DISCUSSION

The results of the Raman analysis indicate the presence of H;0, COz, M » and CH, in the
fluids, The Raman responses in inchusions, where microthermomeiry had suggested the
presence of volatiles, were not as good as was expected. Microthermometry suggested that
gases other than CO, were present in the fluids, Many inclusions formed clathrates which
- melted at temperatures above 0°C, and some even had clathrate melting temperatures
above 10°C. Furthermore, T su meting (CO2) in fluid inclusions containing both fiquid and
' vapour CO, occurzed at temperatures below -56.6°C (the temperature at which final
melting in pure CO, fluids oocurs). When some of these inclusions were analysed, the
Rarman responses for wost gases, including CO;z, was generally poor. Thus, the evolution
of the gas content of the fiuids could not be accurately assessed using this method.

The information that was obtained, however, does provide some insight into the nature of
the fluids. The samples from Spoedwel and Houtenbek contain fluids associated with the
sulphide paragenesis, and in addition to them containing significant amounts of sohtes
(iudicated by PIXE analysis), the presence of Ny, CO; and CHj has been detected. The
fluid inclusions from Grass Valley were associated with the precipitation of hydrothermal
cassiterite and small amounts of gatena, sphalerite and chalcopyrite. “These fluids contained
CO; + Ny+CH,. Thus, these gases were certainly present in the fluids associated with stage
2 (i, the precipitation of the sulphide assendblage) in the paragenetic sequence, In
addition, the methane pedk position served as an external geobarometer, from which
 pressure estimates of the true entrapment temperature of the fluids is possible. At
Spoedwel, the pressure at which the flvids in fluorite were trapped was approximately 450
bar. At Grass Valley the late stage Type 5 fluid inclusions were trapped at pressures
between 110bar and 450 bar. The entrapment pressure for fluids at Spoedwel and Grass
Valley are identical in samgles SP6 and GV02, and are relatively low, refleciing (ae fact that
the fluids were not under high pressure as they were channelled along the fracture systerus.

The results of the Raman analysis prompted further study of the gas chemistry of the fluid
" inclusions, and attempts to identify, and quantify the volatiles associated with the different
stages in the paragemetic sequence were made by means of Quadrupole Mass
Spectrometry.
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6.3 QUADRUPOLE MASS SPECTROMETRY

Quadrupole Mass Spectrometry (QMS) of fluid inclusion gases was chosen in order to
determine the gas/volatile content of fluids associated with each of the three mineral
assemblages recognised in the Bushveld granites, Analytical techniques such as
microthermometry and Raman spectroscopy have indicated the presence of CQ,, N,
and CH, in the fluids, but reliable quantitﬁtive data from these techuiques was not |
obtaiped, In addition, sevetal questions were raised by the fluid inclusion
microthermometry which required detailed spectrometric analysis to be answered. For
example, '

1) Clathrate melting temperatures above 10 °C camnnot be accounted for by the
presence of CO; alone, Are CHy and/or N clathrates, which affect phase equilibria
(Murphy and Roberts, 1996), responsible for these clevated final melting
temperatures? - | '

2} CO; seldom occurs unaccompanied by N; and/or CHi; (van den Kerkhoff, 1990). in
what proportions are these volatiles present in the fluids?

3) Can the fluids be categorised in terms of their volatile content?

4) Is it possible to determine at what stage in the evolution of the magmatic flnid that
N, and CH, became significant, snd can this be used o recognise the point at which
the external fluid was introduced? |

OVERVIEW

Quadrupole Mass Spectrometry is a destructive technique used for analysis of the

- volatile content of fluid inclusions, The fluid inclusion gases are released by crushing or

decrepitating (heating the sample until the fluid inclusions burst) small samples under
vacuum, The gases are passed through an inlet system to the iomizing filament, Most
gases are “cracked” into smaller fragments at the quadrupole analyzer source, and
these ionized molecules and molecular fragments are detected by a secondary electron
multiplier. Determination of the relative abuudances (mole fractions) of gases in a
complex gas mixture requires the use of a matrix fitting procedure, provided as part of
the operuting software of the quadrupole (Jones and Kesler, 1992). The theory behind
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into account cracking patterns (relative intensitics of parent and “cracked™ peaks at a
particular pressure) for each gas in an analysis and delineates multiple contributions to
masses by a series of simultaneous equations in a matrix. A correlation coefficient
deterrnined for each analysis defines how well the final composition fits the original
raw data (Jones and Kesler, 1992)

EOUIPMENT

Anazlyses were carried out in the Department of Geological Sciences, University of
Michigan, using a VG SXP600 quadrupole mass spectrometer (Figure 6,28). The
system used in the laboratory is described by Graney and Kesler (1995), and is briefly
reviewed here. The system has dual inlet potis, a closed electron source, and a
secondary ‘sctron multiplier (SEM) detector. The number of masses (1 to 16)
monitored by the Quad94 software package, and the number of counts made at each
masg are operator confrolied.

- 13

Fisure 6.28 Photograph of the Quadrupole Mass Spectrometer at the University of

Michigan.
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41— Analysing poles

Ta rough pump

Needie valve T 10581 valve

Vytor sample
heating vessel .

Figure 6,29 Schematic diagram of thy inlet systems on the University of Michigan
quadrupole mass spectrometer (re-drawn from Jones and Kesler, 1992),

SAMPLE MATERIAL

The samples chosen for crush and dem'epxtation' analyses were ones on which
petrography and microthermometry had already been carried out. A list of the
samples from each deposit is shown below (Table 6.7).

Table 6.7 List of samples chosen for QMS from Grass Valley, Spoedwel, Albert,
Leeufontein and Houtenbek. '

DEPOSIT SAMPLE T SAMPLE DESCRIPTION
Grass Valley TTMP3A Subsolvus granite.
GV01 Quartz vein associated with hematite, CO, fluid inclusions
. present. .
GV02 Quartz associated with hydrothermal cassiterite,
GvVo4 Mussive, pegmatitic quartz associated with pyrite and chlarite,
GV05 Quartz vein.
GVO7A Euliedral qua crystals lining walls of open fincture
-generation 1,
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Table 6.7 confinned List of samples chosen for QMS from Grass Valley, Spoedwel,

Albert, Leenfontein and Houtenbek.
_ DEPOSIT . SAMPLE SAMPLE DESCRIPTION
GVoTB Euhedral quartz crystals in open fracture
-generation 2.
_ GVOos T “te stage fluorite. _
- Spoedrvel SP4 » rediume-grained hypersolvos granite with minor quartz.
SP5 Quariz vein material with massive hematite,
$P6 Graphic granite, o
3P9 Fine-grained granite. _
SP13 Massive sulphide ore with late stage fluorite veins.
_ Li Vein quartz assnciated with chaleapyrite.
 Alberr RPII 1A~ Vein quutz,
' RP1 11B Vein quartz.
RP220B Fluorite containing fluid associated with sulphide and
RP227A Quartz vein associated with hematisation and chioritisation of
the host mock.
RF2129 Subsolves granite which has been mildly hesnatised,
AS25 10C massive, quantz vein mater’sl with siingers of hydrothermal
. arsenopyrite, sphalerite and chalcopyrite.
RFI 11A Veinguartz.
Leenfontein EF2 Tourmaline spheroid.
TB Toumpaline spheroid.
KK03 Vein quartz associated with hematite.
KKO0} Tounnaline crystals,
BBK1 Cuarze-grained Klipkloof Granite.
WG35 Fine-grained Klipkloof Gmaite,
NEBO Nebo granite,
WG03 Albitised KlipKloof Graniite.
WGA3 Fine-grained Klipkloof Granite
ALB Albitised Klipkloof Grarite
Houtenbek HEF Finorite,
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METHODS

Samples for the crush apalyses were prepared by separating quartz and fluorite from
the other minerals, using a magnetic separator and then hand picking prains to énsure
purity of the sample. In most cases, material where different quartz generations conld
be separated by hand ( .g. quartz veins with multiple growth stages) was selected.

Samples of between 5img and 50mg, which had been baked in an oven (at 60°C) to

- drive off excess surface water, were placed in & stainless steel sample holder. The
samﬁle holdar was bolted to the base of the modified Nupro valve. Pressure in the
sample chartber is then reduced using roughing and turbomolecular pumps until the
pressure at the pump is <107 torr. The sample was then crosh:d with the
turbomolecular pump on-line {Gragey and Kesler, 1995).

The samples selected for the decrepitation analyses were fragmenis of doubly polished
thin sections which had been mapped, and on which microtherometry had already
been doﬁe; Wherever possible, fragments containing only one known fiuid inclusion
assemblage were chosen. However, this proved to problematic, because the samples
contaiz numerous inclusions, and on such a small scale it was difficult to be certain that
no fluid inclusions from other assemblages were present. The samples was placed in
quartz tabes which are comnected to the inlet system with Teflon seals. The inlet
system is then evacuated and the tubes are heated with a resistance furnace. The rate of
heating wes controlled by 2 Variac rheostat in line with a temperature controller
connected to a thermocouple inside the furnace. The fluid inclusions burst when the
internal pressure exceeds the strength of the host mineral and the gases are liberated.
The masses analysed for were: 2 (H): 12 (C'); 14 (N%); 15 (CH,"NH'); 16
(O*/CHy'INH,"); 18 (H,0"); 28 (N/CoH,/CO"); 33 (HLS); 34 (H,°8"/'S"); 36 (HC);
40 (Ar"); 44 (CO," N,0); 48 (8O7), :

The spactré. generated are plots of SEM current (mA) {or Intensity expressed at the
negative logarithm of the SEM current) against time. Tn crush analyses, all the gas is
fiberated simnltaneously and an abropt increase in detector response occurs

274




milliseconds after croshing, which is observed as a sharp jump in the spechum. With
time, the response decays until all masses return to background levels. The munber of
cycles varied between 300 and 500 depending on how long i tock for the sample to
return to background.

In the decrepitation analyses, temperafure was gradually increased and recorded in
cortniection with time and mumber of cycles, so that the temperaturz of individual
 inclusion bursts could be determined and the amounts of each gas iiberated from an
inclusion could be measured.

The results of the crush aualyses are shown i Table 6.8 The samples are tabulated
according to deposit. The results have been normalised and ave reported in mole %.

The fiuids are predominantly agueous, .consisﬁng of between 92 to 99 mole % water
(Figure 6.30). The samples containing the lovwest ameunt of water are those associated
with the Iate stage precipitation of quartz-hematite veins at Spoedwel and Grass
Valley, and contain considerable amounts of CO; (2 to 6 mole %). In addition to CO;,
most samples contained minor amounts of Ny CHa, CoHj, Ar, HCL and SO;.

:t} 4! E@
.:: L:‘j- ";[
) F§° 8

AP 1B
re 7 E : . “ . '_.. i
AP22TA L

b GrussValley |— Spoedwel | Albert | Leeufontein |

|Houtenbek |

Figure 630 Bar chart showing the percentage of water in fluid inclusions from
Grass Valley, Houtenbek, Spoedwel, Albert and Leeufontein.
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Table 6.8

Resuits of crush analyses (mole %)

Filename [H20 N2 HZS $0Z__ |SO2+H2S[CHA C2HE___[CoHs__ lCnHn (AT coz HCl H2
GRASS VALLEY _

GVb4 90.75042| 0.017724| 0.005622| 0.001526| 0.007149| D.0D7285! 0.00213 G| 0.009385{ 0.000408| , 0.13803| 0,DO0B7Z| D,087014
GVOBa | 98.57713| 0.077294| 0.004003] 0.004917] 0.008919| 0014993} 0.003414 o 0.018409] 0.001617| 0.968661] 0.00198( 0.025091
GVOSh__ | 5258427 0,320211 0.003515( 0.007741| 0.011256 D{_0.004843| 0.040011] 0.044555| 0,003629| 6.995085] 0.002687( 0.03501
GV0Sd | 98,581, 0.164452| D.004351] 0.008117| 0.013468| 0.014001] 0.003218 0| 0.017218] 0,002363] 1.174066| 0.001922| 0.045003
GVO7A8 | 00.73043) 0.146386| 0,006026|  0.0019| 0,007926| 0.005508) 4.004794 O] 0.010304| 0.000228] 0.046611| 0.000802| 0,058014
GVO7BS | 99.78502| 0.08678! 0.002246| 0,003005| 0.005251| 0,00823] 0.002799 0| 0.011028| 0,000696| 0,094028| 0.001281| 0.03501
GVDE 97,8876 | 0.034596] 0.004374| 0.001353| 0.005877; 0.075252| 0.003522 0] 0.078774 0| 1.795007| 0,000877| 0.197662}
MF3A | ©8.90125 0.111795{ 0.008759| 0.024008| 0.032766} 0.022007| 0.0058711 0| 0.077878] 0.002058| 0.920291| D.002081 0
XGVO1 | 68.73211] 0.104574] 0.004144| 0,005882 0.010135) 0.000314| G.003717 0 0.013032| 0.001554] 1,190147| 0.002445] ©0,026003
XGV02 | 99.37896| 0.120137| 0.003485| 0.003428( 0.00892] 0.008338| 0.003054 0| 0.012393( 0,001473] 0.436206| 0.001895] 0.041079
ALBERT

ASZ510c | ©9.16076) 0.067212| 0,00219] 0.G03371 0,005561] 0.011002| 0.003104 0| 0.014108] 0.009378| 0.703126] 0.001847| 0.037007
ASZE 10G| 99.12162) 0.074736| 0.00361| 0.006708] 0.010318] 0.00203| 0.002387) 0.008072| 0.0134B9! 0,000667| 0.742162 0} 0.037008
RP111a_| 99.86307] 0.058732| 0.003072( 0.006633] 0,009705| 0.006408| 0,002532 0] 0.00804] 0,001792| 0.056012] 0.00175 0
RP111b_| 90.88868| 0.050088] 0.003156] 0.004605] 0.007/6| 0.005254 0,0024D9 0} 0,007663( 0,001489| 0.043008) 0.00133 0
RP1111_| 99.83318| 0.061256] 0.003155] 0.001704| 0,0048508| 0.008751] 0.00257 01 0.011321] 0.001142| 0.043017) 0.001221} 0.044012
RP227 | '99.73687 1.069615| 0.004489| 0.008937) 0013476 0.011002| D.,003815 0}_0.014817| 0.001822| 0.116025] 0.00338] 004401
RPZ Z0B | 99 76633, 1.033105 0.003447) 0.002627] 0.008374| 0.035026] 0,002865 0 0.537681| 0,000182| D.035026) 0.001989| 0119069
RPZZ7A | 06.71825] 0073]  0.092) _0.099]  0.023]  0.015] 0,004344 0} 0.019344| 0.003458| _ 0.102{ 0,003633|  0.057
RP228 | 99.73476] __D.073| 0.009737| __0.018f 0.027737] __0.013| 0.008564 0| 0.018564| 0.004114] _ 0.136] 0.004823 ]
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‘Table §.8

Results of esush analyses (mole %)

Filename 1H20 N2 H2S 502 S02Z+H2S [CHE CZH6 __[CaHB__icnHa _ |Ar co2 HCI H2
SPOEDWEL - R

K 0b.88867] 0.033887| 0.D03043| 0,000916| 0.003959| €.609829| 0,002105 0| 0.012924] 0.000764] 0.050012]  0.0006 ]
SP13 99.8423] 0.127649 0| 6.003087| 0.003057| 0.023016| 0.0039386] 0| 0026852 o 0 0 0
SP4 99.80551} 0.052776 0| 0.001438] 0.601435 0| 06.603335 0] 0.003335] 0.000802| 0.136042 0 0
SP5__ | 96,82285( 0.179822] 0,004503] 0.00306] 0.007563| 0.028003) 0.004262 01 ¢.032285) 0.001807| 2.91436} 0.002142] 0.038005
SP6 98,6323 0.078] 0.002328] 0.002443 0.004771|  0.019] 0.002987 0 0.021987| 0.001358| 0.260001] 0.0015679 0
SP9 £9.70441| 0.030094] 0.005906¢ 0.00159] 0,007495) 0,024011) 0.002184 0{ 0.026185| 0.000227) 6.113051 I__u.ooud,? 0.118054
HOUTENBEK |
HBF 98.73706] 0.021335] 0.005595] 0.003532| 0,009128] 0,030821[ 0.003116 0] 0.033138 0| 0.05B063] 0.001174| 0.110073
LEEUFONTEIN - EAST OF MARBLE HALL

ALB  98.8548] 0.637992| D.005123] — 0.012] 0.017122] _ 0.028 0 0 0.028] 0.010] 0.438995] 0.004088 ]
BBK] 99.72005 0| 0,008595] 0.004205] 0.007798| 0.06801 0 0] 0.06801 0| 0,2320281 0.003108 0
BF2 | 99.20734{ 0.55620%| 0.002632} .0D4096! 0.006628( G,027016] 0.003474 0] _0.03048] 0,007751| 0.165095| 0.002481 0
KKi1 56,14088] 0.092336 0| 0.oo1645] 0.001645] 0.014002| 0.002502 0] 0.016895) 0,001543 0.745127; 0,001575 0
KK03 99.41086] _ 0.1308] 0.004295| 0,003697| 0.007993| 0,18874 0 0] 0.16874 Ol 0.278574] 0.062033 0
T8 89.74531| _ 0.072) 0.002552| 0.002417| 0.004869} 0.051| D.002842 G{ 0053842} 0.004883( _ 0.11§ o 0
WG0S | 90.74914] 0.094507| 0.002305| 0.002914| 0.005219 ol 6.503701 0/ 0.003701) _ 0.0044] 0.142701] 0.000826 b
WG35 | 98,50523] 0,160282] 0.004257| 0.004056] 0,008313] 0.022006 0 0| 0.072008] 0,00812| 0.205054 0 0
WG43 | 99.12485] 0.578628| 0.004013| 0,004681] 0.00BB74| 0.066049 0 0]70.066049] 0.008456| ©,201149] 0.002687 0



B Houtenbek and Spocdwel

Figure 6.31  Bar charts showing the
concentrations of HS and SO; (mole %) in
samples from Grass Vailey (A), Hontenbek and

Spoedwel (B), Albert ( C) and Leeufontein (D},
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At Grass Valley, the early fluids associated
with cassiterite precipitation (XGV(2)
contain equal amounts of LS and SO,
However, fluids associated with late stage
quartz vems (XGVO01, GVOS and GVI7)
tend fo contain greater amounts of SO
Samples GV04 and GVOT7a (first vein
quartz generation) which is associated with
pyrite, contalu greafer ampunis of H,S.
The fluids associated with the subsolvus

- granite (MF32) contain approximately

three times sore SO, than the fhaids
associated with salphide-bearing quartz
veins. :

The flucrite samples from Houtenbek
(HBF) and Spoedwel (SP13), and the late
stage  hematiie-quartz  sample fiom
Spoedwel (SP5), confatn more 5O, than the
hematitised hypersolvus granites hosting
disseminated sulphide mineralisation. The
HaS content of the fluids in sl samples
associated with mineralisation, sxcept the
late stage flyorite (SP13), is greater than
the SO, content.

At Albert, the subsolvus host granites
{RPZ 29) contnin comparable amounts of
80, and H;S as the subsoleus granite at
Grass Valley (MF3a). Quartz vein
material with no suiphides (RP1 113 and
b) coniains more SO, than H,S, while the
opposite is true for weins oommmng
sulphide mineralisation.

 ‘The fine-grained (WG03, WG3S, WG43)

and coarse-grained (BBK1} Kiipkloof
Granites contain similar sulphur contents.
Altered  Kiipkloof  Granite  ie
tourmafimised and alfbitised material {(BF2
and 'WG03), contains hisher SO
concentrations than tho unaltered rock
The fluids associated with quartz-hematite
veins confain slightly more HzS (KK03),
and the fluids in iourmafine crystzls
(KK01) cantain o H,S.
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Figure 6.32  Bar charts showing the CO,, CHy
and N, concentrations (mole %) of fhuids in
samples from Grass Valley (A), Houtenbek and
Spoedwel (B), Albert (C ) and Leeufontein (D).
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The concenfration of CO:» in the fluids
associated with mineralisation at Grass
VaHey, and with the subsolvas granites, is
miror in comparison with the high
concentrations i the flnids associated with
hematite precipitation in quartz generations
7 and 8 in vein quartz (GVO5b). These
fiuids are trapped as secondary trails of
inclusions i fluorite (GV08). N: ( CHy)
are nore abiudant in the subsolbvis granite
(VIF3a) and in the late stage fluids trapped
in vein quartz (GV05a, b and d), The fluids
assotiated wifh hydrothermial cassiterite
and sufphide mineralisation contain smail
amounis of Nz and CQy,

The late stage quartz-bematite veins at
Spoedwe] contain Yarge amounis of CO; in
comparisop  with the earlier fluids
associated with sulphide mineralisation and
which are trapped in earlier generations of
quaite vemns. The N conient of those fluids
is also greater than the earlier fhaids.

The conceniration of N is relatively
yniform in the samples from Albert. The
host granite (RP2 29) coniains similar
amounts of Ny, CO» and CH, as the quartz
veins. The late stage flmorite confains
greater amounis of N; than the quartz veins
and host gramite. Sample AS25 10C
confaing significant amousts of CO;,

The N confent of the fluids increases from
the hydrothermaily altered Nebo Granite
(Coarse-grained  Klipkioof  Granite}
through to the fine-ginined Klipkdeof
QGranite, and is most abundant in the
altered granite (jourmalioe spheroids). The
fluids i towmaline erystals contain
abundant CO, , and the fluide associated
with the late stage quariz-hematite veins
confzin significant amounis of CO,, Nz and
CH,,
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Figure 6.33 Bar chuts showing the HoS, SO,
{A), CO;, CH¢ and N; (B and C) concentrations
{mole %) of fhiids in samples of vein quartz from
Grass Valley, Spoedwel, and Afhert .
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The wvein quartz samples from each of the
deposits have been selected and are
conpared in Figuwre 6.33 A-C. The H:S
content of vein material does oot vary
considerably. The fluids associafed with
the first vein quartz generation (GVU7AS)
contain the hiphest H-S concentration, and
the fluids in subsequent quartz generations
confain skightly less H,S. The SO, content
of these fluids increases with time at each
deposit. The fluids in the earliest quartz
vein maierial bave the Iowest SO, values,
and the highest values were tecorded in the
younhgest quartz vein otiterial.

The conceniration of TO; in the vein-
hosted fluid inclusions overshadows that of
CH; and N3, and for this ;eason a separate
plot of just CHy and Nz is shown, The
fluids containing abundant CO, at Grass
Valley also contsin significant amounts of
Nz The N, conient of the {luids preceding
the late stage CO,Nrrich fiuids at Grass
Valley, increases from Speedwel (L1) to
Albert (RP2 27).
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concentration (mole %) in samples of {A) vein

quartz from Grass Valley, Spoedwel and Albext
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Tigure 6.35 Bar chart showing the difference

-in concentrations of the major volatiles in
hypersolvus and sabsolvus granites
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The Ar content ef the fluids in vein quartz
follows a similar pattern to 8O,.

At each deposit, the earliest fluids have the
lowest concentration of Ar. In addition,
there is an overall increase in Ar in the
fluids associated with quartz veins from
Grass Valley, to Sposdwel and Atbert,

The Ar conlent of the host granites varies
depending on the nature of the granite. The
hydrothermally altered Nebo Granite (or
Coarse-grained Klipkloof Granite) contains
10 Ar, and the hypersolvus granite at
Spoedwel contains only a small amount of
Ar, The floids associated with the
subsolvus granites at Grass Valley
(MF3a), Albert (RP2 29), and Lesufoniein
{WG03, WG35 and WG43), coatain
progressively greater amonuuts of Ar.

The hypersolvus and subsolvas granites
can be differentiated in terme of their
volatile content. The hypersolvus granite
(Nebo) contains virtually no SO,, while the
subsolvus granites contain small amonnts
of $0;, and H;8, In addition, W, is not as
abundant in the hypersolvas as it is in the
subsolvus granites.
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Bar charts showing the 1S, S05,(A)
.CO4, CH, and Nz (B) concentrations (mole %) of

The fluorite at Grass Valley, Albert and
Houtenbelk contain greater amounts of H,S
than SO, while at Spoedwel no H;S was
detected.

The late stage fluorite at Spoedwel
condaing the greatest N concentration of
alf the fluorite sarmples analysed, CO- and
CH, af Spoedwel are minor in comparison
with the concenfrations measured in the
fluorite sample from Grass Valley.
Howevur, it should be noted, that the fluid
inclusions containing high concentrations
of these componenis are not related to

" flogrite  precipitation, but rather were

derived from fluids associated with the
younger quariz-hematite veins.

The sulphur content of fiwids associated
with mineralisation at Grass Valley
(XGV02), Spoedwel (SP9) and Albert
(&P1 11, AS25 10C) are broadly similar,
Equa] amounts of H;8 and SO. are present
at Grass Valley, while HpS is more
gbundant in the samples containing
sulphides at Spoedwel and Albert. The
high SO: content of the duplicate apalyses
of AS25 10C may be due o contamination
by later fluids as seconday inclusions
within the sample. AS25 10C a'so contains
large amounts of COs The Nz, CO; and
S0. content of this sample compares
favourably with sample XGVO02,



The results of the thermal decrepitation analyses are filed in the Appendix. At Grass
Valley, three distinct episodes of fluid inclusion decrepitation were recorded in samples
associated with cassiterite pmcibitation. The lowest temperature fuids (Taewepitoion 85 t
118°C) contain only CO; and N; molecular fragments. The first water-containing
inciusions decrepitated at temperatures above 206°C, and also contained CO; and N, and
Hy8/80, fragments. The highest temperatures for decrepitation were at 363°C and
consisted of CH,, CO, and N, fragments. |

At Spoedwel a sample of vein quartz associated with sulphide precipitation contained
 ree main épisodes of decrepitation, The first is in approximately the same range as the
low iemperatures fluids in the Grass valiey sample associated with cassiterite (ie. 83 °C to
100°C). These fluids contain Ar, H,0, CO, and N fragments. Between 138 °C and 150°C,
the pegks for Ar, O, and N, fragments return to background levels and large CO, peaks
-dominate. Another population of fluid inclusions containing Ar, H,0, CO, and N
fragments, began to decrepitate at 245°C and continued mntil 300°C.

In quartz veins cbnﬁaiuing sulphides at Albert, in addition to the fiuids which decrepitated
between 85 °C and 110 °C (CO; and N, fragments), 2 broad water plateau was observed
between 256 °C and 314°C, At 350°C H,S and HCl became evident. A second generation
of CO»-bearing fluid inclusions decrepitated at 351 °C, and a third generation decrepitated
at 450°C. Thus, three distinct fluids containing CO, are present at Albert.

Decrepitation temperatures of fluids in multiple generations of vein quartz at Grass Valley
 indicate that the lowest temperature fluids (85°C) are not preserved in the early quartz

generé.tions and that the maximum decrepitation temperature is 473°C. These are '

carbonic fluids, and no water peaks were detected. The first water peaks are preserved in
the seccond quartz generation, in an assemblage that decrepitated at temperatures below
400°C, and contain Ar, CO; and N; . The low temperature (80°C) fluids were detected in
quartz generation 3, and contein CH, CO; and N;. Au assemblage of COp-rich inclusions
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began to decrepitate at 194°C, and the first water and Ar peaks were observed at 250°C, A
second assemblage began to decrepitate at 285°C and contioued until S00°C. In the fourth
quartz generation the lowest temperature aqueous inclusions were encountered (100°C),
N and CO; wete Hberated from an asserblage which decrepitated between 200 °C and
220°C, and a second batch of water peaks appeared 293 °C and 322°C. The last quarlz
generations associated with hematite precipitation contain Na, Ar, CO, and minor amounts
‘of water. These inclusions decrepitated over a broad temperature range, beginning at 97°C
and continning until 500°C. Thus, three CO, generations are also preserved at Grass
Valley.

DISCUSSION

_ The results of the quadripole mass spectrometry show that complex gas mixtires are
- present in the finids from all the study areas and that these fluids are somewhat similar at
each deposit. '

In terms of the sulphur content, the fluids associated with mineralisation are distinguished
from the subsolvus granites at the ore deposits, in that they contain greater amounts of
SO; and H,S than the orebodies themselves (Figure 6. 38). A possible explanation for this
is that as the residual melt approached water saturation, the sulpbur content was also
increased by being partitioned into fhe residual melt, Thus, as crystallisatior of the
subsolvus granites proceeds, the sulphur is incorporated into the feldspars, In addition, the
high concentration of SO, in the fluids in these subsolvus granites compared with the low
SO; concentrations in the barren Nebo Granite and coarse-grained Klipkloof Granite,

suggests that the oxidation potential of the fluids had been increased by the time

crystallisation of subsolvus granite took place. The oxidation potential of the fluids may

have been increased by the introduction of an external, oxidised fluid. In the.model_
proposed for the oecurrence hypersolvus and subsolvus granites, Martin and Bonin (1976)

attributed .ue change in textures to the incursion of meteoric water. Considering the high

SO; concentrations in the subsolvus granite, this hypothesis does indeed seem feasible.
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~ Figure 6.38 SO (mole %) versus HyS (mole %) of fluids associated with the subsolvus
granites, and with mineralisation from Grass Valley, Houtenbek, Spoedwel and Albert.

In addition to the high SO, concentrations in the ' frids associated with the subsolvus
 granites at the ore deposits, these fluids contain greater concentrations of Ny, CH, and
CO, than the hypersolvus granites (see Fig 6.35). Although N; and CO, may be derived
from a magmatic source, the presence of hydrocarbons in the fluid usually implies that an
external (connate) fluid was infroduced at some stage.

*In order tp determine at which stage in the paragenetic sequence the extemal flaid was
intmduced; the Ar content of the fluids was examined, Norman and Musgrave (1992)
have shown that the Ar content of magmatic fluids is low compared with the Ar contents
of deep (and shallew) circulating raeteoric waters. In Figure 6.34, samples of hypersolvus
and subsolvus granite are arranged from the first formed to the last formed. A gradual
increase is observed in the Ar content from the hypersolvus graaites, through to the late
stage Klipkloof Granite dyke materiall The subsolvus gramites associated with
mineralisation have intermediate concentrations of Ar, which according to Norman and
Musgrave (1992) indicates mixing between magmatic and deep circulating meteoric fluids,
The higher Ar content in the fluids in the fine-grained Klipkloof Granite dykes implies that
the magmatic fluids were diluted by the increasing meteoric compouent. '
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The origio of the fluids can be predicted using No/Ar ratios {Giggenba.h, 1986). The
N,/Ar ratio in air saturated water is approximately 36, but may be as high as 50 as a result
of entrained gir. Crustal rocks contain low but significant goncentrations of N; that
average 3013pm in basalts, 21ppm in granites, 73ppm in carbonates, 120ppm in sandstone
and 602ppm in shales, In comparison, geothermnal fluids associated with recent magmatic
activity have Np/Ar > 100 (Norman and Musgrave, 1992). N/ Ar ratios were determined
for the samples of hypersolvus and subsolvus granites, as well as for the fluids associated
with mhleralisation. These ratios are shown in the bar charts in Figure 6.39, No ratio
couki be calculated for the Nebo Granite since no Ar was detected. The ratios for vein
quartz associated with mineralisation at Spoedwel and Albert fall in the range for air
saturated water. The fine-grained Klipkioof Granité at Leeufontein and the subsolvus
granite at Albert also fall in this range. The ratios for the Iate stage fluids associated with
quartz-he~ e veius contain high Ny/Ar ratios. The samples associated with salphide
precipitatiun dlso contain higher No/Ar ratios than that for air saturated water, possibly
suggesting tht mégmatic gases were involved. Comparing the histograms in Figure 6,39,
is appears that the quartz veins have higher Ny/Ar ratios than the granites, However, when
taking into account the position of each sample within the crystallisation history of the
pluton, it is evident that the early quartz vein generations associated with cassiterite
preciﬁitatibn contain fluids with more of a magmatic ratio than samples associated with
later stage sulphide mineralisation, The granite samples for which ratios could be
calculated were samples of subsolvns and tragssolvas granite, where the introduction of
metgoric/connate water has been shown in Chapter 4, and therefore, show lower N%/Ar
ratios than quartz veins formed early in the paragenetic sequence, before the incursion of
an external fluid component became significant.
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The sulphui content of the late stage Klipkloof Granite is similar to that in the fluids -

associated with mineralisation and quartz veins. Binary plots of SO, versus HS are
shown m Figures 6 40 to 6.43. The data poiats havebeenlabelledforeasyreferense, and

boxes drawn around samples associated with mineralisation. At Grass Valley, Spoedwel

* and Albert, the fluids associated with sulphide niineralisation plot in similar ranges. These
fluids contain less SO, than the subsolvus granites that they are associated with, since the

* sulphur was extracted from the melt and incorporated ino the sulphide minerals. ‘The

: ﬂiﬁds post-dating sulphide precipitation are thus depleted in sulphur relative to the host

subsolvus granite.

 'The finids associated with late-stage fluorite precipitation at each of the deposits comtain
greater amount of SO; than the fluids associated with the sulphide assemblage. At
Spoedwel and Houtenbek in particular, the late stage fluorite contains significantly more
80;. ThJs eurichment in SO; is also observed in the Iate stage quartz-hematite veins at
Grass Va]ley, Spoedwel and Albert. The source of the additional sulphur is uncertain, but
it seems likely that it was transported into the system, by the same fiuid associated with
the elevated CO,, CH, and Ar concentrations . '
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CHAPTER 7

STABLE ISCTOFPES

In previous chapters, numerous lines of evidence pointing toward the involvement of

an external fluid in the mineralising system have emerged. For example, during

microthermometry, two distinct end member fluid types were recognised in terms of

their compositions and homogenisation temp.eratwes. PIXE analysis revealed that -
lower femperature flnid contain significant amounts of 2 variety of metals, in céntrast

with the relatively batren, bigher temperatire fluid. The volatile composition of the

metel charged fluids (determined by quadropole mass spectrometry and Raman
_ spectroscopy), indiéated the preserice of N, CH, and COs, the concentrations of which
increase with titee, being more dbundant in the late stage veins and aplite dykes. In
addition, a steady increase in Ar contents in the fluids was observed, slong with NofAr
ratios which indicate the presence of N, derived from both magmatic and meteoric
origins. Thus, a study of stable isotopic signatures of the fluids associated with
mineralisation in the Bushveld granite was undertaken, In order to provide
unambignous evidence regarding the origins of fluids and the validity of fiid mixing.

OVERVIEW

The appiication of stable isotope geochemistry to ore deposit research has been based
on an understanding of mechanisms, and magnitudes of isotopic fractiomation that
accompany various geoclogical processes; such as knowledge of equilibrium isotopic
fractionation factors between compounds as a function of temperature and other
geochemical pafameters and the kinetic effects accompanying a conversion of one
substance to another under a variety of conditions {Ohmoto, 1986).

H, O, Cand S ot -, provide useful information on aspects of ore forming processes
'which include: nh; siuat conditions of ore formation; the origin and mass of ore forming
.ﬂ'uids, geometry of plumbing systems, duration of hydrothermal activity; sources of ore
constituents (especially sulpbur, carbon and metals); redox state, metals/sulphide
ratios, pH, and CO;JCEL; ratios; mechanisms of metal and sulphur transport and ore
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deposition; and the origin and evolutional processes of ore-forming magmas, However
soroe isotopic systems are more useful than others in particular circumstances. Sulphur
isotopes are generally more usefil in constraining formational temperatures of sulphide
ore deposits, v/hile analysis of hydrological aspects of ore formation rely more heavily
on H and O isbiopic data, Sulphur and C isotopes assist in understanding chemical
aspects of ore formation (Ohmoto, 1986).

Hydrogen and Oxygen Isotopes

~ The origin of ore-forming fluids and the hydrologic nature of plumbing systems has
been estimated by comparing the H and O isotopic compositions of ore forming fluids
w1th those. of natural waters such as sea water, meteoric water, magmatic water,
- comnate water and metamorphic water, and by comparing the H and O isotopic
compositions of minerals and rocks surrounding ore deposits with those of “normal”
rocks (Ohmioto, 1986). -

- 8D and &0 of fluids may be determined by extracting fluids from inclusions in
minerals (Rye and Q"Neil, 1968), or by determining 8D and/or 53'°0 of a mineral and
then calculating the § value of the fluid, using an estimated temperature of
mineralisation and an equation for the isotopic fractionation factor between the mineral
and FLO.

According to Clayton er al, (1989), uncertainties in mineral-water fractionation
factors make it difficult vo estimate the oxygen isotopic compositions of hydrotherneal
fluids in ore deposits. Differences of 1 to 2%o between experimental and theoretically
calculated estimates of fractionation factors imply that an uncertainty of that magnitude
is intreduced in the estimate of the isotopic comyositions of hydrothertnal fluids.

Experimentr] determinations of equilibriumm oxygen isotopic fractionation has been
carried out for quartz-water (O'Neil and Clayton, 1964; Clayton et al, 1972,
Matsuhisa ef al., 1979; Matthews and Beckinsale, 1979; and Clayton ef af., 1985).
Linear equations defined by least-squares regressions have been published by Clayton
et al, (1972) (Equation 1), Matsuhisa et o/, (1976, 1978)(Equation 2} and Matthews
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and Beckinsale (1979) (Equation 3} “or the temperature range 200 °C to 500°C. By
substituting an appropriafe temperature 1 in the equation, solving for o, and then
substiiuting the vaiue for o in Equation 4, the § value of the water may be determin x..

Clayton et al. (1972) : IPme=338X10°T2-290 ()
Matsuhisa et al. (1976, 1978): 10°In o= 3.31 X 10°T2 - 3.26 2

Matthews ef 2L (1979): . 10l =3.05X10717-2.09 (3

O qurtovater = JCID+ 3 goan (@)
1000""5“!:: ]

- In addition, the effect of fluid chemistry on muinetal-water fractiopation factors

introduces anofiier degree of uncertainty. Truesdell (1974) and Ohmoto and

Oskvareck (1985) suggest that salimity has a significant effect on O isotopic
fractionation factors. Oxygen isotope fractionation factors between minerals and
aqueons solutions may vary by as much as 3% at temperatures as high as 600°C,
depending on solute chemisiry. A similar salinity-dependent effect was suggested for
H isoﬁopiﬁ fractionation factors with errors as large as 10%o in the temperature range
150 to 300°C (Kazahaya and Matsuo, 1986).

The isotopic signatures of flmid inclusions are less problematic, provided hat th.
minerals hosting the inclusions are non-oxygen bearing minerals. I the host mineral
~ contains oXxygen, isotopic exchange occurs between the host crystal and the fluids, thus
praducing incorrect values of 5°0 for the original fluid. Therefore, quartz is an
unsuitable mineral on which to analyse fluid inclusion stable isotopic sigmatures.
Interpretation of data involves simple comparison with experimentally determined
ranges of values for fluids derived from particular sources. Figure 7.1 shows the
approximate 5°0/5D ranges for magmatic water, meteoric water, organic water,
metamorphic water and sea water, as well as the mixing trends between magmatic and

meteoric waters.

293




D
(Yeo)

H H 1]
Ocean Metamorphic water H /
water | K
40 '
-
Primary P
‘Imagmatic f.':"
yvater i
*
M
B Y P R S s

-30 ':’

] s Kuolinite line

; (weatheting)
!.f
;- F3
...’I..u
n“"

-120 | hydrothermal ';‘

. /

'l
'f
. ‘.’
Organic waters  /
F
. [
-160}
!
TSRS SN N SSHEN 7 AU S |
=20 10 0 ' 10 20 30
870 (o)
Figare7.1  Isotopis compositions and fields for sea water  ~tearic water, primary

magmatic water, metamorphic water and organic water. The kaolinite weathering line
is given for reference. The O-shift frends due to water rock interaction and exchange

in hydrothermal systems are shown for sea water apd meteoric waters of compositions

- A and B (After Sheppard, 198¢).

Seawater, meteoric water and juvenile water (water derived from the yar tle that has

‘never existed as surface water) have been termed reference waters because ey bave

uniquely defined isotopic composition at their source. All other types of subsurface
waters (Le. connate, geothermal, metamorphic, magroatic, organic and ore-forming
waters) are considered to be derived from one or more reference waters, The H and O
isotopic composition of present-day seawater is relatively constant (5D = 0 £10%s.
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and 8°0 = 0 1%o). The 3D and "0 values for meteoric water are linearly related,
and are approximately -70%o for 8D and -10%o for 5'°0 in most places, The & values
become more negative with increasing distance from the sources of water vapour in
the atmosphere. The estimated values for juvenile waters are §D = -654:20%o and 50
= 6k1%e. Juvenile water is distinguished from magmatic water (water that has
coexisted with magma at some stage) in that it was derived from the mantle and has
~ never existed as surface water.

The 5D and 3'*Q of hydrothermal fluids, pore fluids and conniate waters, sedimentary
basin brines, metamorphic finids and magmatic waters deviate significantly from those
of the reference waters. These deviations may results from the formation of hydrous
minerals, shale membrane filtration, fiuid mixing and unmixing, and isotopic exchange
with rocks (Obmoto, 1986). Most geothermal fluids have 8D values identical to the
local meteoric water tut are enriched in 5'%0. The magnitude increasss with
temperature and salinity of the fluid, and is interpreted by Craig (1963) to mean that
the fluids were merely recycled meteoric waters, which had acquired heat and salts,
aud exchanged O isotopes with deeply buried rocks. -

Tn sedimentary brines, the 3D and 5"°0 values increase with increasing temperature and
sahmty A wide range of values bave been recorded for brines in different sedimentary
basins (8D = -150 to 20%o0 and 50 = -20 to 10%sq), but in any one basin the values
are relatively uniform. The isotopic co.mposition of metamorphic fluids (fluids formed
by dehydration of ninerals during regional metamorphism) vary from one area to
another depending on the iitial rock type and the history of water-rock interaction.
The range fo_i' metamarphic waters is approximately 8D = 0 to ~70%o and §"°0 = 3 to
20%o, The typical range for magmatic fluids is 5D =75to -30%o and §%0 = 7 to
13%o, and is strongly ¥ Juenced by the type of rock that is partially melted.
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Tn Figure 7.1, the term “orgamic waters” refers to the waters whose D/H ratio is
 derived from the direct or indirect transformﬁﬁon of organic matter, bitumen, coal,
kerogen, petroleum, organic gases, etc. by processes such as dehydration,
~ dehydrogenation oxidation and/or exchange (Sheppard and Charef, 1986). The range
for H in these waters is 8D =-90 to -250%o, While the 5°0 values are determined hy
the reservoir rocks and the temperature of exchange, and are similar to metamorphic
water values (Sheppard, 1986). |

Carbon isotopes

Carbon isotopes have not been used as extenswely as hydrogen, nxygen and sulphur

isotopes in the study of ore deposﬁs because carbon-bearing minerals usually post-date

" the main stages of mineralisation (Ohmoto, 1986). Apart from being components of

- the atmosphere and oceans, fixation of carbon species as limestone, and crganic matter
is common. 5“C values of modern mariue Yimestone fill in the range -1 to 2%
(average 1%o) and for marine organic catbop in the range -30 to -10%o. Methane

- produced by biogenic reduction of HCO;” near the sediment water interface has values
between -110 and -55%e. . Thermal deconq;ositiqn is the primary source of natural gas

8t temperatures greater than 50°C. £°C values of CH, forraed by thermal cracking are

between -55 and -35%u CO, generated by thermal decomposmon of organic matter

. may have been an mponant source of carbonste in some sediment-hosted sulphide

deposits. The 8™C values of aqueous carbonate produced by dissolution or thermal -

decarbonatisation fll in the range -8 10 4%o. The isotopic signatures of carbon which

' has been derived from the above mentioned sources are shown in Figure 7.2.
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As with 8D and 3"0, the 5"C value is diagnostic of its source. The 5"°C values of
Z.CO; can be calculated from the 3C of the carbonate miineral using 1) fractionation
factors between the mineral and H;CO; (CO; + H,;CO;) or HCO,™ and between
aqueous carbonate species, and 2) the relative abundance of HCOs and HCOs'™ in the
ﬂuid. Fractionation factors are a function of temperature only because the assumption
of isotopic equilibria in carbonate species is usually valid (Ohmoto, 1986).

Stable isotopes m meteoric-hydrothermal systems

T modern metedric—hydrothermal systems on continents and isla;lds, virtually all the
water is of meteoric origin (Craig ef al., 1956). Although the 5'°0 and 5D values of
méteoric water are linearly related, the 5*%0 values of the geothermal waters are higher
‘than the local mieteoric waters, This ®O-shift reflects isotopic exchange between
heated meteoric waters and '®*O-rich rocks, which, after interaction, become depleted
with respect to 0. As a result of the very Jarge mineral-water fractionation factors,
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the "*0/ 10 ratios of the rocks can be increased by low temperature mteractions with
meteoric waters, as observed during weathering and in the low temperature parts of
some meteoric-hydrothermal systems (Criss ef al,, 1984). The actual response of
isotopic systems to fluid rock exchange depends on the initial isotopic composition of
the flnid and rock, on the temperature as reflected by the water-rock fractionation
factor, on the relative proportions of fluid and rock involved in the exchange, on the
degree of approach to lsotoplc equilibrium, apd on the boundary conditions (Criss and
Taylor, 1986).

Oxygen isotopic studies have identified a number of areas where ancient meteoric-
hydrothermal system have caused pervasive and widespread alteratiom, isotopic
exchange and often economically significant mineralisation.. The most important
epithermal deposits are simple fissure veins of quartz or chalcedony containing
 precious metals (Au/Ag) that may be free or associated with sulphide minerals. Other
ebithermal deposits are valued for base metals, mercury, antimony, and alunite. They
 may ocour as stockworks and pipes, below impervious zones and in subhorizomntal
_ stratigraphic beds (Criss and Taylor, 1986). The 8D and 5°Q values for fluids
associated with these epithermal deposits usually plot very close to the meteoric water
line, or to the right, reflecting the “*O-shift observed in modern geothermal waters.
Other examples of are deposits formed by the meteoric hydrothermat flnids include the
Pb-Za replacement hodies at Bluebell, British Columbia (Ohmoto and Rye, 1970), and

the rich Main Stag. veins at Butte (Sheppard and Taylor, 1974), where relatively high
salinities and temperatures were recorded. At Climax, Colorado, meteoric waters were
involved in the formation of the Mo porphyry (Hall ef al., 1974)

Studies of the light stable isotopes associated with mineralisation in the Bushveld
grarites has received very httle attention to date. The only reference literature available
is an oxygen isotope study by Pollard ef af. (1991} at the Zaaiplaats Tin Mine. Poliard
et al. (1991) foynd that whole rock samples from the Zaaiplaats Tin Mine had oxygen
isotopic compositions between 9.2 and 9.9 per mil. The §'°0 values of quartz from
granites and the marginal pegmatite range from 7.3 to 5.4 per mil, whereas those of
ﬁuartz from cavities, low-grade ore bodies, pipes and veins range from 7.8 tol13.5 per
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‘mil (Pollard ef al. 1991). Pellard ef al, (1991) modelled the isotopic exchange between
gravites and magmatic fluid phase in isotopic equilibrium with average Bobbejaankop
Granite quartz & 600°C and found that whole rock compositions result from finai
exchange at temperatures less than 400°C, with fluid compositions in the range 4.2 to
5.2 per mil at 300°C and 0.8 to 1.8 per mil at 200°C. Pollard ef al, (1991) maintain that
these results are consistent with fluid compositions caleulated from 5°0 and pressure-
;:oi'rected finid inclusion homogenisation temperatures, and indicate that Oxygen. _
 isotope variation at Zaaiplaats reffects exchange between the granite and the magmatic
fluid phase at tempetatures dowa to 200°C.

EQUIPMENT AND METHODS

The oxygen isotopes of quartz, as ngl as carbon, oxygen and hydrogen isotopes, of
fluid liberated from fluid inclusions from the Grass Valley, Spoedwel, Houtenbek and
Albert deposits were analysed at the Department of Geological Sciences, University of
Michigan. ‘The procedure is described by Vennemann and O’Neil (1993). A schematic
diagram of tﬁe experimental set-up of the fluid inclusion line is shown in Figure 7.3.
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Figare 7.3  Schematic representation of the experimental set-up for separating COs,
CH,, Hy0 liberated from fluid inclusions, '
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The fluid inclusion contents were released from the sample by gradual heating within a
firrnace. The fluid inclusion line at the Deptartment of Geological Sciences, University
of Michigan, is designed in such a way that all CO,, CH, and H,O liberated from each
sample can be trapped and the C, O and H isotopic sigmatures determined. Initiaily,
the H20 and CO; released is frozen into a U-tube cold trap, and the other gases, chiefly
' CH are allowed to pass through the CuOQ; chaniber. The CH, is converted to H0 and
CO;, which is subsequently frozen into the U-tubes behind the CuQ, chamber, The
CO, is separated out first and collected in a 6mm Pyrex safety tube, which is then
removed from the line for analysis. The water is released next and is traisped na
qunrti tube containing Zn. Zinc is used 10 react with the watér on heating, producing
ZnO and H,. The tubes are then cracked under vacuum on the mass spectrometer and
the hydrogen isotope compositiuﬁ analysed,

' €O, is liberated from the U-tube containing HzO and CO,, frozen into a Pyrex tube
. and rémoved from the line, The water is then trapped in a detachable cold finger and -
stored in a water bath for two days, to allow for equilibration of **0 and 0.

- SAMPLE MATERIAL

Samples of non-oxygen-bearing minerals (Le. fluorite and sphalerite) were selected for
analysis of the isotopic signatures of fluid inclusions. One quartz sample was inclnded
for comparison. The samples are tabulated in Table 7.1. With the exception of SP2, the
" samples were prepared by separating the fluid inclusion-bearing host minerals from the
feldspar and other roék forming minerals by means of magnetic separation and hand
picking. Insufficient sample material of flucrite from Albert Silver Mine could be
gathered, and, therefore, no apalyses could be made, |
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List of samples chosen for isotopic analysis of fluid inclusion

Table 7.1
decrepitates. .
DEPOSIT SAMPLE SIZE () CHARACTERSITICS
Spoedwel 5p2 17.99 Intersiitial fluorite and quartz
(whole rock),
P13 3.5 Massive floorite  post-dating
. _ sulphids mineratisation
Grass Valley GVO2 3.82 * Quartz
' GV08 591 Fluorite filliag a vug in granite.
Elontenbek " HBF 96 Purple fluorite
' NS 9.65  Sphalerite

The quartz samples analysed for 5'°0 are listed in Table 7.2. The samples were chosen
specifically to'mpresent ﬂuids associated with barren hypersolvus (samples NEBO and
BBK1) and subsolvus granites at Albert (RP2 29) and Grass Valley (MF3a), as well as
the fhiids associated with cassiterite mineralisation (GV02), and late stage quartz-
hematite - veins (GVOla and b) at Grass Valley. Admittedly, one sumple of
mineralisation is not representative, but problems encountered with H,S liberated from .
mingralised samples Illhlbl.ted extensive analysis of such sample material,

Table 7.2 List of samples chosen for oxygen isotope analysis of quartz.
SAMPLE CHARACTERISTICS

GV0la Second generation of quartz filling fracture at Grass Valley.

GVOIb First generation of quartz filling fracture at Grass valley.

GVO02 Quartz associated with hydrothermal cassiterite at Grass Valley.

BBKI Hydrothermally altered Nebo Granite (Babbejamnkop granits equivalent).
RP229 ~ Coarse-grained suhsolvus granite from Albert Silver Mine.

NEBO Unaltered Nebo Granite,

MF3a Medium-grained subsolvus granite fiom Grass Valley
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RESULTS

The 50 and 5D values from fluid inclusions are shown in Table 7.3. The & values
' from the fluid inclusion H,O are shown in the first two data colurms, and the 8 values
from the water converted from CH, are shown in the second two data colimms, “The
50 of samples GV02 and SP2 should be treated with caution, since they were
derived from quartz-hosted finid inclusions. However, the 8D values of these samples
are reliable, Unfortunately, in some of the samgples where CO,-rich fiuid inclusions are
 abundant, both 50 and 8D values were not obtained because one or other of the
~ isotopes was not detected. The samples W]:lere both vaiues were obtained are plotfed in
 Figure 7.4. The 5 values associated with mineralisation and fluorite at Houtenbek and
- Grass Valley have similar 550 signatures, but the 8D values vary between -52 and -96 :
%o The values obtained from water converted from methane for the fluorite at Grass
Valley plot separately. '

Table7.3  Stable isotopic data for %0 and 3D from fluid inclusion water and

methane,

SAMPLE O ) BD o (%9) B0 e (96%)  BD mupane (960)
HBF 12 327 214 ot deteoted
ZNS 1.6 -93.0 556 ' not detected
- Gvaz 1.0 962 15.5 ‘pot detected
GV08 175 not detected 19.1 -150.4
sz motdetected 608 not detected 1673
SPI3 72.1 rot detected not detected not detected
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. % HBF Houtenbek fluorite

“F0 _-

861 :’_J\ls Houtenbek sphaierite

3100+ GVOZ Grass Valley quartz

Q '110‘ associated with mineralisation .
-'I 20

_'130_
- 140
-Ba : X Grass valley fluorite
160 — —

j ¥ 1
o . ' 20

s%0

Figure 7.4 §%%0 and 5D values from fluid inchusion water (=) and water converted
- from methane (X) for samplﬂs from Houtenbek, and Grass Va]ley.

The results of the 8'°C determinations of quartz from host pranites, and guariz
associated with veins and minerafisation are shown in Table 7.4, Calculations of the
50 pua using the equations of Clayton ef al. (1972) and Matsuhisa ef al. (1979) for
Te 300°C are also tabulated, Figure 7.5 plots the measared 50 gurs vaines and the
caloulated %0 g (Matsubisa et al,,1979). The host minerals cluster together t lover -
values of & than the fluids associated with mineralisation aud late stage quartz veios.

303



Table 7.4

5Oty a0d 3”0 (guisy values for quartz . 5'°0 guigy %o values were

calculated using the equations of Clayton et &l. (1972) and Matsuhisa ef al. {1979) for

T= 300°C.
SAMPLE 570 e oo 50 nuia T 50 113 o
Clayton et gl (1972)  Matsubisa ¢ : o, (1279)
GVoia 10.28 334 3.33 '
GVolb 1034 340 344
T GVD2 10.14 330 324

RP229 731 112 115
MF3a 851 0.3¢ 043
BEK1 8.04 122 125
NEBO B.14 L.59 1.62

3.5 VO1b vein quarz

] generation §
GVOZ¥ Gyp1a vein quariz
3.0+ fuartz associated generation 2
! with mineralisation
ZE-
§20]
O
g 15 ™ Nebo granite
C B BBK1 altered Nebo granite
1.0 RP2 29 subselvus (coarse-gralned Kiipkloof granite)
4 pranite at Albert _
05+ B MF3a subsolvus granite at Grass Vallay
U.D - ¥ T T T T T T T T T T
7.0 75 8.0 8.5 a0 8.5 100 10.5
- 18 X
370 L

Figure 7.8 Graph of 50 gurs versus §°0 wue of unmineralised host granites and

quariz associated with veins and mineralisation at Grass Valley.
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The 5°°C values obtained from fluid inclasion CO. are showa in Table 7.5 DI-CO.

values represent the CO,

. used for determining the fractionation factor

between fluid inclusiont €O, . .. .ue CO; standard. The 5%0 values of the CO, are
also shown in Table 7.5, The data are plotted in Figure 7.6. The 5°C values fall in the
range of appmximately -8 ta 3.5%e,. The samples of lare stage flnorite fiom Spoedwel

an* _ ~halerite from Houtenbek are enriched in 5'%0 relative to the fluorite samples-

t o ™ . tenbek and Grass Valley.

Table 7.5 5”C and 50 from CO; in finid inclusions from Houtenbek, Grass

Valley and Spoedwel. _

SAMPLE 3°C %0 520 %o
BBE €O, 75 24
'  DICO: 39 381
ZNS co; 14 55.6
' DLCO, 3.4 40.1
SPI3 - €O 2.4 72.1

| DI-CO; ? ?

GVO02 CO: 2.6 156
DI-CO; 3.8 39.1
GVos co, 3.5 17.8
DI-CO: 19.1
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o ®5P13 Spoedwel fiunrite
]
&0 -

7 M ZNS Heutsnbek sphajerite
£ 50 -]
g
£ 404
w

H0

20 ¥ SBF Houtanbak fluorite : ) .

% GV0Z Grass Valley quarz ™ GV03 Grass Vallay
_ assoclated with minaralisation fiuerite

i 1 ! 1 ' 1 v ] v 1 '

L] - B ] -2 ] 2 4

5%

co2a

Figure 7.6 Plot of 3°C and 50 from CO; in fluid inclusions from Houterbek,
Grass Valley and Spoedwel.

DISCUSSION

- Oxygen and Hydrogen Isotopes
The results of this study are consistent with those uf Pollard et al, (1991) which are
summarised in Figure 7.7, Calculations of 50 gua at 300 °C (at lower temperatures,
errors in fractionation factors are unacceptable) using the equations of Clayton e? al.
(1972) an Matsuhisa ef al. (1979) yielded values in the same ranges as found by
Pollard ef al. (1991) for the low temperature hydrothermal guartz. Furthermore, the
oxygen isotopes indicate that the fluids associated with crystallisation of the Nebo
Granite and the hydrothermally altered Nebo Granite (Bobbejaankop Granite
equivalent) can be distinguished from the subsolvus granites and from late- stage
quartz veins associated with mineralisation (Figure 7.5) . The subsolvus Verena
Granites hosting the Albert Silver deposit have the lowest §'°0 guartz value (7.31per
mil), followed by the Bobbejaankop Granite (8.04 per mil), Nebo Granite (8.14 per
mil) and subsolvus granite from Grass Valley (8.51 per mil). The hydrothermal quartz
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associated with hydrothermal cassiterite at Grass Valley and late-stage quariz veins
associated with hematite precipitation have values which are considérably higher

(10.14, and 10.28 *o 10,34 per mil, respectively). The ranges of 50 values obtained
from quartz, as well as the calculated values of 5**Qpua (at 300°C) are compared with
the data of Pollard ef af. (1991) in Figure 7.7. The data from Zaaiplaats are indicated
by the narcow lines, while the data obtained in this study are indicated by heavy lines.

- The boxed captions in_dicaie 50 values from quartz and the others indicate ranges
for fluids.

— [Mincralisation and late stage quartz |
Fluids associated with o
_nﬂneralisali_on at 300°C Granites
Fiuids associated with
granites at 300°C _ _
|Mineralisation and Iate stage quarte
_ . Granites and marginal
Fluids agsociated Fluids associated pegmatites
. with granite at with granite at -
200°C np°C _
2 3 4 5 b 7 8 9 10 11 12

520 %o

Figure 7.7  Compatison of 80 mu 81d 5'%0 g, (narrow lines) from Zaaiplaats
(Pollard ef al., 1991) and the Grass Valley, Albert, Houtenbek and Spoedwel deposits
(this study) (heavy lines).

It appears that the fluids have become enriched in 'O with time. However, the
depletion of '*0 in the host granites compared with the enrichment of "*0 in the fluids
. associated with mineralisation and late stage quartz veins, is reminiscent of the **0-
shift described in mefeoric—hydrothermal systems. Furthermore, the gradual enrichment
of ¥O in fluids of hydrothermal systems was interpreted by Mullis ef ai. (1994) as
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indicating retrograde fluid evolution, which is controlled by uplift and cooling, and the

involvernent of meteoric water.

Evidence for the involvement of meteoric water is provided by comparing the data
points with established & ranges for fluids detived from different sourceé (Figure 7.8).
The fluids associated with sulphide mineralisation, such as those trapped within
sphalerite at Houtenbek, plot in between the meteoric water line and the field for
primary magmatic water. Fluids that plot in this area of the graph are derived from
mxxmg of meteoric and magmatic fluids, The SD/5™0 plot of fluids associated with
minevalisation .(Fighre 7.8) shows a large range of 8D values, but 50 remains
relatively constant. According to Taylor and O'Neil (1977) this trend reflects an

~ increasing component of meteoric water. High 8D values imply the involvement of

connate water, The fate-stage purple fluorite from Houtenbek shows the highest 5D
values and flnids associated with sulphide mineralisation have lower 5D values. Thus,
the 8D values became progressively more positive with time, as the external fluid

component became more dominant.

f . @ Water

ﬂ ]
{:" Q Metisanie
-"‘
=40 § ';"
l"

80 Kafinits line
8D {wuatherinp}
{as)

120

" Gvos
-160]
| o 1 E E * ? E i ]
20 -10 1] 10 20 30
6“0 C'!w)

Figure 7.8  Duplication of Figure 7.1 showing the ranges of 8D and 5'*0 values for
fluids derived from different sources, with data points from this study superimposed.
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Carbon Isotopes

The carbon isotopic signatures prove irrefutably that an external fluid component was
introduced inte the system. The majority of values indicate that the carbon was derived
from a carbonate source (Figure 7.9). The fluorite at Grass Valley and Spoedwel, as

well as the sphalerite at Foutenbek, contains C which was derived from a carbonate
sowrce. The flsorite from Hoeutenbek falls in the overlap between mantle derived fluids
~ and carbonate derived fluids. Since no evidence for C derived from an external organic

carbon Teservojr was found, and considering that the geological sefting of the
_ Ho'ut_enbek deposit suggests that it represents a hydrothermal vent, the C in sample
HBF is interpretéd as being rpantle derived,

Introduction of Meamtle rocks, or mixing of a

_ . component originating from
Corganic Cfrom o inte rocke with 2

C derived from

an external :
d components from an external  carbonate rocks
Teservolt organic yeservoir |
....................... . _ B S
1 ~ I | |
=30 - -10 -5 0 5.
s

Figure 7.9  5°C data points indicated relative to ranges of values given by Olmoto
(1986) for C derived from an external reservoir, mantle or carbonate seurce.
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CHAPTER 8

SYNTHESIS AND MODEL

'The results of this study on the nature of hydrothermat fluids associated with granite-
hosted mtineralisation in the eastern lobe of the Bushveld granites has revealed that
fluid mixing wes a major factor governing the deposition of metals in favourable
. structural traps within the granites and surrounding cowmiry rock.

In the previous chapters, various analytical techniques have shown that the associated
hydrothermal fiuids are complex mixtures of various metals and volatiles, which were
derived from at least two different sources, one being magmatic and the other an
‘external meteoric/connate éource. '

Evidence pointing towards a fluid component of 2 magmatic origin includes the
following: '

" Ny/Ar ratios in the range stipulated by Normen and Musgrave (1992) for fluids of
magmatic origin: '

* A gradual increase was observed in the Ar content in fluids from the hypersolvus
graites, through to the late stage Klipkloof Granite dyke material, The higher Ar
content in the fluids in the fine-grained Klipkloof Granite dykes implies that
magmatic fluids were progressively diluted by an increasing msteoric component
(Norman and Musgrave, 1992).

s Two of the major factors governing the formation of fluorite deposits are the dilution of
ineralising finids by ground water and the change in temperature gradient on contact
with excess groundwater (Deer ef af., 1962). However, Plumiee et al. (1995) have
ghown that the interaction of magmatic fluids/sases with Ca, Mg and SOs-rich brines

* results in the formation of acidified brines which precipitate fluorite on cooling from

~ 150°Cto 140°C. Progressive mixing of this brine with the original bring leads to firther
yrevipitation of significant amounts of fluorite. The model proposed by Plurnlee ef al.
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{1995) involves the migration of magmatic gases upwards and along fractures in the
crystaliine basement, where titration of these gases into basinal brines at depth led to
preferential mineralisation of these structures. Similarly, in the Bushveld granites, basinal
‘rines, which were chamnelled along regional fractures, interacted with the magmatic
flwids and precipitated fluorite at temperatures between 300°C to 150°C. According to
Pimlee ef al. {1995), a second episode of fuorite precipitation fukes place at lower
temperatures (<150°C) The presence of two generations of fluorite associated with
minerelisation at Spoedwel and Albert, which were formed at similar temperature
conditions as that found by Plumilee ef al. (1955), suggests that fiuid mixing was
responsiblefortheprecqntamnofthcﬂuonte, and:sassnmdtobeanmmurtantfactor
mmedevdopmtofsulphdeandﬂmme-hemameassemblages

o Copper was detected by PIXE analysisin'I‘ypeSb(COZ-ﬁch) flnid nclusions, which i
consistent with he fheory tha copper is transported in the vapour phase (Hleinrich e f,
1992). Thus, the source of copper in the fluids is most Tikely magmatic, and migrated
with HF-rich gases emanating from the crystallising magma.

The external fluid component was derived from two sources, namely, a meteoric
source and a comnate source. The flnid inclusion studies clearly indicated that two
distiﬁctly different fluids coexisted at similar temperatures in quartz associated wn‘h the
sulphide paragenesis. The finid inclusion evidence for the mixing of two flnids include:

* Variable phase propomons, wide ranges of homogenisation temperatures and wide
ranges of final melting temperatures within single fluid inclusion assemiblapes indicate
that entrapment of & heterogeneous fluid took place.

e Dissolution of halite danghter crystals after homogenisation of the fiquid and vapour

phasesindicatésthatthehetetogemous fluid was the result of flnid 1aixing rather tham
boifing. .

311



* The overlap of homogenisation temperature ranges of saline and non-saline fluid
fnclusion assernblages in the first fluorite generation implies that both fluids were
circulating at the same time and that mixing probably tock place.

» The presence of two distiactly different finid inchusion assewsblages {one highly saline
mdtheotherrd&ﬁvetymsaﬁne)weﬁsﬁﬂgashﬂutempmﬁﬂicmmepmsmw
ot‘twngnuﬁasﬁngpmmalﬂlﬁds.

s 'The fluids associated with the sulphide assemblage became progressi\}ely more
saline, peaking with the deposition of sphaleriie, and then decreasing in salintiy with
the precipitation of chalcopyrite. The high salinity of the external fluid suggests that
the sonrce of this fluid was not purely meteoric, but rather, that it was a basinal
brine or connate finid, derived from the Transvaal sedimentary rocks into whibh ihie

' granites were intruded. Thus, fuitially, mixing between a magmatically derived fluid
and a comnate flyid ocomred, The magmatic fluid component would have
dominated the system, but as the magmatic fluids waned, the connate fluid became
the dominant fluid, which is reflected by the increasing salinity of the fluids from the
precipitation of arsenopyrite to sphalerite. Thercafter, the fluids became
progressively less saline as dilution of the magmatic and connate fids by meteoric
fluids, which entered the system along fractiues i the granite, provee jed.

¢ "Two distinct finid types have been detected in terms of their solute composition. These
finid types may be comelated with the two end-memiber flnids recognised duting
microthermometry, The fluids with the Jowest satinity and hiphest temperature are those
which PIXE analysis has shown to be relatively barren with respect to ore~forming
components, These fluids are represented by the early fluids ~t Grass Valley which
 precede cassiterite precipitation. In contrast, the highly saline, lower temperature fiuid
preserved in primary inchisions hosted by a second generation of quartz at Spoedwel
- contain significant amounts of afl the ore-forming component,. The sample material
from Albert represents the intermedite category of fluids recoguised by
microthermometry, where the temperature and solute content is moderate, refiecting
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The fluid inclusions from Grass Valley associated with the precipitation of hydrofhermal
 cassiterite and small ansounts of galena, sphalerite and chalcopyrite contained CO» +
NztCH, Thus, these gases were certainly present in the finids associated with Stage 2
{i.e. the precipitation of the sulphide asseniblage) in the paragenetic sequence.

‘The high concentration of SO in the fluids in the subsolvus granites compared with -
the Jow SO, concentrations in the barren Nebo Granite and coarse-grained
Klipkloof Granite, suggests that the oxidation potential of the fluids had been
increased by the time crystallisation of subsolvus granite tock place.

“The fhiids associated with subsolvs granites are less saline than the hypersolvus granite
fluids, providing supporting evidence that the incursion of meteoric water triggered the
change from hypersolvus to subsolvus gremite textures, and that the magmatic fluids

Ny/Ar ratios indicate that pitrogen from both magmatic and meteoric sources is present
in the fluids associated with mineralisation and in Inte stage quartz veins. The ratios for
vein quartz associated with mineralisation at Spoedwel and Albit full in the range
for air saturated water. The fine-grained Klipkloof granite at Leeufontein and the |
subsolvus granite at Alhert also fall in this range, The ratios for the late stage fluids
associated with quartz-hematite veins contain high Ny/Ar ratios. The samples
associated with sulphide precipitation also contain higher Ny/Ar ratios than that for
air saturated water, possibly suggesting that magmatic gases were involyed.

Sphalerite precipitation at Grass Valley, Albert, and Spoedwel ocourred over a
temperature range of approximately 100°C, but the compositions of the fiuids were
very similar. Assuming that mineralisation was triggered by mixing of two finids, the
similar fluid compositions associated with sphalerite deposition suggests that fluid
mixing occurred at different stages in the paragenetic sequences.
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¢ Although Ne and CO, may be derived from a magmatic source, the preseace of
* hydrocarbons, such as CHy and CoHs and CsHg, in the fluid usually implies that an
external fluid (meteoric and for connate) was introduced at some stage,

® At Spoedwe! and Houtenbek in particular, the late stage floorite comtaims
significantly more SO, than H,S. This enrichment in SO, is also observed in the late
stage quartz-hematite veins at Grass Valley, Spoedwel and Alberf. The source of

' the additional sulphur is uncertain, but it seems likely that it was transported into
the system, by the same fluid associated with the elevated CO;, CH, and Ar
‘concentrations.

® High 5D values and the enrichment in §'%0 with time indicate the involvement of
meteoric/connate water.

» The fhiid inchusions hosted by quariz and tourmaling in the tourmatine spheroids show
that Ve, Zn and Pb (as well as trace clements- Br, Ga, Rb, St} are present in the late
stage finids. The presence of these elements in the fiuids at such a late stage in the
system supgests that, in addition to enrichment of the residual finid in incompatible
elements, some of these components may have been leached from the Transvaal
Supergroup and transported into the Bushveld granites by the connate fhuid.

® The majority of $**C values indicate that the carbon in the fluids was derived from a
carbonate source. The Malamani dolomites of the Transvaal Supergroup, into which
the Bushveld granites were intruded, are thus a possible source of some of the
carbon introduced by the external fluid,

' Thus, fluid inchision studies of the fluids associated with the various stages of
mineralisation in the eastern lobe of the Bushveld complex have demonstrated that
magmatic, meteotic and connate flnids were involved in the mineralising process. Further
evidence of the interaction between these fluids, recognised during mineral petrography,
inchude:

314



e Petrographic studies of the grarites hosting mineralisation in the eastern Iobe of the
Bushveld Cotnnlex have revealed that these granites can no longer simply be described
as hypersolvus pranites. In addition to hypersolvus granites, subsolvus and transsolvus
granites have been also been recognised, the implications of which are significant in
constructing any model for the evolution of the Bushveld granites and associated
mmeralisation. The hypothesis proposed by Martin and Bonin (1976) to explain the
hypersolvis-subsolvas granite association incorporates the concepts of water saturation
of the magma, with the mgress of meteoric water as the circulation of magmatic fluids
wares. The petrograpliic evidence (zmiscovitisation, local fision of perthites, albitisation
of feldspar, and precipitation of late albite) suggests that water saturation occurred
during the final stages of the crystallisation of the hypersolvus granite, coinciding with
fhe onset of subsolvas grasite crystallisation. This is supported by evidence fiom Olila

. {1981), whe conducted a study of the structural state and composition of the alkeli
feldspars in the Bushveld Granites, and found that the alkali feldspars in the
Bobhejaankop Granite (coarse-grained Klipkioof Granite) exhibii the highest degree of
ordering and are maxiomm microcline, indicating the lowest thermal state, The alkali
feldspars from the Lease Granite (Fine-grained Klipkloof Granite) are itermediate
microcline, indicating a higher thermal stite, or less ordered state, which is due to the
rapid cooling rate of this granite “Olfila, 1981}, The Nebo (or "Miin")y Granite alkali
feldspars are monoglinic, Teflecting a state of greater disorder in the lattice. Oilila (1981)
-expleined 1his phenomenon as the result of volatile deficiency during initial crystal
growth stages, whichmayhavepreventedtheiatm'developmant of triclimic alkeli
feldspars. ‘The variation i1 the structural state of the alkali feldspars is directly related fo
the availability of hydrothermal fiuids during their cooling history (Parsons, 1978). Thus,
the ahsence of volatiles during the crystallisation of the Nebo Granite is reflected in the
monochinicity of the K-feldspars, even though the rate of cooling was sufficiently slow
for the formation of large interlocking crystals, As the degree of fractionation of the host
tock increases, the water content of the residual mel increases, cansing increased order
in the younger K-feldspar crystals. Thus, the higher degree of order observed in the
coarse-grained Klipkioof Granite reflects the increasing water comient of the residual
melt. This trend would have continued during the formation of the Lease Granite (Fine-
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grained Klipkloof Gramite) were # nct for the rapid cooling of this material (Kleemann
and Twist, 1989},

The overall paragenetic sequence in the Bushveld granites suggests that mineralisation
took place in three discrete episodes. The first episode of mineralisation resulted n the
formation of cassiterite-scheelite-wolfiamite-molybdenite-specularite and possibly
arsenopyrite. The miueralisation is disseminated and formed by processes related to
fractional erystallisation of the magma. Fluctuations in the pH of the late magmatic
flrids as they interacted with the wall-rocks and with the extemally derived
~ 1eeteoric/comnate fluids channelled along the fractures, tesulted in the deposition of
a second episode ofnﬁnem]isaﬁbn, which is represented by the sulphide paragenesis
pyrite-galena-tetrahedrite/tenmantite-sphalerite-chalcoryrite. The occurrence of this
assemblage is fracture-related, with sizeable deposits located on thie flanks of Targe-scale
regional fiults. These fracture systems acted as conduits for mineralising fluids. As the
externgl finid comporent became progressively more dominent, the paragenesis
changed, and deposition of hematite, pitchblende and large amounts of fluorite fook
place. The introduction of this third assemblage along the same fracture systems which
Jocalised the sulphide assemblags, resolted in akteration of the sulphides, fo sccondary
roinerals such as bomite, chaloocite, digenite, covellite and Emonite. The extended
~nature of thiy three stage paragenetic sequence is considered to reflect widespread
mixing between and an early fluid derived by H,O-saturation of the granitic magma, and
an external meteoric/conmate fluid,

The volatiles assaciated with the final fractionated portion of the granitic melt caused
deuteric changes such as the hematitisation of the feldspars, chioritisation of mafic
minerals, albitisation of perthite and precipitation of secondary albite. These deuteric
changes have the effect of increasing the iron content of the fiuids, priming the system
for the deposition of the late-stage massive hematite in the third stage of mineralisation,
The deuteric alteration marks the interface between fluids with bigh iron sulphide
activity ffom those with low iron sulphide activity. The iron eariched fluids caused
~glteration of the primary sphalerite by jon exchange of Fe and Zn, producing fron-rich
opaque sphalerite as alteration rims and fracture planes within the transparent sphalerite.
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The colour of the chlorite ulso reflects an increase in the iron content of the flwids.
Chlorite assceiated with sulphide mineralisation is grass-green and highty pleachroic. In
comnirast, the chlorite associated with the orthomagrmatic cassiterite minerslisation is
olive-green to brown.

o Covellite overprinting occurred at some stage after consolidation of the sulphide
‘minerals, since alteration of the copy.5-bearing minerals occurs along grain boundaries
and miicro-fractures. This phenomenon is characterisiic of retrograde processes, ie. the
clder minerals remain stable while the younger ones overgrow or fill fractures; within
them (Hemisy and Hhmt, 1992). According to Hemley and Hunt (1992), when
dissolution «nd replacement occurs, they are the result of the imposition of a contrasting
chesical environment, and ot simply lower temnperatures. The petrographic evidence
sugpests that the sulphide mineralisation followed a prograde mmﬂ path, which was
then changed to a retrograde thermal path as the external meteoric/connate fuid
component became more pronounced.

* Local occurrences of hydrothermal tourmaline veins and spheroids, similar to those of
the Sn-W-Cu deposits of Cormwalt (south-east England) (London and Manming, 1995),
have been recognised in the Bushveld granites. In both cases, the interaction of boron-
rich, magmatically derived finids, and Fe-Mg-rich, copmate fiuids i3 thought to bave
resulted in Iocalised precipitation of tourmatine

- The model proposed by Kleemann {1985) (see Chapter 2) for the evolution of the
Bushveld granites has been modified in Figure 8.1. The first two steps of the mou.l are
essenﬁallj the same as Kleemann’s (1985) model. After emplacement of the magma,
the margins of the pluton cooled rapidly and crystailised a fine-grained equivaient of
the Nebo Granite. The central portions of the pluton cooled more slowly, promoting
the development of large perthit: and quartz crystals which are typical of the Nebo
Granite. Volatile enrichment of the residual melt took place and intense hydrothermal
alteration of Nebu Granite resuited in the developmerit of the coarse-grained Klipkloof
Granite,
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Tensional fracturing of the pluton created conduits along which external connate and
meteoric fluids where channelled into the pluton. These fractures are the sites of
hydrothermal alteration, such as sericitisation, albitisation and hematitisation, and in parts of
the Bushveld Complex, are related to polymetattic mineralisation. Thus, the introduction of
hydrothermal fluids along these factures, served to concentrate and localise ore-forming
components;

In addition to the gradual volstile enrichment of the crystallising magma, the
.introduction of external fluids along fractures promoted water saturation of the
magma, and the consequent crystallisation of subsolvus granites, Two generations of
subsolvus, fine-prained Klipkloof 'Granitc, which were derived from the miore
differentiated, water saturated melt, were intruded as dykes and sills imo the
crystaltised to partially crystallised Nebo Granite, In places where the Nebo Granite
‘was not completely solidified, the transsolvus Porphyritic Klipkloof Granite was
formed.

The mixing of the magmatic finids and the connate fluids caunsed the precipitation of
the sulphide assemblage, Initially, the connate fluid component was mitor, but as the
magmatic fluid component in the system waned, the connate component became more
dominant, and the salinity of the fluids increased, coinciding with the precipitation of
the sniphide assemblage. At this point, the introduction of cool, unsaline mefeoric
water (blue arrows on Figure 8.1) into the system ook place, diluting the remaining
tnetal-charged mixture of magmatic and cornmate fiuid {pink atrows on Figure 8.1}, and
causing precipitation of the fluorite-hematite assemblage at lower temperatures,
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Inirusion of Nebo granite magma and formation of
intrusion brcccia.

Crystallisation of fine-grained, hypersolvus Nebo
granite along marging of phuton, and coarger-grained
Nebo granite towards the centre of the pluton.

Ihsseminated So mineralisation forms as a result of
fractiona) erystzilisation. Late-stage volatile-rich
rest lignids (yellow arrows) intemmct with conhate
finids {red arrows) whith ere chuimelied into pluton
along fractures.

PR

Stbsolvus pronites form in water-saturated portions
of the pluton and Ialo-stage aplite dykes (Fine-
grained Kiipkioof gronite) are intruded intoe the Nebo
Granite, Meteoric water (blue arrows) enters the
system 2lang fractures,

witl the combined magmatic-
connate finid {pink arrows),

1 precipiiating the second and third
"} phases of mineralisstion in

Figure 8.1
and associated mineralisation
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"The hypothesis proposed for mineralisation in the pranites of the eastern lobe of the
Bushveld Comgplex is shown in Figure 8.2, with the results of'this study superimposed. The
high termperature fluids recognised by Ollila (1981) and Pollard ef of, (1991) were not
encountered in this study, since the disseminated tin assemblage was not well developed at
any of the deposits chosen for analysis. Since the mineralisation was vein-related, the balk
of sample material post-dated that phase when high femperature fuids were circalating,
Fiuid incinsions from samples of the host granites immediately adjacent to the mineral
deposits bad been subject to sﬁessmassociatedwithﬁacuuing, and this may explain why

 ‘none of the kigh temperature fhuids were preserved in these samples, The primary flid
inclusions were probably destroyed during fracturing of the crystal, and refilled by
secondary fiuid generations, or sealed by subsequent quartz growth.

' | Time (Mz)

1700 1100

. {early sulphide

200 - |
‘|Albert Ag
Vate-suiphide aixd fluorite

tihomagmatic g of magmatically derived

processes foids with cormate fliids
inate transporied into the granite along Jeonnate finid,
fractares :

Figure8.2  Diagrammatic representation of the hypothesis proposed for
‘minrelisation in the grenites of the eastem lobe of the Bushveld Complex with
additional information obtained during this study superimposed.
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The periont «f time from emplacement of the magma, through the various stages of granite
crystallisation, and three phases of minerafisation was determined by radiogenic isotopic
studties 10 have spanned approximately 1000 m.y. From the time of emplacement of the
Nebo Granite magma at 2054 Ma (Walraven, 1993), the radiogenic isotopic systems were

: expomdto disturbances caused by hydrothermal activity between iGOOMaand 1700 Ma,
as weH a5 at 400 Ma (Robb ef al., 1994).

Ages for the closure of lead isatopic systems vaty. At Zaaiplaats in the northern part of the
complex, intemal exchange of Pb ceased after 1100 Ma (McNaughton e al., 1591), but at
Albert Silver Mine in the south, ages of a disturbance between 400 Ma and 500 Ma were
obtained (Robb ef al., 1994), These very Jate isotopic disturbances were not related to
nnnerahsmgevems,butmthcrtothehyﬂraﬁohmdomdﬂonofearh&rfomedh—andCu—

bearing minerals,

The fluids associated with these major disturbances in radiogenic isotoric systems have
been recogaised. The fuids trapped in hydrothermal minerals asocisted with the fracture-
related, replacement-type mineralisation at Albert, Spoedwel and Grass Valley corroborate
the hypothesis that circulation of evolving hydrothermal fluids was active from at least 1700
Ma 1o 400Ma, while the pluton cooled fiom  600°C fo less than 100°C, The fiuids
associated with Stage 2 (the sulphide assemblage) and Stage 3 (hematite-fluorite

- essemblage) may be correlated with the disturbances between 1700Ma and 1100Ma, while

low temperature {less than 100°C) finids post-dating the major episodes of mineralisation

' carrelate with the disturbances between 500Ma and 400Ma.

"The characteristics of the fhuid fnclusions, fu conjuriction with the petrographic, isotopic and
geocherical evidence, all point towards flnid mixing as an important mechanism controlling
the nature of the granites, as well as the localisation of mineralisation in the eastern Jobe of
the Bushveld Comglex.
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Appendix Chapter 4 ~ Petographty

Grass Valley
TABLE GF POLISHED THIN SECTION DESCRIPTIONS FROM GRASS
VALLEY TIN MINE.
SECTION NQ. GRAIN GANGUE ORE MINERAL COMMENTS
SIZE MINERALS PARAGENETIC
(MM SEQUENCE
MF1 quartz, biotite, K- - 3ranophyre, Graphic
fldspar, albite, intergrowihs of
perthite, zircon quartz and
. hematitised perthite,
M¥Fz quartz, perthite, Coarse-grained
albite, XK-feldspar, granophyre.
hiotite . :
| MF3a K-feldspar, albite, hematite stringers ‘White hand
quartz, sericite, specimen. No
mmseovite hematitisation.
Muscovite rosettes,

. sericitic alteration,
and hematite patches
arzoizted with -

. _ Tmonazite,
MF3b 0.51  quartz, sercite, chalcopyrite, White/pale green
mascovits, fluorite tetrahedrite/tennantite, hand specimen.
sphalerite Intense sexfcitisation,
. Dark purple fluorite
vein associated with
sulphides. Growth
zanation observed in
“fluorite, Flaogte
postdates the
_ L suphitss,
MES >2 guariz, muscovite pytite Large muscovite
roselies.
MF6 chlorite, quartz, Granophyre,
' albite, perthite, biotite
MF7n >2 biotite, chlorite, hematite, monazite Medium- to coarse-
quartz, vibite, grained white with
perthite, sericite dark patches. Pesthite
is highly aibitised.
Hematite and biotite

_ ooour i dark

patches. Albitised

hypersolvus granite.
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Chapter 4 - Petropraphy

Grass Valley

TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM GRASS
VALLEY TIN MINE.

SECTION NO.

GRAIN
SIZE (V)

GANGUE
MINERALS

ORE MINERAL
PARAGENETIC
SEQUENCE

COMMENTS

MF7b

>2

perthite, quarte,
microcline, Giotite

? tourmaline

medinm- to coarse-
grained, albitised
perthite with dark
patches,

Pale-pink
granophyze.

MFESa

perthite, bintite,
albite

Pegmatoidal
Perthite with biotite
patches. Minor
albile patches,

MK9D

a5

quartz, perthite,

albite { primary and
secondary),

chierite, bictite,
sexicite

hematite

Albitisation of
perthite, Feldspars -
appear zoped,
Albite and pexthite
erystals have
s'eeondary growth
Tims,

MFI0

0.5

fluorite, quartz,
albite, perthite, K-
feldspar, sericite,
hictite

monazite, zircon,
hematite

Red, fine-prained,
porphyritic granite.,
Interstitial flnerite.
Discrete albite
perthite, a5 well a5
discrete fresh K-
feldspar. Zircons
with 2 visible
growth zones,
Hematite- fluorite
essoriation in
blebs.

MF11

>2

qaxarlz,' mmscovite,
perthite, flnorite,
nmiscovite, albhite

hematite stringers,
menazite .

albitisation.
Eyheiral albite
crystals assaciated
with fluorite.
Traussolvis
pranite,

mz::

05

cuartz, sericite

monazite

Altered
hypersclvas granite
with no
Thice/albitisations.
Qnly
munscovitisation.

>0.5

quariz, sericite

'hematile. monazite

Intense
sericitisation, Patch
of hernatite.




Appendix Chapter 4 - Petrography
Grass Valley
TABLE OF POLISEED THIN SEC'I‘ION DESCRIPTIONS FROM GRASS
VALLEY TIN MINE.
SECTIONNO, GRAIN GANGUE ORE MINERAL, COMMENTS
SIZE MINERALS PARAGENETIC
(VM) SEQUENCE
MFi2c muscovite, hematite Fing-grained, pale green host. Three
quartz auartz pulses, Massive guartz aod
‘muscovite intergrows. Hamatite
pseudamarphs after muscovite
- present
M Q.5 guartz, Eubedral quantz, Feldspars
seticite, gericitised, albitised and hematitised.
pexthite, Patches of hematite, No primary
alhite, grains of albite,
| seavite
M2 12 quartz, Sericitisation and albitisation.
perthite, Mhiltiple quariz phases. Possible
albite, sericite, introduction of K-feldspar with later
_muoscovite, K- quartz pulses.
. feldspar
MFE3 0.5-1 quartz, Mnscovite and sericite occur 85
perthite, stringers aronnd gnartz and peithite.
muscovite, Cryptocrystplline quartz in patches.
sexicite Ne albitisation, Hematits not
liberated from perthite attice.
MFE4 quartz, Intense sericitisation. No feldspars
. sericite, remain, Guartx edges resorbed,
museovile
GVl perthite, hematite Brecointed, mediwm-grained red,

' guartz, " hypersolvus granite cut by veins
muscavite, fillad with 1) chalcedony 2}
chaleedony txansparent quartz 3) hematite.

Intense bhematite of K-feldspar. No
albitisation, Hematite precipitation

and postdates chaicedony depasition.
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Chapter 4 - Perography

muscovite

Grass Valley

TABLE OF POLI{SHED THIN SECTION DESCRIPTIONS FROM GRASS

VALLEY TIN MINE.

SAMPLE GANGUE OREMINERAL COMMENTS

NO. PARAGENETIC

: . SEQUENCE _

Gvo2 quartz, cassiterite, galenas,  Pegmatitic. Evhiedral quartz overgrown by milkier quastz

calcite spihalexite and then hematite aggregates. 3 quartz pulses. Caieite is
chalcopyrite, Iate stage in-fill after milky-limonite-stained guantz.

chalcocite Cassiterite and caleite are intergrown in central portions,

Galena, sphalerite, chalcopyrite, postdate early evhedrel

: quartz.

GV quartz, ‘hematite, pyrite,  Pegmatoidal quariz associsted with muscovite, quartz,
muscovite, sphalerite hematite and pyrite agsregates.

{ GVOS quartz hematite Quartz vein with multiple quartz growth stages, Hosted by | -

L vein medium-grained hiematitised granite, gnartz 1- white

chalecedony
guariz 2 - cream chalcedony
quaniz 3- transparent ,snall euhedral crystals
quartz 4- transparent, large evhedral crystals
guastz 5- milky, packed with incinsions on the rims.
Quartz &- transparent quarntz, eubedral small
quartz 7~ milky white with haematite spheroids on crystal
surfzace.
Quartz 8- massive ip-fill.

GVes perfhite,  hematite, gocthite  Quartz is interstitial ro perthite. Muscovite occuxs locally
quartz, filting entire interstitisl cavities. Losalized hematite

) muscovite patches..

GViTa aTbite Granophyre. Hosts quarlz vein (GVO7h).

GVITh quatiz iﬂe;li;lgle quartz pulses £-8) . Last pulse capped by

te,

GvoE quartz, hernatite Albitisation extensive, Areas near fluorite biebs dre more
alhite, albitised. Fluorite postdates epidote. Hypersolvos
perthite, grenite,
finorite,
gpidote _ :

Gvo9 chalcedony  hematite Patchy desy red medium-grained granite, Quartz veinlets,
Tmuscovite Bleached wzll rock. Na albitisation associated with

bleacking. Argillitisation associated with ¢haluedony. No
alieration of wall reck adiacent to chalcedony veins,

GV quartz,  heipatite Bleached with hematite patches, No primary albite,
perchim-,

Imuscovite
sericite

GVIZ quartz Hypersolvus granite. Deep red hand specimen. 3 quaniz
sericite,
albite,
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pitchblende

Albert
TABLE OF POLISHED SECTION DESURIPTIONS FROM ALBERT SILVER
MINE.
| SECTION ORE MINERAL COMMENTS
' NC. PARAGENETIC
- SEQUENCE _
| RPL16 Pyrite, sphalerite, galena  0.1-0.5mm eubedra)/ subkedsal pyrite, Disseminated specks
i ) {>0lmmmagnetite. Massive chlorite, disseminated sulphides.
RPL17 pyrite, (magnetite) Disseminated pyrite (0. 1-0.5mm)- fractured. Smali specks of
_ magnetite. Chlorite zone,
RP2.18 magnetite? Small disseminated specks (0.1mm). Granite host (qnartz,
hematitised foldspar).
RF2.25 amenop}ntepyme, Milky-white quartz and smolcy-gray quartz. Arsenopyrite
' sphaleri:«, chaleopyrite  wnftactured, pyrite fractured. Chaleopyrite and sphalerite A
fractures in pyrite.
RP225 pyrite, galena, sphalerite,  quartz with multipls growth stages- bottroidal. -
—__chalcopyite
RP28A galena , hematite Chlorit» zone with quartz vein {mitky-white) bearing
suiphides. _
RP3.12c  pyrite, hematite, Black with some sulphidz specks and quartz ey Is, Pyrite
leucoxene, zizcon {0.2mm) evhedral/subhe Il hematite occurs as roseties.
RP4.9 pyrite, galeny, bomite, Hematitised fine-grained granite with milky quarte vein
i ¢haleopyrite, hematite, bearing sulphides.
AlS 11c PyTite, hematite Chuin of linked euhedral myrite grains in vein (3mm), Small
' _ disseminated hematite spesks in host granite.
Al8 hematite Massive hematite zone,
A30 chalcopyrite, bornite, Bomite altered to chaleocite, Chalcopyrite almost totally
_ chalcocite, hematite, replaced.
A3l bornite, chalcacite, ‘Well defined paragenesis seen In this section,
: __hemntite :
1 A32 hematite Massive hematite cross-cut by quartz veins.
A33 bematite Massive hematife in gangue.
A4 hematite, goethite Massive haematite with goethite veinlets.
A35 hematite, goethite Hematite occers in roseties, flakes and anhedral masses.
’ Goethite veinlets present.
ASSS hematite ‘Massive hematite,
ASB.S hematite Massive hematite,
T As1s3 pyrite, Needles of hematite project form bottroidal structures., Postdate
chalcopyrite, bomnite,
digenite, hematite
AS15.4 botnite, chalcocite, Disseminated specks associated with finorite,
digenite,
tetrahedrite/tennantite,
hematite, fiuorite
AS17 (10b) arsemopyrite, pyrite, Euhedral pyrite disseminated and as veinlets. Veinlets of
: chaloopyrite, hematite, chalcopyrite in fractured arsenopyrite. Fine-grained pranitic

hosL
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Albert

TAELE OF POLISHED SECTION DESCRIPTIONS FROM ALBERT SILVER
MINE (CONTINUED)

TAs17.122

pyrite, sphalerite,
chalcopyrite

Veinlets lined with pyrite and sphalerite, and central portions
Hilled with chalcopyrite.

AS19(165)

pyrite, arsenopyrite,
galena, sphalerite,
chalcopyrite, hasmatite,
magnetite

AS25 {8h)

pyrite, chalcopyrite,
Toematite

onaitz veins,

AS17.178

pyite, arsznopyrite,

galend, together,

Magretite and cldcopyrite appear to have precipitated

chalcopytite. ragnetite

TABLE OF POLISHED THIN SECTICN DESCRIFTIONS FROM ALBERT.

SECTION GRAIN GANGUE ORE MINERAL COMMEXNTS
NO, - SIZE MINERALS PARAGENETIC i
(MDD : SEQUENCE

Al =l quartz, sericite, hematite, monazite Quartz in sericite matix

rmscovite Hematite associated with
: - _ muscavite - in siringers.
R53 >1 guartz, sericite, - monazite, imonite, As above,
muscovite hematite .
| RS3 {AS) quartz, muscovite,  hematite veinlets, Quartz massive with
. sericite : mduloys extinction.

Muscovite and serdcite
along grain boundaries. 2
quartz generations; fine-
grained aggregates
{0.1tmn) filling spaces
between, cogricr material,

A6 Asg AS but more
hematite and
fracturing of quartz
grains.

AT quartz hematite Quartz fractured and

filied by hematite.

A9 »2 albite, microcling; Porphyritc granite, Patch
biotite, sericite, perthite, Microgline
quariz twinning, Partial

hematitication of
feldspar, Biotite -
interstitial,

AB8.9 0103  quartz, sericite, Hermatitised perfhite,
albite, green sericitisation of albite,
chlorite, biotite No fresh feldspars.
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Albert

TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM ALBERT.

GRAIN GANGUE

SECTION ORE MINERAL COMMENTS
NO. SIZE  MINERALS PARAGENETIC
(MM SEQUENCE
All > (uartz, menazite Hematitised perthite with
green/orown white patches
chiesite, biotite, (albitisation), Veins filled
THIscovite, sericite, with sericite cut across
albite patch perthite
Phenottysts. Transsolvus”
. _ : granite,
AlZ 0.1-0.3  quantz, sericite, Partial sericitisation,
. albite, biotite Sericitsation ocouxs in
: centyal porhions of
feldspars, supgesting a
sscondary epivode of
. feldspar growth,
Al3 2 Sericite, quartz, hematite veinlets Intense sericitisation of
) : biotite, muscovite quariz and feldspars.
Ald quarty, muscovite  hematite Two quartz. generations:
coarve-grained and
cryptocrystalling, Cccars
: : as veing in hematite,
Al5 0.3 quariz, sericite, Two quartz generations,
L miusgovite _
A7 2-5 green chlorite, Fine-grained green
MTB765 guartz, muscovits, chlotite, Sericite and
' sericite chlorite interprown.
) . Exireme alieration.
Als massive  guartz bornite, chalcocite, Paragenetic sequence
digenite, hematite, uncertain
sphalerite
Al9, >0.5 quariz, sericite hematite Fiate-grained, Extreme
M78/765 : : sericitisation,
Al uariz, sericite Quartz, highly
fracqured/shattered,
| A23 e quartz, sericite Fractured quartz with
. __undulous extinction.
A24 greea chlorite, pyrite, bornite, Fine-grained
M7TE765 sericife, muscovite, chalcocite, henraite, Cryptocrystalline quartz
quartz covellite, cross-cut by 37 quartz
: ) _generation.
A25 massive  ¢guartz, chalcedony  pyrite, bomite, - Two tquartz. generations.
chalcocite, digenite,
hematite
A30 quartz, chalcedony  bormile, chaleocite, Massive hernatite zone,
magnetite, hematite Bottroidal growth
. structutes,
A3l quanz magnetite. hematite Disseminated.
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Albert

TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM ALBERT.

SECTION NQ. GRAIN GANGUE ORE MINERAYI, COMMENTS
B SIZE (VM) MINERALS. PARAGENETIC
. ' ' SEQUENCE _ .
RFIC _ uartz, sericite, pyTite Chlorite associated
R53 very deep green with pyrite.
- chlorite, lime-green Multiple quartz
muscovite growth stages
. marked by flnid
inclusians,
Disseminated -
. . pyrite.
Cd quariz, serjcite, pyrite, chalcopyrite, Pessibly multiple
RPL ' mnscovite, green ?sphalerite - pymite growth '
’ hlprite stages, Chlorite
' asgnciated with
pyrite. Sulphides
associated with
: : quariz vein,
RPid 1 quariz, sericite, hernatite needles,  Peldspar
. 7siderite chatcopyrite, pyrite  completely
' ‘vedulets, sericitised,
molybdsnumn Disseminated
veinlets, cassiterite  sulphides,
RP1if 03 : quartz, sericite, Fe staining in
' _ muscovite Chlogits in veinlets.
RPlg . >0.3 quartz, chlorite Abundant sericite,
RFih _ tmartz, chalcedony  pyrite Cross-cat by
' . o set_zunﬂaxy quartz
RP1Y 0.3 quartz, sericite, hematite Graded contact
: muscovite between
Sericite more
abundzant where
less hemnatite
oceurs., Corroded
. quanz, 1
RP1j ' sericite, chlorite, Intergrown.
i _ ) Tauscovite, quartz Remuant quarlz.
RPik chiorite, sericite, Chlorite is more
museavite abindant thun

(blackened) sericite.
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Albert

TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM ALBERT.

SECTION NO. GRAIN
SIZE (MM)

GANGUE
MINERALS

ORE MINERAL
PARAGENETIC
SEQUENCE

COMMENTS

AS9.1 24

perthite, sericite,
albite, green
chlorite, biotite,
fluorite

Interlocking albite
hemnatitised perthite
swurounded by
albite.

A892 24

Sericitised
equivalent af
AS89.5.No
hernatitisation.

ASe4 0.5

quartz, albite,
sericite, K-feldspar,
muscovite

hematite, magnetite

Forphysitic.
Phenocrysts of
quartz and perthite,
Hematite rims and
SLTiNgGETs ooour,
Muscovite with
blackspecks
(magnetite).

NLia . >0.5
Northk lode

_quarti, albite,
tiotite, K-feldspar,
Zircom, sericite

Finec-grained pray
porphyritic granite.
Sericitsation of
ulbite, K-frldspar
with weak hematite

NLib *0.5
Narth lode

K-feldspar, lvite,
quartz, biotite,
sericit

hematite

subsalvus matkix,
i.c. transsolvus.

NLic 0305

K-feldspar, albite,
quartz, biotite,
sericite, Zircon

hematite

Finc-grained .
porphyritic granite,
Phenoctysts zoned.
Tartan-twinned
microcline, Zoned
glbite with
‘unaltered xim and,
sericitised core,
Sericitisation of
quartz and
feldspars. 2 quartz
pulses, first
eotbeyed, second
fresh.




Appendix

Chapterhd - Petrography

Albert

TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM ALBERT.

SECTION NO. GRAIN ANGUE ORE MINERAI. COMDMENTS
: SIZE (MM) MINERALS PARAGENETIC
SEQUENCE
N1z guartz, ¢hilcedony  hematite Massive hemafite
ore,
NL3 quartz hematite Milky-guartz.
_ sarrounded hy
. boltroidsl hematite, |
Gl =5 quartz, K-feldspar, Coarse-grained
bikite, athite, granite, Perthite -
hemntitised, albite
wnhematitised,
Albite has
secandary growth
1ims. Central
portions ssccitised,
| D1 >5 chiorite, sericite, _ hematite, Comptetely altered.
quariz
0.5 chiorite, sericits, heanatite Fine-grained
quaztz, albite, ' porphyritic granite,
bematitised and
chioritised.
‘Transsolvus
. . granite,
oD quarz (chalcopyzite), ~  Hematitised
covellite, hematite  brecciz. Evidence
' for
hematitefcovellite
relationship.
oD2 . quartz " hematite Massive hematite
| ODb3 quartz, olive-green  assenopyrile, Massive ore.
chlorite, retrahedrite/tennant
ite, chalcopyrite,
bomite, chalcocite
oD4 quartz, chalcedony  ietrabedrite/tennant  Saraple bandsd:
: ite, chalcopyrite,  chalcopyrite then
covellite, hematite  chalcopyrite
fhematite, then
: Hernatite,
jobs quutiz alena, Vein quartz with
arsenopyite, hematite needles.
hematite Galena fills
interstitial spaces

in guartz,
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Albert

TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM ALBERT.

SECTICNNO. GRAIN GANGUE ORE MINERAL  COMMENTS
' SIZE (MM) MINERALS PARAGENETIC
SEQUENCE
W/A 0.5 quartz, albite, Transsolvus
biotite, perthite, granite, Biotits
sericite, X-feldspar, altered to chiorite.
chiorite _
wiB perthite,quartz, Medinm-grade
: albrte, hiotite, transsolvns granite
sededte, K-feldspar grading into fine-
grained subsolvus
. material,
wIiC 5 quartz, biotite, Coase-grained -
albite, K-feldspar, subsalvus gianite.
i chlorite
w2 2 quartz, sericite hematite Medium-grained
.chlorite altered granite with
localized patches of
Teznatite. No '
v3 quartz, sericite Medium- 1o coarse-
Wi 0.5 quartz, chalcadony, hematite - " Siligified granita.
sericite Vein of hematite
intergrown with
chalcedony.
w5 0.5 quariz, green hematite Fine-grained pink
: chlorite, pesthite, : granite, High
daibite, sexicite perthite
component. Albite
and other K-
feldspars rare.
Hypersolvus
AS13.1 03 quartz, green Bericitisation of
chlorits, sericite, zouned albite
perthite, biotite (rapakivi?).
AS13.2 guartz, albite, cassiterite? Fine-grained
. sericite, chiorite, perphyritic,
K-feldspar, biotite, transsolvas granite.
chalcedony Chlorite veinlets
and chloritisation
of feldspars.
Phenocrysts of

patch perthite.
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Albert

TABLE OF PCLISHED THIN SECTION DESCRIPTIONS FROM ALBERT.

SECTION NO, GRAIN
 SIZE(MM)

GANGUE
MINERALS

"~ ORE MINERAL

PARAGENETIC

_SEQUENCE

COMMENTS

| AS13,5 -

0.3

guariz, sericite,
green chiprite,
perthite

" hematite

Highly
sericitised, fine-
grained granite.
Cnly mingr
residual perthite
TEming

jcitised

AS13.62

0.3

biotite, chiorite,
quartz, sericite, K-
feldspar, albite,
pexthite

. Biotife altering

to chlorite, Fresh
K-feldspar -
padizlly
sericitised,
Hematitised
‘perthite 2nd zone
albite crystals.

Transsobvus

_gxanite.

0.52

quariz, albite,

sericite, K-feldspar,
hiatite, chlorite

There appéars to
be mare albite, as
secondary
orowti: snd 25
patches in
perthite,
Sericitised cores
mggest
sericitisation
occuned before
albitisation.

| AS25.5a

03

quartz, sericite,

Fine-grained
pale green.

perhite
phenacyysts,
Infense
sedcitisation of
rnssolvis

_pranite,

AS25.5b

a3

Fine-grained
Quartz graing
have absorbed
boundaries,

AS25.5¢

pale green,
Muscovite
Toseties.

AR25.6a

03

hematite

Completely
altered,




Appendiz

Chﬁpter 4 - Petrography

Albert

_ TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM ALBERT.

{ SECTIONNO. GRAIN GANGUE ORE MINERAL COMBENTS
SIZE (VM) MINERAYS PARAGENETIC
SEQUENCE
AS25.6b 0.3 cquarkz, sericite Intense
' serjcitisation.
AB25.6¢ 0.3 guartz, sericite, Residnal patches of
biotite, chiorite, hematitised perthite
perthite showing the
beginaings of
sericitisation.
Therefore,
hematitisation
predates
. sericitisation.
AS25.7 0.3 fuartz, sericite, Biatite replaced by
chiorite, muscovite, sericite?
biotite .
ASI5.8b 0.3 quartz, chalcedony, Swaon of quartz
: sericite, chiorite veins catting across
fing-grained pale-
green bost. Quartz
veins are
: cryptocrystatline.
AS25.8g chalcedony, )
chiorite : )
AS259 . gquariz, seicite, Muscovite reaplaces
' - mmscovite, chlorite, biotite.
. biotite
As25, 10f chalcedony, arsenopyrite arsenopyrite in vein
chlorite _ :
As525.10g quartz, green pyTite, _ Quartz veins in fne-~
chlorite, muscovite, arsenapyrite, grained kost.
sericite galena, Chlorite Toseties .
chalcopyrite suround quagtz and
AS25.11 0.3 quartz, perthite, Transsolvus granite, |
sericite, chlogite, Secondary albite
albite present, _
AS25.13 0.39.5 uastz, sericite,  chalcopyrite, Fine-grained greex
chlorite, biotite hematite host. Mo feldspars
lefi, A patch with
biotite, hematite and
chaleopyrite. No
: _bictite elsewhere.
AS16.% 0.5 perthite, albite, hematite Pink porphyritic
sericite, quartz, granite, Medium -
green chlorite grained, Discrete
feldspars still
visiple, partialky to
completely

sericitised,




Appendix

Chapser 4 - Petrography
Albert

TABLE OF POLISHED THIN SECTION DESCRIFTIONS FROM ALBERT,

SECTION NO. GRAIN GANGUE ORE MINERAL, COMMENTS
SIZE (M) MINERALS PARAGENETIC
SEGUENCE .
|| AB16.2 quartz, perthite, Angular perthite and
chlorite, flugsite quatiz. frepements,
Fluorite apd chlorite, as
well as breceia
fragments, cemented by
quartz, Chlorite vein,
AS516.3A 0,3 (fine} quartz, K- Sharp boundary
' feldspar, sericite, Tiatween fine- and
Tiotite, chlorite coarse-grained pink
' granite, Famt
1 (coarse) quartz, perthite, hematitisation of
albite, sericite, perthite, Interlocking
K-feldspar, crystals, Codrse crystals
biotits overgrow border
crystals of fine grained
roaterial, No erosional
boundary. Crystals fomm
interlocking bonndary.
As16.4 0.3 quartz, sericite,  hematite K-feldspar is not
muscovite, K- sericitised,
feldspar, albite
AS16.5 quarez, perthite, Coarse-grained, Sericite |
sexitite ocewrs along fractures,
Chgleedony vein mns
parallel to sericite
AS16.62 35 albﬂe, quartz, K- monazite Coarse-grained. Quartz
fldspar, - associated with OYErTgrows zoned
chiorite, biotite  biotite enhedral alhite crystals.
: : Sericitised cores.
AS83 quartz hematite Massive quartz with
: hematite veinlats,
Multiple quartz. growth
in bottroidal shape
Hemaztite lines veing
with needles projecting
inwards, overgrown by
cryptocrys*alline gnartz
and then normal crartz,
ASB.7a 0.3 quanz, sericite,  hematite Scricitised fine-grained
' muscovite : host. Sericite has

hematite specks.
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Albert

TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM ALBERT.

SECTIONNO. GRAIN GANGUE ORE MINERaL. COMMENTS
SIZE (MNMD MINERALS PARAGENETIC
' SEQUENCE )

ASS4a guartz hematite Massive quastz.
Streaky undulous
extinction of quariz
Tim some early formed

: etihedral crystals.

AS8.da quariz hematite As ghove, Hemstite

L ' voizts cutting through
cockscomb quastz with |
sultiple growth stages |

ASR.6 6.3 quartz, sericite hematite Deep red, patchy, fine-
grained material. No
feldspars =it

ASB.7 - 03 fjuariz, senicite, hematite Fine-grained pale

Tauscovite green host. Hematite
' ' veinlets and rims.
ASB.S 0.3 quartz, sericite,  hematite Fine-grained green
‘biotite, chlorite host,
AS14.1b tuartz, sericite, galeny, tetrahiedrite  Fine-grained pale-
. mwicovite, green  ftenuantite, grean host with,
chaleopyrite Chalcedony veinlets.
Sulphide patch
) massive preen chlorite,
-ASI4.2 quartz, sericite, hematite, Medium-grained
Liotite, chlorite,  zircow/meaazite porphyritic transsolvas
. perthite gratite.
I AS14.3 quariz, sericite, Coarse-grained. Biotite
gréen chlorite, altering to ¢chlorite.
‘biotite, oouscovite Quartz veinlets.
Muscovite intergrown
with chiorite.
AS14.4h quartz, serlcite,  zizcon Sificification inteusc.
' green chlorite,
chalcedony,
muscovite . . :
AS14.5 quariz, sericite,  sphalerite, hematite Coarse-grained, pale
chiorite green host. Sexicite and
_ chlorite intergrowil.
AS14.7 05 guartz, sericite, hematite Fine-grained :
muscovike : porphyritic granite,
Phenocrysts altered to

quariz and gericite,




Appendis Chapter 4 - Petrography
Spoedwel
‘TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM
UNMINERALISED RED EPISYENITE AT SPOEDWEL.
 SECTION GRAIN GANGUE MINERALS ORE MINERAL COMMENTS :
NOQ. SIZE FARAGENETIC
(VM) SEQUENCE :
SDs8 <2 perthite, zircon, quartz, Partially fused, hypersolvis
_ muscovite, chiorits : granite,
SE04 <2 perthite; albite, quartz, hemstite Albitisation of perthite,
' muscovite hematite stringers and 1ims,
SDS9A <2 perthite, zircon, quartz,  pyrite, chalcopyrite,  Bypersolvus granile.
_muscovite chalcocite _ _
SEO1 <2 perthiis, albite, zircon, chalcopyrite, Pantial fusion, hypersolvus
quartz, museovite, (Heucoxene) granite,
: chilorite )
‘SE62 »2 perthite, muscovite, cassiterite, Extreme fnsion.
: chlorite chalcopyrite _
‘SE03 >3 perthite, albite, quariz Albitisation, no fusion,
' _ : : hypersolvus granite.
SD72 >3 perthile, quartz, chlorite  cassiterite, Extreme fusion. - .
. chalcopyrite
Sb3l =2 perthite, quartz, ' cassiterite, Transsols s granite.
. muscovite, K-feldspar lencoxene L




Chapter 4 - Petrograghy
Spoedwel

TABLE OF POLISHED THIN SECTIONS FROM THE SULPHIDE-EPISYENITE

Appendix

albite

CONTACT AT SFLEDWEL,
SECTION GRAIN GANGUE ORE MINERAL COMMENTS
NO. SIZE  MINERALS PARAGENETIC
(MM) SEQUENCE
CBU6 22 perthite, chloriite, K- chalcopyrite Fused transsolvus
feldspar, quantz, granite with
muscovite, albite chalcopyrite veins and
albitisation.
5104 22 perihite, muscavitz, cassiterite, pyTite, Transsolvus granite,
' . albite, K-feldspar, chalcopysits, bomite,
. quart covellite : .
&C10 22 perthite, quariz, cassiterite, pyrite, Sharp contact, fusion,
_ chlorite, muscovite chaleopyrite, covellite  and albitisation,
Lol 22 perthite, muscovite, K- pyrite, chalzopyrite, Partial fusion,
: feldspar, albite, gquartz  chalcocite transsolvas, and
- albitisation.
[ §F22 =2 perthite, quanz, pyrite, chalcopyrite, Afbitized fransgolvus
muscovite, K-feldspar,  covellite granite.
PBRIG »2 perihite, muscovite, arsenopyrile, cassiterite,  Transsolvus at
quartz, albite, K- sphalerite, chaleopyrite, hypersolvas-subsolvas
Teldspar covellite granite contact.
SFas =2 perthite, K-feldspar, arsenopyrite, cassitetite, Fused trasssolvus
albite, muscovite, sphalerite, chaleopyrite,  granite,
quarz covellite
SF93 =2 ‘pesthite, cuarke, albite,  pytite, sphalerite, Massive chalcopyrite st |
sevicite, K-féldspar chaleopyrite hypersolvus /subsolvas
_ granite cantact.
' Albitised transsolvag
. prapite.
| s¥2s perthite, quartz, arsenopyrite, Transsolvus granite.
auscovite, sexicite, chalcopyrite
albite, K-feldspat N ——
PPG3 22 puathite, mascovite, pyrite, chalcopyrite, anssolyns granite.
' quartz, K-feldspar, covelfite
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Chapter 4 - Petography

Spoedwel

TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM SPOEDWEL
WITH DISSEMINATED MINERALISATION,

sericite

SECTIONNO. GRAIN GANGUE ORE MINERAL COMMENTS
SIZE  MINERALS - PARAGENETIC
{MVD SEQUENCE _
8Coa =2 perihite, quartz, pyrite, sphalerite, Hypersolvus graniie
chlorite, K-feldspar chalcopyrite with coarse-grained
] . suiphides (>>2Zmm),

FOPi4 >»3  perthite, quariz, arsenopyrite, pyrite, Extreme fusion of

chlnrite cassiterite, sphalerite,  hypersolvas granite
chalcopyrite with toarse-grained
. sulphides.

SCa4 1 perthite, moscovite, py=ite, chalcopyrite Fused transsolvus
quariz, K-feldspar, granite, '
albite, fuorif: _

SD61 22 perthite, quark, cassiterite, zircon, Partial fusion of
muscovite, pytite, chalcopyrite, hypersolvus grenite.

L covellite

SP0g ey perthite, quariz, pyrite, cassiterite, Fused hypersalvos
chiorite, muscayite sphalerite, grenite,

e ) chalcopyrite, covellite .

SDd6 >»2 perihite, quartz, pyrite, chalcopyzite,  Hypersolvus granite,
mmcovite, fluorite, chaleacite, covellite

. sericite,

Spso 22 perthite, chlorite pyrite, chaloopyrite, chalcopyrite>>pyrite

: {olive-green and grass-  covellite Hypersolvus granite

green), Suorite, with minor '
_ muscovite, sericite _ albitisation.
| 5F26 . 22 perthite, X-feldspar, pyrite, chalcopyrite, Fused hypersobvus
: muscovite, sericits, covellite grnite,

L i

8Co2 22 n .. .vite, green " cassierite, sphalerite,  Fused hypersobnis
chiorite, quartz, chalcopyrite, covellite  granite.
sericite, albite . .

1 Sw21 22 perthite, quarnz, pyrite, chalcopyrite, Fused hypetsoivus
muscovite, sericite ‘bomnite, chaleocite, prunite, Two veins;
covellite 1) muscovite and
chalcopyrile 2)quartz

SD62 22 perthite, muscovite, pyrite, cassiterite, Partial fosion, Vein of

albite, green ch’ v™e chalcopyrite, covellite  snbsobws granitein
’ : hypersolvus host.

ED64 >3 perthite, albite, green  pyrite, chalcopyrite Fusion of transsolvis
chlorite, muscovite, granite,
q“ma K—feldspar,
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TABLE OF POLISEED THIN SECTION DESCRIFTIONS FROM SPOEDW'EL
WITH DISSEMINATED MINERAY.XSATION (CONTINUED).

SECTIONRG. GRAIN GANGUE ORE COMMENTS
SIZE MINERALS MINERAL
(MMD PARAGENETI

e _ _ C SEQUENCE _

Sh34 >3 perthite, fluorite, pyite, . Fusion and albitisation at
quartz, muscovite, K- chalcopyrite transsolyas- hypersolvus
feldspar, sericie, aibite _ comtact,

SwWa2 >2 ‘perthife, quartz, albite,  zircon, Subsolyns granite,
muscovile, green chalcopyrite

: chigrite .

5149 o »2 perthite, quartz, K- pyrite, Subsolvus material starts
feldspar, muscovite, chaleopyrite, crystallizing with pyrite.
sericite, : chalcocite,

: - digenite

SD29B > perthite, green chiorite, Vary fine-grained, extreme
mannzite, guartz -fusion, no albitisation, ouly

hypersohits material present.

SA06 Perthite, brown zircon, Disseminated mizeralisation

' chlorite, guartz, . cassiterite, at yubsolvns/hypersolvis
muscovite, albite, K- sphene contact, Albitisation of
feldspar, sexicite (leucoxene), perthite, :

pyTite

SDas 1 perthite, muscovite, pyrite, Albitisation of fised perthite,

. dibite, K-feldspar, chalcopyrite, minor sebsolvas granite and
guarz covellite disseminated sulphides.
5A01 >1 _quarts, muscovits, monazite, Purtial albitisation, and
sericite, albite, K- cassiterite, extvame fusion af host.
feldspar, lencoxene, Disseminated chalcopyrite,
chalcopyrite, Segicitisation near contact
_ covellite with subsolvus geanits, -

SA09 21 sericiie, finorite, cassiterite, pyrite, Fine-grained subsolvus
myascovite, brown chalcopyxite, gramite.
chlorite bormits,

chaleocite,
_ covellite

PPO3 1 perthite, atbite (3(2}, goethite, Extreme fusion and
sericite, muscovite chalcopyrite, albitisation,
: covellite

SN598 >1 nIUSCOvite, quartz, goethite, - Fusiom, Jocal atbitisation, and
grean chlorite chalcopyrite, silicificatior associated with
associated with quartz  boruite, quartz vein,
vein chalcocite

SEDS | perthite, guartz, K- cassiterite, Albitisation of perthite in _
faldspar, muscovite, hematite, transsolvis gramite, Subsclvus
flnerite, albite (X2}, material associated with
gericits fluorite and sulphides,
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Appendix

TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM THE MASSIVE
SULPEIDE ZONE AT SPOEDWEL.

muscovite, albite

chalcopyrite, covellite

SECTIONNO. GRAIN GANGUE ORE MINERAL COMMENTS
' SIZE  MINERALS PARAGENETIC
(MM SEQUENCE
5Pz3 albite, K-feldspar, massive pyzite, Mo perthite, Subsolvos
. quartz, muscovite, sphalerite, chaleopyrite _granite,
SFi4 muscovite, albite, K- huge pyrite grains, Subsolvus material
feldspar chalcopwyrite massive __ embayed by sulphides.
S8 albite, muscovite, arsenopyrite, ophaierite surronnds :
quartz, K-feldspar chalcopyrite, galena,  pyrite and chaleopyrite, |
tetrahedrite/tennantite,  Predontinantly albite
sphalerire matrix, Note
' chalcopyrite procedes
galena and sphalerite,
CR30 - perthite, albite, monazite, arsenopyzite, Pyrite pvergrowth on
muscoviie, sericite, K- pyrite, sphalerite, | albitised perihite
feldipar chulcopyrite grains,

{ s¥20 perthite, quartz, pyrits, chalcopyrite,  Small perthite specks
sericite, muscovite; covellite - in mibsolvas matix,
albite, Kfeldspar .~

CBi1 Kefeldspar., quartz, . arsenopyrite, pyrile, Albite, K-feldspar, and
aibife, muscovite, chelespyrite quaréz of subsalvus
sericite : material forad within

SF0S guariz, albite, pyrite, chalcopyrite Massive sulphide,
muscovite, K-feidspar minor gangus

. ) comthonent, .
B quartz, sericite pymite, chalcopyrite,  Massive chalcopyrite.
& _ ' covellife No feldspars present.
PE20 quattz, muscovife, cassiterite, monazite, ~ Large pyrite grains
' pyrite, chalcapyrite, surrounded by soassive
covellite, chelcopyrite. Large
: ) ¢rystals of monazite.
SF25B {perthite), muscovite,  pyrite, chalcopyrite, Transsolvus granite,
: aibite, quastz, K~ covellite, monazife
feldspar

SD43 quartz, muscovite, - pyriie, chalcopyrite, Subsolvas granite.
albite, sericite, K~ zireon

SD45A >2 Chilorite, quartz pyrite, chalcopyrile Pyrite and chalcopyrite

. 1in chlorite matrig.
Quartz embayed by
: . - chiorite.
SF28 2 K-Feldspar, quartz, arzenopyrite, pytite,

Subsolvus matrix,
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. Spoedwel

TABL¥. OF POLISHED THIN SECTION DESCRIPTIONS FROM THE MASSIVE
SULPHIDE ZONE AT SPOEDWEL (CONTINUED).

COMMENTS

chatcopyrite, sphalerite

 SECTIONNO. GRAIN GANGUE ORE MINERAL
SIZE  MINERALS PARAGENETIC
(VIMVD . _SEQUENCE _ _
SD63 >2 quartz, museavite, pyrite, chalcopyrite,  Subsolvus mafrix.
albite, K-f&ldspar, covellite
: green chlorite
SDQ9 i albite, K-feldspar, cassitetite, pyrite, Subsolvus matsix,
quartz, muscovite chalcopyrite, covellite .
5D25 " quartz, muscovite, chalcopyrite, covellite  Subsolvus matrix,
aibite, K-feldspar, _
_ gresn chlorife
SD4se 1 green chlorite, quarz pyrite, chalcopyrite, CHorite miatex,
: covellite, zircon ]
PBOZ albite, quartz, Arsenopyrite, galena,  Well zonad quartz
muscovite, fluorite, chaleopyrite, covellite  inside chelcopyrite
sericite, residnal magnetite masses. Albi*a highly
perthite, preen chlorite, sexiciiised, Fluerite
{K-feldspar) ' preciphation acconed
before chalcopyrite.
Veins of magnetite
Tined by covellite
within chak apyrite.
Sbis perthite, muscovite, pyrite, chalcopyrite, ~ Pronounced albitisation
albite, green chlorite,  covellite : af perthite.
quariz, sericite, K-
feldspar
SWox Green chiorite, albite,  Ieucoxene, pyrite, Subsolvus pramite,
muscavite, sericite, 8rSenapyIite,
gmantz, K-feldspar chalcopyrite, monazite,
covellite
SF30  guariz, albite, zircom, pyrite, galens,  Albite is sericitised and
muscovite, sericite, K- sphalexite chlcntlsed. Subsolvos
feldspar, green chlorite - pranile.
SD4SE - =2 green chlorite, quartz  zircon pyrite, Chlorite matrix
' chaleupyrite, containing zircons with
alteration haloes,
SD45A. 2 green chlorite, quartz _pyrite, chaloopyrite Chlorite matrix,
SF36 >1 albite, quariz, K- pyrite, galena, . Subsclvus granite,
feldspar, muscovite, sphaledite
. : preen chlotite
SF33 A albite, quartz, K- pyrite, palena, Subsolvus granite.
feldspar, muscovite, Questicnable

paragenesis,
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TABLE OF POLISHED THIN SECTION DESCRIPTIONS FROM THE MASSIVE
SULPHIDE ZONE AT SPOEDWEL (CONTINUED). '

SECTION GRAIN GANGUE OEE MINERAL COMMENTS

NO SIZE  MINERALS PARAGENETIC

: {MM) SEQUENCE :

SF3i >} albite, quartz,  galena, sphalerite only  Subsolves gramite,

K-feldspar,
muscovite,
__green chiorite :

SD554 quartz prrite, sphialerite, Chlorite matdx, Vogs lined by
veinlets, Imagnekte salt quariz crystals, Magnetite
chlorite _ in veins.

sn70 green chlorite, chalcopyrite, Chilorite zaatrix with quartz veins |

: quartz, " chalgocite, bomite, and vugs. Quantz is cosrse-
magnetite? Limonite,  grained in vugs and fine-graimed, -
. zircon in veins.

SD73 »2 sericite, pyrile caly Extreme sericitisation of original
TSCovite, subsolyus host,
green chlorite,

K-feldspar,
_ __albite _ _ '
sp27 - quariz, greent  pyrite, sphalerite, . Questionable paragenesis.
N chlorite, very  chaleocite, Chlorite matrix,
fing grained  chalcopyrite, covellite,
quaziz magnetite
{chaledony?),
) _ sericite
Ws01 green chiorite, chbalcopyrite veinlets,  Chlorite matrix, Euhedral
S quartz - ‘bosnite veinlets in perthite crystal outlinies stll
' chalcopyrite veinlets, - visible.
chelcocite xims on
chalcopyrite, monazite

in quartz veins, zircon
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Spoedwel
TARLE OF POLISHED THIN SECTION DESCRIPTION OF MISCELLANEQUS
SAMPLES FROM SPOEDWEL.
SECTION NO. GRAIN GANGUE ORE MINERAL COMMENTS
SIZE  MINERALS PARAGENETIC
. . {MM) SEQUENCE
FGol 0.1-0.5  (perthite?), quartz, Small scale graphic
green chlarite, albite, intergrowths.
: - biatite _ Granophyric texture.
FGO3 0.5-1 ‘biotite, albite, zircon As above,
haematised feldspar
(K-feldspar) - -
5Dos "»»2  perthite, green chlorite, mmonazite, pyzite, ‘Transition between
quartz chalcopyrite heavily and partially
chloritised hypetsolvas
_ ) . material
- SCoY 2 perthite, green chlorite, monazite, pyrite, Fused hypersolvus
: sericite, quartz chalcopyrite, bornite, ~ granite,
S - _chalcpcite
SCo3 perthite, Tuscovite, zircon, pyrite, Massive nuscovite
. quartz, green chiorite,  sphalerite, chalcopytite  zosie at contact
albite : between fsed,
hypersolvus material
: and subsolvus malerial,
1 8p71 perthite, quartz, green  monazite only Massive quartz
chlarite invasion of chlorite
matrix,
SF38 albite, green chlorite,  pyrite, galena only Chloritised subsolvns
muascovite, quartz, K- granite,
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SAMPLE NO. INCLUSION] ORIGINItfreeze [Te  |intermediate melfing events |1 final melting |Th ___|Th CO2 | Tfinal meiting CO2 |
GVo1 TRAILA] S -38,5 5.5 i -
FiELD 1 B ) 4.7
' TRAIL A 5 7] a1 z
B 5 47 5.1
TRAIL (X20) S 42 2.1
- A 3 36 15
T B 5 43 A5
€02 TRAIL 1 5 277 574
5 28.3 574
8 2.5 574
5 234 574
CO2 TRAIL 2 s 22.8 574
s 26.8 514
S | 278 574
s 277 574
S 26.5 574 o
5 231 574 B
FELD 2 COZ TRAILZ A 5 24.0 574 3
B s 274 574 B
CO2 TRAIL3 A s 27.3 57.4
D s|  -97.0 26,2 574
E gl 26.2 57.4
F Si 8.7 574
G S; 267 