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Abstract 

We describe here a different class of mesothermal gold deposit at Sabie-Pilgrim's Rest which is probably 
associated with the Bushveld igneous event in South Africa. Pressure and temperature estimates indicate that 
the ore fluids of the Sabie-Pilgrim's Rest gold field, which occurs within the Early Proterozoic Transvaal 
Supergroup, were similar to those of mesothermal gold deposits. However, a number of features distinguish 
the Sabie-Pilgrim's Rest ores from typical mesothermal deposits: (1) the presence of ubiquitous Cu and Bi 
in addition to Au, Ag, As, and Sb; (2) high salinities (mean •12 wt % NaC1 equiv); (3) low mean bulk CO.2 
content (•5 mole %); (4) veins largely hosted within a platform carbonate sequence; and (5) mineralization 
along both vertical and horizontal (stratiform) veins, showing a clear genetic link. Characteristic features of 
the Sabie-Pilgrim's Rest gold field that correspond to those within the above spectrum of mesothermal gold 
deposits include: (1) comparable light stable isotope (tD, 61SO, 534S) ranges, together with a lack of isotopic 
evidence for meteoric water involvement; (2) high Au/Ag ratios; (3) presence of ore shoot structures, which 
are highly characteristic of mesothermal gold deposits; (4) variably deformed structures within individual 
sheeted veins which point toward cyclic opening and quartz accretion events separated by episodes of deforma- 
tion; and (5) fluid inclusion properties which indicate high fluid pressures during entrapment. 

Bushveld magmatism is thought to have been the main heat source responsible for generating the hydrother- 
mal cell that resulted in the formation of the Sabie-Pilgrim's Rest gold field. Mineralization involved an 
originally pristine fluid transporting metals that were probably derived from the same source, as well as a 
measure of connate waters from the granitic basement and the overlying sedimentary rocks. The fluid was 
relatively acidic and anoxic and equally efficient in transporting gold either as a bisulfide complex or a chloride 
complex. Gold precipitation took place as a result of (1) a decrease in sulfur activity within the ore-bearing 
fluid because of sulfide precipitation, and (2) changes in the fluid chemistry as a result of fluid immiscibility. 

Introduction 

VEIN systems that formed under mesothermal conditions 
have been important sources of gold for over a century (Lind- 
gren, 1933). Most mesothermal deposits are found in meta- 
morphic terranes, sometimes near deep felsic intrusions, and 
include the important greenstone gold deposits of the Ar- 
chcan (e.g., Robert and Kelly, 1987). The Sable-Pilgrim's Rest 
district in the eastern Transvaal (Fig. 1) consists of numerous 
mines, of which four produced more than i Moz, and covers 
an area of 600 km 2 (Reinecke and Stein, 1930; Swiegers, 
1949). A total of 168 metric tons of gold has been produced 
from this goldfield since 1872. Although the Sabie-Pilgrim's 
Rest gold field has been overshadowed by the Barberton 
and Witwatersrand gold mining districts, it remains the third 
largest gold producer in South Africa and would be consid- 
ered a large district in most other parts of the world. For 
instance, in terms of total gold production it is comparable 
with the Juneau gold belt in Alaska (Redman, 1986). 

The Sabie-Pilgrim's Rest gold field is found near the east- 
ern margin of the Bushyeld Complex (Fig. 1). It is thought 
that the complex covered the gold field during the time of 
mineralization and that folding and multiple periods of ero- 
sion have reduced the extent of the complex and enclosing 

strata (Cheney and Twist, 1991). Furthermore, the gold field 
is intersected by one of the two concentric structures along 
which feeder sites to the Bushveld Complex (such as Losberg 
and Uitkomst) are arranged (Sharpe et al., 1981). This setting 
suggests that a genetic link exists between the Sabie-Pilgrim's 
Rest gold field and the Bushveld igneous event. Layered basic 
igneous complexes are not commonly thought to be associ- 
ated with hydrothermal gold deposits. Thus, the Sabie-Pil- 
grim's Rest gold field could provide insights into the source 
of fluids in mesothermal gold deposits, as well as the nature 
of hydrothermal systems around large mafic intrusions. In 
view of the widespread nature of such mafic complexes, any 
such association would be significant for gold exploration. 

Geologic Relations 
Geologic setting 

In the Sabie-Pilgrim's Rest area (Fig. 1), the protobasinal 
Wolkberg Group forms the lowermost part of the Early Pro- 
terozoic Transvaal Supergroup and lies unconformably on the 
Archcan Nelspruit batholith. The latter comprises a large, 
composite body of granodiorite-adamellite (Robb et al., 1983) 
which contains local small pegmatites but is otherwise barren 
of mineralization. Disconformably overlying the Wolkberg 
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FIe. 1. Geologic map of the Sabie-Pilgrim's Rest gold field with schematic stratigraphic column (not to scale). Positions 
of mines are indicated (modified after Harley and Charlesworth, 1995). 

Group are siliciclastic sedimentary rocks of the Black Reef 
Formation, which forms the top of the main escarpment in 
the area. The Black Reef Formation consists of feldspathic 
quartzite with interlayered lenses of grit and conglomerate. 
The platform carbonates of the Malmani Subgroup (part of 
the Chuniespoort Group) conformably overlie the Black Reef 
Formation. The Malmani Subgroup consists of the Oaktree, 
Monte Christo, Lyttelton, and Eccles Formations and is host 
to the majority of gold-bearing quartz veins. Formational divi- 
sions within the Malmani Subgroup are based mainly on the 
variations in chert content and type of algal structures found 
in the dolomite (Button, 1973; Clendenin, 1989). Successive 

regressive and transgressive sedimentary cycles have been 
recognized in the Malmani Subgroup (Clendenin, 1989; 
Tyler, 1989). The Oaktree Formation is comprised of iron- 
and manganese-rich dolomite, carbonaceous shale, and 
quartzite, whereas the Monte Christo Formation is character- 
ized by oolitic carbonate rocks (Button, 1986). Siliciclastic 
sediments (quartzite and/or shale) mark the base of the over- 
lying chert-poor Lyttelton Formation, which is composed of 
dark-colored quartz arenite in the Sabie-Pilgrim's Rest area 
(Tyler, 1989). This unit grades upward to the upper dolomite 
and chert zone of the Eccles Formation. Following the depo- 
sition of these sediments, the strata were exposed and an 
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extensive erosional period ensued. This resulted in the forma- 
tion of a widely developed ehert breeeia and ehert pebble 
conglomerate, the so-called Bevetts Conglomerate, at the 
base of the silieielastie-dominated Pretoria Group. The Preto- 
ria Group consists of alternating shale and quartz arenites, 
with minor conglomerates, granulestones, and interlayered 
volcanic units (Button, 1973). This succession, as developed 
in the eastern Transvaal, is approximately 7,000 to 8,000 m 
in thickness (Button, 1973, 1986). 

A large number of basic dikes and sills, of different ages, 
have intruded into the Transvaal Supergroup in the Sabie- 
Pilgrim's Rest area, and increase in frequency upward in the 
stratigraphy (Sharpe, 1984; Tyler, 1989). Sharpe (1981) and 
Willemse (1959) distinguished between pre-Bushveld diabase 
dikes-sills, and syn-Bushveld dikes-sills of pyroxenitie compo- 
sition. The pre-Bushveld diabase intrusions are intersected by 
gold-mineralized quartz veins (e.g., Olifantsgeraamte mine), 
whereas the pyroxenitie syn-Bushveld dikes-sills erosscut 
mineralization (e.g., Frankfort mine). The pre-Bushveld 
dikes-sills were metamorphosed to greenschist facies prior to 
emplaeement of the marie phase of the Bushveld Complex 
(Sharpe, 1981). The Transvaal sedimentary and volcanic rocks 
are locally metamorphosed by these intrusions (Button, 
1986). Crosscutting field relations between auriferous quartz 
veining with pre-Bushveld and syn-Bushveld diabase dikes 
(Sharpe et al., 1981) yield the only dependable, albeit broad, 
age constraint. The pre-Bushveld diabase dikes-sills (Wil- 
lemse, 1959; Sharpe, 1981) are intersected by gold-mineral- 
ized quartz veins (e.g., Olifantsgeraamte mine), whereas the 
pyroxenitie syn-Bushveld dikes-sills erosscut these mineral- 
ized quartz veins (e.g., Frankfort mine). These field relations 
confine the age of mineralization to the early stages of em- 
placement of the Bushveld Complex, probably postdating em- 
placement of the marie phase. The granitie phase of the Bush- 
veld Complex has been dated at 2054.4 _ 1.8 Ma, using 
the single zircon Pb-evaporation technique (Walraven and 
Hattingh, 1993). 

A prominent series of northeasterly trending lineaments 
is evident within the gold field. Mafic dike emplacement, 
postmineralization normal faulting, and limited graben devel- 
opment have occurred parallel to this trend. Field relations 
(at Gregory and Rietfontein mines) show that the vertical 
veins divert along lithological contacts into a horizontal orien- 
tation, suggesting a genetic correlation between the vertical 
and horizontal veins. Similar indications of a possible link 
between the vertical and horizontal veins can also be found 

at the Pigeon vein (P.N. Bentley, pers. commun., 1993) and 
the Astra mine (Anderson, 1992). Bedding in the goldfield 
dips between 4 ø and 15 ø to the west. Vein emplacement is 
controlled by low angle (al -< 5ø), southeastward-verging bed- 
ding-parallel simple shear thrusts (Harley and Charlesworth, 
1992). Small-scale duplexes and shallowly westward-dipping 
ramp structures, as well as asymmetric folds, are typically 
developed within the mineralized carbonaceous shale. Within 
these shales, a well-developed subhorizontal planar fabric, 
comprising a closely spaced cleavage, is developed. Cleavage 
surfaces often bear slickensides which indicate early faulting. 
Fine-grained euhedral pyrite occurs as fabric-parallel layers 
within the shales (Harley and Charlesworth, 1992), whereas 

mineralogically, they are composed of sericite with minor 
amounts of quartz and organic carbon. 

Wall-rock alteration associated with the quartz veins within 
the sediments is restricted to meter-wide zones of silicifica- 

tion, whereas alteration within dike-sill-hosted mineralization 
comprises quartz-sericite-carbonate-pyrite. 

Mineralogy and Geochemistry 

Nature and mineralogy of veins 

Sabie-Pilgrim's Rest-type mineralization is epigenetic and 
confined to transgressive, vertical veins 1, strata-bound hori- 
zontal veins, and sill-dike-associated veins. The horizontal 
veins are composed of multiple sheets of quartz-carbonate 
(dolomite, ferro-dolomite, calcite), usually associated with 
thin slivers of carbonaceous shale and dolomite host rock 

(Fig. 2A and B). Anhedral quartz, similar to that described 
by Dowling and Morrison (1989), comprises the bulk of the 
veins. Small vugs lined with euhedral crystals of quartz are 
found locally (Fig. 2C). The average thickness of the hori- 
zontal veins ranges from 5 to 40 cm. Massive quartz stock- 
works and breccias, consisting of a mixture of vein material 
and silicified host-rock fragments, are locally abundant and 
economically significant (Fig. 2D). Surrounding such zones 
of vein thickening (commonly up to 3 m) are subparallel 
stringer veins, which are mineralized locally, and occasional 
subvertical stringer veins. These stringers pinch out within 
tens of centimeters from the main vein component. The gold 
grade is highly variable (from traces to over 60 g/ton; Fowler, 
1968), with the overall districtwide grade being on the order 
of 9 g/ton Au. In most deposits there are gradational differ- 
ences in gold grade along strike such that alternations be- 
tween ore-grade zones and low-grade waste zones can be 
distinguished. This situation gives rise to a characteristic ore 
shoot pattern (Wybergh, 1925; Zietsman, 1967), with little 
evidence of mineralogical or elemental zoning on a deposit 
scale. Furthermore, no consistent zonation patterns in terms 
of the sulfide mineralogy are obvious on a regional scale 
within the gold field. The horizontal veins associated with 
the Oaktree Formation and the upper Lyttleton and Eccles 
Formations, as well as the vertical veins (Boxall, 1938), are 
characterized by a more complex suite of ore minerals (i.e., 
pyrite, arsenopyrite, fahlores, chalcopyrite, bismuth sulfosalts, 
and bismuth), whereas the horizontal veins occurring at inter- 
mediate stratigraphic positions in the Monte Christo and 
lower Lyttleton Formations contain predominantly pyrite and 
lesser amounts of chalcopyrite and sphalerite. 

Three stages of sulfide mineralization have been identified 
(Meyer et al., 1986): 

Stage 1. Early diagenetic pyrite from the wall rock is found 
associated with the gold-mineralized veins. The pyrite is eu- 
hedral to subhedral and virtually free from inclusions of other 
minerals, apart from a few gold grains. 

Stage 2. This stage is coarser grained pyrite containing 
inclusions of chalcopyrite and gold, along with slightly later 
arsenopyrite that also contains inclusions of chalcopyrite and 

• Within the Sabie-Pilgrim's Rest gold field, individual orebodies or quartz- 
carbonate-sulfide-gold veins are locally referred to as "reefs." 
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B 

Fig. 2. Underground exposure of gold-bearing veins. A. Typical quartz carbonate vein with abundant coarse-grained 
pyrite, Elandshoogte mine. B. Sheeted appearance (ribbon texture) of vein with graphitic and dolomitic wall-rock inclusions, 
Glynns-Lydenburg mine, Sheba section. C. Comb quartz, Clewer mine. D. Quartz-cemented breccias, Elandshoogte mine. 
Photographs A and D courtesy of Michael Harley. 

ID 

tetrahedrite and that, in places, overgrows and replaces py- 
rite. This mineralization episode was also accompanied by 
quartz and carbonate. 

Stage 3. After a period of brittle deformation of the ore- 
bodies, as indicated by abundant fractures in pyrite and arse- 
nopyrite and also by clasts of wall-rock material within quartz, 
a later suite of fahlores, chalcopyrite, bismuth sulfosalts, na- 
tive bismuth, and gold was deposited. 

There is a distinct increase in gold content toward the later 
stages of sulfide mineralization, with most of the gold being 
emplaced at a very late stage. Gold associated with each of 
the three stages of sulfide mineralization has a characteristic 
fineness that decreases with an increasing complexity of the 
sulfide paragenesis (avg fineness values: stage 1 = 952, stage 
2 = 889, stage 3 = 871, avg fineness for the Sabie-Pilgrim's 
Rest gold field = 893). The paragenetic sequence in sill- 
dike-associated deposits (i.e., Olifantsgeraamte and Vaalhoek 
mines) appears to be less complex, with only one generation 
of pyrite and chalcopyrite developed, which contains round 
inclusions of gold. Gangue minerals in the veins are domi- 
nated by quartz, with lesser ferruginous carbonates and local 
muscovite, scheelite, and rare rutile. 

Fluid inclusion petrography 
Fluid inclusion data were obtained by microthermometric 

heating and freezing, using the standard techniques described 
by Roedder (1984, p. 196-201). Temperatures of phase 
changes were obtained on a Fluid Inc.-adapted U.S.G.S. heat- 
ing-freezing system, with the thermocouple calibrated against 
synthetic fluid inclusions (Sterner and Bodnar, 1984). Micro- 
thermometric measurements were made on inclusions that 

could be confidently classified and were large enough to per- 
mit easy observation of phase changes (i.e., >5/zm). Salinities 
were related to freezing point depression using the equation 
of Bodnar (1993). 

All of the quartz veins examined experienced repeated frac- 
turing in the presence of aqueous fluids as shown by abundant 
planes of secondary inclusions observed at low magnification. 
The high density of randomly oriented fractures decorated 
with fluid inclusions made it difficult to determine whether 

a given inclusion was fracture related or was trapped during 
crystal growth. For this reason, the authors have not at- 
tempted to classify fluid inclusion types according to the crite- 
ria of Roedder (1984, p. 13-26) but have rather related 
groups of inclusions to various stages of vein filling. Two 
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FIo. 3. A. Type I fluid inclusions in quartz at room temperature. These are filled with an aqueous liquid and a carbonic 
phase. B. Type 2 inclusions typified by multiple daughter crystals. Late-stage type 3 aqueous inclusions occur with or 
without vapor bubbles. See text for detailed discussion. 

optically distinct varieties of quartz were observed, an early, 
gray to milky translucent variety, and a later transparent type 
which either engulfs or occurs along microfractures in the 
mfiky quartz and is characterized by a distinctly different fluid 
inclusion population. The clear quartz is not associated with 
gold. In all of the samples studied from the horizontal veins, 
approximately 95 percent of the quartz is of the early, mfiky 
variety. Quartz from the Sabie-Pilgrim's Rest gold field gener- 
ally contains a number of apparently coexisting fluid inclusion 
populations within a single field of view. 

Type I inclusions: High CO•: This is the dominant fluid 
inclusion type and exhibits three phases, an aqueous liquid, a 
carbonic liquid, and a vapor bubble, at room temperature (Fig. 
3A), with occasional daughter crystals. The liquid to vapor 
ratio, as well as H•.O/CO•. ratios, varies to such an extent that 
the type i inclusions were subdivided into three categories: 
(i) aqueous inclusions containing an aqueous liquid, a small 
carbonic vapor bubble, and occasionally a single cubic daughter 
crystal; (ii) large single-phase liquid carbonic inclusions with 
vapor bubbles that appear during cooling; and (iii) a spectrum 
of three-phase inclusions with variable H•.O/CO•. ratios, seldom 
containing a daughter crystal. Contemporaneity of fracture- 
related aqueous and carbonic fluid inclusions was confirmed 
by cathodoluminescence studies, which show that the type 1 
inclusions occur together within individual quartz domains. 
Furthermore, aqueous and carbonic inclusions occasionally oc- 
cur along the same healed fracture. The continuum in H•.O/ 
CO•. ratios shown by these fluids also strongly suggests a close 
genetic relation between the two fluids. The morphology of 
this inclusion type varies from irregular to rounded, with some 
equidimensional negative crystal shapes. The size of the inclu- 
sions ranges from 5 to 30 

Final melting temperatures (T,,) of the aqueous phase 
range from -21.2 ø to -4.3øC, corresponding to a salinity 
range of 23.5 to 5.5 wt percent NaC1 equiv. The majority of 
inclusions containing carbonic species decrepitate between 
170 ø and 290øC, prior to bulk homogenization (T•), suggesting 
high internal fluid pressures. However, T• measurements that 
were obtained range from 105 ø to 255øC, corresponding to 

high bulk densities of 0.857 to 1.053 g/cm a. Comparison of 
homogenization and final melting temperatures for the vari- 
ous veins show different salinities for the three veins and 

confirm the salinity ranges within individual veins (Fig. 4). 
First melting temperatures for the carbonic phase are slightly 
below the value for pure CO•. and confirm the presence of 
other gaseous species, such as CH4 and N•.. Two populations 
of carbonic inclusions were recognized on the basis of the 
CO•. homogenization temperatures, with histogram peaks oc- 
curring at 10 ø and 23øC, respectively (Fig. 5). The different 
densities, indicated by these different temperatures, suggest 
that two generations of carbonic fluid influx occurred. 

Type 2 inclusions: Low CO• + high salinity: This type of 
inclusion is characterized by an aqueous liquid, a vapor bub- 
ble, and at least one daughter crystal at room temperature 
(Fig. 3B). Low initial ice-melting temperatures, plus the pres- 
ence of another daughter crystal in addition to halite (or 
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FIo. 4. Homogenization temperature versus salinity for type I inclusions. 
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deposits. 
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Histograms depicting homogenization temperatures of the carbonic phase in type I fluid inclusions. 

sylvite) indicate that calcium or magnesium chlorides are 
probably present in the liquid. Carbonic species are fre- 
quently present but are not visible and are only evident in 
the formation of clathrates that obscure accurate determina- 

tion of final melting temperatures. This type of inclusion is 
common in the vertical veins, but does not occur in the strata- 
bound horizontal veins. Homogenization temperatures of 
gases into the liquid phase in these inclusions range from 105 ø 
to 165øC, whereas dissolution temperatures for the daughter 
phases (total homogenization) plot in the range 220 ø to 245øC, 
corresponding to salinities of around 33 wt percent NaC1 
equiv. It is very common for type 2 fluid inclusions to decrep- 
itate before total homogenization occurs. 

Type 3 inclusions: Low COs + low salinity: These inclu- 
sions contain an aqueous liquid, with or without a vapor bub- 
ble at room temperature, and are believed to be the last- 
formed inclusion type. They are found in both the milky and 
clear quartz varieties. However, in the volumetrically minor 
late-stage clear quartz these inclusions predominate, •vhereas 
carbonic and aqueous saline inclusions are rare. Crosscutting 
relations between type 3 and i inclusions prove that the for- 
mer postdate the carbonic-rich inclusions. Final melting tem- 
peratures center around -4.5øC (corresponding to a salinity 
of about 7 wt percent NaC1 equiv), and homogenization tem- 
peratures range from 110 ø to 135øC (density range: 1.00- 
0.98 g/cm3). The absence of vapor bubbles in many of these 
late fluid inclusions suggests low entrapment temperatures 
and confirms the late temporal relations. 

Quadrupole mass spectrometer gas analyses: Quadrupole 
mass spectrometer gas analyses were performed on pieces of 
fluid inclusion wafers (less than 2 mm in diam) with a total 
mass of less than 50 mg. Gases were released from quartz 
wafers by crushing the samples at 110øC under vacuum in a 
modified Nupro © valve, from which they were passed directly 
into a VG SXP600 quadrupole mass spectrometer via a short 
conduit designed to maximize conductance and minimize ad- 

sorption between sample and ionizing filament (Table 1). 
Data for 16 specified masses were collected in a cycling pe- 
riod of about 0.2 s, which permitted simultaneous determina- 
tion of HsO, COs, CH4, CsH6, Ns, Ar, HsS, SOs, HC1, and 
Hs. Selection of the specified masses was based on an evalua- 
tion of the integrated mass response in terms of the composi- 
tion of the common constituents found in fluid inclusions. 

Total response for each mass was obtained by integrating 
under the individual response-time curve for each mass from 
the time of crushing until the signal returned to background 
levels. The integrated response for each mass was converted 
to mole fractions for the gases of interest using a matrix- 
inversion procedure that takes into account fragmentation 
patterns and relative sensitivities (to Ns) determined for the 
specific instrument utilized (Jones and Kesler, 1992). These 
values were then normalized and converted to mole percent. 
Calibration of crush analysis yielded detection limits for a gas 
concentration of 5 ppm in samples containing at least 0.001 
/•1 of fluid. Inclusion fluids were also released from native 
gold grains by heating to 900øC under vacuum in a silica glass 
tube until the inclusions decrepitated (Fig. 6A and B). Gases 
liberated in this manner passed directly into the quadrupole 
source and produced episodic signal bursts that probably rep- 
resent decrepitation of individual inclusions. Gas species from 
individual gold-hosted inclusions with abundances of less than 
0.5 mole percent cannot be reported quantitatively and were 
therefore omitted (Table 2). 

Results from bulk fluid inclusion gas analyses are presented 
in Table 1. Great care has been taken to ensure the domi- 

nance of type i fluid inclusions within the pure quartz speci- 
mens. This was achieved by microscopic selection of doubly 
polished quartz chip fragments which were clearly dominated 
by type i fluid inclusions. However, it is inevitable that this 
type of bulk analysis reflects contamination by other fluid 
populations (Roedder, 1990) and thus represents partially 
time-integrated fluid chemistry and may not be absolutely 
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TABLE 1. Compositions of Quartz-Hosted Inclusion Fluids 

Sample no. H.20 CO.2 CJH4 C2H6 N2 Ar HaS SO2 HC1 Total 

AST109 96.641 3.216 0.078 0.000 0.0000 0.0065 0.0043 0.0007 0.0520 99.998 
BM184A 99.538 0.249 0.053 0.069 0.0000 0.0067 0.0170 0.0091 0.0560 99.998 
BM184B 99.744 0.127 0.050 0.008 0.0169 0.0019 0.0074 0.0019 0.0430 100.000 
BM7384 98.635 1.088 0.157 0.008 0.0138 0.0009 0.0250 0.0005 0.0720 99.999 
CLW016 96.969 2.814 0.128 0.017 0.0235 0.0021 0.0047 0.0020 0.0370 99.998 
SUD211 99.010 0.758 0.029 0.047 0.0805 0.0041 0.0045 0.0019 0.0650 99.999 
FKM075B 84.634 14.930 0.394 0.007 0.0000 0.0009 0.0089 0.0029 0.0120 99.990 
FKM076B 94.374 5.363 0.214 0.105 0.0000 0.0026 0.0043 0.0026 0.0210 99.997 
GLS052 94.67 5.210 0.046 0.009 0.0181 0.0040 0.0059 0.0015 0.0310 99.996 
GRR300 99.482 0.330 0.079 0.021 0.0251 0.0085 0.0085 0.0025 0.0430 99.999 

JBH043 89.518 10.313 0.114 0.011 0.0000 0.0020 0.0051 0.0010 0.0290 99.993 
LJM090 93.792 5.951 0.178 0.025 0.0000 0.0000 0.0045 0.0007 0.0330 99.984 
MGL204 98.824 0.992 0.043 0.079 0.0000 0.0017 0.0050 0.0031 0.0520 99.999 
NSM093 99.340 0.529 0.053 0.019 0.0000 0.0048 0.0031 0.0006 0.0500 100.000 
NSM098 88.794 10.534 0.561 0.023 0.0000 0.0077 0.0069 0.0024 0.0620 99.991 
OGM078 98.491 1.147 0.081 0.074 0.1067 0.0108 0.0140 0.0027 0.0710 99.998 
S1017 97.453 2.380 0.081 0.007 0.0181 0.0039 0.0055 0.0012 0.0480 99.998 
SUN003 99.150 0.733 0.031 0.019 0.0000 0.0036 0.0032 0.0002 0.0590 100.000 
VLH040A 97.421 2.521 0.025 0.009 0.0000 0.0024 0.0041 0.0022 0.0130 99.998 

VLH040B 93.265 6.607 0.021 0.014 0.0481 0.0036 0.0055 0.0017 0.0290 99.995 

Determined by Quadrupole Mass Spectrometer Gas Analyses (in mole %) 
Locality abbreviations: AST = Astra, CLW = Clewer West, FKM = Frankfort, GLS = Glynns Lydenburg Sheba, GRR = Gregory, JBH = Jubilee, 

LJM = Little Joker, MGL = Morgenzon, NSM = Nestor, OGM = Olifantsgeraamte, S = Elandsdrift, SUD, = Sudwala, SUN = Sunlight, VLH = 
Vaalhoek 

Exact localities of samples obtained from the British Museum (Natural History) (BM) are unknown 

representative. H20 is by far the dominant volatile compo- 
nent in the Sabie-Pilgrim's Rest fluid inclusions and typically 
comprises 95 to 99 mole percent of the inclusion fluid. COs 
comprises most of the remaining volatile component (varying 
between 0.1-15 mole %), whereas the other gases are gener- 
ally present in amounts smaller than 1 mole percent. The 
vertical veins and the horizontal veins from lower down in 

the stratigraphy contain higher concentrations of Ar and H C1, 
whereas the upper veins contain larger COs and CH4 concen- 
trations (Fig. 7A and B; Table 1). High HC1 concentrations 
in vertical veins (Fig. 7A) correlate well with high salinities, 
as indicated by microthermometric measurements, and are 
probably a result of the hydrolysis of NaC1 at higher tempera- 
tures. Furthermore, CH4/CO2 ratios for inclusion fluids from 
horizontal veins are significantly higher compared to vertical 
veins. This difference indicates that the gas content of the 
veins clearly reflects the host-rock lithology as a consequence 
of fluid-rock interaction. The higher abundances of COs and 
CH4 in the carbonate-hosted veins suggest a contribution of 
carbonic species from the dolomitic host rock as a result of 
interaction with the hydrothermal fluid. A possible source for 
CH4 is thermocatalysis of organic matter within the vein- 
associated shale layers (Welhan, 1988). The dominant fluid 
population in the Sabie-Pilgrim's Rest gold field exhibits vari- 
able CO•'Ar ratios, and depleted N.2 contents. Comparison 
with the normalized populations of present-day air and air- 
saturated water suggests that large-scale fluid interaction with 
air-saturated meteoric water can be ruled out. Average N•' 
Ar ratios center around 4.5 (max = 19.6), they are well below 
those of air (84) or air-saturated ground water (38). The ab- 
sence of air contamination from the Sabie-Pilgrim's Rest gas 
analyses is also indicated by the fact that most analyses plot 

away from modern-day air composition. The Ar probably re- 
sulted from the radiogenic decay of potassium, with subse- 
quent incorporation into fluid inclusions. 

Decrepitation analyses of individual primary fluid inclu- 
sions hosted within single gold grains (Fig. 8) yielded widely 
variable CO2/H20 ratios (Table 2) for fluid inclusions that 
deerepirated within a restricted temperature range. Ramboz 
et al. (1982) emphasized the constraints on homogenization 
phenomena which enable the recognition of fluid immiscibil- 
it-y: (1) the two immiscible fluids must occur within the same 
region as the sample; (2) the two types of fluid inclusions 
must homogenize within the same temperature range be- 
cause trapping is not an instantaneous and strictly isothermal- 
isobaric process; and (3) although the internal pressures are 
different before homogenization, because of variable liquid 
to vapor ratios, the pressures reach the same value at the 
homogenization temperature (trapping temperature). There- 
fore, the decrepitation temperatures should also reflect a re- 
stricted temperature range. Such a restricted temperature 
range for gold-hosted fluid inclusions is, however, influenced 
by other factors, such as the depth of the fluid inclusions 
beneath the surface of the gold grain. It is unlikely that more 
than one generation of fluid could have been trapped in a 
malleable mineral such as gold, which does not easily allow 
secondary fractures to form. The fact that a single fluid popu- 
lation displaying variable CO2/H,20 ratios occurs in the same 
gold grain, together with a relatively restricted range of de- 
crepitation temperatures, is thought to be a good indication 
of fluid immiscibility during gold precipitation. The recogni- 
tion of fluid immiscibility in native gold grains provides a 
mechanism whereby precipitation of gold could have taken 
place in the Sabie-Pilgrim's Rest gold field. Fluid immiscibil- 
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FIG. 6. A. Cavity of a decrepitated fluid inclusion in native gold grain. 
Diameter of cavity •50/zm. B. Striations on cut surface of a native gold 
grain being distorted as a result of bulging of a near-surface fluid inclusion 
during a decrepitation run on the quadrupole mass spectrometer. 

ity in native metals from a variety of geologic settings, was 
also reported by Van Hees et al. (1992), using quadrupole 
mass spectrometer data. 

Temporal and genetic interrelations of fluid inclusions: 
All fluid inclusions observed formed within annealed micro- 

fractures. No unambiguous temporal relation could be recog- 
nized between type 1 and 2 fluids, but type 3 fluids clearly 
crosscut type 2 inclusion trails. Type I fluids occur in milky 
quartz in both granite-hosted vertical veins and in sediment- 
and dike-related horizontal veins, and have also been recog- 
nized by Ash and Tyler (1986; types I, II, and IV) and Ander- 
son et al. (1992; types I, II, and III). Type 2 fluids were only 
observed in vertical veins and correspond to the type III 
inclusions of Ash and Tyler (1986). Type 3 fluids occur 

throughout, but form the predominant population in the para- 
genetically late transparent quartz. 

The dose association between the three categories of type 
I fluids, and the compositional continuum between these 
types, suggests that the fluids may be genetically linked. An- 
derson et al. (1992) also recognized the existence of a compo- 
sitional continuum in the fluids of the Sabie-Pilgrim's Rest 
gold field and attributed this to partial mixing between brine 
and CO•-rich fluid of discrete origins. Our interpretation of 
these fluids is that they reflect unmixing of a single CO•-NaC1- 
H•O fluid, since aqueous fluid inclusions, carbonic vapor-rich 
inclusions, as well as inclusions with variable H•/CO• ratios, 
are present as the dominant types (type I inclusions) in 
quartz. In addition, the quadrupole mass spectrometer gas 
data also support immiscibility in the gold-hosted fluid inclu- 
sions. Harley and Charlesworth (1995) present evidence for 
variations in fluid pressure and crack-seal behavior during 
ore deposition within the Sabie-Pilgrim's Rest gold field. Such 
a mechanism implies rapid and extreme fluctuations in pres- 
sure during ore deposition, which must have affected the 
position of the H•O-CO• solvus in P-T-X space (Bowers and 
Helgeson, 1983; Bowers, 1991). Given an original, homoge- 
neous fluid with average mole percent H•O of 95 to 85 and 
CO• = 5 to 15 mole percent (Table 1) at 320øC and salinity 
•-- 12 wt percent NaC1 equiv, fluctuations in fluid pressure 
between assumed values of 2,000 and 1,000 bars would shift 
the solvus such that the fluid would move from a one-phase 
into a two-phase field (Fig. 9). The shape of the solvus dictates 
that unmixing would result in an aqueous component with 
high, but restricted, salinity and low Xco• (type 1• fluid) and 
a CO•-rich, low-salinity component (type lii fluid). Type la 
fluid exhibits widely varying H•O/CO• ratios because of the 
flat-lying geometry of the solvus, a feature which corroborates 
the compositional continuum observed in type I fluids. Bow- 
ers and Helgeson (1983) have shown that a high-salinity H•O 

T^BL•. 2. Quadrupole Mass Spectrometer Gas Analyses of Individual 
Fluid Inclusions Contained in a Single Pure Gold Grain (in mole %) 

H•O CO• CO•/H•O 

98.2 1.8 0.018 

96.9 3.1 0.032 

98.5 1.5 0.015 
98.2 1.8 0.018 
98.5 1.5 0.015 

96.1 3.9 0.041 

96.2 3.8 0.040 

76.9 23.1 0.300 
68.8 31.2 0.453 

83.7 16.3 0.195 
71.0 29.0 0.408 
96.3 3.7 0.038 
93.1 6.9 0.074 
68.6 31.4 0.458 
90.2 9.8 0.109 
91.4 8.6 0.094 

93.7 6.6 0.071 
80.6 19.4 0.241 

64.9 35.1 0.541 

94.3 5.7 0.060 
58.9 41.1 0.698 
86.8 13.2 0.152 
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FIc. 7. A. Relative CO2, Stoml, and HC1 contents of hydrothermal gases from quartz specimens of the Sabie-Pilgrim's 
Rest gold field. B. Ternary diagram presenting the CO2, N2, and Ar contents of inclusion fluids from the Sabie-Pilgrim's 
Rest gold field. Locality, abbreviations: AST = Astra, CLW = Clewer West, FKM = Frankfort, GLS = Glynns Lydenburg 
Sheba, GRR = Gregory, JBH = Jubilee, LJM = Little Joker, MGL = Morgenzon, NSM = Neston, OGM = Olifantsge- 
raamte, S = Elandsdrift mine, SUD = Sudwala, SUN = Sunlight, VLH = Vaalhoek; BM = British Museum samples. 

fluid can be produced by unmixing of a relatively low-salinity 
H20-CO.• fluid, because the salt will fractionate into the H.•O- 
rich liquid phase rather than into the CO.•-rieh vapor phase. 
If pressure varies widely during repeated crack-seal events 
(Sibson et al., 1988), then fluid entrapment during these 
events would reflect the changing position of the solvus re- 
sulting in variable H.•O/CO.• proportions. Consequently, type 
li, lii, and liii fluids are considered to be genetically related 
and formed from pressure-induced unmixing of the ore-bear- 
ing fluid during the principal period of gold and sulfide miner- 
alization. However, we also recognize the relevance of limited 

fluid mixing, as is evident from the presence of a low-density 
carbonic phase in type i inclusions (Fig. 4). It is pertinent to 
note that the vertical veins are characterized by high-density 
CO.• with a restricted range in Th, whereas all horizontal veins 
exhibit a much broader range of CO.• densities, imply- 
ing a contribution of low-density basin-derived carbonic 
species. 

The highly saline type 2 fluid inclusions, which are confined 
to the granite-hosted vertical veins, are similar to the high- 
salinity fluids recognized in granites of the Canadian Shield 
(Frape et al., 1984; Gaseoyne et al., 1987) and Cornwall (Ed- 
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FIG. 8. Signal responses from quadrupole mass spectrometer analyses of individual fluid inclusion bursts from a native 
gold grain. Vertical scale is the negative logarithm of the SEM current. Horizontal scale indicates temperature (in øC) 
relative to the number of quadrupole mass spectrometer cycles. Masses monitored are identified in the diagram. 
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FIG. 9. T-X diagrams for 12 wt percent NaC1 relative to H`,O + NaC1 after Bowers and Helgeson (1983). Variations 
in pressure result in fluctuation of the solvus across the compositional field defined for the Sabie-Pilgrim's Rest gold field. 

munds et al., 1984). The principal origins of the high salinity 
could be ascribed to acid hydrolysis of plagioelase, K feldspar, 
and biotite, but may also reflect evolved high-density basinal 
brines which are concentrated at the bottom of the Transvaal 

sub-basin as a result of their higher density. 

Pressure and temperature estimates 

The confining pressure of the Sabie-Pilgrim's Rest-type 
mineralization is not well constrained due to the lack of suit- 

able geobarometers. Dissolution of daughter crystals after 
vapor homogenization indicates relatively high entrapment 
pressures, taking into account the limitations in interpretation 
emphasized by Roedder and Bodnar (1980). A reconstruction 
of the overburden at the time of quartz vein mineralization 
yields a thickness of approximately 7 to 8 km (Button, 1973, 
1986) which corresponds to a lithostatic pressure of 2.2 to 
2.5 kbars (at i kbar per 3.2 km using density data of Smit 
and Maree, 1966). This pressure estimate corresponds to an 
average fluid entrapment temperature of 320øC, using the 
Jacobs and Kerrick (1981) and Holloway (1981) equations of 
state to calculate isochores for the above fluid characteristics. 

The typical fluid composition used for these calculations in- 
volved a fluid with a salinity of 12 wt percent NaC1 equiv and 
with a homogenization temperature between 170 ø and 200øC. 
By applying the above pressure correction to such a very 
typical fluid, entrapment temperatures of between 300 ø and 
350øC are obtained. Furthermore, these temperatures corre- 
spond to those obtained using the arsenopyrite geothermo- 
meter of Lusk et al. (1993). Arsenopyrite from the Sable- 
Pilgrim's Rest gold field contained As in the range 29.03 to 
29.75 at. percent. A minimum estimate for the activity of 
sulfur was obtained from pyrite-pyrrhotite coexistence, yield- 
ing a log as,, value of -10.5. Using these figures, a tempera- 
ture estimate of _300øC is obtained, taking into account the 
limitations in accuracy of this geothermometer. This value is 
broadly compatible with values obtained by Anderson (1992), 
who presented As values that ranged between 28.8 and 31.7 
at. percent (x = 30.5; n = 64; lo- = 0.67), yielding a tempera- 
ture range of 300 ø to 425øC (x = 375øC), assuming a as,0 of 
-7.3. A third tenuous indication of mineralization tempera- 
tures is obtained from the coarse striated surfaces of vein- 

related pyrite, which suggests precipitation temperatures be- 
tween 300 ø and 350øC. 

Light stable isotopes 

Quartz oxygen isotope data: Oxygen extraction from sili- 
cates were performed utilizing the conventional technique, 
using C1Fa as reagent (Borthwick and Harmon, 1982; Ven- 
neroann and Smith, 1990), as well as the laser-based extrac- 
tion method of Sharp (1990). Average NBS-28 values were 
used to convert the raw data to the V-SMOW scale using the 
accepted value of 9.64 per rail for NBS-28 (Coplen et al., 
1983). The mean difference in 61sO values of 23 NBS-28 
samples was 0.12 per rail. NBS-30 yielded an average value 
of 5.1 per rail V-SMOW. All oxygen isotope values are re- 
ported in 6 notation in per rail units relative to V-SMOW. 

Thirty-two quartz samples from both the vertical and hori- 
zontal veins as well as the sill-dike-associated veins, covering 
a vertical stratigraphic span of approximately 1,000 m, were 
analyzed for oxygen isotop•sc, omposition (Table 3). The verti- 
cal veins yielded a mean 60 = 14.2 per rail (crX = 0.34; n 
= 14), whereas the various horizontal veins have a slightly 
higher mean, 6•sO = 16.1 per rail (crX = 1.77; n = 48). Quartz 
from diabase sill-dike-associated deposits have average 61sO 
= 20.7 per rail (crX = 1.23; n = 6). The data in Figure 10 
demonstrate a distinct difference in •sO content between 

carbonaceous sediment-and granite-hosted quartz veins. 
Variations in 61sO values among the vertical quartz vein sys- 
tems are tightly constrained (avg 6•sO = 14.3; crX = 0.3; n 
= 7), whereas the 61sO values xvithin individual horizontal 
veins vary (Table 3). Fluid 6•sO values were calculated from 
quartz mineral values for a 320øC equilibrium temperature 
using the equation of Matsuhisa et al. (1979; Table 3). These 

•s 

values (6 O,,id) range from 7.8 to 8.6 per rail for the vertical 
veins, from 5.3 to 12.9 per rail for the horizontal veins, and 
from 13.3 to 15.9 per rail for the dike-sill-associated deposits. 
All these values overlap with the range for both magmatic 
and metamorphic waters (5.5-9.0%0; Taylor, 1979). 

Variations in the 61sO values of hydrothermal quartz occur 
in response to a number of independent parameters. Quanti- 
tatively, the most important of these are the 6•sO value of 
the fluid and ambient temperature at which fluid-mineral 
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TABLE 3. Average 6]SO and 6]SOn,•id Values for Quartz froin Vertical and 
Horizontal Veins as Well as Sill-Associated Gold Mineralized Localities 

(73 analyses) 

Sample no. A•SO 6•SO,,•d Sample no. 6•SO 6•SO,,id 

Horizontal veins Vertical veins 

FKM075A 16.3 (15.7) 9.8 
FKM075B 14.7 (14.2) 8.3 
FKM076A 17.4 11.2 

FKM076B 17.2 11.0 
FKM077A 17.2 11.0 
FKM077B 16.5 10.3 

LJM090 14.0 (13.9) 7.8 
NSM093 14.4 (14.1) 8.1 
BRHl12 19.7 13.5 
MAM103 15.2 9.0 
MAM104 14.7 8.5 

CLHl10 11.5 5.3 
CLH111 16.0 9.8 

BRH112 19.7 13.5 
MGL032 16.4 10.2 
MGL033 16.2 10.0 

CLS038 16.7 10.5 

JBH043 18.5 12.3 
DRM044 19.1 12.9 
GLS052 16.6 10.4 

CLW013 16.7 10.5 

CLW017 17.8 (17.8) 11.6 
THH030 15.4 9.2 

RFTl13 14.8 8.6 

SUN003 14.2 8.0 

GRR099 14.2 8.0 
GRR106 14.1 7.9 
GRR107 14.2 8.0 

GRR108 14.3 8.1 
AST109 14.0 7.8 

Sill-dike-associated veins 

VLH040 22.1 15.9 
OGM082 19.5 13.3 

OGM083 20.1 13.9 

Values in parentheses were generated using the laser ablation method of 
extraction; 6]SO,u,d values were calculated from quartz mineral values using 
the quation of Matsuhisa et al. (1979) for T = 320øC; all values are expressed 
in per mil notation relative to V-SMOW 

Locality abbreviations: AST = Astra, BRH = Browns Hill, CLW = Clewer 
West, CLS = Clewer South, DRM = Desiree, FKM = Frankfort, GLS = 
Glynns Lydenburg Sheba, GRR = Gregory, JBH = Jubilee, LJM = Little 
Joker, MAM = Mamre, MGL = Morgenzon, NSM = Nestor, OGM = 
Olifantsgeraamte, RFT = Rietfontein, SUD = Sudwala, SUN = Sunlight, 
THH = Theta Hill; VLH = Vaalhoek 

isotopic equilibrium is attained (Kerrich, 1987). At the site 
of mineralization, the 6•sO values of hydrothermal fluids may 
be modified by (1) exchange reactions with the wall rock, (2) 
precipitation or solution of an oxygen-bearing phase either 
depleted or enriched in lSO with respect to the fluid, (3) 
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FIG. 10. 6•sO values for quartz separates froin various Au-bearing veins 
in the Sable-Pilgrim's Rest gold field. Values for the earbonaeeous host rocks 
are froin Sehidlowski et al. (1975). All values are presented in per mil nota- 
tion, relative to V-SMOW. 
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FIG. 11. 634S values for pyrite separates froin gold-bearing quartz veins 

in the SaNe-Pilgrim's Rest gold field. All values are expressed in per mil 
notation relative to Canyon Diablo trollire (CDT). 

separation of an immiscible CO2 phase, or (4) mixing with 
an isotopically distinct fluid. An inconsistent variation in 6•SO 
with decreasing depth suggests •sO contributions from an 
external oxygen soume or decreasing tem erature A strong •s ' 
lithologieal control (option 1 above) on 60 values in the 
Sabie-Pilgrim's Rest gold field is evident in Figure 10, with 
low values for the granite-hosted veins, higher values for the 
veins hosted in the overlying dolomite, and the highest 6•sO 
values associated with diabase dikes-sills. The data compare 
favorably with the oxygen isotope values presented by Tyler 
(1986; 61sO = 12.1-19.5%•) and Anderson (1992; 61sO = 
10.4-19.8%•). The 6•sO values obtained by Tyler (1986) for 
the strata-bound veins of the Malmani Subgroup duster be- 
tween 17 and 18 per mil, whereas the vertical veins yielded 
slightly lower values, ranging between 14.1 and 15.2 per rail. 
The 6•sO values for the veins in the silieielastie Pretoria 

Group exhibit the heaviest isotope compositions, varying be- 
tween 12.1 and 14.4 per mil. These low 6•sO values for the 
Pretoria Group-hosted veins were confirmed by Anderson 
(1992) who reported compositions ranging between 10.4 and 
13.9 per rail. Clastie sedimentary rocks (shales) from the 

•s 

Black Reef Formation yielded 60 values ranging from 7.5 
to 10.6 per mil (Shieh and Zhang, 1988). Sehidlowski et al. 
(1975) have shown that the oxygen isotope composition of 
dolomite in the vicinity of the Sable-Pilgrim's Rest gold field 
ranges between 21.5 and 22.9 per mil, whereas 6•sO values 
of the carbonate gangue phases (dolomite and calcite) vary 
between 16.1 and 21.5 per rail. Schifffids and Rye (1989) 
have also presented 6•80 values of 20 + 1 per rail for dolomite 
from the Malmani Subgroup, whereas the intrusive rocks 
from the Bushveld Complex yielded average 6180 values of 
7.2 _ 0.4 per mil for plagioclase, 6.6 +_ 0.2 per mil for ortho- 
pyroxene, and 6.9 _+ 0.2 per rail for the average melt composi- 
tion. The observed variations in 6•80 values of vein quartz 
from different stratigraphic heights in the Sabie-Pilgrim's 
Rest gold field strongly argue that wall-rock interaction largely 
controlled the oxygen isotope composition. Variations within 
stratiform quartz veins probably result from a combination 
of immiscibility of CO2 and mixing with a fluid of distinct 
isotopic composition. 

Pyrite sulfur isotope data: Sulfur in pyrite was converted 
to SOs using the Cu20 oxidation method of Coleman and 
Moore (1978). Sixty pyrite samples from within the horizontal 
quartz veins were analyzed for 634S. They yielded a range 
from -4.6 to 3.3 per rail (Fig. 11), which agrees with the 
small number of analyses presented by Tyler (1986). The 
stratigraphically lower vein horizons are characterized by 6a4S 
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TABLE 4. Light Stable Isotope Values (•SD, •513C, and •9sO) 
of Extracted Inclusion Fluids from Horizontal Veins (Clewer West 
= CLW), Vertical Veins (Gregory = GRR and Rietfontein = RFT), 

and Sill-Associated Veins (Olifantsgeraamte = OGM) 

Sample no. •5D,2o A laCtot, d •518Oflu]d 

OGM082 -47 - 11.7 13.3 
GRR107 -37 -2.8 8.0 
CLW017 -53 - 10.8 11.6 
RFT001 -68 -4.8 6.5* 
CLW017 -54 - 1.4 15.4' 
RFT113 -61 -5.7 8.6 
CLW013 -47 -4.1 10.5 
VLH040 -36 -0.3 15.9 

FKM075A -58 -8.2 9.8 
MAM104 -17 -6.1 8.5 
MGL033 -49 -8.4 10.0 
GRR107 -47 - 12.0 8.0 
BRH112 -16 1.8 13.5 

Data are presented relative to per mil V-SMOW; 5tSO values are calculated 
from 61SOq,,.• 7 using the equation of Matshuhisa et al. (1979) for T = 320øC; 
* = values from pyrite-hosted fluid inclusions 

values for pyrite ranging from 3.3 to - 1.2 per rail, characteris- 
tic of magmatic sulfur. The upper veins have more negative 
634S values, ranging from 1.9 to -4.6 per rail, which coincides 
with the trend toward negative 634S numbers in sulfides from 
host-rock sediments (Cameron, 1982). Cameron (1982) iden- 
tified an isotopic transition zone in the lower Malmani Sub- 
group, above which sulfides from intercalated shales were 
derived from sulfate reduction, involving both biogenic and 
inorganic processes. Liebenberg (1968) determined the sul- 
fur isotope composition of a large number of host-rock sam- 
ples from the Transvaal Supergroup, with values covering a 
wide range between -11.6 to 7.8 per mil. 

Fluid inclusion stable isotope data: Measurements of 6D 
and 6•3C were performed on fluids from decrepitated fluid 
inclusions in selected quartz and pyrite samples, following 
the method described by Vennemann and O'Neil (1993). 
These data are presented in Table 4. The hydrogen isotope 
composition of water in quartz-hosted fluid inclusions is vari- 
able and extends from -61 to -16 per rail. This wide range 
in values cannot be accounted for by mixing of fluids from 
depleted and enriched 6D fluid reservoirs because any such 
mixing would be reflected in shifts of both 6D and 6•SOnuid, 
which is inconsistent with the relatively uniform (518Ofiuid val- 
ues. Rather, the observed range in (SD may also be due to 
the variable presence of H2 and/or CH4 in the aqueous fluid, 
as confirmed b the as chemist data (Table 1). When plot- is Y g ry 
ted on a (50 vs. (SD diagram (Fig. 1œ), the Sabie-Pilgrim's 
Best data coincide with the primary magmatie and metamor- 
phic water fiends, and show no indication of any isotopic inter- 
action with meteoric water. The fluid (SD and (5•SO•iuid data 
are inconclusive with regard to the origin of the ore-bearing 
fluid, and cannot be used to discriminate between the involve- 
ment of meteoric-, metamorphic-, magmatie-, and/or basinal- 
derived fluids. However, the Sabie-Pilgrim's Rest (SD and 
(5•sO data are distinctly different from those of fluids in epi- 
thermal, volcanic-associated massive sulfide and Mississippi 
Valley-type deposits (e.g., Ohmoto, 1986). 

Carbon isotope values for fluid inclusions range from 1.8 to 
-12.0 

age (S13Pc er rail. Schidlowski et al. (1975) determined the aver- value of carbonate minerals from the Sabie-Pilgrim's 
Rest gold field veins to be around -2.4 per rail. These data 
suggest that hydrothermal fluids may have acquired carbonic 
species (CO2, H2CO3, HCO] from the carbonate host rocks. 
Under conditions where pressure equals 2.2 to 2.5 kbars and 
temperature = 320øC, the (513CCa,Mg(CO3)s • (513Cfluid (Oh- 
moro and Rye, 1979), and fractionarian between oxidized car- 
bon species CO•-, HaCO3) in solution is small (Bottinga, 1969). 
The calcite-HCO•- fractionarian is --• 1 per rail at 320øC (Kyser, 
1987), so that calcite of -3 per mil would have been precipi- 
tated from a fluid with (5•3C HCO•- • --4 per rail. Although 
the (513C values of aqueous carbonate depend on a number of 
factors, the observed range in (5•3C for samples from the Sabie- 
Pilgrim's Rest gold field suggest that carbon species could have 
been acquired during dissolution and decarbonatization of the 
host dolomitic rocks. 

In summary, the uniformity of the (slSO values of quartz 
in individual horizontal and vertical vein deposits implies a 
consistent ambient temperature. Furthermore, a dominant 
lithological control on the (5•SO and (534S values is apparent. 
Such an interpretation could explain the irregular variations in 
(5•SO throughout the stratigraphic sequence. The shift toward 
negative (534S values in vein-associated sulfides could also be 
ascribed to isotopic exchange with sulfides derived from sul- 
fate reduction within intercalated shales, thereby confirming 
the lithologic control on stable isotope compositions. The 
significant lithological control of the host rock on the stable 
isotope compositions, and the lack of knowledge on the extent 
of fluid-rock interaction, prevents determination of the origi- 
nal stable isotope composition of the mineralizing fluid. 
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FIG. 12. A 5D vs. 6180 plot depicting the stable isotope geochemistry 
of Sabie-Pilgrim's Rest ore-bearing fluids. MWL = meteoric water line (mod- 
ified after O'Neil and Silberman, 1974, and Sheppard, 1986. 
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Transport and Deposition of Ore 
Data presented in this study allow the following summation 

to be made regarding the mineralizing fluid which formed 
the Sabie-Pilgrim's Rest deposits. Mineralization formed at a 
mean temperature of around 320øC and a pressure of 2.2 to 
2.5 kbars; the average mole fraction carbonic species in the 
fluids was about 0.05 as determined by the quadrupole mass 
spectrometer gas analyses, and fluid salinities range from 5.5 
to 23.5 wt percent NaC1 equiv with an average of • 12 wt 
percent NaC1 equiv, as indicated by Tm,oe measurements. Ac- 
tivities of ionic species in this fluid were log aNa = --1.08, 
log ai• = -0.32, and log ac] = -0.27, with an ionic strength 
= 2.46 and an NdK ratio of 0.1 (Harley, 1993; Boer and 
Harley, 1994). In terms of the reaction muscovite + 6K + + 
6 quartz = 3K feldspar + 2H + (log K = -7.919; calculated 
using SUPCRT92, Johnson et al., 1992), an acidic pH (neutral 
pH = 5.1 at 320øC) is indicated for the Sabie-Pilgrim's Rest 
fluids, because no K feldspar was observed (Boer and Harley, 
1994). Redox conditions are constrained by sulfide-phase sta- 
bility fields, calculated for the specific thermodynamic condi- 
tions specified above (Fig. 13). 

Using these fluid characteristics, inferences on the gold 
speciation and precipitation mechanism is possible. Experi- 
mental data on Au bisulfide complexes (Seward, 1973; Shen- 
berger and Barnes, 1989; Hayashi and Ohmoto, 1991) for the 

conditions outlined above indicate solubilities of between 1 

and 10 ppb. Calculations of Au chloride complex solubility 
for Sabie-Pilgrim's Rest gold field conditions, using data of 
Henley (1973) and Shenberger and Barnes (1989), yield val- 
ues of similar magnitude (Fig. 13). This implies that Sabie- 
Pilgrim's Rest gold could have been transported equally effi- 
denfly as either a bisulfide or a chloride complex. The possi- 
ble significance of the chloride complex may also explain the 
preponderance of Cu mineralization in the Sabie-Pilgrim's 
Rest gold field compared to other mesothermal lode gold 
deposits, since Cu is efficiently transported as a chloride com- 
plex. Precipitation mechanisms pertinent to a fluid trans- 
porting gold as a bisulfide complex include a decrease in T 
at constant pH, oxidation of the complex, pH reduction, and 
reduction in sulfur activity in the fluid by sulfide precipitation. 
Oxidation may be ruled out as a first-order control in gold 
precipitation because fluid CO2/CH4 ratios remain relatively 
constant throughout the Sabie-Pilgrim's Rest gold field. This 
situation differs from that at the Pamour mine in the Timmins 

district in Canada, for example, where widely variable CO2/ 
CH4 ratios have been taken as an indication of the influence 
of changing oxidation states on gold precipitation (Walsh et 
al., 1988). Given the strong association of gold with various 
sulfides noted at many mines in the Sabie-Pilgrim's Rest gold 
field (Meyer et al., 1986; Harley and Charlesworth, 1992), 
the role of sulfide precipitation may have been important for 
gold precipitation. However, as indicated by gas analyses from 
gold-hosted fluid inclusions, phase separation was an im- 
portant process during fluid evolution and may be the princi- 
pal controlling mechanism for both gold and sulfide precipita- 
tion. In all likelihood gold precipitation was mainly controlled 
both by a decrease in sulfur activity within the ore-bearing 
fluid because of sulfide precipitation and by changes in the 
fluid chemistry as a result of fluid immiscibility. The fact that 
gold in the Sable-Pilgrim's Rest gold field occurs in several 
ways probably supports the view that at least two mechanisms 
applied to metal precipitation. In the Sabie-Pilgrim's Rest 
gold field, gold occurs (1) primarily as fracture fills within 
early sulfides (e.g., Elandshoogte, Clewer West, Malieveld), 
(2) as round cogenetic inclusions within sulfides, mainly pyrite 
(e.g., Olifantsgeraamte, Vaalhoek), and (3) as free gold within 
quartz (e.g., Morgenzon). All three styles of gold occurrence 
can be found within a single deposit, implying that different 
mechanisms of precipitation may have occurred even locally. 
It also cannot be ruled out that gold in late fractures was 
precipitated as a result of adsorption-reduction reactions 
(Bancroft and Hyland, 1990; Schoonen et al., 1992). 

Sable-Pilgrim's Rest Gold Field in Relation to Other 
Mesothermal Gold Deposits 

Mesothermal gold deposits can be classified into mainly 
three types: (1) greenstone hosted (Superior province, Can- 
ada; Yilgaru and Pilbara cratons, Western Australia; Kaapvaal 
and Zimbabwian cratons, southern Africa), (2) turbiditc 
hosted (Victoria, Australia; Nova Scotia, Canada), and (3) 
cordilleran vein-type deposits (felsic intrusion related). Low 
pressures (less than 3 kbars) are generally inferred for these 
mesothermal deposits, with temperatures around 300 ø to 
400øC. 

Characteristic features of the Sabie-Pilgrim's Rest gold 
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field that correspond to those within the above spectrum of 
mesothermal gold deposits include: (1) comparable light sta- 
ble isotope ranges, together with a lack of isotopic evidence 
for unmodified meteoric water involvement; (2) high Au/Ag 
ratios; (3) presence of ore shoot structures, which are highly 
characteristic of mesothermal gold deposits (Colvine et al., 
1984); (4) variably deformed structures within indMdual 
sheeted veins (Harley and Charlesworth, 1995), which point 
toward eyelie opening and quartz accretion events separated 
by episodes of deformation; and (5) fluid inclusion properties, 
which indicate high fluid pressures during entrapment. How- 
ever, several features also distinguish the Sabie-Pilgrim's Rest 
ores from typical mesothermal deposits: (1) the $abie-Pil- 
grim's Rest gold field is spatially associated with a large lay- 
ered marie intrusion, the Bushveld Complex, and overlies one 
of the two concentric structures along which feeder sites to 
the Bushveld Complex (such as Losberg and Uitkomst) are 
arranged (Sharpe et al., 1981)--furthermore, the age of gold 
mineralization is broadly coeval with the emplaeement age 
of the Bushveld Complex; (2) veins are largely hosted within 
a platform carbonate sequence; (3) salinities are high (mean 
• 12 wt % NaC1 equiv); (4) mean bulk CO2 content is low 
(•5 mole %); and (5) ubiquitous Cu, Bi, and lesser W in 
addition to Au, Ag, As, and Sb sulfides are present. 

Genesis of the Sabie-Pilgrim's Rest Gold Field Ores 

Deposition of the Sable-Pilgrim's Rest gold field ores is 
constrained between the emplacement of pre-Bushveld-aged 
diabase intrusions which have been metamorphosed and then 
cut by mineralized vein systems, and unmetamorphosed py- 
roxenitic dikes, thought to be related to the Main zone of the 
Rustenburg Layered Suite, which transgress mineralization. 
The Bushveld Complex was intruded over a relatively brief 
interval between 2061 ___ 27 Ma (Rustenburg Layered Suite; 
Walraven et al., 1990) and 2054.4 ___ 1.8 Ma (Lebowa Granite 
Suite; Walraven and Hattingh, 1993). Deposition of the Sa- 
bie-Pilgrim's Rest gold field ores is probably, therefore, 
broadly coeval with the early stages of emplacement of the 
Bushveld Complex. 

Besides its contemporaneity with the Bushveld igneous 
event, the Sable-Pilgrim's Rest gold field is also spatially re- 
lated to the complex. The gold field occurs over a restricted 
area (ca. 103 km 2) of the Transvaal sub-basin and, although 
several other small hydrothermal occurrences of gold are de- 
veloped elsewhere in the Transvaal sub-basin, this is by far 
the most important mineralized section. It lies some 40 to 50 
km east of the present limit of the Bushveld Complex but is 
situated on or close to two major concentric fracture zones 
which encompass and control the emplacement of the Bush- 
veld Complex and its satellites (Sharpe et al., 1981). The 
smaller Mamre-Slaaihoek gold field, for example, to the south 
of the Sable-Pilgrim's Rest gold field (Fig. 1), is spatially 
associated with the Uitkomst intrusion, a Bushveld Complex 
satellite that also occurs on one of the concentric fractures 

which encircle the complex. It is not known with certainty 
whether a marie intrusion exists beneath the Sabie-Pilgrim's 
Rest gold field, although geophysical indications suggest the 
presence of a number of magnetic anomalies in the general 
area of the gold (P.N. Bentley, pers. commun., 1994). These 

anomalies may be related to the presence of marie intrusions 
at depth beneath the Transvaal sediments. 

The occurrence of mineralized veins in the Sabie-Pilgrim's 
Rest gold field is observed at irregular intervals over at least 
1,000 m of vertical extent, from the steeply dipping lodes in 
the granite basement beneath the Transvaal sedimentary 
cover, to fiat-lying lodes well up into the Pretoria Group 
(Fig. 1). The nature of the fluids that are associated with the 
deposition of this extensively mineralized system are hetero- 
geneous but appear to have been derived at least partially 
from a deep-seated soume. The hydrothermally altered diaba- 
sic wall rock at the Olifantsgeraamte mine is characterized 
by an enhanced radiogenic Sr isotope signature (S7Sr/S6Sr = 
0.752-0.769) relative to unaltered diabase (S7Sr/S6Sr = 0.715- 
0.729), suggesting that the hydrothermal fluids themselves 
were enriched inSTSr. This supports the suggestion that the 
fluids interacted with a relatively high Rb/Sr rock such as the 
Nelspruit porphyritic granite (Rb typically 100-200 ppm, Sr 
typically 300-500 ppm) which occurs beneath the Sabie- 
Pilgrim's Rest gold field. Furthermore, type 2 fluids, with 
low Xco• and high salinities, occur largely with the vertical 
granite-hosted veins in the Sabie-Pilgrim's Rest gold field, 
whereas the compositionally diverse type i fluids occur 
throughout the mineralized successions. This patteru of fluid 
distribution indicates that the fluid chemistry reflects interac- 
tion with the host-rock lithology but is also consistent with 
derivation of type 2 fluids from a deep-seated, possibly an 
original magmatic, source, with incursion of this fluid into 
the host rocks during upward flow through the granite base- 
ment into the overlying sedimentary sequences. Oxygen and 
sulfur isotope compositions clearly point to variable values 
which tend to range between the extremes of pristine juvenile 
signatures and values consistent with fluid-rock interaction. 
Quadrupole mass spectrometer gas analysis on quartz-hosted 
inclusion fluids indicate that carbonate-hosted veins have 

higher CO2 and CH4 abundances than, for example, the verti- 
cal granite-hosted veins, confirming the influence of host rock 
on fluid composition. Low N2/Ar ratios, as well as •9sO and 
•SD values, in the Sable-Pilgrim's Rest gold field ore fluids 
suggest negligible interaction with a meteoric fluid compo- 
nent. However, we are not able to evaluate quantitatively 
the proportional contribution of fluid sources from either 
magmatic or sedimentary brines to the Sabie-Pilgrim's Rest 
gold field hydrothermal system. 

Mineralization in the Sabie-Pilgrim's Rest gold field was 
stimulated by a deep-seated heat source which initiated con- 
vective overturuing of originally pristine juvenile fluid-trans- 
porting metals that were probably derived from the same 
soume, as well as by a measure of eonnate waters. The recon- 
stituted remnants of such fluids are now preferentially pre- 
served in the vertical granite-hosted vein systems. This fluid 
was relatively acidic and anoxie and equally efficient in trans- 
porting gold as either a bisulfide complex or a chloride com- 
plex, whereas copper may have been in solution as a chloride 
complex. The volumetrically dominant Sabie-Pilgrim's Rest 
gold field ore fluid (type 1), however, has been significantly 
modified by local fluid-rock interaction and is now repre- 
sented by a fluid inclusion population exhibiting a variable 
continuum of H.20/CO• ratios and salinities. These character- 
istics are confirmed by quantitative quadrupole mass spec- 
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trometer gas analyses. The fluid population is believed to 
have been derived by fluid unmixing that was initiated by 
periodic depressurization associated with crack-seal events in 
a fault-valve system formed by bedding plane slip during 
Bushveld-related structural adjustments in the Transvaal sub- 
basin. Periodic CO2 effervescence associated with this unmix- 
ing event may have been responsible for a large measure of 
metal precipitation, especially the abundant native gold in 
quartz present in the Sabie-Pilgrim's Rest gold field. Fluid 
overpressures were instigated by the shale-rich cap rocks of 
the Pretoria Group, covering the more permeable carbonate 
sediments of the Chuniespoort Group. Phase separation was 
an important process during fluid evolution and is thought to 
be the principal controlling mechanism for both gold and 
sulfide precipitation. Gold precipitation was mainly controlled 
both by a decrease in sulfur activity within the ore-bearing 
fluid because of sulfide precipitation and changes in the fluid 
chemistry as a result of fluid immiseibility. 

The Sabie-Pilgrim's Rest gold field is a predominantly sedi- 
ment-hosted, Au-Cu-(Bi-As-Sb-W) metal province that rep- 
resents an unusual member in the family of mesothermal ore 
deposits. As recognized in the past and confirmed in this 
study, the characteristics of the gold field appear to be related 
to its dose spatial, temporal and genetic association with the 
Bushveld Complex and its satellites. The minimum fluid vol- 
ume required to account for all the gold (168 tons) in the 
gold field is approximately 1.68 x 10 •3 1 which, assuming a 
gold solubility of 10 ppb, could be derived from a Bushveld- 
type magma only 560 km 3 in size. Sehiffries and Skinner 
(1987) have shown that the Bushveld hydrothermal system 
has affected tens of thousands of cubic kilometers of rock, 
which rates it among the largest paleo-hydrothermal systems 
in the world. Numerous Bushveld-related satellite intrusions 

of this magnitude exist in the central Kaapvaal eraton and, 
given the geophysical evidence, it is tempting to suggest that 
such an intrusion might be linked genetically to the formation 
of the Sabie-Pilgrim's Rest gold field. A relationship between 
mesothermal Au-Cu deposits and hidden or distant marie- 
felsie intrusions has obvious exploration significance, not only 
to the vast expanse of Transvaal sediments on the Kaapvaal 
eraton, but also to similiar geologic settings elsewhere in the 
world. 

Conclusions 

The hydrothermal deposits of the Sabie-Pilgrim's Rest gold 
field are unusual in terms of geologic setting and geochemical 
characteristics, and do not correspond to any of the known 
genetic models for typical mesothermal deposits. This study 
of the Sabie-Pilgrim's Rest gold field has indicated the follow- 
ing: 

1. Age constraints indicate that gold mineralization in the 
Sabie-Pilgrim's Rest gold field is concurrent with the em- 
placement age of the Bushveld Complex. 

2. Mineralization occurred at temperatures around 320øC, 
at pressures in the range of 2.2 to 2.5 kbars, and at depths 
of 7 to 8 km. Vein textures indicate the involvement of high- 
pressure (supralithostatie) fluids. 

3. Oxygen isotope values of quartz from the vertical veins 
are remarkably consistent (avg •sO = 14.2%o) and are sig- 

nificantly different from those of the horizontal veins (avg 
•1sO = 16.1%o) and sill-dike-associated veins (avg •1sO value 
of 20.7%0). The •534S values of vein pyrite range from -2.8 
to +3.1 per mil. The •SD, •9sO, and •51•C values from inclusion 
fluids (•Dquartz = -37 to -53%o; (•18Opyrite = -54 to -68%o; 
6•sO = 6.5 to 15.4%o; 61•C = -11.7 to -1.4%o) coincide 
predominantly with values of primary magmatic and/or meta- 
morphic water and exclude the involvement of meteoric wa- 
ter. Stable isotope data clearly suggest interaction of the ore 
fluid with the host rocks, and changes in stable isotope com- 
position are largely host-rock dominated. 

4. The nature of the ore-bearing fluid was predominantly 
aqueous, with <5 mole percent carbonic species. Other 
gases, mainly CH4, C2H6, N,2, Ar, H•S, SO,2, and HC1, were 
present in abundances <1 mole percent. The strata-bound 
veins contain significantly higher concentrations of CO,2 and 
CH4 as opposed to the Ar- and HCl-rich vertical veins. The 
higher abundances of carbonic gas species (CO,2 and ca4) in 
the carbonate-hosted veins suggest decarbonatization of the 
dolomitic host rock by interaction with the hydrothermal 
fluid, as well as thermocatalysis of shale-hosted organic mat- 
ter. However, the higher CO,2 and CH4 contents in the upper 
veins could also be a direct result of H,20-CO,2 phase separa- 
tion. Evidence for phase separation is suggested by quadru- 
pole mass spectrometer results from individual native gold- 
hosted fluid inclusions, showing varying CO•/H,20 ratios. 
High HCI concentrations in vertical veins correlate well with 
high salinities. The gaseous contents of the veins, to some 
extent, reflect the host rock lithologies. 

5. The ore-bearing solutions were reducing (fo2 m 10-•'2'5) 
and the activity of the H2S species was between 10 -'2's and 
10 -'2's. Furthermore, the ore fluids were acidic with salinities 
ranging between 5.5 and 23.5 wt percent NaC1 equiv for the 
horizontal veins and m30 wt percent NaC1 equiv for the 
vertical veins. 

6. Gold was equally soluble as a bisulfide complex or a 
chloride complex. Gold precipitation was enhanced by several 
mechanisms, including lowering of sulfur activity due to pre- 
cipitation of sulfide minerals, changes in fluid chemistry due 
to unmixing within the fluid phase, and limited interaction 
with the sedimentary host rock. However, the dominant 
mechanism for gold precipitation was phase separation, as 
indicated by quadrupole mass spectrometer results as well 
as by fluid inclusion petrography. Different styles of gold 
occurrence confirm that several mechanisms of precipitation 
may have been active, which makes the prediction of the 
siting of gold with respect to the vein components very diffi- 
cult on a regional scale. 

7. The Sabie-Pilgrim's Rest gold field proved to be a differ- 
ent type of mesothermal gold deposit, possibly associated 
with a layered basic igneous complex, the Bushveld Complex. 
In view of the widespread nature of such mafic complexes, 
such an association could be significant in terms of opening 
new exploration targets. 
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