muscovite
Green gahnite
Blue gahnite
Hercynite
Magnetite
Hematite
Garnet
Rutile
Sericite
Goethite
Galena

SAMPLE

Quartz
Biotite
...altered
Chlorite
Muscovite
Green gahnite
Blue gahnite
Hercynite
Magnetite
Hematite
Garnet
Rutile
Sericite
Goethite
Galena

tr m

GAHNITE (+PHLOGOPITE, GARNET) QUARTZITES

JE 1 JE 2 JE 3 JE 4 J6 J74 JE 5
75 70 &5 75 90 90 95
10 10 10 10 m m m
m m 20 m m m
m 10 10 10 m m m
m m m m m
tr tr tr tr tr tr tr
tr tr tr tr tr tr tr
tr tr tr tr tr tr - tr
tr tr tr tr tr tr
m
GAHNITE (+PHLOGOPITE ,GARNET) GAMNITE QUARTZITES
QUARTZITES
JE 78 JE 51 OF 3 JE 88 JE 22 JE 23 JE 24 JE 25
45 65 65 0 5 75 55 80
m
15 15 m
m
m 15 10 20 20 10 20
25 10 m 25 10 10 10
10 m 10 20 m m 10 10
tr tr tr tr tr
tr tr tr tr tr tr tr tr
tr tr

'm' refers to minerals present in minor proportions (5% or less)
'tr! refers to minerals present in

trace quantities (1% or less)
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Metape]itic Schist

Cordierite-bearing metapelitic schist forms the major stratigraphic horizon
between the quartzo-feldspathic gneiss and overlying quartzites. Biotite,
quartz, cordierite and sillimanite form the major constituents of this rock
(Table 19). Assemblages observed include; quartz + feldspar + biotite +
sillimanite (t garnet, magnetite) and quartz + cordierite + sillimanite +
biotite (* magnetite, green spinel, feldspar). The feldspar is untwinned
albite (AbgaAn,0rz).

The majority of the matrix is composed of medium grained interlocking
quartz grains. Magnesium-rich cordierite occurs interstitially, common1y
with circular inclusions of quartz. Most of the cordierite is altered to
pinnite. Feldspar does not occur in direct contact with cordierite, and is
invariably sericitised. Quartz generally constitutes in excess of 50% of
the rock, while cordierite and feldspar comprise between 15 and 30%. The
remaining major constituents 'are sillimanite and biotite which are aligned
within the foliation plane. Biotite is orange-brown and generally occurs
as blunt laths. Alteration of biotite produces narrow, lens-shaped
inclusions of quartz parallel to the biotite cleavage which is outlined by
minute blebs of haematite, goethite and rutile. Garnet is present in minor
quantities (< 3%). Garnet grains are euhedral, commonly fractured and less
than 0.5 mm in diameter. Magnetite, containing inclusions of exsolved
green hercynite, is a common, accessory phase generally associated with
cordierite.

Narrow horizons of more resistant biotite-garnet-cordierite schists occur
locally within the aluminous schist., Minor quantities of quartz,
sillimanite and green spinel form part of the assemblage. Garnet occurs as
2.5 mm fractured grains and contains inclusions of biotite and quartz.
Cordierite and biotite are coarse grained, the cordierite invariably
pinitised. Biotite constitutes the most abundant phase and is pleochroic,
dark brown to green-brown. Minute grains of quartz are occasionally found
in association with biotite or cordierite.
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Massive Garnet and Garnet-biotite Rocks

Within the aluminous schist horizon, below and at the interface between the
schist and the quartzite, pod-like bodies of garnet-biotite, massive garnet
and garnet-biotite-gahnite rocks occur. These are restricted in extent and
are preserved within the major synformal fold closure (Fig.5).

In the garnet-biotite rocks, garnet constitutes 60 - 70% of the rock with
up to 40% biotite and rare green gahnite. The green gahnite invariably
occurs as inclusions in garnet. Garnet occurs as subhedral 0.3 to 0.5 mm
grains. Blue gahnite, when present, is associated with biotite

alteration. Most biotite is altered by retrograde metamorphism and
replaced by chlorite and rutile in non-gahnite-bearing assemblages.
Epidote~chlorite—-garnet rocks within the same stratigraphic horizon as the
garnet-biotite rocks are interpreted as altered equivalents of the latter.

.
'

In gahnite-bearing, garnet-biotite rocks biotite %s replaced by quartz,
sericite, oxides and blue gahnite (Fig.28a). The alteration products mimic
the biotite grain shape with minute blebs of hematite, goethite and rutile
outlining the grain border and cleavage traces and blue gahnite infilling
the spaces between the traces. In massive garnet rocks, blue gahnite may
comprise a substantial proportion of the assemblage. It occurs as narrow .
rims around garnet grains or infills fractures in garnet (Fig.28b). In
these rocks fractured garnet grains are eroded and possibly act as a
nucleation site for blue gahnite. Green gahnite occurs as rare inclusions
in garnet in the massive garnet rocks and is invariably surrounded by blue
gahnite.

Locally an outcrop of garnet-biotite-gahnite-quartz rock contains

10 - 20 % green gahnite. Greem gahnite and garnet occur as coexisting
porphyroblastic phases with interstitial altered biotite and fine grained,
recrystallised quartz (Fig.28c). Blue gahnite, if present, is associated
with altered biotite and quartz (Plate 5). Where blue gahnite is not
present, quartz appears to form part of a retrograde chlorite-quartz
assemblage. It appears that these rocks, like the epidote chlorite rocks
(above), are the altered equivalents of garnet-biotite rocks.
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a. Garnet-biotite rock.

The matrix is composed mostly of
hematite. Blue gahnite, guartz and
hematite replace biotite|, Hematite
infills fractures in garpnet.

b. Massive garnet rock.

Blue gahnite surrounds garnet grai
The matrix is composed mostly of
hematite.

Garnet-biotite—gahnite-quartz

C.

rock.,
Blue gahnite, biotite and garnet
surround green gahnite. Hematite
inf1
is

ell

Abbreviations:

B - biotite, Bg -

H - hematite, Q

Figure 28:

Textures

11s fractures in garnet. Biotite

veplaced by hematite and blue
gahnite and appears as elogate,

_95_

}psoid shapes, defined by the
cleavage traces.

- blue gahnite, Ga - garnet, Gg - green gahnite,
+ quartz. '

in the garnet-rich lithologies at Oranjefontein.



A distinctive green coloured, galena-bearing rock occurs in the upper
layers of the aluminous schist on the south facing side of

Vioolskraalberg. Epidote, sericite, chlorite and galena form the magjor
constituents with disseminated galena making up approximately 5% of the
rock. Occasional grains of magnetite, green spinel and rafe, highly
corroded garnet grains occur as minor constituents. The texture of this
rock suggests complete replacement of a precurser garnet-biotite assemblage
similar to the piemontite-chlorite rocks which occur at the same horizon on
the western limits of the syncline. The different mineralogies of the
altered garnet-biotite rocks are explained in terms of retrograde
metamorphism of garnet-rich rocks with slightly different bulk chemistries.

Summary

Textural evidence indicates the presence of both a prograde and retrograde
assemblage in the garnet-biotite and massive garnet rocks. Green spinel,
garnet, and biotite are associated with the prograde assemblage whereas
blue gahnite, quartz and iron oxides are associated with biotite alteration
as a retrograde assemblage. In non-gahnite-bearing assemblages epidote and
chlorite replace garnet-biotite assemblages or chlorite replaces biotite.

In the massive garnet rocks, garnet is corroded and infilled by blue
gahnite. In the gahnite-rich garnet-biotite~quartz rocks, quartz occurs as
a late stage mineral phase associated with retrograde minerals such as
chlorite or blue gahnite. Green gahnite appears to be out of equilibrium
with the assemblage and is rimmed by garnet, altered biotite or blue
gahnite. Blue gahnite is associated with altered biotite which appears to
be replaced by blue gahnite, iron oxides and quartz.

Green spinel is generally rare in the massive garnet rocks, but where it
occurs is always associated with the prograde garnet-biotite assemblage.
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Gahnite-bearing Quartzites

These rocks generally contain 10% or more gahnite and crop out between the
aluminous schist and massive quartzites on the southern and western sides
of Vioolskraalberg. Although they occur in a stratigraphically equivalent
horizon to the massive garnet and garnet-biotite rocks, they have far
greater lateral extent (Fig.6). On the western flank of Vioolskraalberg
the assemblage is quartz + blue gahnite + green gahnite + phlogopite (+
rutile, garnet, galena). To the south, the gahnite gquartzites contain a
higher proportion of gahnite and no garnet or mica. Texturally the rocks
to the west display evidence of a precursor pelitic component in the
assemblage whereas this is either absent or masked by retrograde
overprinting in the gahnite quartzites on the southern flank of the
Vioolskraalberg.

Gahnite (+ phlogopite, garnet) quartzites

The matrix of these rocks is composed of coarse grained, interlocking
quartz grains. Anhedral, green gahnite grains comprise 5 - 7% of the rock,
have an average grain size of 0.5 mm and commonly are embayed to quartz.
Blue gahnite comprises up to 10% of the assemblage and forms <0.1 mm grains
which are dispersed throughout the matrix and also occur in aggregates.
Altered phlogopite and tiny garnet grains occur throughout these rocks
(Plate 6). Blue gahnite also commonly occurs as rim to green gahnite
porphyroblasts (Plate 7). Haloes composed of tiny blebs of iron oxides
surround blue gahnite aggregates and are believed to be the remains of
altered phlogopite (Plate 8). The phlogopite "ghosts" are recognised as
concentrations of fine hematite along original grain boundaries and
cleavage traces whereas blue gahnite and quartz crosscut the former grain
boundaries (Plate 6). Rounded grains of rutile and tiny garnet grains
occur in minor to trace duantities throughout the matrix of these rocks.
Rare unaltered phlogopite grains occur as inclusions in quartz but most
phlogopite -appears to have been replaced by quartz, iron oxides, rutile and
blue gahnite.

One sample contained approximately 5% galena in the form of coarse (~10mm)
crystals and as fine grained, disseminate inclusions in quartz. The galena
is partially replaced by anglesite.
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Gahnite Quartzites

In these rocks coarse, crystalline green gahnite occurs as poikiloblastic
porphyroblasts with abundant, fine-grained quartz inclusions. Blue gahnite
comprises more than 20% of the rock and generally forms large aggregates
made up of small (~0.1 mm), euhedral grains. The matrix of these rocks is
composed of fine grained recrystallised quartz, commonly exhibiting a
mortar texture. Webbed masses of hematite needles comprise up to 10% of
some rocks and are associated with aggregates of blue gahnite.' The
characteristic biotite outlines and rutile found in the west facing rocks
are absent and instead, extremely fine-grained iron oxides define elongate,
wavey, lens-shaped outlines (Plate 7). These may represent the last traces
of a coarse-grained precusor phase such as occurs in the garnet-biotite
rocks but the effects of retrograde metamorphism mask most of the
confirming evidence for this.

An unusual feature in some rocks is the presence of euhedral blue gahnite
grains containing a central, circular portion defined by a rim of very
fine~grained, red coloured, hematite (Plate 9).

Summary

Green and blue gahnite are major mineral phases in these rocks. Green
gahnite is coarser grained, commonly porphyroblastic and surrounded by a
narrow rim of blue gahnite. Blue gahnite is finer grained and commonly
occurs as aggregates composed of euhedral (~0.1 mm) grains or as rims to
green gahnite. Hematite and blue gahnite are associated with retrograde
replacement of biotite and green gahnite. Retrograde alteration of
phlogopite results in in situ replacement by quartz, blue gahnite, iron
oxides and rutile. The retrograde overprint is more pervasive on the
southern limits of the syncline where green gahnite is ubiquitously rimmed
by blue gahnite and traces of any precursor assemblage has all but
disappeared. On the western Timits of the syncline, green gahnite contains
quartz inclusions and appears to be stable with respect to quartz.
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Massive Glassy Quartzites

White, glassy, coarse-grained, metaquartzites overly' the metapelitic
schist, forming a prominent capping to Vivolskraalberg. These contain
Tocal concentrations of tourmaline, biotite, Fe and Fe-Ti opaques and
garnet. Towards the base of the quartzite unit in the south,
concentrations of garnet comprise up to 20% of the rock. Blue gahnite
occurs in cracks and fissures in the lower horizons of the quartzite. In a
few instances a central core of green gahnite is surrounded by a radiating
corona of blue gahnite which occupies fissures in the rock and forms a
network of veins up to 30 cm from the green gahnite core.

4.5.2 Mineral Chemistry

Bulk rock analyses of a gahnite quartzite and gahnite-bearing,
garnet-biotite rock are listed in Table 20 (analyses by courtesy of Dr.
J.M. Moore). Trace quantities of galena and chalcopyrite were observed
toward the base of the metaquartzite unit and minor proportions of galena
occur Tocally in the underlying gahnite quartzites and an epidote-chlorite
rock. Thus the presence of up to 5000 ppm Pb and trace quantities of Cu in
the whole rock analyses are taken to indicate the presence of minor
sulphides, now oxidised. Table 21 lists average analyses of the minerals
in the samples. '

Garnet

Average endmember garnet compos{iions in the assemblages studied are Tisted
in Appendix 3 and are plotted on an endmember diagram, Figure 29.

Garnet composition and habit vary considerably throughout the stratigraphic
column at Vioolskraalberg. The variation probably reflects differences in
bulk rock chemistry and varying degrees of the retrograde metamorphic
overprint., '

Almost all garnets are of the Fe-Mg-Mn series. Garnet in the
quartzo-feldspathic gneiss is the one exception with an endmember
composition of Alms,SpessaoPyi2Gross,,. In the metapelitic garnet-
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Table 20. Whole rock analyses of two gahnite-bearing rocks from Oranjefontein.

Sample: OF-7 OF-8

Si02 95.71 | 38.13
Ti02 0.04 1.01
\ A1203 1.21 22.07
Fe0 1.33 16.68
M0 0.15 4,20
Mg0 0.47 5,95
Ca0 0.03 0.81
Na20 0.04 0.18
K20 : 0.00 0.04
P205 0.00 0.30
H20+ 0.57 3.44
H20- 0.11 0.29
Total 99.55 | 92.81
Trace elements (ppm
“ Rb <2 3
Ba 8.3 297
Sr <2 7
Th 21 91
U <3 <5
Lr 36 559
No <1 18
Mo <1 6
Sc 1 14
Ni 1.7 6.6
Po 4270 6165
In 1305 | 4.1%
Cu 52 78
Y 4 44
La <2 81
Ce 6.8 154
Nd

<3 69

Rock Types:
OF-7: Gahnite(+phlogopite,garnet) quartzite
OF-8: Garnet-biotite—gahnite rock :
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Table 21. Average (or representative) analyses of minerals from samples studied at Oranjefontein.

GARNET

n 4 6 2 4 3 2
SAWPLE JE 2 JE 3 JE 7 “JE 10 , JE 14 JE 19

o o of g o o
Si02 39.22 0.19 38.64 0.26 37.5%6 0.26 36.86 0.20 37.23 0.09 38.11 0.51
Ti02 nd 0.4 0.00 nd ., 0,07 0.02 0.14 0.01 0056 0.01
A1203 22.08 0.05 22.04 0.23 21.08 0.20 21.41 0.14 21.03 0.19 22.15 0.11
Fe0 18.41 0.67 18.85 0.93 20.06 0.90 17.11 0.22 8.59 0.13 15.49 0.10
M0 9.5 0.11 10.10 0.52 13.84 0.41 18.80 0.10 22.94 0.28 12.35 0.6€0
Mg0 9,11 0.34 8.42 0.9 5.07 0.73 3.06 0.10 4.8 0.13 8.92 0.42
Ca0 2,12 0.04 2.27 0.22 1.93 0.06 3.76 004 4.8 0.01 2.23 0.4
Na20 nd nd U nd nd nd nd
K20 nd nd nd - nd nd nd
Total 100.53 100.36 99.53 101.06 98.99 99.30

GARNET

n 4 3 3 -3 3 7
SAWPLE JE 2 JE 29 JE 31 JE 32 JE 35 JE 36

o d o o] d d
Si02 38.90 0.10 37.73 0.16 37.41 0.46 37.31 0.58 38.36 0.23 37.39 0.26
Ti02 0.06 0.01 nd nd nd nd 0.07 0.02
A1203 22,00 0,08 22.28 0.20 21.79 0.30 22.02 0.23 21.87 0.18 20.80 0.37
Fe0 12.68 0.11 28.02 0.33 29.85 0.77 30.34 0.66 14.47 0.04 18.09 0.36
MnO 15.50 0.20 2.26 0.02 3.18 0.27 4.80 0.40 1.4.77 0.79 17.29 0.17
Mg0 8.91 004 8.3 0.43 6.22 0.8 5.8 0.70 7.79 0.66 3.54 0.2
Ca0 2.13 0.03 1.62 0.04 1.61 0.02 0.64 006 2.69 0.157 2.34 0.04
Na20 nd nd . nd nd nd nd
K20 nd - nd nd nd nd nd
Total 100.18 100.29 100.06 100.97 99.95 99.58

nd: element was not detected or the amount detected is below the detection
1imit of the analytical method employed.

d: is a statistical measure of the range of 'n' number of ana'lyses.

A1l Fe 1is analysed as Fe0.
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Table 21. Average (or representative) analyses of minerals from samples studied at Oranjefontein.

GARNET
n , 2 1 2 2
SAMPLE  JE 18 JE 74 JE 82 OF 7

d g ¢

Si02 39.06 0.13 38.056 37.99 0.07 37.69 0.17
Ti02 nd nd nd 0.06 0.01
A1203 22.78 0.01 21.70 21,62 0.01 21.98 O.16
Fe0 15.96 0.01 15.70 16.78 0.29 18.37 0.52
MnO 10.85 0.01 14.04 11.62 0.12 9.52 0.72
MoO 9.74 0.08 8.5 9,15 0.11 9.06 0.79
Ca0 2.17 0.01 1.58 1.69 0.16 2.10 0.09
Na20 nd nd nd nd '
K20 nd nd nd nd
Total 100.56 99.63 98.85 98.77

CORDIERITE : PLAGIOCLASE ORTHOCLASE
n - 4 3 1 2 1
SAMPLE JEZS JE G JE 29 JE 10 JE 10

d o d

Si02 48,83 0.17 50.97 0.43 66.23 66.56 0.23 62.80
Ti02 nd nd nd nd 0.04
A1203 33.72 0.35 34.20 0.10 20.31 19.84 0.35 18.72
Fed 5,59 0.22 245 0.05 0.11 nd nd
MnO 0.20 0.02 nd nd nd . nd
MoO 10.15 0.32 12.22 0.21 nd nd ' nd
Ca0 nd nd 0.63 031 0.11 nd
Na20 0.09 0.02 0.15 0.056 7.55 11.20 0.08 0.91
K20 . nd nd 0.11 0.06 0.02 14.41

Total 98.58 99.99 94.94 97.97 9.83

nd: element was not detected or the amount detected is below the detection
1imit of the analytical method emplpyed.

d: is a statistical measure of the range of 'n' number of analyses.

A1l Fe is analysed as FeO.
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Fiqure 29: Garnet compositions from Oranjefontein plotted on a triangular

endmember diagram.
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Table 21. Average (or representative) analyses of minerals from samples studied at Oranjefontein.

BIOTITE
n 6 6 3 3 2
SAMPLE © JE 2. JE 29 JE 31 JE 32° JE74 \

_ d dg d g d

Si02 37.40 1.71 35.54 0.%| 3.61 0.26 35.99 0.35 38.24 0.04
Ti02 4.82 0.68 3.31 1.07| 3.14 0.12 3.25 0.09 0.74 0.35
A1203 16.06 0.32 17.72 0.56| 16.52 0.13 16.19 0.19 16.15 0.91
Fe0 9.80 0.59 13.63 2.00| 12.28 0.79 13.45 0.47 5.81 0.83
MnO - 0,25 0.3 0.13 0.05) nd , nd 0.22 0.13
MgO 17.69 0.67 14.%0 2.03| 15.86 0.% -15.,59 0.19 21.30 0.26
Ca0 nd nd nd nd nd
Zn0 0.35 0.07 nd nd nd 0.3 0.25
Na20 0.22 0.05 0.10 0.06|] 0.21 0.03 0.23 0.02 0.35 0.01
K20 8.95 1,19 9,33 0.21| 9.41 0.18 9.26 0.17 8.60 0.12
Total 95.62 94.26 94.03 93.96 . 91.75

nd: element was not detected or the amount detected is below the detection
limit of the analytical method employed.

d: is a statistical measure of the| range of 'n' number of analyses.

A1l Fe is analysed as FeQ.
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Table 21. Average (or representative) analyses of minerals from samples studied at Oranjefontein.

CHLORITE

n 5 4 3 7 5 3
SAWLE JE 7 k14 JE 16 JE 18 JE 19 JE 20

(] (o3 a] d g o
Si02 31.32 1.24 24.05 0.73 27.17 1.39 27.09 1.67 27.06 1.83 25.86 0.19
Ti02 nd nd nd 0.18 0.10 nd nd
A1203 21.10° 0.40 21.71 0.55 19.55 0.54 20.09 0.92 21.68 0.8 20.58 0.47
Fe 7.00 1.28 26.86 0.93 19.98 0.19 18.34 1.26 23.68 1.57 21.63 0.21
MO 1.62 0.13 2.06 0.20 2.2t 0.10 2.11 0.12 1.71 0.22 2.49 0.8
MO . 24,52 1.24 11.08 0.97 18.32 0.10 15.69 1.28 11.73 0.37 14.82 0.20
Ca0 006 001 nd nd nd 0.13 0.04 0.05 0.01
Zn0 0.81 0.06 1.95 1.199 1,51 0.12 3.42 0.95 2.12 0.49 2.60 0.05
Na20 nd nd nd 0.04 0.02 0.08 0.04 0.03 0,01
K20 0.08 0.03 nd nd 0.03 0.02 0.13 0.056 nd
Total 86.55 87.70 88.74 86.99 88.32 88.06

CHLORITE

n 11 5
SAVPLE JE 36 OF 7

d B
Si02 27.41 0.25 24.96 1.04
Ti02 nd nd
A1203 19.25 0.21 -20.66 1.32
Fe 10.19 0.84 24.31 2.74
MO 3.35 0.3 1.67 0.15
MO 21,95 0.22 13.25 1.8
Ca0 0.04 0.03 0.04 0.02
Zn0 5.04 0,52 1.06 0.29
Na20 004 0.02 nd
K20 nd nd
Total 87.27 85.94

nd: element was not detected or the amount detected is below the detection
1imit of the analytical method employed.

d: is a statistical measure of the range of 'n' number of analyses.

Al11 Fe is analysed as Fe0.
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Table 21. Average (or representative) analyses of minerals from samples studied at Oranjefontein.

AVPHIBOLE PYROXENE
n 2 1 3 2
SAPLE  JEA JE G JE A JEG
d ‘ o d

Si02 41.49 0.62 42.39 52.36 0.52 50.39 0.27
Ti02 1.52 0.18 0.53 0.12 0.02 0.09 0.01
A1203 15.75 0.23 19.02 5.5 0.3 7.9 0.64
Fe0 9.55 0.06 14.59 15.15 0.10 17.85 0.33
MnO 0.72 0.02 0.17 1.61 0.08 0.16 0.01
Mg0 14.80 0.33 18.49 26.38 0.47 24.87 0.37
Ca0 - 11.22 0.00 0.62 0.24 0.3 0.10 0.03
Na20 2.16 0.01 2.08 nd nd

K20 0.64 0.05 nd nd nd

Total 97.85 97.89 101.45 101.45

A1l Fe is analysed as Fe0.

REPRESENTATIVE ANALYSES OF EPIDOTE

n 4 5
SAMPLE  JE 16 JE 7 ‘

e é
Si02 37,94 1.09 35,97 2.09
Ti02 nd nd
A1203 ' 25.18 0.70 22.47 2.25
Fe203 12,23 0.76 8.9% 3.25
MnO 0.77 0.45 5.11 4.31
Mg0 nd 0.15 - 0.13
Ca0 22.79 0.65 21.95 1.46
Na20 nd - nd
K20 nd nd
Total 98.91 94.61

Fe was analysed as FeQ and has been recalculated to Fe203.

nd: element was not detected or the lamount detected is below the detection
1imit of the analytical method employed. :
g: is a statistical measure of the|range of 'n' number of analyses.
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Table 21. Average (or representative) analyses of minerals from samples studied at Oranjefontein.

GAHNITE

n 5 4 1 2 10 3
SAPLE  JE 2 JE 2 JE 3 JE 3 JE 15 JE 14
COLOUR  blue green blue green blue blue

d d (o3 d lof o
A1203 55.32 0.27 58.32 0.38 55.05 0.12 58.22 0.0l 55.18 0.57 56.32 0.33
Cr203 nd 0.24 0.04 nd 0.13 0.02 nd nd
Fe0 2.8 0.12 7.01 038 227 0.04 860 0.43 1.8 0.16 1.24 0.14
MnO nd 0.19 0.04 0.05 0.0t 020 0.2 nd nd
MgO 0.08 0.01 4.92 0.09 0.11 0.03 564 004 0.09 0.09 0.07 0.04
0 41.99 0.35 28.72 1.37 42.67 0.45 27.75 0.19 43.31 0.93 41.25 0.38
Total 99.47 99.40 100.15 100.54 100.41 98.88

GAHNITE

Nr.anal. 6 2 9 4 8 1
SAWLE JE 18 JE 18 JE 19 JE 23 JE 23 JE 26
COLOUR  blue green green blue green blue

o d g g o
A1203 55,38 0.19 58.58 0.01 58.61 0.61 56.33 0.52 60.44 0.25 55.39 .
Cr203 nd nd 0.08 0.05 nd nd nd
Fe0 2.38 0.29 8.74 0.11 8.01 0.64 1,22 034 4.9 0.20 1.68
MO nd 0.45 0.04 0.40 0.10 0.08 0.05 0.31 0.04 0.04
MO 0.13 0.06 6.02 0.00 7.00 0.16 0.14 0.08 7.65 0.16 0.08
n0 41.99 0.25 27.02 0.03 25.50 0.80 41.91 0.56 26.69 0.31 43.31
Total 99.88 100.81 99.61 99.68 100.07 100.50

nd: element was not detected or the amount detected is below the detection
1imit of the analytical method employed.
o is a statistical measure of the range of 'n' number of analyses.
A1l Fe is analysed as FeO.
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Table 21. Average (or representative) analyses of minerals from samples studied at Oranjefontein.

GAHNITE

n 3 1 ' 4 2 3 1
SAPLE. JE3S JE 39 JE 74 JE 74 JE 82 JE 82
COLOUR  blue blue blue green blue green

o : g : o 3 g
A1203 55.12 0.20 54.32 56.31 0.26 59.45 0.38 53.41 0.32 59.22
Cr203 0.07 0.04 nd nd nd nd nd
Fe0 2.19 0.32 2.02 1.37 0.54 7.62 037 3.63 030 7.1
MO 0.20 0.09 0.08 0.10 0.00 0.35 0.0 0.10 0.02 0.2/
MO 0.12 0.01 0.13 0.11 0.01 5.91 0.42 0.14 0.8 6.00
n0 - 42.26 0.12 42.16 42.75 0.61 27.32 0.81 41.13 0.38 26.99
Total 99.96 - 98.71 100.64 - 100.65 98.41 99.59

GAHNITE ZINCIAN HERCYNITE

n 3 2 1 5 4
SAMPLE  OF 7 JE 16 JE 29 JE A JE G
COLOUR  green

g . g R 1 o} g
A1203 68.30 0.16 60.45 0.23| 54.68 61.55 0.68 61.21 0.16
Cr203 nd nd 0.67 0.09 0.04 0.93 0.46
FeO 10.01 -1.16 12.58 1.82 27.37 . 21,62 0.79 21.63 1.79
MnO 0.49 0.10 1.22 0.18 0.39 0.83 0.06 nd
M0 5.86 0.76 12.75 0.54 6.23 14,72 0.39 13.76 0.59
n0 24,73 2,20 12.79 2.42 8.31 0.48 0.24 0.0 0.52
Total 99.39 99.79 97.65 99.29 97.83

nd: element was not detected or the amount detected is below the detection
1imit of the analytical method employed. s

o is a statistical measure of the range of 'n' number of analyses.

A1l Fe is analysed as FeO.

-108-




biotite-cordierite schists garnet has .the composition
Almsg_6eSpessSs—11Py21-31Gross; .s—-a and is relatively almandine~rich
compared to garnet occuring over the rest of Vioolskraalberg. In the
massive garnet and garnet-biotite rocks, garnet is spessartine-rich i.e.
A]mao_aoSpes523_3§Py14_37Gros53,5_7. Garnet in the altered
piemontite-chlorite rock is also relatively spessartine-rich and has an
average composition of AlmaaSpesss,Py.oGrossa.

Garnet in the metaquartzite has an average composition of
Almz,SpessasPysaGrosss. In a garnet-bearing metaquartzite, where
garnet is partially replaced by chlorite and blue gahnite, garnet has a
compositional range of Alm;g-2-5p€5551-55PY15-16Grosse—_13

Variation of garnet composition with metémorphic grade is a fairly well
established phenomena. With increasing metamorphic grade Fe and ultimately
Mg contents increase whereas Ca and Mn contents decrease (Miyashiro 1973,
Winkler 1967). This probably accounts for some of the variation observed.
However the alteration of biotite-garnet assemblages to
garnet-gahnite-quartz- hematite assemblages in some cases and in other
cases to epidote-chlorite or piemontite-garnet-chlorite must also ,
necessarily affect the composition of the garnet. It is apparent that
small scale variation in bulk rock chemistry has produced a wide array of
mineral assemblages which may be the main factor in the compositional
variation observed in minerals such as spinel, garnet and epidote at this
locality.

fe - Ti Oxides

Abundant hematite and goethite associated with blue gahnite are an observed
feature of the gahnite quartzites. Hematite occurs as haloes surrounding
small aggregates of blue gahnite in some rocks and as webbed masses
composed of tiny needles in other rocks. Hematite + goethite + rutile
partially replace biotite throughout the gahnite-bearing lithologies.
ITmenite, magnetite and titanomaghemite occur as coarse blebs in the
aluminous schist, generally in association with cordierite or sillimanite.
Local concentrations of ilmenite and magnetite occur in the massive
quartzite unit. Magnetite occurs in association with green gahnite in some

of the gahnite quartzites. ,
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Micas

The composition of biotite in the aluminous schist is annite with 4.5 wt%
Ti0,. In the metapelitic garnet-biotite-cordierite schist the mica is
phlogopite with 3.5 wt% Ti0.. Although biotite is a common constituent
of all rock types in the study area, the pervasive affects of retrograde
metamorphism have resulted in its replacement by chlorite or hematite,
goethite, rutile, blue gahnite and quartz. In the gahnite quartzites,
biotite armoured by guartz contained up to 0.4wt% ZnO (detection limit is
0.02 wt% Zn0). Prograde bhiotite from the Broken Hi1l massive sulphide
deposit, Australia contained up to 5350 ppm zinc (Plimer, 1977). Frost
{1973) found up to 0.5 wt% ZnO in biotite associated with sulphides.
Zinc-bearing biotites containing 0.24 wt% ZnO are believed to be the
precursor mineral to gahnite formed during retrograde metamorphism
{Dietvorst, 1980).

Chlorite occurs in the garnet-biotite rocks as a replacement of biotite and
in the quartzites, -associated with blue gahnite as a partial replacement of
garnet. In terms of Hey's (1954) classification (Fig.30) Oranjefontein
chlorites are ripidolites and pycnochlorites. High manganese (2.8 - 4.4
wt®% MnO) and zinc {0.8 - 5.4 wt% Zn0) contents are associated with blue
gahnite-bearing assemblages. Similar Zn~,Mn-rich chlorites, containing up
to 10 wt% Zn0 and a similar quantity of MnO are associated with Tow
temperature, hydrothermal veins at Franklin, New Jersey by Frondel and Ito
(1975). They suggest that Fe and Mg can be more or less completely
replaced by other divalent ions including Mn, Co, Ni and Zn. I

Epidote

In the galena-bearing, epidote=chlorite rock epidote is pleochroic pale
yellow—green to colourless and has the structural formula
Ca,.ofeq.Mno.osAls, =2A1,0(0H)[Si120-][Si04]. The endmember

composition is clinozoisite (75 - 78 mol1%), epidote (22 - 25 mol1%) and
piemontite (1 - 3 mo1%), (Fig.31). ‘

In a maroon coloured, garnet-piemontite-chlorite rock associated with the
massive garnet rocks, piemontite has a wide range of compositon (Fig.31).
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‘Figuré 30: Chlorite compositions plotted as a function of Si and Fe

content (after Hey, 1954}.
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Figure 31:  Epidote plotted on a triangular endmember diagram (after Ashie)
1984). The staggered line outlines the field of natural

‘piemontites (frbm Keskinen and Liou, 1979).
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The structural formula is:
Cax.QFeo.sg—o.2aMno.ss—o.oeMgo—o.oaA]o.2—0.02A]20H[Sizoa][Sioa]o

Garnet in this assemblage is similarly Mn-rich (17 wt% MnO) and chlorite
contains 1.5 = 1.75 wt% MnO.

A massive epidote rock containing only minor quantities of quartz and
chlorite was found on the western face of Vioolskraalberg at a similar
stratigraphic level to the garnet-piemontite-chlorite rock. However,
epidote in this rock is greenish yellow to colourless and exhibits the
distinctive high interference colours of epidote (clinozoisite has Tow
interference colours). The absence of any pink colouration indicates
negligable manganese (Deer et al., 1080). It appears thus that the
manganese rich lithology is limited in extent within this stratigraphic
horizon.

According to Deer et al. (1980), piemontite occurs in rocks of the
greenschist facies. In general, higher oxygen fugacity conditions are
required for the formation of Mn3* than Fe2+, and the presence of both .
{Mn3*+ in piemontite and Fe3* in hematite) in association with '
retrograde assemblages implies high oxygen fugacity conditions during the
rerograde metamorphic event. '

4

‘Gahnite, Zincian Spinel, and Hercynite

Several varieties of green-coloured spinel with widely differing
compositions are associated with different assemblages at
Vioolskraalberg. Analysed spinels are plotted on a triangular endmember
diagram (Fig.32). Figures 33, 34 and 35 show gahnite compositions in
terms of cation content on two axis diagrams.

Green gahnite in the gahnite(+ phlogopite, garnet) guartzites has an
average compositidn of GhneaSp2sHcis and in the gahnite quartzites,
where the effects of retrograde metamorphism are more pervasive,
Ghns,SpazHCcii. In the garnet-biotite-gahnite-quartz rocks, green
gahnite has the composition GhnseSpeHcis. In gahnite-rich
garnet-biotite-quartz rocks gahnite has the composition
GhngsSpacHCas.
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GAHNITE

METAMORPHOSED MASSIVE
SULPHIDE DEPOSITS

ALUMINOUS \
METASEDIMENTS.

SPINEL HERCYNITE

Symbols:

small dots : blue gahnite

closed triangles: gahnite(+phlogopite, garnet) quartzites
open circles : garnet—-biotite rocks

large dots ¢ gahnite quartzites

closed squares : aluminous schist

open squares : calc silicate (altered garnet-biotite rock)

open triangles : amphibolite and granulite rocks

Demarcated fields refer to gahnite associated with particular
lithologies (from Spry, 1984).

Fiqure 32: Gahnite composition from Oranjefontein plotted on a triangular

endmember diagfam. |
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Green gahnite occurring as a minor phase in the epidote-chlorite rocks has
a compositional range of GhNso-soSP22-28HC20 in the piedmontite rock

and Ghn23_315p53_57H015;19 in the galena-bearing, clinozoisite-

chlorite rock. In both assemblages, green gahnite is surrounded by
chlorite. Bright green zincian hercynite occurs as exsolved grains in
magnetite in the aluminous schist. This spinel has an average
composition of thsZszchaz.

According to Spry's (1984) research, gahnite with high Mg contents are
generally associated with marbles (Fig.40). However, gahnite with similar
7n contents to that occurring at Oranjefontein are reported from
cordierite~anthophyllite rocks associated with mineralization at
Montauben-Les-Mines, Quebec i.e. Ghnsa-ssHC1a-215P1s-21 (Bernier et

al., 1984) and at Falun, Sweden i.e. Ghngo—roHC16-s05Po-2a (WOlter

and Siefert, 1984).

On the neighbouring farm, on the northern flanks of Vioolskraalberg, at a
similar horizon, quartz-cordierite~two pyroxene granulites contain coarse
intergrowths of magnetite and pleonaste (Fe-Mg spinel). The range of
composition in these spinels is Ghn,_sSpso-ecHCas-a> and it is

interesting to observe that even in these rocks spinel contains detectable
quantities of zinc (0.5 - 2.3 wt% Zn0). Cordierite-anthophyliite or
cordierite~orthopyroxene assemblages are frequently reported as containing
small proportions of spinel. Where these rocks are associated with
mineralization the spinels commonly contain a component of zinc. Similar
zinc-bearing pleonastes as are found at Oranjefontein are reported by
Treloar et al. (1981), Teale (1980), Schreurs and Westra (1985) and Coolen
(1981).

The blue gahnite on Vioolskraalberg is close to endmember gahnite and
compared to green gahnite, shows a relatively small range in compositon
i.e. Ghnei—saSPo—sHCi1-». Almost endmember gahnite is rare and

generally occurs in low temperature, quartz-bearing rocks and pegmatites
(Spry, 1984). Kramm (1977) records gahnite with composition,
GhnesSpioGalz in low grade viridine-braunite-muscovite schists from
Belgium and gem quality, blue spinel (GhngaHc105p.Gal,) associated

with mineralized pegmatites in Nigeria are reported by Batchelor and

\ -117-






Kinnaird (1984). In the rocks studied here, blue gahnite is associated
with a late-stage, retrograde metamorphic event and is commonly associated
with quartz. Reported occurrences of blue coloured gahnite are like-wise
rare, the only documentation of these found, being those of Batchelor and
Kinnaird (above) and the gem quality, Mg-Zn spinels from Sri Lanka
(Anderson et al. 1937, Schmetzer and Bank 1985). Batchelor and Kinnaird
ascribe the blue colour to the absence of ferric (Fe3*), which commonly
substitutes for A1, in the spinel structure.

4.5.3 Zoning in gahnite

Green gahnite porphyroblasts surrounded by rims of polycrystalline blue
gahnite provide a striking colour difference in these rocks (cover

plate). The colour change is abrupt and is matched by an equally abrupt
change in composition (Fig.36). Individually the two spinels are, -
however, compositionally homogenous and cannot be considered as a single
2oned mineral. If the blue gahnite is derived from green gahnite
breakdown during a distinct, low temperature, retrograde metamorphic
event, there is very little evidence for re-equilibration between the two
spinel phases. The high zinc content of blue gahnite is in part

explained in terms of zinc introduceéd into the rocks during retrograde
metamorphism. It appears that the kinetics of new mineral growth combined
with the disequilibrium of green gahnite-qudrtz, resulted in the formation
of the blue gahnite overgrowths. :

4.5.4 Metamorphism and f(0)2

In central Namaqualand, to the south of Oranjefontein, metapelitic rocks
are dominated by granulite-facies assemblages. A commonly observed
assemblage in these rocks is quartz + k-feldspar + garnet + cordierite
(Joubert 1971, Moore 1983). To the north of the area, at Aggeneys and
Gamsberg,” amphibolite~grade metamorphism is characterised by quartz +
biotite + muscovite + sillimanite in metapelitic schists (Rozendaal 1978, .
Moore 1977). Calculations based on garnet-biotite geothermometry at
Broken Hi11 and Achab (this study) provide temperatures compatible with M2
metamofphism at these localities viz. 650 °C at 4.5 — 5§ kbar.  Albat
(1984) estimated pressure-temperature conditions of 700 - 900 °C and
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5 - 6 kbar in the granulite-facies terrane in the south. At Oranjefontein
the the quartz + k-feldspar + cordierite + sillimanite * garnet and garnet
+ biotite + cordierite assemblages in the metapelitic rocks indicate that
higher metamorphic grades were attained than at Aggeneys and Achab.

Garnet compositions are plotted as functions of their cation variability
according to a method proposed by Sturt (1962) (Fig.37)}. Sturt (1962)
showed that Fe and Mg content of garnet increases with increasing
metamorphic grade. On Figure 37, it is apparent that garnet in the
garnet-cordierite~biotite rock and the aluminous schist have similar
Ca+Mn/FetMg ratios and are representative of Sturt's (1962) sillimanite
zone. Garnet associated with green gahnite in garnet-biotite rocks has
similarly high Fe and Mg content whereas garnet occurring in blue
gahnite-bearing assemblages and garnet partially replaced by retrograde
chlorite are correlated with Sturt's (1962) biotite zone.

Analysed coexisting garnet-biotite and cordierite-biotite pairs from the
metapelitic assemblages are plotted on an AFM diagram, (Fig.38). The
crossing tie lines are explained in terms of a difference in bulk rock
compositions of the two lithologies.

Geothermometric calculations were applied to the co-existing
garnet-biotite and biotite-cordierite mineral pairs from the aluminous
schist and metapelitic garnet-cordierite-biotite rock. Using the methods
of Thompson (1976), Holdaway and Lee'(1977), Ferry and Spear (1978) and
Indares and Martingole (1985a) and a pressure of 4.5 - 5 kbar, based on
the Mg/Fe ratio of cordierite, temperatures of 530 - 720 °C were
calculated. Results are given in Table 22.

Mafic rocks on the northern side of Vioolskraalberg, at the same
stratigraphic horizon contain orthopyroxene-clinopyroxene assemblages.
Geothermometric calculations based on coexisting orthopyroxene- ,
clinopyroxene pairs yield temperatures of 750 °C at 4.5 -~ 5 kbar (J. Mc
Stay, pers. comm.). The mineral assemblages observed in the metapelitic
rocks indicate upper-amphibolite- to granulite-facies metamorphism but
temperatures obtained from biotite-garnet~cordierite geothermometry are
variable (530 - 720 °C). The range of calculated temperatures suggests

-120-



30—
A
AN
o .|
é 20 blue gahnite ({E)D
+ %
2 > 8
o : 0
e [ N Qo
3 green gahnite 68....
’ Re
10—
I ] i ] | | 1
10 20 30
wt% FeO + MgO
Symbols:
dots :| gahnite(+phlogopite, garnet) quartzites
circles :| gahnite-bearing, garnet-biotite rocks

closed triangles: garnet-, gahnite-bearing metaquartzite
open triangles : garnet¥bearing metaquartzite

closed squares : garnet—biotite-cordierite schist

open squares | garnet-biotite rocks

Fiqure 37: Garnﬁts plotted as wt%® CaO+Mn0 vs. wt% FeO+MgO (after Sturt,

1962)."
-121-




+ quartz
+ k-feldspar

7\ CORDIERIRE

GARNET

BIOTITE

AV4

Figure 38: The aluminous schist (1) and metapelitic schist (2) plotted on an

AFM diagram.

-122-



Table 22: Results of garnet-biotite geothermometry on metapelitic rocks
from Oranjefontein.

Method Employed Thompson Holdaway & Lee Ferry & Spear Indares &
(1976) (1977) (1978) Martingole
: (1985a) *
Sample Analysis
No.
JE 31 1 587 574 560 581
biotite- 2 627 609 527 516
garnet 3 641 621 517 / 502
4 594 580 553
JE 32 1 642 622 © 516 _ 474
biotite~ 2 631 612 525 584
garnet 3 670 646 495 471
4 628 719 526
5 559 550 584
6 640 . 620 517
JE 29 1 ' 568
biot-gar 2 577
JE 29 1 541
biotite- 2 507
cordierite 3 510
4 633
5 599
JE 30 1 616
biotite~- 2. 698
cordierite 3 - 632

MAXIMUM TEMPERATURES
JE 31,32 670 +30 1C

JE 29,30,31,32 719 50 °C
. JE 31,32 | 560 30 °C

JE 29,31,32 : 580 50 °C

* Calculations employing the method of Indares and Martingole were done on a
different set of analyses, :
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that the retrograde metamorphic event resulted in some re-equilibration
between Fe-Mg minerals in the metapelitic rocks. Temperatures of 650 -
750 °C at 4.5 - 5 kbar, are compatible with the high~grade metamorhpic
assemblages observed in the metapelitic rocks.

The presence of epidote-chlorite replacing garnet-biotite assemblages,
chloritized biotite, garnet and widespread seritization/pinitization of
feldspar and cordierite are evidence of a later low temperature,
retrograde metamorphic event. Blue gahnite formation, in intergrowths
with rutile, hematite and quartz replacing biotite, and in intergrowths
with hematite and chlorite replacing garnet, is associated with this
event. Quartz pegmatites associated with shearing at Vioolskraalberg are
associated with this event (Joubert, 1971). Metamorphic conditions of
greenschist facies are estimated (based on the presence of chlorite and
epidote) with temperatures of.1es§ than 500 °C at pressures equal to or
Tower than that of the main metamorphic event at this locality.

The quartz-magnetite associations in the aluminous schist generally
indicate fairly oxidising conditions during prograde metamorphism and
hematite, (associated with blue gahnite) even higher f(0)> conditions
during retrograde metamorphism.

Quartz-magnetite-garnet~biotite assemblages in the metapelitic schist
enable the application of Zen's (1985) BAMM buffer., Application of the
buffer calculations indicate an average log f0, = =16.5 #0.7 during
upper amphibolite-granulite grade metamorphism (Table 23).

4.5.5  Gahnite Formation

Blue gahnite is fine-grained, occurring as aggregates of euhédra] grains
whereas green gahnite is porphyroblastic and may contain inclusions of
quartz or biotite. Green gahnite is restricted in its occurrence to rocks
at the contact of the aluminous schist and the overlying metaquartzite,
whereas blue gahnite mineralization extends into the metaquartzite and
garnet-rich rocks. Green gahnite is associated with prograde assemblages
and it is proposed that green gahnite formed during the upper amphibolite
grade metamorphic event.
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Table 23: Results of oxygen fugacity calculations on Oranjefontein rocks.

Sample nr: JE 3

1

(3 &nalyses)

Corrections for substitution in Biotite

‘4 ]og X51 . 0017
0.18
0.18
-3 109 Xre 1.77
1.71
1.89

Corrections for substitut
-3 1og Xre 0.50
0.5%
0.55

Average correction Biotite (Si)

(Fe)

0.18
Average correction Biotite (Fe)

1.79
Average correction Garnet

0.55
Total correction 2.52

Average Correction = 2.46

jon in Garnet

JE 32
(3 analyses)

1.59
1.66
1.70

0.17
1.65

0.53
2.35

Reference BAMM buffer at 650 °C and 4.5 kb:

Log f(0)> = 10.29 - 26284//T + 0.148(P-1)/T + 650/T = -18.97 *
.51 *+ 0.7

Corrected log f(0), = -16
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JE 29
(6 analyses)

eJelololoYe!
N = NN =
[@Xoo PP AN

el
[ - Jeal
oON &

1.64
2.03
1.48

0.63
0.67
0.65

0.21

1.65

0.65
2.51

0.7



The local presence of disseminated galena and rare chalcopyrite in the
guartzites and presence of trace quantities of Pb and Cu in the bulk
chemical analyses is supporting evidence for the presence of sulphides in
the precursor sediments at Oranjefontein. The moblity of the Zn2* ion

and its téndehcy to form colloids with Fe®* and OH (Wedepohl 1972} would
result in desulphidation of sphalerite more readily than galena, which
would account for the continued presence of galena in these rocks whereas
only trace quahtities of chalcopyrite and no sphalerite remain., It is
proposed that the original sediments included a thin sulphide-bearing
horizon between the precursor sediments of the metapelitic schist and the
overlying quartzite horizons. The sulphide-bearing horizon was associated
with unusually Mn, Mg, Fe and Al-rich sediments which under prolonged
metamorphism to uppper amphibb]ite grades led to the formation of garnet,
biotite, cordierite and green gahnite. A suggested prograde reaction is
{Hicks et al. 1985):

sphalerite + Mg-clay minerals -> green gahnite + biotite + garnet + quartz
+ S, + HZ0

Minor but significant amounts of zinc were taken up by biotite during this
reaction (Zn0O up to 0.5 wt%). _

Segnit (1961) and Sandhaus and Craig (1986) proposed that, gahnitenlocated
in the peripheral regions of metamorphosed sulphide deposits and within
metapelitic rocks where there is no association with sphalerite, may have
~ formed by reactions involving zinc species adsorbed onto clay minerals or
Fe/Mn oxides (Vine and Tourtelot 1970, Coveney 1979, Helios and Rybicke
1985). The presence of postulated clay minerals and significant
concentrations of manganese in the proposed precursor lithologies at
Oranjefontein may indicate that some zinc initially occurred adsorbed onto
these components. The high levels of zinc, relative to iron, manganese
and magnesium, in the gahnite~bearing quartzites, however, make it
unlikely that all zinc could have been accomodated in this manner (Hicks
et al., op. cit.). '

Mineralogical and textural evidence for the formation of near end-member
blue gahnite indicate that it formed during a period of retrograde
metamorphism of greenschist grade subsequent to the formation of green
gahnite. Low-temperature metamorphism accompanied by a fluid phase
resulted in the breakdown of garnet and biotite and resulted in the
formation of blue gahnite, chlorite, epidote and sericite.
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Dietvorst (1980) proposed the formation of gahnite during retrograde
breakdown of zinc-bearing biotite to form chlorite. In this process zinc
is transferred from biotite to gahnite and does not enter the chlorite
structure. At Oranjefontein, retrograde chlorite contains more zinc than
biotite (3.9 wt% as opposed to 0.4 wt%) and this process cannot apply to
blue gahnite formation. It is proposed that biotite, garnet and green
gahnite participated in the retrograde, blue gahnite-forming reaction. The
proposed retrograde reaction is;

{Zn,Mg)green gahnite + Mg-biotite + garnet + quartz + H20 -> blue gahnite
+ chlorite + rutile + hematite + sericite ...Hicks et al. (op. cit.}.
The retrograde blue gahnite assemblages generally contain abundant quartz
and very little sericite, which suggests this reaction was éccompanied by
addition of Si0, to and removal of K from the system.
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Chapter 5. CONCLUSIONS
5.1 Gahnite Mineralogy

Figure 2 showed that the stratigraphic successions at Swartkoppies, Broken
Hi1l and Orangjefontein are similar and are correlated with the Bushmanland
rocks of the NMC. ‘

At Swartkoppies and Achab, gahnite is associated with aluminous rocks and
schists. At Oranjefontein, green gahnite occurs in garnet-biotite rocks
in the uppermost horizons of the aluminous schist. Gahnite occurs in
greater gquantities in the metaquartzites at Achab and Oranjefontein. At
Broken Hil1l gahnite occurs in the sulphide-~bearing BIF rocks which occur
below the massive guartzites. '

Figures 39, 41, 42 and 43 summarise the analytical data on gahnite and
spinels in the study areas.

Figure 40 (from Spry, 1984}, results from a compilation of gahnite
compositions as related to host rock lithology. Results of this study
indicate that close to endmember blue gahnite from Oranjefontein is
associated with a low grade metamorphic overprint which was associated
with shearing and the emplacement of guartz veins (pegmatites) at this
locality. Spry's diagram shows that gahnite of this composition generally
occurs in association with pegmatities. Mg~rich gahnite is generally
associated with marbles, however the Zn, Mg-rich composition of green
gahnite at Oranjefontein is attributed to formation from ZnS-bearing,
Mg-rich precursor clays. Gahnite composition from Achab and the massive
sulphide deposit at Aggeneys is typical of gahnite associated with
metamorphosed massive sulphide deposits {Fig.40), Achab is geograbhica11y
close to the Aggeneys—Gamsberg ore body and it is proposed that gahnite
formed in these rocks during prograde metamorphism of precursor
ZnS-bearing metasediments. Gahnite in the highly aluminous rocks at
Swartkoppies has a compositional range typical of those occurring in
aluminous metasediments (Fig.40).

From Figure 39, it is apparent that gahnite compositions vary
significantly between the study localities. Gahnite from Aggeneys is
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Zn-rich, Swartkoppies is Fe-rich and from Achab has a composition
intermediate between these two. Green gahnite from Oranjefontein is
relatively Mg-rich compared to Achab, but has similar Zn content. Blue
gahnite from Oranjefontein is extremely Zn-rich and has almost no Mg
component. Figures 39, 41 and 42 show almost complete solid solution
between Zn, Fe and Mg components in spinel. Most of this is attributed to
variation in bulk chemistry of the precursor sediments. At Aggeneys and
Achab, Mg-rich gahnite occurs in the amphibole~,garnet-bearing quartzite
and garnet-gedrite schist whereas hercynite and Fe-gahnite occur in the
magnetite quartzite and aluminous schist. Variation in zinc content of
gahnite appears to be controlled by f(0)2, f(S)> and temperature

during gahnite formation. This is shown by the ré]ative1y high Zn content
of the sulphide associated gahnite and extremely high Zn content in the
retrograde blue gahnite.

5.2 Appraisal of zinc in minerals associated with gahnite

In metamorphosed rocks close to mineralised terranes staurolite is
commonly cited as a zinc-bearing mineral and possible precursor to gahnite
formation e.g. Atkin (1978), Stoddard (1979), Spry (1982a), Schumacher
(1985). To a lesser extent zinc-bearing micas such as muscovite (Frondel
and Ito, 1975), biotite (Frost 1973, Plimer 1977, Dietvorst 1980) and
chlorite (Frondel and Ito 1975, Dietvorst 1980) are reported.

In gahnite-bearing lithologies in Namaqualand staurolite is uncommon
although it is reported to occur in association with gahnite at Gamsberg
{Spry and Scott, 1986b). However, muscovite, biotite and chlorite are
common in gahnite-bearing assemblages in all lithologies. A1l of the
micas were analysed for zinc and also sillimanite, garnet and magnetite in
view of their possible participation in gahnite-forming reactions. No
zinc was found to occur in garnet or sillimanite and is attributed to the
tendency for zinc to prefer four-fold co-ordination with oxygen in
minerals. , -

Zinc in mica

The open structure of mica allows a fairly free range of substitution into
octahedral sites and due to similarity in ionic radii it is possible that
zinc may substitute for iron, magnesium or manganese in the structure. A

-134-



zinc~bearing muscovite, hendricksite, containing in excess of 20 mol% ZnO
is described by Frondel and Ito (1975). ‘

Prograde and retrograde muscovite was analysed in gahnite-hearing
assemblages from Broken Hill and Achab. However, none contained
significant zinc '

(> 0.2 wt% Zn0).

Zinc-bearing hiotites are mentioned by Plimer {(1977) in association with
sulphide mineralization at Broken Hill, Australia and in the Scandinavian
Caledonides at Kemi®d by Dietvorst (1980). Dietvorst (op. cit.) suggests
that biotite, at amphibolite grades, is able to absorb small gquantities of
zinc, but that Bt lower temperaratures, zinc is less stable in the biotite
structure,

At Achab, amphibolite-facies biotite contains up to 0.35 wt% Zn0. In the®
gahnite quartzites at Oranjefontein small biotite laths, armoured by
guartz, and containing up to 0.4 wt% Zn0O formed during prograde
metamorphism of uppef amphibolite grade.

Although chlorite is a common constituent in rocks associatediwith
metamorphosed massive sulphide deposits it has seldom been analysed as a
potential zinc-bearing mineral {(Frondel and Ito, 1975). At Oranjefontein,
pervasive retrograde metamorphism has caused the alteration of biotite and
garnet to chlorite in many of the rocks. Extensive analyses made on
chlorites indicate a percentage of zinc in most chlorites. In
garnet—bearing quartzites and garnet-biotite rocks containing blue
gahnite, retrograde chlorite contains an average of 1.4 wt% Zn0 and
lTocally up to 3.5 wt% Zn0. ’

Zinc in magnetite

In magnetite, zinc and aluminium may substitute for Fe** and Fe3*
respectively (Wedepohl 1970, Deer et al. 1980). In rocks of the NMC/
magnetite-hercynite,, is common, and at the gahnite-bearing localities

the hercynite commonly incorporates a minor gahnite component. It is )
probable that at the high metamorphic grades which prevailed in the NMC, a
small amount of zinc was contained in the original magnetite-hercynite,.
phase.
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5.3 Compositional zoning in spinels
Zoning in gahnite in quartzitic rocks

Compositional zoning in gahnite in quartz rich environments has been
reported from some localities and is generally accepted to result from
re-equilibration of spinel in response to changes in temperature
(Dietvorst 1980, Tulloch 1981, Sandhaus 1981, Treloar et al. 1981, Spry
1984, 1986, 1987b). Increasing zinc and decreasing iron and to a lesser
extent magnesium, from core to rim, is the most commonly reported pattern
and is attributed to gahnite formation under conditions of decreasing )
temperatures (e.g. Dietvorst 1980, Tulloch 1981, Spry 1984, 1986, 1987b).
The opposite trend of decreasing zinc from core to rim is less common
(Sandhaus 1981). Several workers (e.g. Frost 1973, Dietvorst 1980,
Tulloch 1981, Hicks et al. 1985) observe that hercynite, unstable in the
presence of quartz below 750°C, is stabilized at lower temperatures by
increased incorporation of zinc into its structure.

Gahnite~bearing quartzites occur at Aggeneys, Achab and Oranjefontein. At

. Aggeneys the gahnite-bearing quartzite contained amphibole and garnet but

gahnite is very fine grained and is not compositionally zoned. Similarly
in the Dabiepoort quartzites, gahnite is fine grained and homogeneous.
Gahnite-bearing quartzites at Achab contain coarse, poikiloblastic gahnite
with numerous inclusions of quartz and these too are not zoned. Green
gahnite in Oranjefontein quartzites occurs as coarse porphyroblasts, is
commonly embayed to quartz and occasionally has quartz inclusions. Blue
gahnite commonly occurs as a rim surrounding the green gahnite and also as
tiny euhedral grains in the quartz matrix. A compositional profile across
a rimmed gahnite grain (Fi§.36), shows the sharp compositional break
between green gahnite and blue gahnite. The compositional break coincides
with an abrupt change in colour from a green central core to the blue rim,
but individually the two varieties of gahnite are homogeneous. This '
compositional change is not considered to be a growth zonation but
represents an overgrowth in response to widely differing metamorphic
conditions which resuit in the original green gahnite being out of
equilibrium in the quartzites. Many of the gahnite-bearing rocks contain
garnet and analysis of core - rim compositions of garnet in gahnite- and
non-gahnite-bearing l1ithologies did not reveal a consistent zonation
pattern. :
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Zoning in gahnite associated with Fe - Mg aluminosilicate minerals

Zoning in spinels in aluminous metasediments has been attributed to the
partitioning of zinc, iron and magnesium between spinels and adjacent
ferromagnesium aluminosilicate (Spry 1984, 1987b).

At Oranjefontein, in garnet-biotite-gahnite-quartz rocks, green gahnite
occurs in direct contact with all three phases. However, even in this
case the gahnite was homogeneous. Occasional grains of green gahnite in
massive garnet rocks and garnet-biotite rocks were similarly unzoned. At
Achab gahnite in contact with biotite and garnet in metapelitic schists
did not show any zonation pattern. Gahnite in the massive gahnite rock at
Swartkoppies and to a lesser extent, in the gahnite- and biotite-bearing
fibrolite rocks at this locality showed some colour zonation, with dark
green cores and pale green rims. The massive gahnite rock showed the most
obvious colour zonation and this corresponds with an increase of 2.2 mol%
gahnite and decrease of 1.7 mol% hercynite and 0.5 mol% spinel from core
to rim (Fig.44). The gahnite-, biotite-bearing fibrolite rock showed the
least compositional zoning at this locality. None of the biotite in rocks
from Swartkoppies contained zinc and it is unlikely that the slight
compositional zoning results from Fe-Mg exchange. It is also difficult to
explain why the most dramatic zoning at this locality should occur in the
massive gahnite rocks. In the absence of any suitable mineral for Fe-Mg
exchange and the absence of sulphides for f(S)z - f(0)2 controlled
equilibria between gahnite and sphalerite, the zoning is attributed to
gahnite growth during a period of decreasing metamorphic temperatures.

Zoning in gahnite associated with sulphide minerals

In metamorphosed massive sulphide deposits, Spry (1984, 1987b) has
observed compositional zoning in gahnite and associated sphalerite. This
he attributed to the partitioning of Zn and Fe in response to changing
f(0)> = f(S)2 conditions between the two phases and associated
pyrite/pyrrhotite. In this study coexisting gahnite and sphalerite were
observed in the massive sulphide rocks and sulphide-bearing BIF from
Broken Hill.
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Spry (1987a) observes that gahnite from Aggeneys is commonly colour zoned,
this being attributed to the fine inclusions of secondary sphalerite, but
only observed compositional zoning in gahnite enclosed in magnetite in the
quartz-magnetite lithology. Here gahnite showed up to 18 mol% decrease in
gahnite content with a corresponding increase of 14 mo1% hercynite, 3 mol%
galaxite and 2‘m01% spinel. He attributed this to depletion in zinc
during gahnite growth., In this study it was found that gahnite in the
massive sulphide rocks from Broken Hill is generally fairly fine grained
and most commonly unzoned, however, one exception does occur. In a
quartz-rich massive sulphide rock, gahnite coexists with quartz and
muscovite in the gangue and sphalerite in the massive ore. Figure 45
shows an increase of 0,7 wt% ZnO and decrease of 0.5 wt% FeO and 0.2 wt%
Mg0 between core and rim in two of the coarsest gahnite grains. The
associated muscovite did not contain zinc and the association of gahnite
and sphalerite suggest that Zn/Fe partitioning between the phases has
resulted in minor zoning. '

It appears that there are various possibilities for gahnite zonation.

Some of these are summarised below:

1. Re~equilibration of gahnite in quartz-rich rocks in response to
changing metamorphic temperatures due to the incompatibility of .
iron-rich spinels and quartz below granulite grades of metamorphism.

2. In-Fe-Mg exchange between gahnite and associated Fe-Mg aluminosilicate
minerals at amphibolite grades of metamorphiém.

3. IZn/Fe partitioning, controlled by f(S). - f(0)- equilibria between
gahnite and sphalerite, pyrite/pyrrhotite in metamorphosed massive
sulphide deposits.

4, A further possibility is the apparent sensitivity of gahnite
.composition to changes in metamorphic f(0)>. Moore and Reid (1987 in
press) observed that fine-grained, disseminate gahnite in a gahnite-
bearing quartzite shows significant compositional changes which can be
related to its proximity to oxidising metamorphic fluid pathways.

- Results from this study are thus not entirely consistent with documented
occurrences of zoned gahnite. In this study it was found that gahnite in
quartzites and quartz-rich rocks are generally not zoned, however this may
be due in part to either fine grain size of gahnite or the extremely
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poikiloblastic habit. In association with ferromagnesiun aluminosilicate
minerals such as garnet or biotite, no consistent compositional zonation
was observed in gahnite., At Swartkoppies, in massive gahnite rocks,
colour zonation is associated with minor but consistent compositional
zoning exhibited by increasing zinc and decreasing iron and magnesium from
core to rim. This is attributed to a re-equilibration in response to
changing metamorphic temperatures during the growth of gahnite.
Compositional zoning, although present, was less obvious in the gahnite-,
biotite~bearing fibrolite rocks from Swartkoppies. In the metamorphosed
massive from Broken Hill only one rock contained zoned gahnite and in this
rock gahnite is in contact with quartz and sphalerite. Here the zoning is
attributed to Fe/Zn exchange between gahnite and sphalerite as proposed by
Spry (1984, 1987a).

5.4 Gahnite in relation to P}essure, Temperature, and f(0)2
Wall and England (1979) suggest that the hercynite content of zincian
spinels is buffered by equilibria such as; 3FeA120, + 8Si0; =
FesA1:5i50,2 + 2A12Si0s and suggest that this reaction may be

useful as a sliding geothermometer in conjunction with accurate
geobarometry. Bohlen et al., (1986) did experimental reversals on this
reaction and found that the equilibrium is located at 5.2 - 5.4 kbar at
880 °C and that it shifts to higher pressures with increasing
temperatures. The incorporation of additional components of Zn or Fe®*,
in hercynite broadens the stability field of hercynite-quartz and shifts
the equilibrium to higher pressures.

Gahnite-quartz associations are found in granulite-, amphibolite~ and
greenschist facies parageneses in Namagualand, indicating stability over a
range of metamorphic conditions. Frost (1973), Kramm (1977) and Spry
(1984) observe that gahnite in quartz-rich terranes is stabilised by
increased incorporation of zinc into its structure under decreasing
~metamorphic temperatures. This theory is supported to some extent by the
study of gahnite in Namaqualand. Figure 46 shows gahnite compositions in -
the guartzites. Gahnite in guartz-rich assemblages at Oranjefontein
contains 50 - 65 mo1% gahnite at upper amphibolite to granulite grades and
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in excess of 90 mol% gahnite at greenschist grades. Gahnite in
quartz-rich assemblages at Achab and Aggeneys contains 50 - 75 mol%
gahnite at upper amphibolite grades (Fig.46).

Siefert and Schumacher (1986) suggest that the composition of the
(Mg-Zn-Fe2*) spinel coexisting with cordierite and quartz may be

sensitive to changes in pressure and investigated a geobarometer based on
the reaction; Mg,A1,Sis0:a = 2MgA1,0, + 55i02. No such

assemblages occur in the study area and this reaction could not have taken
place. There does, however, appear to be some correlation of Mg content
of gahnite with pressure and temperature. Figure 39 shows that gahnite
and pleonaste in the granulite facies at Oranjefontein has in excess of

20 - 35 mo1% spinel and 50 - 60 mol% spinel respectively (T = 650 - 750
°C, P = 4.5 - 5 kbar). Gahnite and zincian hercynite from Aggeneys, Achab
and Swartkoppies at upper amphibolite grade metamorphism has between 5 and
20 mol1% spinel (T = 650 - 670 °C, P = 4.5 - 5 kbar). The composition of
blue gahnite from which Oranjefontein formed during Tow temperature
retrograde metamorphism contains less than 1 mol% spinel. The variation
in gahnite-bearing assemblages does not support a spinel-quartz-
aluminosilicate reaction, in which case the increase in mol% spinel
content of gahnite with metamorphic temperature and pressure should be
viewed with caution. However additional data may well yield more
conclusive results in Namaqualand. .

In some assemblages in the rocks studied, gahnite and garnet coexist
stably although quartz and aluminosilicate are not necessarily part of the
same paragenesis. Spry (1984, 1987a) and Spry and Scott (1986a) have
suggested that gahnite may form by garnet breakdown in a solid-solid
reaction i.e FesA1,5i305> + ZInS + Sz => ZnA1,0, + 3FeS + _

35i0, + 0,. Using the diagram suggested by Sturt (1962), garnet
compositions were plotted as a function of CatMn/Fe+Mg, (Fig.48). The
hercynite content of gahnite associated with particular garnet-bearing
rocks has been added to the diagram. Figure 48 shows an increase in ‘
hercynite content of gahnite with increasing FetMg of garnet. There is,
however no conclusive evidence for garnet-gahnite type reactions and

Fe-Mg exchange is the most 1ikely cause for this correlation between
mineral phases.
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Spry and Scott (1986a) found that the composition of spinels in
equilibrium with sphalerite and pyrite/pyrrhotite become more Zn-enriched
with increasing f(0). and f(S)- and can be used as a measure of

f(0), during metamorphism (Fig.47). This, most probably is the cause

for variation in Zn content of gahnite in the massive sulphide rocks and
sulphide-associated BIF's at Aggeneys (Fig.39). A similar variation was
observed in gahnite in sulphide-bearing rocks in the Mineral District,
Virginia (Sandhaus 1981, Craig 1983) and Broken Hill, Australia (P1imer,
1977).

The variation in Fe-Mg content of gahnite (Fig.39) may in part be
attributed to varijation in bulk rock composition ie. Mg-rich rocks at
Oranjefontein, Fe-rich rocks at Aggeneys, Achab and relatively Fe-rich
rocks at Swartkoppies. In garnet-biotite rocks at Oranjefontein and the
metapelitic schists at Achab, gahnite composition may be further affected
by Fe-Mg exchange between gahhite and garnet or biotite. Hercynite-quartz
reacts to form garnet and sillimanite i.e,

3FeA1;0, + 5Si0, = FeszA12,5i30:> + 2A1.Si0s as shown by

Richardson (1968), Wall and England (1979) and Bohlen et al. (1986).

Along with oxidising metamorphic fluids, the instability of (Zn-)Fe-Mg
green gahnite and quartz caused formation of almost endmember blue gahnite
in quartzites at Oranjefontein.

Moore and Reid (1988 in press) have shown that gahnite composition may
vary substantially even on the scale of centimeters according to its
relative proximity to oxidising metamorphic fluid pathways. Gahnite-
quartzites at Oranjefontein compared to Achab have undergone relatively
higher grade metamorphism.at similar oxygen fugacities, (calculated log
f(0)2 is -16.02+/-0.7 in metapelitic rocks at Achab and -16.51+/-0.7 at
Oranjefontein), yet have similar Fe and Zn content (Fig.40), so it would
seem that prevailing metamorphic f(0)> rather than temperature is the
determining factor for gahnite composition in similar rock types where
Zn-Fe-S$ equilibria and Fe-Mg exchange can be discounted. At Swartkoppies
the 30 mol% variation in gahnite component is also attributed to changes
in f(0)> rather than temperature. In these rocks, despite the presence

of biotite, there is very little variation in Mg-Fe content of gahnite.

It appears that gahnite exhibits a range of compositions in the
amphibolite grades, whereas in the greenschist facies, e.g. the blue
gahnite at Oranjefontein it has a narrow compositional range.
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[t is concluded by this study that spinel composition is affected by bulk
composition, Fe,Mg,Zn exchange between gahnite and co-existing silicate,
sulphide or oxide minerals, metamorphic f(0)- and temperature. In
different 1ithologies which have been subjected to any one or a
combination of these parameters, gahnite composition will be dependent on
the dominant parameter or a dominant combination of parameters. The
affect of bulk rock composition and mineralogy will determine gahnite
composition during initial growth. However, f(0)> and temperature apply
strong constraints on gahnite composition in gahnite-quartz assemblages
and f(0)> — f(S). conditions in gahnite-sphalerite-pyrite assemblages.
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5.5 Gahnite in exploration

One factor which emerges from this study of gahnite is that on a regional
scale gahnite may have substantially variable composition in rocks of the
same genetic sequence and occurring at similar stratigraphic levels.
Similar studies of gahnite associated with sulphide mineralization in the
Mineral District, Virginia (Sandhaus 1981, Craig 1983 and Sandhaus and
Craig 1986) and Broken Hil1l, Australia {(Plimer, 1977) show a far more
restricted range of gahnite composition. This has significant
implications on the use of gahnite composition as a guide to
mineralization in Namaqualand. Sheridan and Raymond (1977), Karlsson et
al., (1980) and Craig (1983) have commented on the association of gahnite
with zinc mineralization and its potential for use in exploration. Spry
(1984, 1986) and Spry and Scott (1986 a,b) found that gahnite associated
with metamorphosed massive sulphide deposits has high zinc and iron
contents and low magnesium contents. Bernier et al. (1984) found that the
In/ZntFetMg ratio of gahnite associated with staurolite could be related
to their proximity to mineralised zones and similarly Ririe and Foster
(1984) suggested that the association of gahnite and sillimanite could be
_used as a directional indicator for sulphide mineralization.

The results of this study indicate that gahnite forms in aluminous
terranes during regional metamorphism if zinc is present in the form of
sulphides or as a constituent of the precursor sediments. According to
Figures 39 and 40, there is some confirmation for Spry's (op. cit.)
theory, in that gahnite occurring in aluminous sediments has more variable
composition than gahnife associated with sulphides which tends to be
richer in zinc and iron and has low magnesium contents. However this
study does indicate a potential for compositional variation in gahnite
which can be attributed to factors other than Zn-Fe-S equilibria. This
must be taken into account if gahnite composition or gahnite-bearing
assemblages are to be used as indicators for sulphide mineralization.
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5.6 Implications for mineralization in the Bushmanland rocks

It is generally considered that rocks of the Bushmanland sequence at
Aggeneys and Gamsberg are sedimentary and reflect a continental, shallow
marine depositional environment (Moore 1977, 1980, Rozendaal 1982). The
Namies Schist 1s considered to have formed by deposition of (i1litic and
kaolinitic) clays and clastic material in shallow water in a large basin
(Moore 1977, 1980, Rozendaal 1982). The overlying massive quartzite unit
is thought to represent mature, quartz-rich sediment deposited in a '
shallow water, near shore, high energy environment (Rozendaal 1982).
Reducing conditions are inferred by the presence of pyrite and pyrrhotite,
while the presence of Pb, Zn and Ba in the quartzites suggest the influx
of hydrothermal fluids (Rozendaal 1982). The iron formation at Aggeneys
and Gamsberg is considered to have a submarine exhalative origin by Ryan
et al. {(1982) and Rozendaal {1982). However Moore (1977, 1986) interprets
the siliceous, ferruginous and manganiferous rocks to result from
chemogenic precipitation under hypersaline conditions in a restricted
basin. Metamorphic textures exhibited by gahnite in relation to other
minerals in gahnite-bearing assemblages in Namaqualand indicate that
gahnite is metamorphic in origin. It is concluded that the precursor
sphalerite was originally a costituent of the precursor sediments (e.q.
black shales) and gahnite formed as a prograde mineral from
sphalerite~bearing sediments in response to changing f(0). - fi(S)a
conditions during diagenesis and metamorphism.

An implication from the presence of similar Mn-rich, sulphide~bearing
sediments at OranJjefontein is that similar basins existed elsewhere in
Namaqualand. This may have implications for wide spread mineralization in
the Bushmanland rocks.

If economic mineralization in Bushmanland rocks occurs in small basins, it
may be necessary to exercise caution if the presence of gahnite in used as
an indicator of sulphide mineralization. Gahnite appears to have formed
readily where sulphides were part of the precursor sediments in a number
of quartzites, metapelitic rocks and sulphide-bearing BIF in Bushmanland
rocks in Namaqualand. However, gahnite is stable at the metamorphic
grades which have affected Namaqualand rocks on a regional scale and
persists in assemblages where all but traces of the precufsor sulphides
have disappeared.
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APPENDIX 1
ANALYTICAL METHODS AND PROCEDURES

A1l mineral analyses were done on the Cameca microprobe owned by the
Geochemistry department of the University of Cape Town. The microprobe
unit provides an online reduction of analytical data by the ZAF method.
This was found to be inadequate for analyses of silicate minerals with
high Fe contents e.g almandine, hercynite and so a method was built into
the program whereby these analyses could be corrected for by the Bence
Albee (1968) method.

Operating conditions are outlined below:

" Accelerating Voltage: 15 kV
o5 kV for analysis of trace gquantities of Zn in
micas.

Beam Current: 40 nA
20 nA for micas.
The beam was focussed for analysis of all minerals except micas, for which

it was defocussed.

Counting Time: 10 sec
20 sec for Zn in micas.

Standards used: Most of the standards are natural, IUGS approved
standards. Zn (in sphalerite) and Cr were analysed
on sphalerite and chrome metal respectively.

These standards have been tested by the Geochemistry
Department at U.C.T. and are acceptable. Listed
below are the standards used for analysis of
minerals.



.
1
v

MINERAL

Spinel, Magnetite

Micas, Amphibole

Epidote

Tourmaline

Garnet

Cordierite

Feldspar

Sphalerite

ELEMENT

Si

Al

Ti

Mg, Cr
e

Al, Cr, Fe, Mg

'%i,A1,Fe,Mg,Ca,Na,K
i

Cr
Mn

Si, Al, Mg, Ca
Ti

- Cr
Mn
Na
Si, Mg, Ca
Ti
Al, Fe
Mn
Na, K
Na, Si, Al
K
Fe, Mg
Ca
Zn
Fe, S
Mn

STANDARD

{

Diopside
Chrome, Gahnite

‘Rutile

Chrome .
Chrome, ITmenite
Rhodonite
Gahnite

Kakanui hornblende

Rutile

Kakanui pyrope,hornblende
Rhodonite

Zinc

- Diopside

Rutile
Chrome
Rhodonite
Zinc

Kakanui hornblende-
Rutile
Chrome

- Rhodonite

Kakanui pyrope
Rutile -
Chrome

Rhodonite

Kakanui hornblende

Diopside

Rutile

Kakanui pyrope
Rhodonite

Kakanui hornblende

Nunu
Or=1
Kakanui hornblende
Laco

Sphalerite
Sm=-3
Rhodonite



_év?rage lowest detection limit (LLD) of the e]ements in the analyses are listed
elow.

Sp Mt Gt Biot Musc Chl Crd
Si02 0.04 0.03 0.04 0.03 0.03 0.04 0.04
Ti02 0.04 0.04 0.04 0.02 0.02 0.04 0.04
A1205 0.04 0.05 0.04 0.03 0.03 0.03 0.04
Cr.0as 0.05 0.04 0.05 0.04 0.04 0.05
Fel 0.08 0.07 0.08 0.04 0.03 0.10 0.08
MnO 0.07 0.07 -0.06 0.03 0.03 . 0.07 0.06
MgO ‘ 0.03 0.04 0.03 0.03 0.02 0.03 0.03
Ca0 0.07 - 0.03 0.03
Zn0 0.17 - 0.16 0.03 0.02 0.02 0.16 0.02
Na.0 0.03 0.03 0.03 0.04 0.02
K20 0.03 0.02 0.03
F 0.12

Fsp ~ Amphi Tourm Epi . Pyxm
Si02 : 0.06 0.04 0.04 0.04 0.05
Ti02 0.04 0.04 0.05 '
A1:03 0.04 0.03 0.04 0.03 0.04
Cr,03 0.05 0.04 0.04 0.05
Fel . 0.08 0.07 0.03 0.07
MnO 0.07 0.05 0.03 0.06
MgO 0.03 0.03 0.02 0.03 0.03
Ca0 0.03 0.03 0.03 0.03 0.03
Zn0
Na-0 0.04 0.03 0.03 0.04 0.04
K20 0.03 0.02 0.02 0.03

Sphalerite
Zn 0.05
Fe 0.03
Mn 0.03

S 0.03



The electron microprobe is unable to distinguish between Fe®* and Fe3*

and é]T Fe is analysed as Fe0 (ie. Fe2*), This results in '
stoichiometric irregularities in minerals which incorporate significant
guantities of Fe3®* in their structure. A method based on the
stoichiometry of individual minerals has been included in the data
reduction program to account for this, but it was found to be inadequate
for iron-rich spinels and iron oxides. The most commonly used methods for
recalculation of total Fe0 to Fe0Q and Fe,05; are based on mineral
structure, stoichiometry or charge

balance. The method used here was suggested by Haggerty (pers. comm.) and
does not require site occupancy assumptions. An example of a gahnite
calculation is outlined below:

Wt% Atomic Mol No. No. Anions Catiopé

oxide props. props. Cations Anions x1.,7131 x1,7131
i . .

Si0, 60.08

Ti02 79.90

A1:05 58.70 101.96 0.5757 1.1514 1.7271 2.9587 1.9725
Cr20s5 0.05 151.85 0.0003 0.0007 0.0010 0.0017 0.0012
Fe0 7.75 71.85 0.1079 0.1079 0.1079 0.1848 0.1848
Fe>05 _ 159,69

MnO 0.38  70.94 0.0054 0.0054 0.0054 0.0093  0.0093
MgO0 7.01 40.31 0.1739 0.1739 0.1739 0.2979 0.2979
Ca0 56.08

Zn0 25.38  81.38 0.3119 0.3119 0.3119 0.5343 0.5343
Total 99.27 1.7512 3.9867  3.0000
Nr cations in gahnite = 3/1.7512 = 1.7131 g

Nr anions in gahnite = 4 '

4 - 3.9867 = 0.0133

0.0133 x 2 = 0.0266 «+..Fez05 in formula

0.1848 - 0.0266 = 0.1582 ....Fe0 in formula
Recalculate wt% Fe0 = 0.1582/1.7131 = 0.0923
0.0923 x 71.85 = 6.6351
0.0266/1.7131 = 0.0155
0.0155 x 159.69 = 2.3553
2.3553/2 = 1.1777

Recalculate wt% Fe,05

Wt%

oxide

58.70
0.05
6.63
1.18
0.38
7.01

25.38

99.33



APPENDIX 2
EXPLANATION OF GEOTHERMOMETRIC AND OXYGEN FUGACITY CALCULATIONS

GEOTHERMOMETRY

On the basis of predicted phase relations in the system
K,0-Fe0-Mg0-A1,05-Si0>-H20 and available experimental and
thermochemical data, Thompson (1976) provides a method to calculate
isobaric T - X(Fe-Mg) sections. Predicted reactions involving garnet -
biotite - cordierite - sillimanite = quartz with muscovite or K-feldspar
are_compared with available experimental data and compositions of
co-existing phases in natural assemblages. The equation:

n Tn Ko +AP/RT = AS/R + AH/R . /T

provides a means of calculating temperature based on Fe - Mg exchange
between garnet - cordierite and garnet - biotite pairs

(In Ko = Fe92r/Mgoar.Mge'e*/FeP'=* or Fesar/Mg9ar . Mgere/Fecsre

£§/R /MH/R for the exchange reactions are obtained from experimentally
investigated reactions in pure Fe and Mg systems, N/R is obta1ned from
available thermochemical data.

/V/R (deg bar-*)  AS/R AH/R (deg)
gar-biot -0.0234 -1.560 2739.646
Gar-Crd -0.0155 -1.896 2724.948

Ferry and Spear (1978) did experimental investigations on the exchange
reaction : FezA1,5i30;2(almandine) + KMg3A1513010(OH)2(ph]ogopite) =
MgsAL.Si30,2(pyrope) + KFesA1Si30:0(0H)2(biotite).

They determined the partitioning of Fe and Mg between sythetic garnet and
bijotite at 2.07 kbar in the range 550 - 800 °C.

At equ111br1umAG =AH - T/S + PN + 3RT In K = 0,
Estmates of[}H and AS are obtained from their experiments (4.662 e.u. and
12.454 cal) and 2V is obtained from thermochemical data (0.057 cal/bar).
It was found that at 2.07 Kbar and between 550 and 800 °C,

In (Mg/Fe gar / Mg/Fe biot) = =2109/T(K) + 0.782. The equation has a



resolution of * 50 °C and provides a geothermometer without correction for
components, (other than Fe and Mg), of up to 0.2 Ca+Mn/Ca+Mn+Fe+Mg in
garnet and 0.15 (A1V+4Ti)/A1V*+Ti+Fe+Mg in biotite.

Departures from ideality in garnet due to substitution of Ca and Mn for Fe
and Mg and in biotite due substitution of A1V® for A1V, cause
inconsistancies in geothermometric calculations in high grade (granulite
facies) metamorphic rocks which are not present in the middle amphibolite
facies. Using the experimental results of Ferry and Spear (1978},
Indares and Martingole (1985a) provide a new calibration which
incorporates correction for substitutions in garnet and biotite. Two o
models, (model A, calculated with available thermodynamic data and model
B, compiled from empirical data), are proposed to account for, deviations
from ideality. The calibration '

T(K) = [12454 - 0.057P(bar) + 3(mXa: + nX+, biot) = (wcaXca *+
wmnXmn gar)l/  4.662 - 5.9616 1n Kp

where m = (Weea1 = Wmga: biot) = -4.464 (model A)
= =1590 (model B) and
n = (erT1 - WMgTq biot) = -6767 (mode] A)

~1451 (model B)

is based on Ferry and Spear's (1978) experimental method and gives results
comparable with those of Thompson's (1976) calibration. Indares and
Martingole (1985b) found that inconsistencies in geothermometric
calculations in granulite facies rocks can be attributed to local
variations in Ko values on the scale of a thin section, caused by late

Fe - Mg exchange during éoo1ing. This can be avoided by obtaining
analyses from garnet cores and matrix biotite. In contrast, adjacent
garnet - biotite grains or inclusions of biotite in garnet provide Ko
values representative of some stage during cooling.



GEOBAROMETRY

The stability field of cordierite in high-grade metapelitic rocks was
determined experimentally by Holdaway and Lee (1977). The equations:

(1) 1.26 Fe crd + 0.84 K-fsp + (1-1.26n)H0 = 2.08 sill + 4 qtz

(2) 2.52 Mg biot + 3 alm = 2.52 Fe biot + 3 py

(3) 3 Fecrd=2alm+ 4 sill +5 qtz + 3n Hz0

provide the basis for a geobarometer. Equation (1) takes place at 640 °C
at 2 kbar and 710 °C at 2.7 kbar. Equation 2 takes place at 650 °C at 3.4
kbar and 760 °C at 2.9 kbar. At the temperature and f(Hz0) of interest

_ the molar content of cordierite is given by n. The barometer is based on
the relation _

PV = -=RT In (Xre products/Xr. reactants). Results of the experiments
using this relation are: '

PV =-2.52 RT In [Xre biot/Xre crd] for reaction (1) ({ V =-1.1519)
and PV =-6Rt In [Xrealm/Xre crd] for reaction (2) ( V = -2.7805)

OXYGEN FUGACITY CALCULATIONS

-

Zen (1985) developed an oxygen fugacity buffer curve based on the
assemblage biotite - garnet - muscovite - magnetite - quartz which is
applicable to peraluminous granites, schists and gneisses. The reaction:
KFe3A1513012H20 {annite) + FesA1.5i301- (almandine) + Oz

<=> KA1,A15i10,2H> + 2Fes0. (magnetite) + 3Si0> (quartz)

provides the base for the buffer system}

Using thermochemical data and the equilibrium oxygen fugacity equation
2.303 RT log f(0)z = Ga(Te,1) + V(Po-1)....where G., Vs =

sum of G/V for the reaction phases.

The equation applicable to endmember phases is

log f(0)z = 10.29 ~ 26284/T + 0.148(P-1)/T * 650/T = Reference buffer
curve.



Compositional corrections are necessary to account for:

(1) annite - phlogopite solid solution and excess aluminium on
tetrahedral and octahedral sites in biotite,

(ii) aluminium distribution over the tetrahedral and octahedra1 s1tes and
excess Si in tetrahedral sites in muscovite,

(iii) components of spessartine, pyrope and grossular in garnet.

Taking into account the departures of biotite, garnet, and muscovite from

“their endmember formulae the BAMM buffer equation is:

log f(0)> = 10.29 - 26284/7 + 0.148(P-1)/T(K) = 4logXss(biot) -

31ogXFe2*(biot) - 3logXFe**(gar) + 210gXA1vV*(musc) + 410gXSi(musc)

(650/T - 1)

This provides a buffer curve located between the hematite - magnetite and

the magnetite-quartz-fayalite curves. Absence of biotite or almandine in

the assemblage indicates higher oxygen fugacity and absence of muscovite

or magnetite, Tower oxygen fugac1ty than the buffer value. A

biotite~garnet rock should not be stable with hematite.



APPENDIX 3

ENDMEMBER COMPOSITIONS OF GAHNITE
(After stoichiometric recalculation for Fe 3+ and subtraction of magnetite component.)

Symbols:

¢ : centre of grain

r : rimof grain

b1 : blue gahnite (Oranjefontein
gr : green gahnite (Oranjefontein)

Hercynite Spinel Gahnite Hercynite Spinel Gahnite
ABN 12 30.17 8.84 61.00 ABN 13 3.4 7.59  59.37
ABN 12 29.19 9.06 61.76 ABN 13 28.29 7.63 64.08
ABN 12 29.55 9.17 61.29 ABN 13 32.61 7.69  59.70
ABN 12 30.61 9.04 60.35 ABN 13 32.14 8.20 59.66
ABN 13 33.93 7.19 58.88 ABN 13 32.26 8.22  59.52

Hercynite Spinel Gahnite Hercynite Spinel Gahnite
ABN 13 29.33 8.29 62.39 ABN 14 26.10 7.66 66.24
ABN 14 26.97 7.50 65.52 ABN 14 25.80 7.36 66.83
ABN 14 24.46 7.46 68.08 ABN 14 25.82 7.30 66.87
ABN 14 27.18 7.65 65.18 ABN 16 33.43 5.62 60.95
ABN 14 26.34 7.49  66.17 ABN 16 34.09 5.31 60.60

Hercynite Spinel Gahnite Hercynite Spinel Gahnite

ABN 16 33.15 6.90 59.94
ABN 16 34.26 6.08 59.66
ABN 16 33.12 6.86 60.02
ABN 16 34.03 6.62 59.36
ABN 16 33.72 6.61  59.67

6 33.77 6.84  59.38
33.83 11.48 54.69
29.27 8.76° 61.89
25.25 9.93 64.82
33.45 9.62  56.93

L

Hercynite Spinel Gahnite . . .. Hercynite Spinel Gahnite
ABN 3 36.78 10.96  52.27 ABN 4 31.39 5.77 62.83
ABN 3 33.22 8.66 58.13 ABN 4 32.17 6.11 61.72
ABN 4 23.26 3.30 73.43 ABN 6 42,29 25.61 32.09
ABN 4 33.96 5,90 €0.14 ABN 6 36.43 34.03 29.54
ABN 4 34.67 5.83 59.%0 ABN 6 19.64 6.14 74.23



S 0O =

RRRR

RRRRR

RKRRRKR
NN N

Hercynite
21.13
20.65
20.15
19.57
20.29

Hercynite
29.89
30.66
30.46
31.47
31.03

Hercynite
32.21
35.43
34.89
36.77
30.06

Hercynite
37.03
39.66
37.95
37.86
38.55

Hercynite
36.67
38.47
39.33

.m
.68

s

Hercynite
58.01
56.30

.

@5
8y

Hercynite
46.82
46.56
48.44
47.12
46.65

Spinel

6.11

6.22

6.13'

6.15
6.25

Spinel
16.76
17.12
15.46
14.65
14.95

Spinel

8.13
8.62
9.17
8.76

Spinel
9.01
8.70
8.97
8.94

15.86

Spinel
14.30
14.57
15.45
15.97
16.10

Spinel
12.81
12.58
12.48
12.66
13.00

Gahnite
72.76
73.13
73.73
74.28
73.46

Gahnite
53.35
52.22
54.07
53.88
54.03

Gahnite
61.08
57.53
58.72
57.48
63.58

Gahnite
57.69
52.21
53.44
52.97
52.68

Gahnite
54.33
52.84
51.70
52.15
28.46

Gahnite
27.69
29.14
29.16
28.19
28.92

Gahnite
40.38
40.86
39.09
40.22
40.35

Hercynite
ABN 8 19.38
ABN 8 19.45
ABN 8 19.84
ABN 8 21.54
ABN 8 2.23

Hercynite
ABN 9 31.20
ABN 10 28.57
ABN 10 25.85
ABN.10 . - 16.47
ABN 10 19.87

Spinel

6.21
6.30
5.89
6.09
6.27

Spinel

15.90
9.38

Hercynite Spinel

36.57
36.88
36.44
36.52
36.83

EEEES

Hercynite
38.89
38.33
37.93
38.31
37.12

RRRRQR

Hercynite
X3 56.41
K3 55.98
X3c 56.49
X3r 56.47
X3¢ 56.15

Hercynite
X3 = 5567
X4 49,22
Xdc 48.29
Xar 48,35
Xdc 47.22

Hercynite
Xdc 47.55
Xdar 46.80
Xdc 35.06
Xdar 37.52
X4 36.92

Spinel

8.59
8.82
8.78
9.13
9.16

Spinel

14.98
15.089
15.54

14.91

15.038

Spinel
15.39-
12.06
11.54
12.33
12,76

Spinel
12,34
11.98

7.53
8.08
8.14

Gahnite
74.41
74.24

74,26
72.37
73.50

Gahnite
52.90
62.06
64.07
75.52
71.40

Gahnite
56.38
56.07
56.21
56.36
57.25

Gahnite
52.52
52.85
53.29
52.57
53.72

Gahnite
28.61
28.93
27.97
28.62
28.82

Gahnite
28.94
38.72
40.17
39.32
40.02

Gahnite
40.11
41.22
57.41
54.40
54.94




Hercynite
BH2c 19.91
BH2r 18.92
BH 2 16.91
BH 2 18.24
BH 2 17.86
Hercynite
BH 2 15.79
BH WE 1 22.10
BH WE 1 21.58
BH WE 1 24,27
BH WE 1 22.63
Hercynite
BH WE 2 25.79
BH WE 2 23.27
BH WE 2 22.67
BH WE 2 26.26
BH WE 2 28.41
Hercynite
BHG 302 54.96
BHG 302 65.90
BHG 302 62.21
BHG 302 69.43
BHG 302 62.05
Hercynite
240 A3 56 30.75
240 AG 56 31.81
240 AG 56 32.95
DPB 1 29.62
DPB 1 28.68
Hercynite
JE 2 bl 3.92
JE 2 gr 15.18
JE 2 gr 16.65
JE 2 gr 15.10
JE 2 gr 16.25
Hercynite
JE 15 bl 4,79
JE 15 bl 4,23
JE 15 bl 4.84
JE 15 bl 5.30
JE 15 bl 4,43

Spinel

21.26
21.12
21.28
20.38

Spinel
0.27
0.36
0.26
0.97
0.57

Gahnite
74.27
76.13
78.42
76.28
77.48

Gahnite
79.85
72.98
73.31
71.35
72.85

Gahnite
69.49
71.68
72.93
63.91
66.83

Gahnite
35.75
24.62
28.12
19.78
26.43

Gahnite
56.31
55.73
53.06
67.85
63.74

Gahnite
95.68
63.56
62.37
63.63
63.37

Gahnite
94.95
95.41
94.90

93.73 .

95.00

Hercynite
BH 2 18.89
BH 2 18.99
BH2c 19.27°
BH2r 18.23
BH 2 18.84
Hercynite
BH WE 1 22.04
BH WE 1 23.48
BH WE 1 20.81
BH WE 1 23.57
BH WE 1 23.07
Hercynite
BH WE 2 22.97
BH WE 2 22,92
BH WE 2 22.64
BH WE 2 21.79
BH WE 2 22.51
Hercynite
BHG 302 67.22
240 AG 56  36.77
240 A3 56 39.39
240 AG 56 42.15
240 AG 56 28.07
Hercynite
DPB 1 29.51
JE 2 bl 5.21
JE 2 bl 4,92
JE 2 bl 4.31
JE 2 bl 4.12
Hercynite
JE 3 bl 3.54
JE 3 bl 3.12
JE 3 gr 17.02
JE 3 gr 16.62
JE 15 bl 0.00
Hercynite
JE 15 bl 3.94
JE 15 bl 3.80
JE 15 bl 4.23
JE 15 bl 3.96
JE 14 bl 3.70

Spinel

PO s
CESEINES AN

=
1]
—_

.

bhmbbg
REREy

Spinel

11.95
12.02
12.09
11.97

Spinel
2.70
0.30

0.30°

- 0.30
0.30

SpineT
0.61
0.40

23.81
24.29
0.30

Spinel
0.31
0.27
0.31
0.00
0.50

Gahnite
75.36
75.25
75.10
76.68
75.58

Gahnite
72.80
71.53
74.46
71.43
72.29

Gahnite

72,49
72.54
72.31
73.63
72.54

Gahnite
22.76
31.28
-48.69
45.76
56.96

Gahnite
67.79
94.49
94.78
95.39
95.58

Gahnite
95.86
96.48
59.17
59.59
99,70

Gahnite
95.75
95.93
95.45
96.04
95.80



Hercynite
JE 14 bl 3.01
JE 14 bl 3.10
JE 18 bl 4,25
JE 18 bl 6.21
JE 18 bl 4.92

Hercynite
JE 19 gr 15,32
JE 19 gr 10.96
JE 19 gr 17.13
JE 19 gr 14,51
JE 19 gr 14.88

Hercynite
JE 23 bl 3.61
JE 23 bl 2.10
JE 23 bl 3.90
JE 23 gr 12.42
JE 23 gr 12.25

Hercynite
JE 23 gr 11,72
JE 26 bl 2.22
JE 35 bl 3.83
JE 35 bl 3.76
JE 35 bl 4,26

Hercynite
“JE74 b1 1.62
JE 74 gr 16.28
JE 82 bl 1.46
JE 82 bl 3.19
JE 82 bl 3.18

Hercynite
JE 16 19.29
JE 29 42.76
JE A 41.97
JE A 46.12
JE A 44.97

Hercynite
JE G 41.75

Spinel

0.20
0.30
1.12
0.10

Spinel
30.87
33.45
29.59
31.14
30.44

Spinel
31.17
0.10
0.60
0.41

0.41°

Spinel
0.00
24.18
0.52
0.77
0.66

Spinel
56.91
25.77
56.85
52.99
53.82

Spinel
56.07

Gahnite
56.37
97.68
95.57
95.83
95.33

Gahnite
98.38
99.54
98.03
96.04
96.16

Gahnite
23.80
31.47

1.18
0.89
1.22

Gahnite
2.17

JE 18 b1
JE 18 bl
JE 18 b1
JE 18 gr
JE 18 gr

JE 19 gr
JE 19 gr
JE 19 gr
JE 19 gr
JE 23 bl

JE 23 gr
JE 23 gr
JE 28 gr
JE 23 gr
JE 23 gr

JE 39 bl
JE 74 bl
JE 74 b1
JE 74 bl
JE 74 bl

JE 84 gr
OF 7 gr
OF 7 gr
OF 7 gr
JE 16

JE A
JE A
JEG
JE G
JEG

Hercynite
4,52
4.73
3.73

16.52
16.62

Hercynite
13.38
13.32
13.46
12.29

2.70

Hercynite
11.60
'11.24
11.71
11.40
11.42

Hercynite
2.73
3.44
4.36
3.33

16.92

Hercynite
16.73
21.14
18.94
21.05
16.29

Hercynite
45,18
45,22
39.54
43.48
36.62

Spinel
32.88
32.19
31.76
32.00
31.56

Spinel
0.61
0.55
0.49
0.45

26.52

Spinel
25.78
28.15
21.88
27.19
52.94

Spinel
53.89
53.55
55.73
53.97
59.32

Gahnite
94.87
94.%
95.16
57.58
57.54

* Gahnite

56.91
56.39
56.70
58.01
96.60

Gahnite
96.66
96.01
95.15
96.22
56.56

Gahnite
57.48
50.71
59.18
51.76
30.77

Gahnite
0.93
1.23
4.72
2.55
4.06



AVERAGE ENCMEMBER COMPOSITIONS Of ORANJEFONTEIN GARNET

Sample JE32 JE31 JE29 JEI0 JE 3B
w 0.09 0.03 0.14 0.02 0.09
AD 0.03 0.05 0.04 0.23 1.81
GROSS 1.66 4.33 . 4.26 10.06 4,70
PYR 21.28 23.81 31.62 11,72 14.06
SPESS 10.98 7.03 4,87 40.07  39.03
ALM 65.97 64.72 59.08 36.91 40.32
Sample JE18 JEB8 JE20 JE14 JE15
w 0.00 0.01 0.03 0.03 .0.11
AD 0.07 0.96 0.63 1.09 2.04
GROSS 5.80 3.9 508 12.77 5.65
PYR 36.88 34.67 33.78 16.01 15.38
SPESS 23.34 24,95 33.41 51.17 54.94
AM 33.92 35.48 27,07 18.93 22.00

List of rock types

JE 31, 32 Metepelitic schists

JE 29 Aluminous schist

JE 10 Quartzo-feldspathic gneiss

JE 36 Garnet-biotite rock

JE 35, 7 Altered garnet-biotite rocks

JE 74 Gahnite quartzite

JE“19, 18 Garnet-biotite-gahnite-quartz rocks
JE-82 Gahnite~bearing massive garnet rock
JE 20 Garnet—bearing metaquartzite

JE 7 Piemontite~garnet rock

JE 14, 15 Garnet~,gahnite-bearing metaquartzite
JE 3, 2 Gahnite quartzites

Abbreviatons:

w uvarovite

AD andradite

GROSS grossular

PYR  pyrope

SPESS spessartine

ALM

almandine

JE 35

0.07
0.12
7.12
29.69
32.03
30.96

JE 3

0.02
0.12
6.02
31.92
21.79
40.14

JE 7

J

m

E8Bwro
B8B88ES

BB8Rxnoo

2

£B8ERS

JE 74

0.00
0.77
3.52
32.32
30.13
33.25

OF 7

0.00
0.10
5.59
34.46
20.61
39.27

JE 19

0.02
0.09
5.93
34.03
26.77
33.17



APPENDIX 4.

Mineral Analyses

Electron microprobe analyses of minerals are listed in this
section. All Fe was analysed as FeO. Calculated Fe3* is -

included in the spinel analyses.



$102 922.35
1102 1.62
AL203 32,34
CR203 -
FEO 2.92
HiKo .09
L IM1] 1.70
CAO A7
NA20 '9.08
K20 -
(4] -
TOTRL  90.47
ORVGER 22
SI . 5.897
I 169
Al 3.283
CR -
FE2+ 438
n 01
his .351
ch 025
HA 2.440
K -
IN -
Sim 14.513
SANPLE NO.

1

2

3

4

3

1

BUSCOVITE

42.79 92.76 43.17 42.68  42.33 43.08 3.1 42.98
1.60 1.47 157  1.59 1.33 1.37 1.4 1.48
K 3.8 3z2.27 0.7 31.94 32.64 31.88 31.98
3.37 - - - - - - -
3.37 4.04 2.60 3.10 2.97 2.92 2.66 2.57
.09 .07 09 .05 07 .05 14 09
1.1 1.39 1.70 1.70 1.63 1.98 1.44 1.32
- .23 - - - - - -
.23 .23 .21 .2 A7 3 .43 .43
9.38 9.22 9.42 3.23 §.20 3.23 9.63 9.47
04 ND A3 07 A3 .36 - -
9#.44 91.40 91.14 90.42 89.77 91.36 7n.13 90.22
“#% ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORVGENS %o
74 44 74 22 22 144 pa4 (44
5.877 6.027 6.036 6.047 6.038  6.034 6.137 6.092
163 156 166 169 143 44 A3 158
9.172 9.285 5.336 5.309 5370 5.389 5.276 5.327
.366 - - - - - - -
.388 .476 305 .367 354 330 2 305
010 .008 .006 .006 .008 .006 017 01
.330 326 355 359 347 330 .301 219
- 035 - - - - - -
061 .063 057 .058 047 062 17 118
1.646 1.638 1.686 1.668 1.674 1.649 1.72% 1.713
004 - 016 007 014 037 - -
9,041  14.035  13.982  13.992  13.995  13.983  14.016  14.002
e SANPLE DIRECTORY #waen
DESCRIPTION SAMPLE NO. DESCRIPTION
2 6 BH-2
2 7 BH-2
2 8 BH LO-1
2 9 BH L0-1
74 10 BH L0~

44.24
1.33
32.30

2.41
05
1.38
.48
9.81

92.00

22

6.143
39
5.287

.280
006
.286
129
1.738

14.008



s102 44.00
1102 1
aL203  35.23
CR203 -
FEO 1.05
fNo ND
K60 .19
Cao -
NR20 g2
K20 9.40
IR0 -
ToTAL - 91.32
ORVEEN 22
SI 6.080
1L 01
fil 5.738
R -
FE2+ A
il -
fe 63
ch -
NA AR
K 1.657
I -
Sun 13,965
SANPLE NO.

"

12

13

14

15

NUSCOVITE

$5.30 427 49.32 4316  44.04 4551 4359 4572
s 11 172 1 1.9 % 196 1.1
.50 5.7 W67 4.8 /A9 A4 WE M
- - 05 07 - 05 06 -
1.83 9 127 1.9 138 2.10 92 1.40
- . - ) - 06 M 0
34 56 62 50 65 69 64 .58
22 .80 58 62 58 52 54 62
713 924 915 904 9.03 830  9.05 9.2
- - 0 N 05 . - 14 -
90.91  93.23 92.45  91.04 9271  95.03  91.25  95.25
w» ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXVEENS #
2 2 2 2 2 2 22 2
6.188  5.991  6.055  5.987  6.000 6.018  6.028 .05
060 AWM AT 418 183 066 183 A3
5716  5.699  5.583  5.695 . 5.651 5789  5.428  5.669
- - 005 008 - 005 007 -
209 406 145 126 457 .22 406 155
- - . - - 007 - 004
069 13 426 103 A3 A% 432 AN
0% .20 .54 167 453 A3 .45 159
1243 1.595 1595  1.600  1.570  1.400  1.597  1.558
- - 007 - 005 ] 014 -
13.544  13.888  13.948  13.867 13.852 13.786  13.842  13.842
wnkh  SANPLE DIRECTORY oveen
DESCRIPTION SANPLE HO. DESCRIPTION
B L0-1 16 ABH-2
BH 156-5 17 AEN-1
ABH-1 18 ABN-12
ADN-2 19 ABK-13
ABN-2 20 ABN-16

145.26
1.08
37.08
1.24
.48
.67
10.07
ND

95.90

22
3.979
AW
5.1
A3
094
72
1.697

13.962



5102 43.02
1102 1.24
AL203  35.86
CR203 -
FEQ - 1.49
KNo -
160 .30
CAD -
NA20 .66
K20 10.24
o ND
ToTAL  95.03
ONYGEN 22
SI 6.021
11 A2
AL 3.693
R -
FE2¢ 167
UL -
K6 .100
ea -
A An
K 1.747
4] -
sun 13.986
SANPLE NO.
2

HUSCOVITE

- ATONIC PROPORTIONS BASED ON SELECTED HO. OF ORYGENS #+

DESCRIPTION

ik SANPLE DIRECTORY worn

SANPLE NO.

o g v 2 2

DESCRIPTION



BIOTITE

$102 11.22 40.32 37.01 36.81 35.16 35.06 [N 33.64 34.13 33.99

1102 .08 .06 1.91 1.7 3.44 3.95 . 3.29 2.96 3.85 .
AL203  12.98 13.12 17.18 12.n 18.67 19.43 19.24 19.00 19.98 18.96
CR203 - - - - - - - .07 .08 -
FEO 9.9 10.49 14.55 - 14.98 25.13 .23 24.52 26.94 24.84 26.12
HHO S5 .42 .98 1.00 35 ) .29 .25 23 .24
60 21.32 20.07 14.48 14.03 9.43 9.93 5.32 5.90 9.30 9.1
CA0 - - - - - - - - - -
NA20 1.02 1.08 A2 .08 .08 1 .09 A1 10 -

Kz0 71.33 6.84 8.79 8.68 9.60 9.54 9.13 7.66 7.5% 9.06
10 - - 13 .18 - - - - - -

T0TAL  94.37 92.40 95.13 89.90 97.86 97.16 97.39 96.53 96.06 97.23

xk ATONIC PROPORTIONS ﬁﬁéfﬂ ON SELECTED NO. OF ORYGENS

OXYGEN 22 22 22 22 22 22 22 22 22 22

SI 3.979 3.978 3.914 5.845 5.368 - 5.336 5.358 3.214 5.242 3.243
I .009 .007 .214 21 395 452 318 345 .445 .433
Al 2.9 2.293 3.017 2.390 3.359 3.486 3.461 3.an 3.617 3.497
CR - - - - - - - .009 010 -

FE2+ 1.202 1.301 1.813 1.936 J.208.  2.957 3.129 3.492 3.19%0 3.370
N .063 053 24 134 .045 .040 037 033 030 031

H 4.409 4435 3215 3320 1.235 1254 120 1.3 1213 1184
ch - - - -

A .287 10 035 025 .024 032 027 033 .030 -

K 1.3%  1.294 1671 1758  1.870  1.83  1.8% 1515 .47 1.783
IN - - LI 4 - - - - - -

SUK 15.724  13.671  15.616  15.64%  15.504 13.411  15.494 15.473 15.235 15.492
wirn GANPLE DIRECTORY soowr

SANPLE NOD. DESCRIPTION SANPLE NO. DESCRIPTION

1 BH WE-2 6 BHG 156-5
2 BH WE-2 7 BHE 156-5
3 Bi-2 8 A6 80 195
q BH-2 9 e 80 195
3 0 BHG 156-7

BHE 156-5 1



5102 .M
1102 4.22
AL203  20.23
CR203 -
FEO 20.57
L] A7
Heo 5.25
CAO -
NA20 .04
K20 9.78
INO -
ToTaL  96.37
ORVEEN 22
I 3.449
I 479
AL 3.998
cR -
FE2+ 2.99
L} 022
fie 1.181
ch -
NA 012
K 1.883
N -
Sum 15.220
SANPLE NO.

H

12

13

14

15

BIOTITE

33.93

. .18
20.41
19.38
.37
9.60
.30
9.18
A7

96.12

34.54
2.3 -
20.08
20.44
18
8.09
)
8.97
.22

95.04

34.63
2.3
19.49
2.5
2
8.39
.23
8.69
RE

93.33

BASED ON SELECTEDN NO. OF OXYGENS »#

22

3.406
.088
3.620

2.439
047
2.153

.088
1.762
019

13.621

22

3.29%
. 266
3.629

2.621
023
1.849
.092
1.735
.025

15,537

teawk SANPLE DIRECTORY #anx

[N 3388 34.89
3.9 4.53 82
18.96  19.44  20.53
- 07 -
2572 4.9 19.35
2 A7 34
505  5.48  8.86
.09 0 30
876 945  9.09
- - 15
9.49  96.60  94.33
‘wx ATONIC PROPORTIONS
2 2 22
5230 5.214 5.361
62 54 .09
3.467  3.5%6 3.8
- 009 -
3.337 3400 2.48
032 .02 .0
1168 1.188  2.029
07 02 .08
1930 1.79% 1.8
- - 017
15.455  15.406  15.621
DESCRIPTION
BHG 156-7
BNG 156-7
BHG 156-7
ABN-3
ABH-3

SANPLE NO.

22

3.307
.269
3.521

2.724
027
1.916

074
1.699
012

15.530

4.8 W
2.3 1.89
9.3 25.09
04 -
2.5  19.85
.3 25
.81 6.9
32 25
8.65 1.8
0 -
96.11 9.1
2 2
5.288  5.119
an .20
3493 4.319
005 -
2.895  2.458
051 .03
1797 1.532
095 072
1691 1.430
008 -
15,589  15.232
DESCRIPTION
ABN-4
ABN-4
ABN-4
ABN-4
ABN-6

37.33
1.30
17.51

13.9
.05
15.37

93
8.39
.08

94.31

22

3,345
145
3.066

1.7113
.006
3.402

153
1.590
.009

15.648



5102 38.39
1102 1.40
AL203  17.18
CR203 -
FEO 13.47
HNO -
G0 16.53
CAD -
NA20 -
K20 1.70
Ko 10
TOTAL  94.77
OKYGEN 22
SI 5.625
I Bl
fiL 2.967
CR -
FE2+ 1.651
Ll -
e 3.610
ca -
NA -
K 1.439
I .0
SuN 13.437
SANPLE NO.

2

22

23

24

25

BIOTITE

.42 .67 36.24 305 3674 3646  34.85  35.85
1.38 1.3 .8 1.2 1.20 1.37 2.63 1.43
1.7 17.95  17.67 . . 176t . 17.42.  17.76  18.36  18.88
1416 14.22  14.67 1418  14.62 14.93  14.26  13.45
. . - - - - A4 09
15.21  15.34  15.83  15.09  15.46  15.42 1248  14.09
51 .38 .38 .40 42 A . .39
7.97 7.55 7.19 7.77 7.67 7.18 7.97 1.717
94.36  94.45  92.82  93.32  93.53 938 9112 91.95
‘w% ATONIC PROPORTIONS BASED OM SELECTED NO. OF OXVGENS
22 22 2 22 22 2 22 22
5.551 5.3  5.468 5.5  9.512  5.463  5.389  5.443
154 149 095 138 135 454 306 163
3.0 3423 3143 341t 3080 343 3.7 3.
1757 1.756  1.851 1.778 1.8 1.8 1.844  1.708
- - - - - - 018 012
3362 335 350  3.IM 0 345 3443 2.87%6  1.188
147 109 It A6 422 A19 A29 A15
1,508  1.422  1.384  1.486  1.468 1.3  1.572  1.505
15.575  15.492  15.613 15554 15.608  15.560 15.482  15.514
witn SANPLE DIRECTORY e
* DESCRIPTION SANPLE HO. DESCRIPTION
ABN-6 26 ABN-6
ABH-6 27 ABN-6
ABH-6 28 ABN-9
ABN-6 29 ABN-9
ADN-6 30 ABN-9

35.58
1.65
18.79

14.14
19
13.24

43
8.00
A9

92.17

22

3.428
189
3.319

1.804
025
3.010

A27
1.557
017

15.536



5102 35.39
102 z.n
AL203  18.24
CR203 -
FEO 14.64
L1} .20
60 11.61
CAO -
Na20 .36
K20 8.06
IND -
TotaL  91.64
ORYGEN - 22
51 5.446
1I .340
AL 3.309
CR -
FE2+ 1.804
m 026
6 2.709
CA -
N& 107
K 1.562
(43 -
s 13.404
SANPLE NO.

A

2

3

X

35

BIOTITE

5.1 35.80 6.8  35.49  35.02 311 3619 34.57
355 3.8 318 2.8 243 3.01 .27 3.45
19.50  19.18  19.85  19.28  19.85  20.64  19.0  19.73
2739 053 0.3 1961 1919 185 18.59  z5.19-
35 3 29 2 23 30 26 19
851 805 885 9.8 977 666  7.48 6.7
- - - 21 - - - -
T 27 30 3 35 29 16 2
9.07 894  9.04 895 88 7.8 1.6 .50
07 .09 12 10 28 - - -
97.92  96.99  98.85  96.83  99.65  94.39  92.37  96.59
* ATONIC PROPORTIONS BASED OR SELECTED NO. OF ORVEENS v
22 22 2 2 2 2 2 22
5.25  5.368 5399  S5.317  5.302 5584  5.586  5.267
399 .43 35 37 .43 .34 380 395
3.439  3.390  3.427  3.405  3.542  3.661 3473  3.543
2.675  2.575 2490 2.457  2.430 2.3  2.400  2.955
04 039 .03 .03 .029 038 .04 .05
1900 1799  1.932 2490  2.204  1.493 .62 1.524
- - - .03 - - - -
099 .09 085 0% .03 .085 048 062
1730 1710 1.689 1M1 1.705  1.49 1502 1.652
008 .00 .13 .on 03 - - -
15.546  15.400 15.425 15.54 15.589 13.037 15.074  15.423
wwwh SANPLE DIRECTORY whws
DESCRIPTION SANPLE MD. DESCRIPTION
ABN-9 3 ABN-10
ABH-10 7 ABN-13
ABN-10 18 ADH-13
ABN-10 39 ABN-16
ABK-10 a0 ABN-16

33.96
3.42
19.28

21.96
.22
6.97

25
8.46
.27

94.39

22

9.286
.400
3.937
2.859
.029
1.924
075
1.680
03

15.422



©§102

3.9

1102 3.53
AL203  19.22
CR203 -
FEO 22.43
fioc .27
60 6.81
Cho -
NA2Z0 22
K20 8.68
NG .35
TOTAL  95.30
OXYGEN 22
sI 5.251
I 410
fiL 3.500
CR -
FE2¢ 2.898
¥ 035
16 1.568
ca -
NA 066
K 1.1
IN .040
SUN 15.478
SANPLE NoO.

4

4?2

a3

4

45

BIOTITE

33.68

34.04 34.08 35.60 35.66 i4.77 35.35 33.97
3.25 2.98 1.83 1.06 1.39 1.83 2.4 1.44
19.18 19.19 19.64 19.95 19.8 19.45 19.73 16.61
23.05 21.41 16.03 16.37 16.91 17.08 17.81 11.03
29 .22 A2 A3 A9 A3 .09 .30
6.79 6.99 12.62 13.19 12.51 12.02 10.23 18.84
.20 . .28 .30 A1 "2 33 .32
8.61 8.40 8.02 8.26 8.32 8.38 8.23 6.59
A2 - - - - - - .47
93.49 95.48 94.14 94,94 95.20 93.97 91.20 91.33
%% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS
22 22 22 22 22 22 22 22
9.264 J.268 9.350 5.33 5.332 5.289 9.363 5.159
378 326 .207 119 136 .209 215 393
3.496 3.497 3.479 3513 3.49% 3.487 3.528 .93
2.981 3.027 2.015 2.046 2.115 2173 2.262 | 1.401
033 .029 015 016 019 019 012 .039
1.565 1.610 2.827 2.907 2.788 2.7285 2.313 4.264
.060 .063 .082 .087 19 086 097 094
1.699 1.657 1.538 1.575 1.587 1.626 1.593 1.269
014 - - - - - - .053
15.489  15.497 15513 15.624 15.613  15.614  15.447  15.644
widn SANPLE DIRECTORY sawx
DESCRIPTION SANPLE MO. DESCRIPTION
ABN-16 -46. 8K-3
ABN-16 7 - SK-3
ABN-16 48 SK-4
5K-3 49 JE-2
SK-3 30 JE-2

37.64
5.11
15.74

9.91
.27
17.06

.22
9.43
.36

95.74

22

3.476
.9%9
2.6%9

1.206
033
3.499

.062
1.750
039

15.522



S102 18.38
1102 .16
AL203  16.19
CR203 -
FEO 9.44
o .2
[ IH1] 17.87
CAQ -
NA20 16
K20 8.92
ZK0 ¥4
TOTAL 96.60
DRYGEN 22
SI 9.487
3! 555
aL 2.728
CR -
FE2+ 1.129
i 025
[ 3.807
Ch -
N& 044
K 1.627
I 029
Sun 15.430
SANPLE MO,

3

52

53

54

BIOTITE

38.05
3.17
15.99
9.76
23
17.26
19
9.55
.34

- 96.54

38.40
5.00
15.81
9.45
23
17.93
3
.2
9.56
3

9.27

37.98
5.01
15.93

9.76
.26
17.16
2
9.69
.34

96.36

33.73
3.05
17.34
N7}
13.48
.08
14.78
14
9.08

93.75

f* ATONIC PROPORTIONS BASED ON SELECTED NG. OF OXYGENS -

22

3.480
.360
2.4

1.176
Az
3.705

.053
1.755
036

15.507

JE-2
JE-2
JE-2
JE-2
JE-29

22

5.485
337
2.662

1.129
.028
3.817
.05t
.064
1.742
.035

13.530

DESCRIPTION

22

5.487
944
2.6

1179
0%
3.6M

059
1.786
036

13,533

22

3.381
345
3.078

.008

1.698
010
3.317

.01
1.745

15.623

wxtre SANPLE DIRECTORY Awown

35.25 34.48 35.37 36.57
3.93 3.90 4.14 1.30
17.62 18.57 17.83 18.02
15.96 13.29 13.59 10.19
09 19 .20 10
12.56 13.97 14.01 18.33
.08 .08 .08 15
9.39 9.49 9.57 9.05
94.88 93.47 94.79 93.73
22 22 22 22

3.320 3.227 3.290 9.406
.446 .388 466 445
3.134 3.318 3443 3.140
2.014 1.683 1.700 1.260
012 024 025 013
2.825 3.156 3.123 4.043
.023 .024 .023 043
1.808 1.835 1.826 1.707
15.983  15.656  15.597  15.755
SANPLE KO. DESCRIPTION

%6 JE-29

37 JE-29

98 JE-29

99 JE-29

60 JE-29

35.36
4.03
16.96

15.24
BL
13.32
.09
9.37

94.51

22

3.345
458
3.022

1.927
.018
3.001
.026
1.807

15.603



BIOTITE

§102 36.62 36.34 36.96 35.99 36.11 36.26 38.26 38.21
1102 3.0 3.10 3.3 3.8 3.27 3.16 .49 .99
aL203  16.58 16.38 16.61 15.98 16.29 16.31 16.79 15.51
CR203 .06 - .05 - -
FEO 12.44 12.97 11.42 13.98 13.40 12.98 4.98 6.64
Gh ] - - - A0 - - RE) R
[81] 15.65 15.47 16.46 15.37 19.65 15.14 21.11 21,48
Ca0 - - - - - - - -

NA20 2 2 .24 .23 .23 .29 .36 35
K20 9.40 9.25 9.60 9.06 9.32 9.39 8.68 8.91
N0 - - - - - - .92 16

TOTAL  93.98 93.72 94.54 93.64 94.27 94.09 91.32 92.16

“a% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXVGENS w

ORYGEN 22 22 22 22 22 22 22 22

SI 5.4717 3.464 5.459 3.395 3.418 3.439 3.651 3.640
11 .340 351 . 368 .380 .369 357 .054 110
AL 2.923 2.903 2.900 2.835 2.881 2.884 2.923 2.698
R .007 - .006 - - oo - -

FE2+ 1.536 1.631 1.414 1.772 1.681 1.628 615 .820
N - 013 - 016 039

NG 3.488  3.467  3.633 3472 3499 3519 4647 4.725
A - - - - - - - -
A 061 060 069 068 067  .073 103 .10

K 1.7 1.714 1.814 1.752 1.784 1.797 1.636 1.603
I - - - - - - 057 017

sun 15,686  15.631  13.662 13.707 13.699 13.697 15.702 13.732

akrke SANPLE DIRECTORY vorwr

SANPLE NO. DESCRIPTION SANPLE ND. DESCRIPTION
6 JE-3 66 JE-32
62 JE-31 67 JE-74
63 JE-31 68 JE-14
64 JE-32

65 JE-32



CHLORITE

$102 29.68 31.86 29.73 31.09 31.67 33.28 30.37 30.20 25.10 23.45

nme - - - HD 07 WD AW .05 -
AL203  9.95 842 10.32  20.25 .05 2.4 202 205 2.9 2.2
ReO3 - - - - - - - - - -

FEo 43.66 03.47 44.27 7.9 6.1 6.08 3.94 8.85 23.39 26.85
1o 2.02 2.08 2.03 1.52 1.55 1.52 1.78 1.4 1.8 2.28
Heo r& 1.80 2.22 24.10 25.20 22.99 26.22 24.15 n.u 9.7%

cao 14 .24 .06 .06 .06 .08 .06 NB ND KD
HA20 .20 14 .06 - .04 .02 - .02 . 04
K20 32 39 .25 .05 H 92 .05 .09 il -
o - RE] - L .84 76 .83 .87 1.25 1.73

TOTAL  88.38 88.35 88.94 86.77 87.00 86.87 86.38 86.51 87.80 88.38

## ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORVGENS #»

OXYGEN 28 28 28 28 28 28 28 28 28 28
SI 6.963 7.424 6.935 6.034 6.087 6.364 3.892 3.940 5.378 3.131
I ' - 010 016 - .008 -

L 2.752 2.313 2.837 1,961 4.76% 4.878 4.807 4.759 5.630 5.728
CR - - - - - - s - -
FEZ2¢ 8.569 8.472 8.636 1.287 1.030 912 .964 1.456 4.586 4,913

N .402 LA .401 250 232 .246 .293 .29 329 423
16 .843 625 Jan 6.9 7.218 6.540 7.581 7.079 3.612 3.192
A 035 .060 Q15 012 012 016 012 - - -
HA .091 063 027 - 015 .007 - .008 017 017
K 0% 116 .074 012 027 A7 012 023 093 -
I - 026 - 06 A9 07 119 126 198 .603

SUN 19.752  19.309 19.697 19.538  19.540 19.261  19.695 19.691  19.854  20.014
 #wix SANPLE DIRECTORY wworn

SANPLE NO. . 'BESCRIPTION SANPLE NO. DESCRIPTION

- o~ o oo b e o o e e o e - ot 0 2 oo o 2 1 4 0 o o

1 6 JE-7
2 7 JE-7
3 BH WE-2 8 JE-7
q 9 JE-i4
3 0 JE-14



s102  23.93
102 AD
AL203  21.05
(R203 -
FEO  27.18
HHO 2.00
o 11.73
CAD .04
NA20 -
K20 -
M0 1.40
1AL 87.35
ONYCEN 28
SI 5.231
b -
AL 5.424
CR -
CFE 4.969
A 370
e 3.821
CA 009
NA -
K -
IN 226
Ut 20.04
SANPLE NO.
1
12
13
14
15

CHLORITE

23.N 26.33 28.78 26.40 26.17 30.12 26.26 29.42
ND 10 - - (- 27 A3 2.3
21.29 19.93 18.93 19.80 19.61 19.76 20.10 18.1
27.80 20.19 19.83 19.92 19.33 16.89 19.10 18.73
2.10 2.3 2.11 2.30 2.29 1.97 2.09 2.14
.47 17.44 19.37 18.15 17.28 15.68 16.96 16.26
.04 ND 10 .04 - - - HD
.02 .06 - - 03 .03 .08 .02
- - - - - .04 .04 D
1.41 1.41 1.65 1.48 3.26 3.87 2.81 .64
87.86 81.72 90.77 88.09 88.23 88.63 87.19 87.48
£ ATONIC PROPORTIONS BASED ON SELECTED NO. OF OKYGENS %
28 28 28 28 28 28 28 28
9.174 3.904 3.773 3.49Z 3.481 6.126 3.933 3.386
- 016 - - .0d1 041 024 .400
5.476 1.911 1.476 4.855 4.841 4.737 4.992 4.673
5.073 3.930 3.327 3.466 3.386 2.873 3.366 3.319
.388 .395 358 .405 06 0 L339 AR .384
3.730 5.433 3.790 5.627 5.393 4.153 9.200 5.134
.00% - 021 .009 - - - -
.0os .024 - - 012 012 033 .008
- - - - - 010 011 -
227 218 .244 22 504 .58 437 70
20,089  20.037 19.989  20.081  20.064 19.475  19.969  19.886
f win SANPLE DIRECTORY  weoson
DESCRIPTION SANPLE NO. DESCRIPTION
JE-14 16 JE-18
JE-14 17 JE-i8
JE-16 18 JE-18
JE-16 19 JE-18
JE-16 20 JE-18

27.92
19.82

16.56
1.95
16.12
09
.04
.06
525

87.81

28
3.814
4.865

2.884
.44
5.003
.020
016
.0té
.807

19.769




$102 21.97
1102 -
AL203  21.72
CR203 -
FEO 12.90
Mno 213
6o 13.91
Cho .08
NA20 .06
K20 .04
180 2.59
TOTAL  86.36
OKVGEN 28
SI 5.849
I -
AL 3.34
CR -
FE2+ 3.130
L} 317
14 4.135
ch 018
HA .024
K o
IN .394
Sun 19.492
SANPLE NG,

2

22

23

24

23

CHLORITE

23.79
05
20.59
19.86
2.2
14.01
.06
05
D
2.58

83.23

26.21

22.85
23.77
1.83
11.46
A3
A3
A3
1.4

88.27

23.36

21.39
24.93
1.9
11.3
A2
.06
.09
1.78

87.19

wx ATONIC PROPORTIONS

28

3.978
.008
5.249

3.992
-405
4.516
014
.021

412

19.804

28
3.519
3.6N1

4.186
326
3.996
034
053
035
2N

19.690

DESCRIPTION

28
5.911
95.436

4.49
.39

1,635

.028
025
025
.283

19.795

29.00
.04
A4
21.55
1.46
12.08
16
05
A3
2.61

88.82

29.21
ND
20.55
22.78
1.48
11.65
A5
.06
2
z.n

€8.83

BASED ON SELECTED NO. OF OXYGENS #«

28

5.9
.006
5.276

M
- .255
3.207
.035
.020
.034
.397

19.412

28

6.066

5.031

3.957
.260

T 3.606

033
024
.056
.6

19.453  19.876

wain SANPLE DIRECTORY #wn

SANPLE NO.

25.34 25.65 23.9
.06 - ND
21.88 20.62 20.09
23.38 21.66 21.4
1.83 2.91 2.40
12.16 14.73 13.05

.06 .04 .06
- .02 .04
.07 - ND
1.78 2.36 2.69
88.36 87.719 87.66
28 28 28
5.384 3.445 5.504
010 - -
5.480 5.159 5.030
1.510 3.845 3.803
329 451 432
3.851 4.660 4.764
014 .009 014
- 008 .016
019 - -
.29 .40 416
19.980  19.990
DESCRIPTION
JE-19
JE-19
JE-20
JE-20
JE-20

26.01
ND
21.02
21.82
2.35
14.67
.04
2,98

88.7M

28
3.458
3.199
3.829

453
4.588

009

-400

19.939



$102
1102
AL203
CR203
211]
1O
feo
Cao
NA20
K20
N0

TOTAL

JXVCEN

SI
11
AL
CR
FE2¢
N
e
¥
NA
K
i

sut

SAMPLE NO.

----------

32
]
34
35

CHLORITE

27.08
.04
19.26
10.93
3.29
21.82
.06
.06

1.72

87.26

.23
ND -

19.15
10.70
3.08

22.22

ND
.06

4.60

87.10

27.84
ND
19.13
10.53
3.98
21.90
ND
.02
ND
3.34

89.02

27.23
ND
19.15
10.70
3.08
22.22
N
.05
ND

oL 4.60

87.1

27.64

19.29
9.08
3.76

21.98

.06
.06

5.67.

87.34

‘w% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OKYGENS

28

5.562
.006
1,663

1.877
77
6.679
.03
.024

6

20,413

28
5.585
4.629
1.835

.935
6.792

.024

.697

20.108

DESCRIPTION

- o e o 0 o

28
5.604
4.;81
1.;73

.610
6.570

.008

.19

20.097

28
5,585
4,629
1.835

.535
6.792

.020

.697

20.109

28
5.640
4.639
1.949

650
6.684

013

.024

.854

20.053

wirn SAMPLE DIRECTORY swrovn

SANPLE NO.

- o v

749 2130 2.
.04 ND ND
19.29  18.93  19.14
10.08  11.81 9.04
141 2.7 3.81
210 20.57  21.68
ND ND .08

03 06 .04
HD ND -
512 4.03 5.73
87.64 8654  86.89
28 28 28
5.607  5.639  5.628
006 - -
4.638  4.609 . 4.6M
1.719  2.080  1.55

593 .485 664
6.718  6.680  6.651
- - 018
02 024 016
I 615 an
20078 20.068  20.053
DESCRIPTION

JE-36
JE-36
JE-36
JE-16
JE-36

27.26
19.23

10.03
3.38
21.82
05
.03
ND
.88

86.70

28

5.613

4.667

1.727
.989
6.69
01
012

142

20.062



stz 2.79
02 D
AL203  19.51
CR203 -
FEO 9.85
HO 3.48
neo 2219
CAD .05
KA20 03
K20 K
i 5.39
TOTAL  88.34
ORYGEN 28
ST 5.620
151 -
AL 4.651
cR -
FE2+  1.666
i .59
e 6.688
ch 01
A 012
K -
IN 805
sUN  20.038
SANPLE NO.

a

42

43

44

45

CHLORITE

21.35

19.09
9.43
3.68

21.98

.06
.04

3.39

87.02

e ATOXIC PROPORTIONS BASED ON SELECTED HO. OF OKYGENS #»

28
3.619
4.623
1.620

640
6.729

013

.06

.818

20.078

23.12

21.45
23.95
1.66
12.48
.04
.06
]
1.18

83.97

28
J.444

5.480

4.341
305
4.031
009
.025

189

19.833

DESCRIPTION

- b g e 0

35.18
20.49

24.44
1.78

13.19
ND

.04

1.50

86.65

28
5.450
5.227
4.424

326
4.254

07

.240

19.945

23.10
21.34

24.22
1.75
14.04

8

87.26

28

3.397

5.368

4.333
36
446

128

19.959

23.28
21.58

28.33
1.75
10.74
.05
ND
.81

86.57

28
3.130
5.627

9.242
.328
3.541
012

A32

20.040

wiie SANPLE DIRECTORY wimn

SANPLE NO.

26.14
2.42
18.43
20.61
1.41
135.82
..06

.09

97

85.93

28

5.972
.388
4.631

3.674
.255
5.026
014

.024
A53

19.737

DESCRIPTION



GARHET
o7 .72 .60 3673 %50 3645 397 ST 6.4 36.03
TI02 - - - - - - - - HD
a3 2102 2000 2080 2058 2070 2099 0.8 21,47 21.60
CR203 - - - - - - - ND -

FEO 2.0 22.14 22.1 21.28 20.33 21.86 22.04 25.32 20.79
L] 18.99 16.92 1.9 18.07 19.50 17.66 17.30 15.99 16.50

"6 112 1S5z 1% 146 1.3 152 1.9 96 .92
CAOD 8% 1.8 1.5 1.4 88 1.5 1. 57 .60
HA20 - - - - - - - - 02
K20 - - - - - - - - -

TOTAL  99.92  100.09  100.24 99.3 99.37  100.57 100.33 100.76  100.49

s« ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORYGENS #*

OXYGEN 12 12 12 12 12 12 12 12 12
51 2.995 2.979 2.988 2.99% 2.9 2.993 3.000 2.962 2.940
I - - - - - - - - -
AL 2.020 2.015 1.995. 1.9 2.004 2.003 1.995 2.097 2.078
CcR - - - - - - - - -
FE2+ 1.436 1.507 1.504 1.461 1.410 1.480 1.4% 1.722 1.692
LL] 1.309 1.167 1.207 1.256 1.357 1.211 1.203 1.101 1.141
fe 160 184 82 AN 160 183 84 16 A2
ch 075 162 139 A23 0n 136 A28 .030 .052
Ha - - - - - - - - - 003
K - - - - - - - - -

of 7.9 80107 8014  8.008 8004 8006  8.008  8.009  8.00
wwen SANPLE DIRECTORY wewe

SANPLE NO. © DESCRIPTION ‘ SANPLE NO. DESCRIPTION

1 BH HE-1 6 BH HE-1

2 BH HE-1 CORE 7 BH HE-1

3 BH HE-1 RIN 8 BR L0-1 CORE
q BH ME-1 CORE 9 BH LO-1 RIH

5 BH WE-1 RIN 10 BH LO-1 CORE

36.21
ND
21.49
ND
25.13
15.82
1.02
.63

100.33

12
2.954
2.666
1.;15
1.093

Az
.055

8.01




$102 36.15
TI02 -
pLZ03  21.40
CR203 -
FEO 25.13
1o 15.93
Heo .93
CAG .57
NAZO -
K20 -

TOTAL 10011

OXYEER 12
sI 2.958
1 -
AL 2.064
CR -
FE2¢ 1.720
N 1.104
6 13
ch 050
NA -
K -
su 8.010
SANPLE NO.

1

12

LR

11

CARNET

36.13 36.41
.09 ND
21.52 21.57
ND -
23.83 24.60
17.59 16.33
.81 1.04
.29 .99
0 .03

100.33  100.60 100.32 101.57 101.35 101.26  101.86

36.33
ND
21,53
25.07
15.91
1.06
.59

37.25

21.61
35.95
1.25
5.18
K]

#* ATONIC PROPORTIONS BASED ON SELECTED NO. OF OKYGENS w«

12 12
2.953  2.960
006 -
2.072  2.067
1.628  1.672
1.7 1.1
099 126
025 051
.005 008
8.007  8.007
DESCRIPTION
BH L0-1 RIA
BH LO-1
BH LO-1
BH LO-1

240 AG 56 CORE

12

2.957

2.066

1.207
1.097

A9

051

8.008

12
2.943
2.012

2.375
084
610
028

8.051

wickr SANPLE DIRECTORY. #omww

.29 ;A9 356 3.2
2.89 2.0 2.9 A.42
/.33 473 M W

1.21 1.2 1.29  5.90
529 542 545 1.4
.34 35 300 1.9
- 02 . -
102.27
12 12 12 12

2.992  2.951  2.947  2.981
2.036  2.02  2.027 1.9
2.3 2286 2319 2322

081 083 086 393
622 636 637 169
029 030 .025 167
- 003 - -
8.00  8.030  §.040 8023
SANPLE HO. DESCRIPTION
16 240 46 56 RIH
17 240 A 56 CORE
18 240 A6 56 RIN
19 AG 80 195
20 AG 80 195

36.99
21.08
34.92

3.72

1.38
1.93

102.02

12
2.91
1.;95
2.;45

.389

165
166

8.032



§102 37.32
T102 -
AL203  21.28
CR203 -
FEO 34.96
Hio 5.67
60 1.2%
Cao 1.90
NA20 -
K20 -
TOTAL  102.42
ORYGEN 12
S1 2.980
I -
it 2.003
CR -
FE24 2.335
L]} .384
e A
cA 163
NR -
K -
sun 8.018
SANPLE HO.

A

22

23

24

&5

GARNET

36.99 3689 3.6 3674 3} 369 679  37.09
- ND - - - .06 - -
708 228 2.5 212 nH.2 A1 2115  21.26
219 33.09 3284 3305 3308 .0 12.84  33.04
8.1 8.82 8.78 §.88 8.67 8.80 8.66 8.76
1.40 1.35 1.53 1.32 1.48 1.2 1.45 1.37
1.16 1.16 1.2 1.10 1.19 1.77 1.1 1.28
101.53  102.61  102.77 102.21  102.80  102.93  102.00 102.80
#% ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORVGENS **
12 12 12 12 12 12 12 12
2.981 2.95¢  2.965 2.95%  2.962  2.951  2.960 2.963
- - - - - .004 - -
2.003 2009 1.999  2.003  2.002  1.989  2.006  2.002
2170 2216  2.192 2,224 2,209 2.200 2.2110 2.207
.595 .598 .594 .605 .586 .5% .590 .593
.168 161 182 158 A76 51 74 163
.100 100 103 .095 102 152 .09 10
8.017 8.090 8.035  6.042 8.037  8.09 8.037  8.037
wark SANPLE DIRECTORY ww
DESCRIPTION SANPLE HO. DESCRIPTION
Ad 80 195 26 BHE 156~7 CORE
BHG 156-7 CORE 27 BHG 156-7 RIN
BHE 156~7 RIN 28 BHE 156-7 CORE
BHE 156-7 CORE 29 BHG 156-7 RIH
BHG 156-7 RIN 30 ABN-4 CORE

36.39
.04
21.3
ND
29.45
10.22
1.88
1.76

101.07

12

2.940
.002
2.030

1.990
.699
226
152

§.042




GARNET

8102 36.41 36.40 37.02 353.54 36.22 36.39 34.73 36,10  -36.21 36.21
1102 - - - - - - - - - ND
AL203  21.90 2.3 21.64 21.69 21.80 H.25 0.09 21.72 1.3 21.23
CR203 ND - .05 - - - - - .04 ND
FIO 32.95 2.9 29.97 29.1 29.54 29.89 29.68 32.42 29.87 31.49
1NO 10.98 6.15 10.27 10.01 9.80 9.4 1.1 6.93 10.72 7.10
#60 1.58 2.64 1.78 1.89 1.80 2.1 1.59 2.n 1.57 2.45
CAO a7 1.92 1.59 3 1.98 1.58 .93 1.94 93 1.61
NA20 - - - - - - - - - -
K20 - - - - - - - - - -
TOTAL  104.61  100.93  101.78 99.17  100.74  100.51 99.15  101.02  100.11 100.13
' #~ ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORYGENS w«
OXVGEN 12 12 12 12 12 12 12 12 12 12
SI 2.882 2.936 2.961 2.921 2.930 2.947 2.888 2.909 2.943 2.9
I - - - - - - - - - -
AL 2.043 2.026 2.040 2.101 2.078 2.031 2.066 2.063 2.047 2.033
CR - - .003 - - - - - .003 -
FE2¢ 2.181 2.220 1.91 2.014 1.998 2.027 2.063 2.185 2.030 2.139
1) 136 .420 .69 .697 6N L) 182 446 .738 .489
[ 186 17 22 23 .217 299 197 329 190 .29
Ch 065 A3 133 .064 137 A3 .083 33 .081 140
NA - - - - - - - - - -

K - - - - - - - - - -
sun 8.0% 8.051 8.017 8.029 8.031 8.038 8.079 8.060 8.032 8.041
*knn SANPLE DIRECTORY oo
SANPLE NO. BESCRIPTION SANPLE NO. DESCRIPTION

H fAiN-9 RIH k{ ABN-4 CORE
12 ABX-4 CORE Ly ABN-4 RIH
33 ABN-4 RIH 38 ABN-4 CORE
3 ABN-4 CORE 39 ABN-4 RIH
kL ABN-4 RIH 40 fiBN-4 CORE



$102 35.86
1102 -
AL203  21.9%
CR203 ND
FEO 29.82
Hio 10.81
Heo 1.
CAO 1.00
‘HA20 -
K20 -

TOTAL ~ 100.78

OXYGEN 12
I 2.916
I -
AL 2.065
CR -
FE2+ 2.028
N J45
e .207
Ca .087
i -
K -
sun 8.030
SANPLE NO.

1

42

13

44

H

GARNET

35.99  34.85
2.3 20.9%
ND -
29.83  29.50
8.70  10.51
210 175
.70 1.8
99.52  99.10

'37.36
21.53
30.43

1.4

6.05
1.9

100.45

1

01.06

37.44
D
8.7

Hn.n
2.00
5.83
1.69

100.47

1

37.53
7.3
32.44

1.96

5.92
1.63

00.39

*x ATOMIC PROPORTIONS BASED ON SELECTED NO. OF ORYGENS w*

12 12
2.940 z.893
2.047 2.051
2.041 2.048

.603 139

.256 216

149 136
8.036 8.082

DESCRIPTION
ABN-4 RIN
ABN-4 CORE
" ABN-4 RIN
ABX-6
ABN-6

12
2.9%0
2.;04
2.00

210

T2
164

8.049

12
2.958
2.013

2.087
AN
106
A4

8.036

12
2.9
2,023
2.094

A3

.685

143

8.034

wexe SANPLE DIRECTORY #wx

SANPLE NO.

12
2.9

1.990
2.1499
A32
.652
138

-

8.033

ABN-6
ABN-6
ABK-6
ABN-6
fiBN-6

3714 35.86
Hn -
20.63  21.45
1.9 3335
1.93 98
5.9
1.69 i
99.42  99.39
12 12
2.984  2.89%
1,941  2.042
213  2.252
A3 135
.70 621
145 138
8.043  8.084
DESCRIPTION

-

36.43
21.68
32.17

1.70

6.37
1.63

100.00

12
2.900
2,073 |
2.141

115

155
39

8.083




$102  37.08
102 D
AL203  20.99
CR203 D
FEO  32.86
MG 2.17
160 5.07
€A 1.69
NA20 -
k20 -
TOIAL 99.90
ORYGEN 12
s 2.966

1 -
AL 1.979
R’ -
FE2t  2.198
A 147
e 604
ch 145
M -
K -
sun - 8.042
SANPLE HO.

51

52

53

54

GARNET

39.23
i)

22.03
KD

18.01
.01
9.28
2.17

100.49

39.12
22.06
18.12

9.61

9.34
2.13

100.44

38.87
D
22.22
18.38
9.50
9.1
2.38
03

100.52

BASED ON SELECTED NO. OF OXYGENS

12
3.001

1.985

1.152
629
1.057
A78

8.009

12
2.99
1.990
1.160

.625

1.065
A8

8.010

wien SANPLE DIRECTORY #ion

36.98 39.47 39.04
- .04 ND
21.64 2.09 22.14
.51 18.10 19.41
1.97 9.50 9.49
6.43 9.21 8.61
1.78 2.10 2.09
100.21  100.51  100.81
#x ATONIC PROPORTIONS
12 12 12
2.92 3.013 2.99
- .002 -
2.020 1.987 2.000
2.087 1.155 1.244
A3 64 .616
759 1.048 983
A5 A72 A72
8.069 7.0 8.007
DESCRIPTION
fABN-6
ABN-6
JE-2
JE-2

SARPLE NO.

12
2.978
2.006
1.178

.616
1.040

195
.004

8.020

38.75 38.76
04 04
22.29 22.16
1.1 17.98
9.85 9.77
9.11 9.1
2.39 2.42
.02 .02
100.56  100.26
12 12
2.969 2.917
.007 .002
2.013 2.006
1.160 1.155
.639 .636
1.040 1.043
19 199
.003 .003
8.024 8.020
DESCRIPTION

38.81
.04
22.13

18.61
10.03
8.65
2.43

100.70

12

2.978
.002
2.002

1.19
.652
.989
.200 .

8.018



§102  38.46
1102 .04
AL203  21.86
CR203 -
FEO 19.99
HHo 10.80
60 7.29
CAo 2.14
inzo .02
K20 -
TOTAL  100.60
OKYGEN 12
SI 2.984
11 .002
AL 1.999
CR -
FE2¢ 1.297
Ol ] 110
e .843
CA 1718
NA .003
K -
sun 8.016
SAHPLE NO.

61

62

63

64

65

GARHET

3819 3.3 W4 .56 3689 36.9% .01 3.30
N HD. ND .08 05 07 0913
2169 2090 1.2 .46 220 .44 215 2.2
- 04 m - - - - ]
2005 1941 20,68 17.21 1679 1718 17.26 .M
10.67  13.55 1413 1874 1894 1872  18.78  22.80
7.7 538 455  $.02  3.05 29 318 4.00
1.7  1.89 1.97 378 375 3N 380 4.9
99.76  98.80  100.35  100.85 " 100.67 101.03  101.65  99.13
“w» ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXVGENS we
12 12 12 12 12 12 12 12
2987 299 2.9 2.9  2.951  2.9% 2934  2.980
- - - 005 .03 .004  .005  .008
2.000  1.97%  1.985  2.024  1.999 2015  2.012  1.9%
- 003 - - - - - -
.32 1300 1372 1451 1428 1445 1144 U583
707 919 .95  1.270 1.8 1.264  1.261  1.543
848 666 .58 .30 .34 30 .36 476
A5 62 e 34 3 37 33 4%
8.011  8.018 8.010 8.059 8.046 8.042 8035  8.013
swwn SANPLE DIRECTORY i
DESCRIPTION SANPLE HO. DESCRIPTION
-3 66 JE-i0
JE-3 6 JE-10
37 68 JE-i0
JE-7 69 JE-14
JE-10 70 JE-i4

37.18
14
20.82

8.46
23.26
4.00
4.97
02

98.81

12

2.983
.008
1.91

.568
1.583
479
.428
.003

8.024



$102 37.27
T102 .1
ALz03  21.06
CR203 -
FEO 8.60
o 22.75
Heo 4.23
Cho 4.99
NA20 -
K20 -
ToTAL  99.04
OXVCEN 12
SI 2.980
I .008
AL 1.985
CR -
FE2¢ 7]
N 1.541
G .504
€A 427
m -
K -
sun 8.020
SANPLE NO.

n

1

n

M

75

GARNET

39.135 37.14 .27 39.13 38.96 38.497 37.73 38.95
A3 A4 A4 .06 D .04 .06 .05
21.20 20.82 21.06 22.78 22.77 22.23 22.07 19N
ND - oo - - - - D
8.72 8.46 8.60 153.95 15.97 15.36 15.42 12.69
22.80 23.26 22.75 10.85 10.84 11.92 12.77 15.22
4.01 1.00 .23 9.79 9.68 9.21 8.62 8.96
1.98 4.97 1.9 2.16 2.18 2.20 2.25 2.09
- .02 - - - - - -
101.01 98.81 99.04 '100.74  100.42 99.63 98.94 99.89
% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS #»
1z 12 12 12 12 12 12 12
3.052 2.983 2.980 2.972 2.968 2.969 2.950 2.999
.008 .008 .008 .003 - .002 R .003
1.948 1.9 1.985 2.038 2.045 2.022 2.033 1.989
969 .968 979 1.012 1.018 1.004 1.008 .817
1.506 1.583 1.541 .698 700 179 .845 993
.466 479 .904 1.107 1.099 1.099 1.004 1.028
416 428 427 176 178 182 .188 A2
- .003 - - - - - -
7.963 8.024 8.020 8.006 8.008 8.018 8.031 £.003
stk SANPLE DIRECTORY  serewen
DESCRIPTION SANPLE KO. DESCRIPTION
JE-14 76 JE-i8
JE-18 77 JE-19
JE-18 78 JE-i9
JE-18 79 JE-20
JE-18 80

JE-20

19.00
.07
2z.02

12.62
15.67
8.87
2.16

100.41

12

2.992
.004
1.99

.810
1.018

1.014
A78

8.008



5102 38.78
1102 .05
AL203  22.09
CR203 -
FED 12.83
HNo 15.59
neo 8.88
tho 2.14
NAZ0 .02
K20 -
TOTAL  100.38
OXYGEN 12
SI 2.980
LB .003
AL 2.001
CR -
FE2+ .824
N 1.015
e 1.017
ca 176
A 003
K -
s 8.019
SANPLE HO.

B1

82

8

8

85

GARNET

3897  37.66  3.62 I} 34 .88 A6 37.67
.07 .05 - - - - - -
298 2.2 2.09 2249 2233 .46  21.66  21.85
- - .07 - - - - -
12,57 27.95 28.38 2574 2253 30.58  29.85  29.04
1550 228 224 225 23 49 325 3.0
894 838 795 881 838 538 600  7.06
242 157 165 1.6 172 160 161 1.8
100.06 10015  100.00  100.83  100.61 - 99.39  99.53  100.24
% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OKYGENS
12 12 12 12 12 12 12 12
299 2930 2,939 2924  2.959 2951 2.9  2.953
004 003 - - - - - -
1994 2.041  2.034 2,085 2.032 2.024 2,029 2019
- - 04 - . - - - -
809 1819 1854 1790 1777 2,046 1.984  1.904
1.011 50 148 147 150 23 .9 200
1.025 912 .95 1013 .94 .62 .M 825
A75 A3 A\ 35 A2 A} A% A3
8.008  8.046 8.042 8.033 8025 8.0 8032  8.0%
snrs SANPLE DIRECTORY wwm
DESCRIPTION SANPLE NO. DESCRIPTION -
JE-20 86 JE-29 RIN
JE-20 87 JE-31 CORE
JE-29 88 JE-31 RIH
JE-29 89 JE-31
JE-29 CORE 90 -3

37.68
22.05
29.94

3.05

6.23
1.63

100.58

12
2.935
2.038
1.964

.203

728
137

8.0295



5102 12.78
T102 -
aL203  22.13
CR203 -
FED 29.60
ko 4.34
Heo .60
€A0 70
NA20 -
K20 -

TOTAL  101.15

OXYGEN 12
81 2.950
1 -
AL 2.036
CR -
FE2+  1.933
N 287
ne 768
Ch 059

HA -
K -
s 8.0
SANPLE NO.

9

92

293

94

GARKET

37.14

22.32
30.84
5.23
9.3
N

101.355

_»x ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXVGENS =

12 12
2.920  2.93
2.08  2.046
2.08  2.000

48 .33
62 .1
060 .05
8.046  8.042
DESCRIPTION

JE-32 CORE

JE-32 RIN

JE-32 CORE

JE-32 RIN

JE-32 CORE

37.48
22.17
30.54

3.07

5.78
.61

101.63

37.54

22.20

30.80
5.34
9.10

.99

101.57

12
2.997
2.054
2.022

335

.997

.050

8.026

36.66

21.76

30.88

5.00
5.21
.62

100.13

12
2.927
2.048
2.062

338

.620

033

8.049

37.04 38.46
- ND
21.84 21.92
- KD
30.60 14.50

.13 14,15
5.17 8.15
.67 2.57
100.45 99.80

12 12
2.941 2.982
2.099 2.003
2.033 .940

. 345 929

.612 942

057 214
8.035 8.014

ik SANPLE DIRECTORY oo

SANPLE NO.

38.53  38.10
ND A2
22.02 2.6
- .05
14.48  14.43
14.50  15.66
8.19 7.02
2.64 2.86
100.38  99.91
12 12
2.97  2.976
- .007
2.004  1.995
- .003
935 943
948 1.036
.942 817
.28 .239
8.0237  8.017
DESCRIPTION
JE-32 RIN
JE-35
JE-15
JE-35
JE-36

37.28
.05
21.62
.04
18.74
17.50
3.36
2.29

100.88

12

2.965
.003
2.027
.003
1.247
1.179
398
195

8.017



§102  37.5%
TI02 .05
AL203  20.73
CR203  MD
FEO 18.38
L] 12.39
neo 3.19
ChO 2.36
NAZO -
K20 -
TOTAL  99.68
OXYCEN 12
81 3.019
11 .003
AL 1.965
CR -
FE2+  1.236
A 1.184
ne .382
Ch .203
A -
K - -
sun 7.993
SANPLE NO.

10

102

103

104

105

GARNET

.9 A5 ¥.50 A5 3.0 305 WM 3T6
08 M 06 09 06 - - -
2087 2063 2.0 2205 2063 270 2.6 2.9
- W W HD o - - -
18.01 157 1807 179 1794 1570 165 1679
1748 17.42  17.3% 1742 17.06 1404 1170 1170
159  3.69 374  ded 35 85 9.07  9.00
231 242 236 2¥ 23 1% 18 178
- - - 02 - - - -
99.83  99.46 100.09  98.70  98.63  99.63 9875  98.80
% QTONIC PROPORTIONS BASED O SELECTED NO. OF OKVGENS »*
1 12 12 12 12 12 12 12
3.022 3011 2997 3.010  3.003  2.96  2.969  2.957
005 .07 004 005 .04 - - -
1,97 1955 1978 1.9%3 1973 1.9 1993 1.9
- - - - o0l - - -
1,205 1.9 1208 .26 1217 1.0 1084 1.100
164 1487 1473 1475 1Az 9 75 776
428 .42 445 440 31 9% 1058 1.0
%8 209 2@ 2 203 32 1% 149
- - - 003 - - - -
7.989  .003 8.009 8.004 8.005 8.037 8.035  8.007
wwwr SAMPLE DIRECTORY e
DESCRIPTION SANPLE NO. DESCRIPTION
JE-36 106 JE-36
JE-36 107 JE-74
JE-36 108 JE-82 CORE
JE-36 109 JE-82 RIN
JE-36 110 JE-82 CORE

38.04
21.62
16.98
11.33

9.22
1.80

99.19

12

2.965
1.986
1.107

.761

1.0
150

8.011



$102 37.96
1102 05
AL203  21.58
CR203 -
FEO 16.55
HiNo 11.91
160 9.19
£a0 1.85
NA20 -
K20 -
TOTAL  98.69
OXYGEN 12
SI 2.969
I .003
AL 1.990
R -
FE2¢ 1.083
N 763
e 1.01
CA 135
A -

K -
sutt 8.033
SANPLE NO.

M
112

CARNET
.57
21.87
18.74
10.03

8.49
2.03

98.79

*x ATONIC PROPORTIONS BASED ON SELECTED NO. GF OXYGENS #+

37.81
.05
22.09

18.00
9.01
9.61
2.16

98.73

12 12
2.919  2.945
.004 .003
2.023  2.028
1.230 1172
667 .594
991 1115
AN .180
8.036  8.038
DESCRIPTION
- JE-82 RIN
0F-7
of-7

wicwr SANPLE DIRECTORY sovwt

SANPLE HO.

- s s o e e e

DESCRIPTION



9102 34.55
1102 .82
AL203  33.35
CR203 B
FE203 -
FEO 10.30
HRO A9
H60 4.16
CA0 .51
NA20 1.47
K20 A4
TOTAL 85.51
OXYGEN H
S1 7.318
11 A3
AL 8.326
R -
JE -
FE2+ 1.825
] .034
06 1.313
CA A6
NA .604
K .038
sun 19.707
SANPLE NO.

1

2

3

q

5

TOURNALINE

34.20  35.11 35.19 - 35.22  35.66 3514 3503 34.69
.86 .63 .41 .75 .46 .73 .7 .75
34.69  34.03 34200 W78 WS 3.4 3493 3.0
- .06 .06 - .04 .05 .05 D
9.05 8.25 7.8  10.24  10.02 6.36 5.89 6.28
.27 22 .18 .24 .21 .05 ND .09
4.5¢ 5.44 5.89 4.34 4.67 6.57 6.75 6.42
1.04 .80 .19 .49 .51 .72 .79 .50
1.29 1.77 1.1 1.77 1.67 1.82 1.68 2.03
19 .07 .06 Rl ND 05 A3 .04
8613  86.38  86.33 8694 868 8583  86.01 85.92
" #% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXVCENS
3 k| 31 N 3 3 KA | k]|
7160 7.294  7.299 7.3 7.412 1.268 - 1.213  7.169
135 .098 064 117 .072 114 15 A17
8.560 8333  8.35%5 8.9 8229 8372 8.478  8.549
- 010 010 - 007 .008 .008 -
1.565  1.433 1.359  1.784  1.742  1.100 1.014  1.085
.048 .039 .032 .042 .037 .009 - .016
1.416  1.684  1.819  1.347 1.447 2025 2.0M 1.977
.23 178 A75 109 114 160 174 N
.524 M3 .687 .15 673 730 67 813
.051 019 016 029 - 013 .034 .01
19.712  19.802  19.811  19.773  19.739  19.799  19.782  19.85
woen SANPLE DIRECTORY  #oeww
DESCRIPTION SAMPLE NO. DESCRIPTION
BH LO-1 6 BH LO-1
BH LO-1 7 ABN-7
BH LO-1 8 ABN-7
BH LO-1 CORE 9 ABN-7 CORE
BY LO-1 RIN 10 ABN-7 RIN

34.35
K]
35.11

6.23
KD
6.82
1.03
1.72
.07

86.08

K

7.095
113
8.548

1.076
7.099
228
689
018

19.8M1



102 34.69
1102 78
AL203 3505
CR203 .06
FE203 -
FEO 5.98
WO 04
) 6.75
cAD .97
M2 1.69
K20 10
0L 8611
ONYEEN 31
ST 7.149
i 121
AL 8.514
eR 010
FE3+ -
FE2+  1.031
AN 007
i 2.07
CA 214
) 675
K 026
S 19.819
‘SANPLE NO.

il

12

13

14

TOURNALINE

51 W70 3445 3450 34.61 AT .76
F 79 77 74 n 67 81 78
.95 3474 3512 %44 3533 /AT 545 WU
- A . H - NI .06 M
619 601 615 594 633 618 620  6.03
AD HD ND - - ND 05 KD
679 676  6.88 673 698 6.8 6.8 6.8
1.06 8 112 78 1.20 80 1.13 90
172 180 173 4.7 M 18 169 .7
09 A2 A0 06 07 HD 07 10
86.07 85.80 8634 8599  86.9  86.34  86.18  86.59
w% ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORVEENS #w
3 Ry 3 3 3 3 3 3
7427 1477 1.0% 7.1 7083 7.143  7.057  7.126
M5 423 19 .5 .12 AM 426 420
8.508 8.470 852  8.610 8.523 8523  8.55% 853
- - - - - - 00 006
1.069  1.040 105  1.024  1.083  1.063 .07  1.034
- - - - - - 009 -
2.090 2084 2.142  2.067 2129  2.105 2108  2.099
235 484 .47 A7 .23 A% 250 198
N I 207 619 M e LI
04 032 026 06 .018 - 018 .02
19.860° 19.839  19.880 19.828  19.891  19.861  19.882  19.850
| sewn SANPLE DIRECTORY wiown
DESCRIPTION. SANPLE NO. DESCRIPTION
ABN-7 CORE 16 ABN-7 RIN
ABN-7 RIH 17 ABN-7 CORE
ABN-7 CORE 18 ABN-7 RIN
ABN-7 RIH 19 ABN-7 CORE
ABN-7 20 ABN-7 RIN

34.74

34.35

77

35.15
ND

6.36
ND
6.89
1.2
1.7
07

86.55

K|

7.069
119
8.527

1.095
2.13
.267
.682
018

19.897



EPIDOTE

5102 37.35 37.54 37.30 39.56 36.78 3r.22 32.33 37.27 36.17
1102 07 - . - - - - - - -
AL203  25.%7 24.76 24.51 26.09 22.82 23.85 19.02 24.88 21.79
CR203 - - - - - - - - -
FE203  12.20 12.57  12.97 11.20 1117 11.14 3.64 10.81 8.06
FEO - - co- - - - - - -
KNO 1.39 .62 A 76 3.3 2.12 11.18 93 71.96
e ] - - - 33 07 - A3 05
Cho 2.29 21.52 23.14 22.20 22.52 22.61 19.56 21.37 2.
NZ0 - - - - - - - - -
K20 - - - - - - - - -
TOTAL  98.69 99.01 98.23 99.81 96.97 97.0 85.73 92.39 93.74
~ »% ATONIC PROPORTIONS BASED ON SELECTEﬂ HO. OF ORYGENS #+
OXVGEN 12 1 12 12 12 12 12 12 12
s1 2827  2.831  2.840  2.925 2.8  2.87%6  2.921  2.853  2.893
1 .004 - - - e e - . -
fiL 2.264 2.206 2.199 2.213 2.096 21472 2.025 2.243 2.054
CR - - - - - - - - - .
FE3+ 695 nk 743 623 .655 .648 .247 .623 485
FE2{ - - - - - - - - -
i 089 040 020 .048 .22 139 .856 060 939
6 - - - - 038 .008 - 015 .006
ca 1.808 1.905 1.888 1.759 1.881 t.8m2 1.893 1917 1.860
M - - - - - . . : :
K - - - - - - - - -
sun 7.689 7.702 7.689 7.627 1.738 7.14 7.943 7.113 7.838
wawk SANPLE DIRECTORY #aow

SANPLE NO. ~ DESCRIFTION SANPLE NO, DESCRIPTION

1 JE-16 6 JE-7

2 - JE-16 7 JE-7

3 JE-16 8 JE-7

4 JE-16 9 JE-7

9 JE-7



s102
1102
aL203
CR203
FE203
FEO
1o
Heo
il
Na20
K20

TOTAL

OKYGEN

SI
11
AL
CR
FE3+
FE2+
N
f6
Ch
NA

K

sun

. SANPLE

- -

37.33
07
25.37
12.20
1.39

22.29
98.69

12

2.827
.004
2.264

695

.089
1.808

7.689

th .0
N6 50.00 M6 50.00 HG 50.00 #6 50.00 M6 .00 He
FE 50.00 FE 50.00 FE 90.00 fE $0.00

EPIDOTE

37.34

24.76

12.57

.62

23.52

99.01

37.30
24.51
12.97

R

23.14

98.23

9.9  36.78
26.09  22.82
1.0 11.17
.76 3.35

- .1
.22 2.5
99.81 9697

37.22
23.85
11.14

2.12

07
22.61

97.01

% ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORVGENS #w

12
2.837
2.;06

7

.840
.05

7.702

12
2.840
2,199

R

Y
1.;88

7.589

A .01 cA .01

12 12

2.925 2.866

12

2.876

2.213 2.09 2172 2.025 2.295

623 .655
.048 .2
- 038
1.759  1.881
7.621  7.758

.648

139
.008
1.972

7.7114

A .01 CA .01 CA .01 CA

H: 30.00 M: 50.00 M: 50.00 H: 50.00 H: .00

NO.

JE-16
JE-16
JE-16
JE-16
JE-7

DESCRIPTION

- o o

00

vkt SANPLE DIRECTORY somax

SANPLE NO.

e e

.00 6 50.00 M6
FE 99.99 FE 99.99 FE 30.00 FE 99.99

233 .21 3617
19.02 2488 21.79
3.6 10.91 8.06
11.18 .93 7.96
- A3 .05
19.5¢ 23.37 2.1
85.73 97.39 95.74
12 12 12
2.921 2.853  2.8%3
2.054
.47 .623 485
.856 060 .539
- 015 .006
1.893  1.917  1.860
7.943 1.3 7.838
01 CA .01 CA .0t
00 M6 .00
FE 99.99
50.00 N: .00 N: .00
DESCRIPTION
JE-7
JE-7
JE-7
JE-7



T

S102 33.29
1102 -
AL203 A2
CR203 ND
FEO 14.07
fino 16.04
60 14.06
cAo 13
NA20 .06
K20 -
TOTAL 97.75
OXVGEN 24
ST 8.340
T -
AL 022
CR -
FE2+ 1.843
N 2.128
e 3.282
cA 022
NA .018
K -
sun 13.637
SANPLE KO.-

1

2

3

4

3

ANPRIBOLE

33.35 33.60 33.36 33.29 30.98 43.08 44.02 43.72
.26 - - - .04 14 1 18
- A7 18 .24 4.14 13.09 13.03 15.42
- - - - - - ND -
13.88 13.35 14.45 14.09 24.41 25.43 25.99 23.80
15.66 16.27 16.04 14.53 30 .27 .28 .98
14.43 14.43 13.90 15.19 18.03 13.84 13.32 13.34
.26 .18 19 27 .07 A2 A2 )
14 .08 A2 A3 26 0 1.09 .98 1.7
97.98 98.08 98.44 97.74 98.23 99.06 97.717 99.26
wx ATONIC PROPORTIONS BASED ON SELECTED NG. OF ORVGENS *»
24 24 24 - 24 24 24 24 24
8.3 8.341 8.339 8.297 7.783 6.899 6.85  6.664
.030 - - - 005 016 013 .021
- 031 .033 .044 745 2.361 2.3192 2.770
1.810 1.737 1.882 1.835 3.117 3.25% 3.313 3.034
2.069 2.145 2.115 1.916 039 035 037 075
3.354 3.347 3.225 3.5925 4.102 3457 3.092 3.030
.043 030 .032 .045 .0 .020 .020 .083
.042 024 .036 .039 877 32 .296 905
19.670  15.653  13.662  15.701  15.879  16.066 16.081  156.183
wisck  SANPLE DIRECTORY toicin
DESCRIPTION SANPLE NO. BESCRIPTION
Bi-3 6 240 AG 36
BH-3 - 7 240 AG 56
BH-3 8 240 AG 96
BH-3 9 ABN-6
BH-3 10 ABN-6

42.54
.29
16.08

2.3
)
13.33
.92
1.1
ND

98.78

2

6.529
.033
2.509

3.046
.069
3.04%
.086
.918

16.243



S102 43.39
1102 30
AL203  15.59
CR203 -
FIO  24.04
iNo 49
Mo 12.98
0 .56
N20  1.80
K20 -
INO .09
TOTAL  99.24
ORVEEN 24
st 6.630
11 034
AL 2.808
CR -
FE2+  3.072
i 063
W 2.95%
cA 092
e 533
K -
M0
SN 16.198
SANPLE MO,

1

12

13

ANPHIBOLE

91.05
1.64
15.91
9.50
13
14.56
11.22
2.17
.67

97.45

"w» ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS #x

24

6.255
188
2.857

t.211

.094
3.306
1.832

.641

130

16.514

Vv

~ DESCRIPTION

41.92
1.39°

15.81

9.59°

70
135.03
11.22

2.15

.60

98.41

24

6.312
97
2.806

1.208
.089
3.313
1.810
.628
A15

16.499

42.39

83

19.02
.09
14.59
A7
18.49
.62
2.08
ND

98.00

24

6.284
059
3.323
011
1.809
021
4.085
.098
.998

-

16.291

wrrr SANPLE BIRECTORY  wiemn

SANPLE NO.

DESCRIPTION



SI02  46.89
me -
A0y -
CRO3 -
B0 8.30
Mo 43.07
Mo 1.19
£A0 15
Na20 -
K20 -
TOTAL  99.60
OKVGEN 6
s 2.0
I -
AL -
R -
FEZ+ .29
W 1.573
e 076
A 007
) -
K -
s 3.978
SANPLE NO.

1

2

3

4
5

FVSOX[NE

46.16

8.7%

3.23

.46
.98

99.58

97.17

-
-

10.29
38.85
33
.29
.03

-

99.76

92.47
14
5.87

15.26
1.54
26.37
2

101.92

_+x ATONIC PROPORTIONS

6

2.007

.38
1.992
030
.046

3.993

BH-1
Bi-1
BH-1
JE-4
JE-A

6

2.009

.367
1.402

199

03
.002

1.992

DESCRIPTION

6

1.861
.004
. 245

.433
.046
1.394
010

9.013

woxe SANPLE DIRECTORY  escmn

92.81
10
5.22

15.07
1.69
26.86
.24

101.99

31.79
N
5.68

15.11
1.61
25.92
.2

100.43

50.58
.08
7.53

17.61
16
25.13
.08

101.17

50.20
10
8.44
D
18.08
A9
24.61
A2

101.73

BASED ON SELECTED NO. OF OXYGENS ¥

6

1.8N1
.003
.218
.447
091

1.418

.009

4.017

6

- 1.863

.003
.241

.435
.049
1.391
.008

4.012

SANPLE NO.

6

1.817
.002
319
.529
.005

1.346
.003

2.021

b

1.798
.003
. 356

541
.003
1.313
.005

-

4.021

DESCRIPTION

o o ot 0 o



S102

T102 A7
ALZO3 .58
CR203 -
FE203  71.29
FI0  32.23
HNO 45
Heo ND
chD -
NA20 -
K20 -
TOTAL  104.69
OXVGEN 4
sI -
151 005
AL 022
cR -
FE3¢  1.969
FE2¢ .99
HK 014
ne -
ch -
NA -
K -
SUB  3.000
SANPLE NO.

70.96

. 32.11

103.90

q

.004
015

1.976 -

.994
010

3.000

BESCRIPTION

1
.28

71.01
32.03

103.71

q

003
012
1.982
993

.008
.002

3.000

wamk SANPLE DIRECTORY swx

SANPLE NO.

.07
.32
.68
32.22
.34
KD’

104.83

*» ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS »*

q

.002
014

1.982

.990
.011

3.000



$102 - - - - - - - - - -
1102 22 A3 16 15 A4 s346 8344 09 50.93
ALZ03 .20 .83 42 3 49 .23 - - - -
CR2O3 - - - M M A8 M - .13 .05
FE203  69.58  68.58  69.42  69.15  69.64 011 - - 60.31 75
FIO 2948 31.38 .41 3136 3161 32.04 4463 4475 2695 4.4
nHo 2.26 .45 31 2 .30 - 219 218 09 .86
160 L K. HD N KD - KD - .06 .05
Ca0 - - - - - - - S » - -
Hh20 - - - - - - - - - -
K20 - - - - - - - - -
IND - - - - - - - .2 -

TOTAL - 101.75 - 101.51  101.72  101.31  102.23 102.71  100.02  100.37 87.86 97.47

** ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS #»

ORYGEN 4 4 q 4 q 4 3 3 4 3
s1 - - - - - - - - - -
T 006 .007 .04 - .005  .004 004 1.006 1.008 003  .992
AL 009 037 .19 015 .02z .00 - - - -
(R - - - - - 005 - - 005 .00t
CFE3+ 1979 1949 1974 1.975  1.969  1.977 - - 1990 015
FE2e . 932 .99 993 .99 9% 1.004 939 938 988 . .97
HN 072 e 010 .008 010 0 - 047 .06 003 .09
o - - - - - - - - 004 002
ch - - - - - - - - - -
N - - - - - - - - - -
K - - - - - - - - - -
IN - - - - - - - - .008 -

Sun 3.000  3.000 3.000 3.000 3.000 3.000 1,999  1.992 3.000 2.000

*#k  SAMPLE DIRECTORY oo

'SAMPLE HO. BESCRIPTION ' SANPLE .NO. : DESCRIPTION
11 BH-3 16 © 240 AG 56
12 BHG-302 17 ABN-1
13 BHG-302 18 ABN-1
14 Bii6-302 19 ABN-3

15 BHG-302 | | 20 ABN-5



SI102

1102 48.59

AL203
CR203
FE203

FEO q
N0

160

CAd

420

K20

N0

KD

4.98

2.02
.98
.38

TOTAL  96.98

DXYGEN

SI
11
AL
CR
FEI+
FE2+
i)}
6
ch
L]
K
IN

sun 2

\  SANPLE No.

3

951

098

915
.02z
015

.000

OXIDES

90.13 48.06 52.69 .05 .06 49.43 1.2 -
- - - 2.44 4.95 ND - -
.07 10 - . .06 .06 - .04 5

4.16 8.66 A3 56.39 N.57 19 - 69.71

43.90 42.57 43.59 25.89 26.08 44.33 43.91 .72
67 N i .05 KB 08 A2 -
.04 - ND .99 A9 .07 D - -
.03 .04 - .60 .28 - - -
.44 - - 18 .21 - - -

99.45  100.00 99.72 83.83 83.36 94.68 95.28  102.18
xx RTONIC PROPORTIONS'BASED ON SELECTED NO. OF OXYGENS w*

3 3 3 4 4 3 3 q

959 916 .999 .002 .002 997 1.014 -

- - - 127 .261 - -
.001 002 - .00¢ .002 - 000 022
.080 165 .003 1.868 1.7 016 - 1.978
.934 .903 919 .93 974 .989 .967 1.000
014 012 .058 .002 - 002 003 -
.002 - 022 012 .005 - - -
. 001 .001 - .08 013 - - -
.008 - - .006 .009 - - co-

2.000 2.000 2.000 3.000 3.000 2.000 1.985 3.000

sk SANPLE DIRECTORY wooen

DESCRIPTION . SANPLE NO. ' DESCRIPTION
ABH-5 26 : ABN-16
ABN-6 27 JE-19
AEN-6 28 JE-19
ABN-13 29 JE-29

AEN-16 30 JE-A

AS
45

69.86
3.3



K

5102 -
T102 .09
AL203 .35
CR203 A2
FE203  69.96
FEO 31.80
"0 .08
"eo HD
cao -
NA20 -
K20 -
ToTAL  102.43
ORYGEN 4
ST -
11 .003
AL 015
R .004
FE3+  1.976
FE2+ .998
nK .003
He -
ch -

- N -
sut 3.000
SRNPLE NO.

Ui
2
1
3
15

OXIDES

48.92

8.78
36.25
6.29
12
.07

101.07

+x ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS

3

97
.001
163
.756
A33
027
.002

2.000

47.87

10.3
HK.1N
7.6
R

101.07

3

.902

194
136
162
.004

~2.000

DESCRIPTION

11.08
49
.48

46.16

38.93

1.30

98.47

q

318
022
.014
1.327

1.244

074

3.000

12.63
14
A7

42.96

42.06

09

98.04

q

.368
.006
.005
 1.2%2
1.363

005

3.000

vtk SRNPLE DIRECTORY toriow

- SRNPLE NO.

B L )

DESCRIPTION

B ]




23

SI02 -
Tz N
AL203  57.00
CR203 .12
FEO 12.30
1o
60 1.98
CAD -
HA20 -
K20 -
M 27.64
T008L 99.29
ONYGEN 4
st -
1 -
AL 1.993
CR 003
FE3¢ .00
CFE2¢ 302
Hi 006
e 088
cA -
HA -
K -
I 605
SUt - 3.000
SANPLE NO.

GRHNITE

96.74

57.13 57.65 97.01 56.94 36.60 96.96 36.74
10 .09 A2 .09 .09 .06 - -
11.90 12.24 12.54 14.29 14.25 11.66 13.35 13.82
19 16 22 .43 .44 .36 .44 .44
2.04 2.09 -2.05 1.60 1.69 1.69 1.1 1.81
28.09 28.11 27.61 26.50 26.60 28.72 26.83 26.77
99.45  100.34 99.35 99.85 99.81 99.09 99.29 99.38
*x ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORYGEMS *
q q q q q q q q
1.994 1.993 1.988 1.983 1.979 1.99 1993 1.981
.002 .002 003 .002 .00z .001 - -
.004 005 .009 013 .019 .008 .007 019
2N .296 .301 L340 333 .283 325 323
.005 .004 .006 011 011 009 on 01
.0%0 .09 .09 0N 075 075 .076 .080
.614 .609 .603 379 . 981 .633 .588 5%
3.000 3.000 3.000 3.000 3.000 3.000 © 3.000 3.000
sk SHNPLE DIRECTORY wwoan
DESCRIPTION éﬂnPLE NO. DESCRIPTION
ABN-12 6 ABN-13
hBN-12 7 ABN-13
ABN-12 8 ABN-13
hBN-12 9 ABN-13
ABN-13 10 ABN-13

36.92
14.01

.43
1.83

26.75

99.99

1.980 -

.020
.326
.0
.080

983

~3.000



. Ch

5102 -
1102 -
AL203  57.44
CR203 -
FEO 12.45
i .41
K60 1.86
cAo -
NA20 -
K20 -
N0 28.29

 TOTAL  100.45
OfYGEN 4
ST -
I -
AL 1.989
CR -
FE3+ 011

" FE2+ .295
1] 010
e .081
NA -

K -
N .614
su 3.000
SANPLE NO.

11

12

i3

14

15

GAHHITE

56.92 58.98  59.47  59.38  58.95  59.47  59.93  53.93
- - Ry .05 - 05 N
10.62 9.73  10.76  10.33  10.19  10.09  10.16  14.76
.28 .33 2 . 3 .28 22
1.66 1.66 1.70 1.65  1.68  1.62 1.61 1.24
29.22 0.6 9.2 2939 29.31  29.64  29.80  27.10
92.70  101.37  101.54  101.11  100.46  101.11  101.78  99.34
w% §TONIC PROPORTIONS DASED ON SELECTED NO. OF OKYGENS #+
4 q q q q q q 4
2.006 2018  2.023  2.027  2.026 2030  2.031  1.970
- - .003 .001 - 001 - .002
- - - - - - - .028
266 236 260 250 249 244 294 341
.007 .008 .007 .008 .008 006 007 .006
.074 072 073 07 073 070 .069 .055
645 .657 .622 629 631 634 633 .598
2.997  2.991  2.987  2.98  2.987  2.985  2.98¢  3.000
anin SANPLE DIRECTORY ew
DESCRIPTION SAMPLE HO. DESCRIPTION
ABN-13 16 ABN-14
ADH-14 17 ABN-14
ABK-14 18 ABN-14
ABN-14 19 ADN-16
ABN-14 20 ABN-16

36.54
16
14.66
.29
1.18

21.20

100.03

1.977
.004
019
345
007
.052

.99

3.000




sI102
1102
AL203
CR203
FEO
1O
t6o
ca0
NAZ0
K20
IH0

TOTAL

OXYGER

s1 .
I
L
CR
FE3+
FE2+
liN
H6
ch
HA
K
b1

sut

56.26
.08
13.10
22
1.93

26.79

99.98

1.965
.002
033
.34
006
.068

.586

3.000

SANPLE RO.

T el

GAHNITE

-

54.92

57.05 56.02 ~ 57.28 56.01 96.93 55.57 96.28
.07 - .06 05 - - .07 -
15.26 15.09 14.81 14.85 14.94 16.45 12.46 13.26
30 .29 30 .25 25 36 16 .38
1.36 1.51 1.49 1.45 1.93 2.50 2.15 1.93
26.99 26.63 26.94 26.93 26.82 23.93 28.32 27.60
101.03 99.54  100.88 99.14  100.47 98.81 98.08 99.435
#% ATONIC PROPORTIONS BASED ON SELECTED HO. OF OXYGENS =
q q q q q q q q
1.972 1.965 1.980 1.972 1.976 1.946 1.952 1,970
.002 - .001 .001 - - .002 -
.026 035 019 027 .024 .054 .06 .030
. 348 .34 =344 344 .34 .355 268 300
.007 .007 - .007 .006 .006 .009. .004 010
059 067 .065 .065 .067 A1 .097 .085
.985 .585 .583 .985 .583 925 .631 .605
3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
wink SANPLE DIRECTORY o
DESCRIPTION SANPLE NO. DESCRIPTION
ABK-16 26 ABN-16
ABR-16 27 ABR~3
ABN-16 28 ABK-3
ABK-16 29 ABN-3
ABN-16 30 ABK-3

- 95.31

16.45
.44
2.08

24.86

99.14

1.941

.059
L350
.ot
.092



$102
1102
AL203
CR203

FEO
1iNO
[}
Cao

NAZ0

K20
IND

10TAL

OXYCEN

SI
11
Al
cr

FE3+
FE2+

il
1
cA
A
K

IN

sun

35.13

16.95
.48
2.36

22.70

97.62

q

1.952
048
378
012
.106

.904

3.000

SAHPLE NO.

- e o e e e

GAHNITE

35.29
.05
15.49
.46
1.87

25.36

- 98.52

96.31
RE]
9.76
.28
.82

2.1

1100.03

35.99
.34
14.87
.29
1.30

26.77

99.36

96.05
2
14.82
.39
1.28

26.42

- 99.17

93.64
.42

. 13.83

K]
1.27

21.80

99.31

36.64
XS
14.10
30
1.36

27.78

100.31

57.08
ND
21.56
14
3.76

14.57

99.13

«x ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS »#

1.9
.001
.045
.343
.012
.084

q

1.986
.004
_ .01
el
.007
037

-
-

23

3.000

DESCRIPTION

- 0 o 0 00 e

4

1.967
.008
025
.346
.007
.058

- 989

3.000

wxkr SANPLE DIRECTORY vrionk

q

1.975
.005
.020
350
010
057

.983

3.000

q

1.964
010
.027
320
009
057

.615

3.000

q

.008
021
327
.008
.060

.606

3.000

SAMPLE NO.

- g o 200 o

ABN-4
ABN-4
ABN-6
ABN-6
ABN-8

073 105
.443 .460
.003 .004
.246 .287
.308 .249
3.000 3.000
DESCRIPTION

96.57
23.79

A3
6.78

11.88

99.17

1971 1.9%  1.8%

€

96.07
.04
9.37
.14
1.35

3.1

100.08

1.972
.001
.027
.207
.004
.060

130

13.000



§102 -
1102 -
AL203  59.88
CR203 07
FEO 9.59
HNO A9
f160 1.37
Cao -
HA20 -
K20 -
INo 32.87
TOTAL 99.93
ORYGEN q
§1 -
11 -
AL 1.968
CR .002
FE3+ 030
FE2+ .210
Wb .004
16 .061
ch -
N -
K -
IN 125
sun 3.000
SANPLE NO.

11

42

4

44

GAHNITE

96.53 96.37 39.96

.04 - A1
9.56 9.00 9.82
A7 22 20

1.38 1.36 1.36

32.86 32.99 33.03

100.54 99.99  100.48

*r ATOHIC PROPORTIONS

4 4 q

1.977 1.982 1.962

001 - .003
022 018 035
215 .207 .209
.004 006 .005
.061 .060 .060
720 g2 L126

3.000 3.000 3.000

36.05
07
9.64
2
1.38

32.69

100.04

39.79
9.79
.2
1.36

32.59

99.74

59.87
it
9.78
19

1.39

32.95

100.21

BASED ON SELECTED ND. OF OXYGENS #

' q

1.9
.002
027
213
.003
.061

120

3.000

q

1.968
032
214
. 005
.061

120

3.000

- kwrx . SANPLE DIRECTORY waax

DESCRIPTION
ABN-8
ABN-8
RON-8
ABN-8
ABN-8

SANPLE NO.

q

1,963

.036
.208
005
.062

55.69  56.38
.06 14
9.77 9.97
.23 .26
1.29 1.3
2.8 2.3
99.86  100.49
q q
1.965  1.973
001 .003
034 .024
21 224
.006 .007
.058 .060
126 10
3.000  3.000
DESCRIPTION

ABN-8
ABN-8
ACK-~8
ABN-8
ABK-8

1.39

36.11
.09
9.23
18

32.78

99.78

1.977
.002
74
Ao
.005
.062

124 -

J3.000



$102 -
1102 -
AL203  58.38
CR203 -
FEO 13.88
HNo .89
HGO .84
cao -
HA20 -
K20 -
IK0 24.69

TOTAL  101.08

ORYGEN q
SI -
I -
AL 1.973
CR -
FE3+ 027
FE2+ .306
N .007
6 164

] -
Na -
K -
I4) .92}
sun 3.000
SANPLE NO.

]|

LY4

3

54

GRARNITE

58.80
14.32
)

3.95

24.32

101.70

99.02
13.59
32
3.58

29.27

101.78

97.76
13.57
.32
3.32

24.65

99.62

24.89

100.89

97.79

13.61
.28
3.61

24.23

99.32

ax ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXVGENS

1.973

.027
J31d
.007
168

At

3.000

ABN-9
ABN-9 .
ABN-9
ABH-9
AEN-9

q

1.984
016
C.308
.008

‘ .152

.32

3.000

DESCRIPTION

q

1.986

.014
317
.008
144

RN

3.000

q

1.979

021
313
.009
146

330

3.000

q

1.984
016
L9
.007

3.000

wxrr SANPLE DIRECTORY wwr

SANPLE NG.

59.66 55. 61 56.19
.37 - -
13.92 12.66 8.2

.41 .39 32
2.05 2.19 1.77
27.42 28.15 33.56
99.83  99.00- 100.36
q q q
1.945 1.956 1.966
009 - -
.06 .044 .03
.299 .2712 178
010 010 .008
.091 .097 078
.600 .620 736
3.000 3.000  3.000
DESCRIPTION
ADN-9
ABN-10
ABN-10
ABK-10
ADN-10

395.72
9.88

32
1.91

- 3.50

99.33

1.964
036
211

.008
.083

.696

3.000



GAHNITE

102 - - - - - - - - - -
1102 - - - - - - - - - -
AL203  56.98  56.49  56.54  56.08 5636  56.82 5694 5690  56.85  56.54
CR23 - - - - - - - - - -
FEO 1347 15.23  15.27  15.76  12.61  14.97 1574 1557  15.78  15.06
e .28 2 23 2 22 3 29 .28 2 27
me 150 1.57 142 1.3 1.4 157 158 164 1.5 1.3
CA - - - - - - - - - -
NA20 - - - - - - - - - -
K20 - - - - - - - - - -
M0 2759 2576 2631 25.65 2844 2538 2531 25.38  25.41  25.%7

T0TAL 99.32 99.32  99.77 99.11 99.04 99.03 99.86 99.81 99.87 98.75

»+ ATONIC PROPORTIONS DASED ON SELECTED NO. OF OKYGENS »*

OXVCEN 1 q q q q q q 4 q q

s - - - - - - - - - -
1l - - - - - - - - - -
AL 1.9 1.979  1.976  1.974  1.988 1,993  1.982  1.983  1.980  1.993
(R - - - - - - - - - -
FE+  .006 .02 024 026 012 007 .08 .07 020 007
FE2¢ .32 .38 .35 .37 303 .5 .3 37 300
N 007 .07 .006  .007  .006  .008  .007  .007  .006  .007
e 066 .00 .063  .061  .063 .00  .070 072" .00 . .0%8
cA - - - - - - - - - -
) - - - - - - - - - -
K - - - - - - - - - -
IN 605 .56 5% .56 628 .58 .55 554 .54 565

sun 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

waore SANPLE DIRECTORY ook

SAHPLE HO. DESCRIPTION SRHPLE RO, DESCRIPTION
61 ABN-11 66 ABN-11 CENIRE
62 » ABN-11 , 67 ABN-11 RIN
63 ABN-11 68 ABN-11 CENTRE
64 ABN-11 69 ABK-11 RIH
65 ABN-11 70 ABK-11



$102 -
1102 -
8L203  56.82
CR203 -
FEO 15.49
fko 30
60 1.17
CAd -
NA20 -
K20 -
INO 25.83
TOTAL  99.61
OXYGEN q
SI -
11 -
AL - 1.989
CR -
FE3+ 011
FE24 3N
N .008
16 .052
Ch -
A -
K -
P4 .967
sun 3.000
SANPLE NO.

n

72

I3

74

75

GAHNITE

98.33
.07
19.36
.20
2.0%

24.34

100.39

98.2]
A9

15.52

14
1.98

24.00

100.02

57.62
16.35
BT
1.95

-
-

24.08

100.14

98.35 37.8% 98.43
.07 .06 -
159.63 13.73 15.56
A5 14 16
2.02 2.01 2.08

- -~ -
- - -

24.42 24.56 2418

100.64  100.39  100.41

#% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS #n

57.53  58.86
- .07
15.99  15.54
14 A3
1.8 1.98
23.85  24.79
99.35  101.37
q q
2.000  2.003
- 002
,395 375
003 003
081 085
520 529
3.000  2.997
DESCRIPTION
ADN-11
SK-2 CENTRE
SK-2 RIN
SK-2
SK-2

4,

2.003

.002

RYL
.005
.091

.524

2.998

q

2.005
003

379
003
.086

918

2.9%

q

1.990

010
.390
.003
.085

74|

3.000

waren GANPLE DIRECTORY wan

SAHPLE KO.

q q q.

2.000  1.993  2.005

.002 001 - -
- .005 -
.380 379 379
.004 .003 .004

.088 .088 :090

525 530 520

2.999 3.000 2.998

DESCRIPTION
SK-2 CENTRE
SK-2 RIN
SK-2 CENTRE
SK-2 RIN
SK-2

98.69
13.09

A7
2.0%

24.13

100.77

"~ 2.006

.366
.004
090

530

2.997



sz -
1102 -
AL203  56.26
CR203 .08
FEO  14.91
NG .20
6o 2.05
€A -
NA20 -
K20 -
Mo 25.03

TOTAL  100.33

OXYGEN q
SI -
I -
AL 2.001
CR .002
FE3+ -
-FE2¢ .363
i} 005
1Y .089
ch -
R -
K -
N L339
SUN 2.9
SARPLE NO.

81

82

83

84

—f

GAHHITE

- - - - - - - -

38.95 57.86 8. 58.39 97.89 57.34 57.90 51.1

10 - - .23 .26 .26 .26 .24
15.57 16.74 15.82 2. 24.84 24.89 24.90 23.50
- .18 - 36 3 a0 .28 37

1.97 2.04 2.04 3.64 3.41 3:40 3.56 3.48

24.23 25.78 24.02 13.18 13.16 13.15 12.93 = 13.3%

100.72  100.60  100.39  100.31 99.87 99.44 99.83  100.61

«+ ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS #*

: 4 g 4 " 4 4 q

2.010 1.987 2.009 1.964 1.963 1.955 1.962 1.946

.002 - .005 .006 .006 .006 .005
- 013 - .03t .031 039 .032 .049
31 395 .384 359 .367 .363 .566 . 961
- .004 - .009 .008 010 .007 .009
.085 .089 .08 A5 .146 147 433 148
319 12 19 .218 .280 .281 274 .281

2.9 3.000 2.996 3.000 3.000 3.000 3.000 '3.000
woer SANPLE DIRECTORY wen

DESCRIPTION SAHPLE NO. DESCRIPTION

SK~2 86 SK-3

SK-2 8 SK-3

SK-2 CENTRE 88 SK-3 CENTRE
SK-2 RIN 89 SK-3 RIN
SK-3- 90 SK-3 CENTRE

3.73
.24
23.54
32
3.41

13.2

100.45

1.950
.005
045
.567
.008
146

.280

3.000



!

GAHNITE

$102 - - - - - - - -
1102 - - - - - - - - -
AL203 5804  57.69  S7.60 5749 57.53 5784 5774 51.26  50.2
cR203 .2 25 28 26 19 .20 A RT 14
IO 25.0 2469 24.63 24N 25.27 2557 2.9 2.4 203
O 3 3 36 36 Rl 35 23 2 28
60 3.3 330 3500 3.6z 36 350 278 278 2.60
CAD - - - - - - - - -
NAZ0 - - - - - - - - -
K20 - - - - - - - - -
0 1317 14.03  13.33 12.90  13.20  13.28  18.03  17.90  18.28
TOTAL 10016 100.32 9971 99.34 10017 100.74  100.28  99.80  99.87
~x ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORYGENS »
ORYGEN 4 q 4 q 4 4 q 4 q
SI - - - - - - - - -
1 - - - - - - - - -
AL 1.963  1.953 1957  1.957 1.9  1.947  1.969  1.9%3 1.9
¢R 005 .06  .006 006  .004 005  .003  .003 .03
FE3+ 032  .040 037 .07 - 050 .04 028 034 032
FE2+ .69 .55  .557 .50  .556 .52 489 489 .47
M 008 .009 . .009  .009 008  .008 006  .006 .07
G A4 A4 450 15 .56 .49 920 2 13
ch - - - - - - - - -
HA - - - - - - - - -
K - - - - - - - - -
IN 219 . .29 .28 .25 280 280 385 .35 .39
SUf  3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
anwn SAMPLE DIRECTORY mwn

SANPLE HO. DESCRIPTION SANPLE HO. DESCRIPTION

9 SK=3 RIN % SK-3

92 $K-3 CENTRE 97 SK-4

93 SK-3 RIN 98 SK-4 CENTRE

9 $K-3 CENTRE 99 SK-4 RIN

95 SK-3 RIN 100 SK-4 CENTRE

97.40
A2
20.95
.30
2.89

18.39

100.05

1.963
.003
035
.474
.007
A2

394

3.000



. §102 -
1102 -
AL203  57.89
CR203 .10
FEO . 20.20
HHO .
Heo 2.H
CAO -
NAZ0 -
K20 -
INO 18.93

T0TAL  100.24

OXYGEN 1
SI -
[} -
AL 1.974
CR .002
FE3+ 024
FE2+ 465
fin .005
fis 125
e -
A -
K -
IN .404
Sun 3.000
SANPLE NO.

101

102

103

104

GAHNITE
57.10 98.75
.05 .07
- 21.39 19.42
R s] 22
2.83 2.91
17.50 19.08

100.12  100.49

97.92
A1
20.97
.4
2.9

18.41

100.16

98.18
14
20.28
.27
2.90

18.59

100.36

57.70
A3
21.40
¥
2.80

18.38

100.68

~* ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS #+

a4
1,970 1.995
.001 .002
.029 .004
.489 464
.006 .005
A22 A2
363 .406
3.000  3.000
DESCRIPTION
SK-4 RTN
SK~4 CENTRE
SK-4 RIH
SK-4 CENTRE
SK-4 RIN

q

1.964
.003
034
472
.008
A27

-

-

.394

3.000

warck  SANPLE DIRECTORY vomn

1

1.980
.003
017
472
.007
A25

.396

3.000 -

q

1.962
.003
.035
.48
.007
A20

392

-3.000

_SAMPLE NO.

56.66  56.30  56.33
.08 - -
2080  15.64  16.32

.3 A7 .2
2.66 1.67 1.79
18.49  25.70 4.3
99.00  99.48  98.99
q 4 q
1.92  1.970  1.975
.002 - -
.036 0300 .025
A75 .358 381
©.008 .004 .005
16 .074 079
401 .563 .535
3.000  3.000 . 3.000

DESCRIPTION
SK~4 CENTRE
SK-4 RIH
SK-10 CENTRE
SK-i0 RIH
SK-10

55.6%
16.53

.22
1.78

24.29

98.51

1.964
.036
378

.006
.079

937

3.000



$102 -
1102 -
AL203  57.47
CR203 .07
131] 7.79
INO .99
N60 1.29
Cho -
N&20 -
K20 -
1IN0 32.88
TOTAL  100.09
OXYGEN 4
SI -
11 -
AL 2.008
R .002
FE2¢ 193
i - 015
16 057
CA -
KA -
K -
IN 120
sun 2.993
SANPLE NO.

11

112

13

114

15

GARNITE

-

56.91 5.3 57,03  56.8 5672 522 5713 5.08
09 .06 06 09 18 .04 06 06
7.0 - 648 7.4 676 1.3 7.3 750 7.08
.55 47 .50 A7 59 52 48 49
1.9 100 149 107 126 . 126 123 L
379 W03 WM} W} W7 Wz W
99.84  98.38  99.16  99.01 9.4 99.59  99.52  99.58
~» ATONIC PROPORTIONS BASER ON SELECTED NO. OF OXYGENS »
q g 1 g g a 4 q
2.003 2011 2012 203 200 2010 2.009 2010
002 .00 .01 .00t 004 001 001 .00
85 e 76 A70 s A8 187 77
04 012 .3 6z s 03 012 012
049 .45 .03 048 .05 056 .05 .049
P ZE I 2 RO & AN £ IS S & Y & AL
2.996  2.9%W 2993 2.993  2.997 299  2.995 2.9
wrs SANPLE DIRECTORY souw
DESCRIPTION SANPLE HO. DESCRIPTION
BH-2 CENTRE 116 BH-2
BH-2 RIA 17 BH-2
Bi-2 118 BH-2 CENTRE
DH-2 119 BH-2 RIH
120 BA-

Bh-2

97.03
06
7.36
49
1.1

33.46

99.91

2.009
.001
184
012
.049

138

2.99%5



SI102 -
1102 -
AL203  97.61
CR203 KD
FEO 6.10
HNO .46
60 .9
a0 -
HA20 -
K20 -
1HO 34.93
TOTAL  100.07
OXYGEN q
I -
11 -
AL - 2.018
R -
FE3+ -
FE2+ 152
n 012
6 .042
Ch -
] -
K -
I 767
sun 2.9
SANPLE HO.

12

122

123

124

125

GAHNITE

56.82
8.9
.34
1.10

32.81

100.02

56.84
9.42
A
1.14

32.68

100.69

56.49

9.80
.46
97

31.80

99.32

96.99

9.06
35
1.0

32.82

100.23

56.89
9.06
35
1.15

2z

100.16

56.38  56.37
9.29 8.82
.42 .35
1.10 1.03
31.84  32.85
99.03  99.42

#% ATONIC PROPORTIONS BASED QF SELECTED HO. OF OXVGERS

1.997
003
220
.009
049

122

3.000

q

1.986

.014
.220
010
.050

720

3.000

DESCRIPTION

q

1.996

.004
.241
012
.043

704

3.000

q

1.999

225
.009
.045

g2

3.000

q

1.9%

.004
.22
.009
.051

N9

3.000

wnter SAHPLE DIRECTORY ok

SANPLE NO.

q 1

1.999  1.995  1.997

96.89

9.48

RESE

1.12

32.20

100.02

- 005 003
233 217 .23
o1 009 .008
049 .04 050

707 28 .708
3.000 3.000 3.000
DESCRIPTION

B HE-1

BH HE-1

BH NE-1

.~ BH HE-1

BH HE-1

96.39
9.15

.4
1.03

32.30

99.48



$102 -
TI02 -
CAL203 96.98
CR203 -
FEO 10.36
1o .93
160 1.05
Ao -
NA20 -
K20 -
INO n.17

TOTAL  100.09

ORYGEH q

ST -
11 -
" Al 1.998
R -
FE3+ -
FEZ¢ 299
it 013
Y .047
CA -
NA -
K -
i 685

sun 3.000

SANPLE NO.

N

TABLE 1

CAHNITE
5.7 5154 5716 56.06  S57.04  56.93 57
9.09  8.94  10.46 11.96 - 9.03 898 8
60 67 63 88 A6 A7
1.11 98 1.08  1.03 1.0 1.06
U 3260 .08 2935 229 RA?T R
99.24 10073 100.41  99.28  99.82  99.61 100
a% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXVGENS
q ] 9 q q q
2.000  2.005 1.997  1.982  2.005  2.005 2.
- - 003 018 - -
N Y . Y Y .
o015 .07 .06 .02 012 012
050 .03 .48 046 .04 .047
202 M2 680 .60 .71 .70
2998  2.998  3.000 - 3.000 2.997 2.998 2.
wrwke SAHPLE DIRECTORY vormee
DESCRIPTION SANPLE 0.

B WE-2 136 BH ME-
IH ME-2 137 B E-
B NE-2 138 B N
BH ME-2 139 BH NE-
B HE-2 140 B HE-

45 96.75
.90 8.48
.90 A1
Rl 1.00
.20 32.45
.16 99.09
q ]
008 2.008
.21 L2113
013 010
049 .043
705 J19
996 2.996
DESCRIPTION

97.02

8.89
94

- 1.10

32.47

100.02

2.00

74l
014
049

e

2.999



SI102 -
1102 -
AL203  56.70
CR203 -
FEG 21.713
KO 1.63
§60 2.00
CAO -
NA20 -
K20 . -
I8N0 15.52
TOTAL 99.58
ORYGEN 4
SI -
I -
fil 1.956
CR -
FEJ+ 044
FE2+ 537
NN .040
e .087
ch -
HA -
K -
N 339
Sul 3.000
SANPLE NO.

141

142

143

144

GAHNITE

55.99  56.77  56.50 '57.23  56.67  56.43  56.47  56.45
- - - - - .10 - -
2635  26.84  29.76  26.82  28.78  17.20  18.93  20.30
2.56 2.14 3.04 2.55 2.57 - - .09
1.96 2.05 2.22 7.44 2.10 2.66 2.66 2.70 .
10.28  12.05 8.26  11.30 9.62  23.14 2.9 2.5
99.14  99.85  99.78 100.34  99.74  99.53  100.00  100.11
w% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXVGENS *
q q 4 q q q q q
1.93¢  1.947 1.9% 1.5  1.940  1.956  1.947  1.942
- - - - - .002 - -
066 .053 .069 .055 .060 042 .053 .058
.628 .600 .653 .592 639 .38 410 437
.064 .053 .075 062 .063 - - .002
.086 .089 .096 105 .091 A17 116 A17
222 .259 A77 241 .206 .502 .47 443
3.000  3.000  3.000  3.000  3.000  3.000  3.000  3.000
#ocsn SANPLE DIRECTORY i
DESCRIPTION 'SAMPLE NO. DESCRIPTION
BHE 302 146 BHG 302
BHG 302 147 240 AG 56
BHG 302 148 240 AG 56
BHE 302 149 240 A€ 56
BHG 302 150 240 #6 56

TABLE 1

99.37

14.73

2.62

- 26.49

99.21

1.938
.062
.303

116

.981

3.000



$102
1102

AL203  55.89

CRz03

FEO 1
N0

160

cao

NA20

K20

6.26

2.86

N0 23.13

. TOTAL  100.14

- N

OXYGEN q
s1 -
I -
AL 1.932
CR -
FE3+ .068
FE2+ .33
18 125
ch -
A -
|.( -
;) .544
sun 3.000
SANPLE NO.

151

152

153

154

GAHNITE
35.63 54.87
.07 -
16.65 17.88
.08 -
2.14 3.03
24.69 23.24
99.86 99.02

57.21

.06
11.48
.42
.95

29.80

99.52

TABLE 1

. 96.79

.05
11.26
7
)

-30.57

. 99.61

ax ATONIC PROPORTIONS BASED ON SELECTED HO. OF ORYGENS **

4 q
1.930 1.915
.002 -
.069 .085
.34t .358
.002 -
120 134
937 .508
3.000 3.000
DESCRIPTION
240 AE 56
240 AG 56
240 AG 56
DPB-1
DFB-1

q

2.013

.00

.287
.o
.029

657

2.993

q

2.004
.001

.282
.009
025

.676

2.998

whrn SANPLE DIRECTORY whwn

56.37 59.38 55,33 . 59.47
1 .04 .04 .04
11.55 2.03 2.19 2.2
43 ND .05 .04
.59 .08 .08 A0
30.05  41.58  41.87 42.03
99,10 99.14 99.56 99.89
4 q q 4
2.000  2.001 1.993 1.992
.003 .001 001 .00
- - .006 .007
.291 .052 ,050 .049
011 - .001 .001
026 .004 .004 .005
668 . .94 .945 945
2.999  2.999  3.000  3.000
SANPLE NO. DESCRIPTION
156 DPB-1
157 JE-2 BLUE
158 JE-2 BLUE
159 JE-2 BLUE
160 JE Z BLUE

.9
1.98

07

91.92

98.78

1.99

.009
.043

.003

.954

3.000



S102 -
1102 -
M203  55.62
CR203 -
FEO 1.97
HNO 07
0 09
CAO -
20 -
Kz -
Mo 42.54
TOTAL  100.29
OKVGEN 4
ST -
1 -
AL 1.990
tR -
FE3+ 010
FE2¢ 040
M 002
6 004
o -
HA -
K -
N 954
S 3.000
SANPLE MO.

161

162

163

164

165

TABLE 1

GRHNITE
57.61  53.42  58.3¢ 5872 .55.43 4.9 5821 %82
29 21 20 25 - - At 15
65 7.8 699 .00 22 229 890 829
20 22 20 A3 0 05 18 2
493 497 4.9 419 13 09 5.6 5.87
- - - - Hn - - -
29.28  29.26  29.66  29.68 4235 4299  27.61  27.88
99.07  100.56  100.36 100,57 99.92  100.38  100.62  100.42
** ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS ww
q q 8 4q q q 4 q
1,985  1.977 1979 1.988 1981 1.971  1.960  1.963
007 005 .05  .006 - - 002 .003
009 018 .017 006 019 029 .08 .0H
A5 e A% 62 038 029 475 164
005 005 .05  .003  .000  .001 .04  .005
214 .73 M3 .08 006 004 239 242
- - - - .001 - - -
630 620  .630  .630 .94 966  .582  .589
3.000 3.000 - 3.000 3.000 3.000 3.000 3.000 3.000
wirk SANPLE DIRECTORY  ann
DESCRIPTION SANPLE NO. DESCRIPTION
JE-2 BLUE 166 JE-3 BLUE
JE-2 GREEN 167 JE-3 BLUE
JE-2 CREEN 168 JE-3 GREEN
JE-2 GREEN 169 JE-3 GREEN
JE-2 GREEN 170 JE-15 BLUE

95.00
.08
1.719
A0
06

45.33

102.56

1.941
.002
045

.003
.003

1.007

3.000



TABLE 1

GAHNITE

- §102 - - - - - - - - - -
1102 - - - - - - - - - -
AL203  55.34 5514 54.93  54.19  54.42 5539  55.54  55.75  56.06  56.2
CR203 .06 - - 09 .09 - - .05 - .04
FEO 1.9 1.9 1.9 214 178 1.8 183 1.85 1.5 1.40

- N0 30 A0 - 16 - - A5 - - N
160 06 .08 .06 22 A3 .07 06 07 06 A
£A0 - - - - - - - - - -
Nh20 - - - - - - - - - -
K20 - - - - - - - - - -

ZHO 42.95 3.1 43.67 42.93 3.3 492.42 .37 42.46 42.08 40.84
TOTAL  100.62  100.12  100.63 99.73 99.75 99.70  100.95  100.18 99.73 98.68

% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXVGENS

ORYGEN q q © q q q q q q § 9

SI - - - - - - - - - -

I - .- - - - - - - - -

AL 1.978 1.981 1.967 1.957 1.966 1.994 1.979 1.9%6 2.009 2.029 -
CR .001 - - .002 .002 - - .001 - .00
FE+ .021 .019 033 .01 .032 .006 .021 .003 .- -
FE2¢ .028 .024 017 014 013 .040 025 .044 038 036
i .008 .003 - .004 - - .004 - - -

e .003 .004 003 010 .006 .003 .003 .003 003 005
K] - - - - - - - - - -

A - - - - - - - - - -

K - - - - - - - - - -

I .962 970 .980 91 9 997 .968 992 945 921

sun 3.000 3.000 3.000 3.000 '3.000 3.000 3.000 3.000 2.9% 1.987

wir SANPLE DIRECTORY  woromn

SANPLE NO. DESCRIPTION SANPLE NO. - DESCRIPTION
mn JE-15 BLUE 176 JE-15 BLUE
172 .~ JE-15 BLUE 177 JE-15 BLUE
1n JE-13 BLUE 178 JE-15 DLUE
174 JE-15 BLUE 179 JE-15 BLUE

175 JE-15 BLUE 180 JE-14 BLUL



TABLE 1

GAHITE
$102 - - - - - - - - - -
1102 - - - - - - - - - -
AL203  56.68  56.02  55.3  55.63  59.95  55.40 5515 5519 9857  58.99
CR203 - - HD - 07 - - - .05 -
FEO 144 147 2.8 246 240 2.26 265  2.28  8.66  8.82
O 06 ND .05 .04 .09 - - .04 .48 A2
60 06 04 A0 23 .06 BT .06 A6 602 6.01
CAD - - - - - - - - - -
HA20 - - - - - - - - -
K20 - - - - - - - - - -

IND 41.30 41.60 41.51 41.95 42.05 42.08 42.16 42.16 27.00 27.04
TOTAL  99.24 98.86 99.86  100.M 99.92 99.88  100.02 99.83  100.78¢  100.88

»x ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS »»

OXYGEN q q q q q q q q q q
SI - - - - - - - - - -
T - - - - - - - - - -
AL 2.027 2.019 1.988 1.992 1.994 1.989 1.981 1.984 1.961 1.960
CR - - - - .002 - - - .00 -
FEJ+ - - .o .008 .004 0 .19 .016 038 .040
FE2+ .029 030 .060 047 .049 047 .048 .042 167 -.189
- .002 - 001 .001 .002 - - .001 012 .00
e - .003 .002 005 010 .003 .006 003 007 255 .29
ch - - - - - - - - - -
MA - - - - - - - - - -
K - - - - - - - - - - -
Ny .926 .939 934 - 9t .946 .947 949 .950 .566 .967

sun 2.986 2.991 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

tcke SANPLE DIRECTORY wwsh

SANPLE NG. DESCRIPTION . SAHPLE NO. DESCRIPTION
18 JE-14 BLUE 186 JE-i8 BLUE
182 JE-14 BLUE 187 JE-18 BLUE
183 JE-18 BLUE 188 JE-i8 BLUE
184 JE-18 DBLUE 189 JE-18 GREEN

185 JE-18 BLUE 190 JE-i8 GREEK



SI0
TI0
AL2
CR2
FEO
KO
GO
(%11
NA2
K20
N

107

4
2
03
03

0

AL

OXYGEN

SI
I
AL
CR
FE3
FE2
AN
s
Ch
NA
K
N

SUN

+
+

§2.70
Kl
8.77

.50
6.97

24.91

98.48

1.957
.043
168
012

.299

-

521

1.000

SANPLE KO.

GAHNITE
59.12  59.41  58.60 58.70  58.98  57.79  58.68  58.70
10 .06 A3 .05 10 .09 .08 .06
8.58 7.20 8.36 7.75 8.69 7.83 7.90 6.99
.38 .3 .48 .38 .57 3 .29 33
1.37 6.92 7.17 7.01 6.97 6.90 6.90 6.86
24.65  25.08 2513 2538  25.51  25.83  26.38  27.00
100.20  98.98  99.87  99.27  100.82  98.78  100.23  99.94 -
#% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OKYGENS
q q q 4 q q q q
1.9  1.997  1.958  1.973  1.957  1.958 1.960  1.967
.002 001 .003 .001 .002 .002 .002 .00
.034 - .039 026 .04 040 - .038 032
168 170 159 159 164 .148 149 135
.009 007 012 .009 .014 .008 007 .008
.30 .294 .303 .298 .292 .296 .291 .291
513 .528 .526 .534 .530 548 - .552 .567
3.000  3.000 3.000 3.000 3.000 3.000  3.000  3.000
awnr SANPLE DIRECTORY wrwx
DESCRIPTION SANPLE NO. DESCRIPTION
JE-19 GREEN 196 JE-19 GREEN
JE-19 GREEN 197 JE-19 GREEW
JE-19 GREEN 198 JE-19 GREEN
JE-19 GREEH 199 JE-i9 GREEN
JE-19 GREEN 200 JE-23 BLUE

TABLE 1

96.20

1.04
D
1

41.32

- 98.72



102 -
1102 -
AL203  56.26
CR203 -
FEO 1.40
1NO .06
Heo .25
cAD ND
NA20 -
K20 -
N0 41.65
TOTAL  99.64
OXVCEN 4
st -
11 -
fL 2,012
R -
FE3+ -
FE2+ 036
¥ .002
16 .0
CA .001
NA -
K -
W .933
SUN 2.99
SAHPLE NO.

201

202

203

204

60.39
.04
2.3
39
7.80

26.23

100.16

TABLE 1

60.67
.05
5.23
32
7.19

26.38

100.44

60.08
ND
4.96

2
1.99

26.56

99.79

60.54 60.83 60.37
ND - -
q.72 4.9 4.84

.28 .30 .32
7.58 7.56 7.62

- - -

26.97 26.81 26.83

99.72  100.47 99.98

s» ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORYGENS *+

GAHNITE
57.05  55.80
.81 1.61
ND .04
A1 .06
2.0 42.69
100.01  100.19
q 0
2.026  0.000
020 0.000
- 0.000
005 0.000
935  0.000
2.987  0.000
DESCRIPTION
JE-23 BLUE
JE-23 BLUE
JE-23 BLUE
JE-23 GREEN

JE-23 GREEN

q

1.996
001
.003
JAd22
.009
326

943

3.000

q

1.999
.00

22
.008
323

943

3.000

q

1.993
.006
.M
.006
X))

.992

3.000

warx SANPLE DIRECTORY Awn

SANPLE NO.

q q q

2.008 2.005 2.001

M b 114

007 .007 008
8 319 319
.952 994 557

2.99% 2.997 2.999

DESCRIPTION
JE-23 GREEN
JE-23 GREEN
JE-23 GREEN
JE-23 GREEN
JE-23 GREENM

60.14
.04
4.84
32
1.50

27.00

99.84



$I102 Co-
TI02 -
AL203  60.52
CR203 .04
FEO 4.98
liNo )
Heo 7.43
Cho -
NA20 -
K20 -
IND 27.13

TOTAL  100.41

OXYGEN 1
ST -
B¢ -
AL 2.001
CR .001
FEI+ -
FE?2+ A17
N .007
[ 1
Ch -
N& -
K -
N .562
sun 2.999
SANPLE NoO.
rak!
212
213
214

GAHNITE
95.39 54.89
1.68 1.84
.08 .09
.08 A3
13.31 42.13
100.50 99.08

39.26

04

2.48
.2
1

42.30

100.46

TABLE 1

59.20
.09
2.29
Al
1

42.36

100.24

94.32

. 2.02

98.73

w& ATONIC PROPORTIONS BASED ON SELECTED NO. OF ORVGENS #w

q 1
1.982 1.988
.018 012
.029 036
.001 .002
.004 .006
9N .936
3.000 3.000
RESCRIPTION
JE-23 CREEN
JE-26 BLUE
JE-35 DBLUE
JE-35 DBLUE
JE-35 BLUE

q

1.976
.001
023
.0atr
.007
.005

.948

3.000

*fsk SANPLE DIRECTORY #oanx

q

1.978
.002
019
.038
.006

005

951

3.000

q

1.977

023
.030
.002
.006
.001

-

- .962

3.000

SANPLE NO.

'56.07  56.55  56.57
1.35 1.74 1.17
10 10 10
12 11 10
.04 - -
272 4295  43.38
100.40  101.45  101.92
q q 4
2000 1.998  1.992
- - .008
034 042 036
.003 .003 003
005 005 .004
001 - -
955 - .951 957
3.000  3.000  3.000
DESCRIPTION
JE-39 BLUE
JE-74 BLUE
JE-74 BLUE
JE-74 BLUE
JE-74 CREEM

1 59.72

7.88
35
6.21

26.74

100.90

1.987
013
A73

.008
.261

.957

3.000



$102 -
1102 -
AL203 56.03
CR203 -
FEO .60
KNG -
160 -
ChO -
K420 -
K20 -
Mo 41.93

TOTAL  98.36

0RYCEN q

1 -
I -
AL 2.024
R -
‘FE34 -
FE2¢ 05
L] -
e -
ch -
HA -
K -
I 949

Su 2.988

SANPLE HO.

- - o s o o o

GRHRITE
59.18 55.17
7.39 3.97
35 10
.60~ .1
21.89 41.49
100.38 98.84

TABLE 1

53.29 53.77
3.94 3.39
.09 A2
.16 A4
40.73 41.16

97.81 98.38

59.22

7.1
.27
6.00

26.99

99.39

56.16  58.27  59.48
10.79 8.68  10.56
.58 .38 .50
6.38 4.99 6.21

23.20 21.25 23.75

99.11 99.97 99.30

% ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS **

q q
1.990  1.94f
.010 059
165 044
.008 .003
239 .005
.588 .949
3.000  3.000
DESCRIPTION
JE-74 BLUE
JE-74 GREEN
JE-82 BLUE
JE-82 BLUE
JE-92 BLUE

q q
1.960  1.962
.040 038
.052 .050
.002 .003
007 006
.938 941
3.000  3.000

q

1.997
.003
167
.007
.296

970

3.000

wvare SANPLE DIRECTORY vk

SANPLE HO.
226
227
228
229
230

q q 4

- - -

1.964 1.985  1.970

.036 015 .030
223 REL] 222
.014 009 012
272 it 268
A .981 .501

3.000 3.000 3.000

DESCRIPTION
JE-82 GREEH
OF-7 GREEN
0F-7 GREEN
OF-7 GREEN
JE-i6

60.61

11.29
1.09

12.36

14.50

99.85

1.932
.068
A8

25
.498

.29

3.000



102
1102
AL203
CR203
FEO
N0
160
cAo
NA20 -
K20
M0

TOTAL

OXVGEN

s1
I
At
- CR
FEI+
 FE2¢
- W
1Y
(]
NA
K
It

sun

60.29

13.87
1.35
13.13

11.08

99.72

1.1

.089
223
03
926

220

3.000

SANPLE NO.

- o 4 s .

-

TABLE 1

SAHNITE
S0.66 6277 61.25 6133 6.2 6119 6141 61.06
.67 RE .05 07 07 1.15 e
2737 2025 228 2.7 A9 1.8 203 235
39 75 30 .88 .80 82 .07 -
6.23 1539 14.36  14.62  14.67 1450 13.68  13.14
8.3 .65 .49 .52 .67 08 2.3 1.25
97.65  99.96  99.33  99.19 9930 98.61  99.02  99.70
~% ATONIC PROPORTIONS BASED ON SELECTED HO. OF OKYGENS »»
q q q 4 q q q q
1.866 1929  1.910  1.911  1.906  1.91%6  1.930 1,915
015 .003 001 001 001 002 .024 015
119 .068 089 087 092 082 046 070
.544 an 404 394 1392 .404 409 .45
.010 017 020 .020 .018 018 002 -
269 508 566 576 .577 576 544 521
178 013 .010 010 013 .002 046 025
3.000 3.000 3.000 3.000 3.000  3.000 3.000  3.000
anik  SANPLE DIRECTORY s
DESCRIPTION SANPLE HO. DESCRIPTION
IE-16 236 JE-i
JE-29 237 JE-
JE- 238 JE<§
JE-p 239 JE-6
JE- 240 JE-¢

61.09
1.45
19.97

14.55

2.01

98.97

1.913
.030
.057
.383

976

.039

3.000



5102 -
1102 -
aL203  61.27
CR203 .42
FEO 2.4
KNO -
14 13.69
CAO -
NA20 -
K20 -
IND 1.07
T0TAL  99.15
OXYGEN q
51 -
1I -
il 1.922
- CR .009
FE3+ 069
FEZ¢ 457
N -
14 542
A -
NA -
K -
I 021
Sun 3.000
SANPLE NO.
241

19 AUG 1988

JE-6

' TABLE 1
GAHNITE

#x ATONIC PROPORTIONS BASED ON SELECTED NO. OF OXYGENS w

wir SANPLE DIRECTORY wawoh

BESCRIPTION SANPLE NO. - DESCRIPTION





