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Weathering (also known as supergene oxidation) has played a significant role in making Western Australia and 

Nevada major benefi ciaries of the 1980s global gold boom. Gold production from the Yilgarn Craton has risen 

from lOt to ZOOt per annum since 1980. Initially, this was due to mining of oxide ores from deeply lateritised 

terrains . Since 1990 the growth has depended upon deeper ores discovered after better appreciation of the 

regol ith processes. In the Yilgarn, weathering is typically 100 to less than 300 m deep with an upper oxidised 

and leached interval, and a thicker saprolitic interval characterised by fabric preservation and chemically reduced 

mineral assemblages . The carbonate and especia lly the pyrite associated with many primary gold deposits 

facilitate deeper weathering near mineralisation . Distinguishing cri teria for different parts of the regolith profi le 

include the proportions and crystall inity of kaolinite and illite-smectite clays. 

The rise in gold production from Nevada, also to ZOOt Au per annum, is mainly due to development of the Carlin 

gold province. These depOSits are predominantly hosted by sedimentary rocks of Ordovician to Devon ian age 

that include mUdstone and lesser limestone. Near-surface mineralisation is free-milling (non-refracto ry), and 

hosted in bleached kaolinite-fe-oxide rich material. At depth, gold ore is dark in colour due to carbonaceous 

material and arsenian pyrite, and the gold is refractory to conventional cyanide treatment. There is conSiderable 

debate about the origin of the deposits of the Carl in gold province with mineralising ages including 40 Ma, 110 

Ma and 155 Ma being suggested . fluid inclusion stud ies have confirmed an HzO-COz-HzS, low sal inity fluid as 

the transporting agent for gold during the main ore stage. Pressure estimates of 0 .5-1 .5 kbars indicate a deeper 

origin than claSSical 'epithermal' deposits. 

Since the 1980s, the bleached interval in Carlin-type deposits has been recognised as the product of weathering 

and this interval can ex tend to the full depth of individual 300 m deep pits. Drill cores from several of these 

deposits reveal ore intervals that are highly fractured, friable, quite porous and/or totally granulated to sand up 

to 800 m depth, and individual clasts of unoxidised material that are coated by kaolinite and Fe-oxide indicating 

penetration of the weathering fluids down cracks to great depth. Hydrogen isotope data confirm the circulation 

of meteoric water to over a kilometre depth, possibly during the Tertia ry. 

The dark refractory ores in Ca rlin deposits occur deep in some pits, but in other places appear completely 

surrounded by bleached oxide ores. We suggest that there is strong evidence to suggest they have been 

influenced by weathering resulting in their extreme porosity and meteoric water Signature. 

A very deep weathering scenario for the deposits of the Carlin province, perhaps to IS km depth, is compatible 

with the 3000 m o f topographic relief in north-central Nevada and the highly reactive nature of carbonate and 

sulphide minerals that initially comprised the primary gold depOsits. Deep weathering would also explain the 

juxtaposition of oxidised and reduced ore assemblages in most deposits, free-mill ing intervals that wrap the 

present land surface regionally, ore forma tion condi tions equivalent to 4 or more kilometres depth, and ZO-30 

percent porosity in rocks at 1 kilometre depth . Weathering might also expla in why there is a plethora of 

geochronological numbers from 350 to 18 Ma . 
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INTRODUCTION 
The importance of weathering in the Yi lgam Craton of 

Westem Australia, especially for the gold industry, has 

been recognised for many years. This is in no small way 

due to the pioneering stud ies of Anand, Butt, Mann, Smith 

and their CSIRO colleagues (Butt & Smith, 1980; Smith, 

1982; Mann, 1984; Webster & Mann, 1984; Webster, 

1986; Lawrance, 1988; Butt, 1989a & b; Anand, 1993; 

Anand & Smith, 1993 /\nand, 1998; Mann, 1998) during 

industry collaborative projects and now through the Co­

operative Research Centre for Landscape Evolution and 

Mineral Exploration (CRC-LEME). It is becoming clear, as 

the ideas developed In Western Austra lia are appl ied and 

transferred to elsewhere, that weathering might be equally 

importan t in other gold provinces around the world. 

This contribution brings together published data and many 

new observations of our own that relate to wea thering in 

the Carlin gold province of Nevada. We use the framework 

for understanding regolith processes that has been 

developed in Western Australia, and combine this with our 

studies of the primary mineralising processes that have 

led to the formation of Archaean, slate-belt and Carlin-type 

gold deposits (Kuehn & Rose, 1992, 1995; Phillips & 

Powell , 1993 ; Phillips, 1993) . The SEG field conference on 

'Ca rlin-type gold deposits' in Elko, Nevada brought 

together most researchers involved within the Carlin gold 

province, and provided an up-to-date summary of current 

opinions on this group of deposits (Vikre et ai , 1997). 

One over-riding impression conveyed by many speakers 

was the lack of an overall coherent genetiC model that 

could integra te the va rious geologica l aspects of Carli n­

type deposits. We have provided in formation on the Carl in 

geology and genesis to demonstrate that the genesis is 

not well understood for this major province, and that new 

interpretations may have important implications. In our 

contribution, we prOVide the evidence that leads us to 

believe that the deposits of the Carl in gold province are 

much more deeply weathered than previously 

appreciated, and this may account for some conflicting 

aspects of the current genetiC models. Our con tribu tion 

does not extend to deposi ts in Nevada outside the Carlin 

province, but it would be unusual if weathering had failed 

to infiuence other deposits of Tertiary or older age. It is 

worth noting the extensive resea rch and conSiderable 

economic importance of wea thering in the development of 

porphyry copper deposits of western USA. 

EcoNOMIC IMPORTANCE OF YILQARN AND CARLIN GOLD 

PROVINCES 

Western Australia and Nevada stand out as the two great 

beneficiaries of the 1980s global gold boom . During a 

time in which South African gold production declined, that 

of USSR did not increase, and many other gold producers 

rose slightly or remained static, the production of Western 

Austral ia and Nevada rose sharply taking Austra lia and USA 

into the top three gold-producing nations. These tl"VO 

states now produce about two-thirds of their respective 

country's gold. The gold production from Western Austral ia 

is primarily from gold deposits in greenstone belts of the 

Archaean Yilgarn Craton . Al l-time gold production from the 

Yilgarn Craton is 4000 t with almos t half having come 

from Kalgoorlie. 

Historically, gold production from Nevada has been from 

low sulphidation epitherma l deposits (e .g . Round 

Mountain), 'gold-plus' deposits with significant Ag and 

base metals (e.g. Comstock), and especially 'Carlin-type' 

deposits (e.g. Gold Quarry, Carlin, GeneSiS, Goldstrike) 

Deposits on the Carlin Trend In north-central Nevada have 

produced 1000t Au since discovery of the Carlin deposit 

itsel f in 1961 and the start of mining in 1965 . Reserves 

on the Carlin Trend stand at 1600t and resources a further 

700t making an endowment approach ing 3500t (or 107 

Moz; Teal & Jackson, 1997). Three further trends 

( Independence, Getchell, Battle Mounta in-Eureka Trends) 

have also produced gold from similar deposits but all three 

trends are subordinate to the Carlin Trend in production 

and reserves. The trends are approximately 50 km apart 

and up to 100 km in length. Mining since 1965 has mostly 

been via open pits, but underground min ing is active (e.g. 

Miekle, Deep Star, Rain) and likely to increase in future. 

From recent drilling, mineralisation appears to continue to 

2km depth distinguish ing these deposits from the 

vertically-restricted class of 'epithermal' gold depOsits 

(White & Hedenquist, 1995) . 

Reasons for the recent successes in Western Australia 

and Nevada are severa l and rela te to high gold 

prospectivi ty, government policy, environmental issues, 

Infrastructure, mining capabilities, and personnel. The new 

technologies of carbon-in-pulp, carbon-in-Ieach and heap 

leach methods became ava ilable global ly in the 1980s, 

but took on special significance in Western Australia and 

Nevada because of the nature of the gold deposits and 

gold ores. These favourable characteristics of the ore 

bodies and ores owe much to weathering processes today 

and th roughout IVlesozoic and Tertiary times. Regolith 

studies are we ll-developed in Wes tern Australia and the 

economic importance of weathering to the gold industry is 

widely appreciated recognition of the role of weathering 

has been slower to evolve in Nevada, but significant shifts 

of thinking have occurred since 1980 and are likely 

to continue . 

2 



W EATHERING OF D EPO S I T S I 

Table 1: Production of some major gold producing countries 
f or 1980, 1990 and 1996 showing the substa:ntial rise in gold 
production from lV'estern Australia and Nevada. Virtually all 
WA gold is from tbe Archaean Yilgam Craton, except a declining 
contribution from the Proterozoic Telfer mine. Nevada gold 
production includes 'low sulphidation'- type depOSits such as 
Round Mountain 

GOLD PRODUCTION 

1981 1992 199b 

It is interesting to recall that Western Australian 

production was predicted to decline dramatical ly when 

the weathered 'oxide' ores were depleted in the late 

1980s (thiS decline did not eventuate, Table 1) It IS 

equal ly interesting to recall that weathering in the Carlin 

gold province was considered negligible until the early 

1980s and the upper bleached interva l with its free­

milling gold was attributed to primary (hypogene) 

processes (Radtke et aI., 1980; Radtke, 1985) th is 

interval is now generally accepted as due to weathering 

(Bakken & Einaudi, 1986; Kuehn, 1989). 
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ARCHAEAN GREENSTONE GOLD DEPOSITS OF THE 

YILGARN CRATON 

GOld deposits of the Archaean Yllgarn Craton are either 

in the greenstone belts, or within granite in which case 

they are spatially related to greenstone belt margins or 

fragments . Primary gold deposits are generally 

dominated by gold with subordinate silver and base 

metals ( i.e . 'gold-only'; enrichment of Au > As, Ag, Hg > 

Cu, Pb, Zn), are structurally controlled, and occur in a 

vanety of host rocks with Fe-rich rocks being the 

preferred host for the larger deposits (e.g. mafic rocks 

with 8 to15 or more wt "10 FeO) . Apart from sil icate 

minerals, the alteration mineralogy around Yilgarn gold 

deposits is dominated by pyrite, muscovite and 

carbonate minerals in the greenschist facies, and pyrite, 

pyrrhotite and biotite at higher metamorphic grades . The 

distribution of gold deposits withi n the Craton is 

heterogeneous with areas such as the Eastern Goldfields 

Province having significantly more larger and smaller 

gold deposits than other parts of the Craton. Most gold­

only deposits appear to have formed from low sa linity, 

HzO-COz-HzS fluids generated by the devolatilisation of 

greenstone belt material at several kilometres depth 

during greenschist fac ies to amphibolite facies 

progression (i e metamorphic model; Phi llips & Groves, 

1983; Powell et ai, 1991) . Exhalative models, 

lamprophyre-related models (Rock & Groves, 1988), 

and a 'continuum' model with some gold deposits 

formed under granulite facies conditions (Groves, 1993) 

do not appear to be able to account for the distribution 

and features found in greenstone gold deposits 

especially the flu ids . The metamorphic model 

successfu lly predicts the low salinity HzO-COz-HzS fluid 

recorded from fluid inclusions and indicated by the metal 

ratios, and allows for incorporation of non-essential 

components (e.g. Pb, Sr, Nd ) from other rock units or 

fluid types (Phil lips, 1993). This metamorphic fluid is 

typically reduced, but does locally evolve to hematite ­

magnetite - siderite - pyrite assemblages (PhillipS & 

Gibb, 1993). However, primary orpiment, realgar and 

arsenian pyrite appear absent throughout greenstone 

gold deposits and many other provinces derived from 

this same fl uid type (PhillipS & Powell, 1993). 

WEATHERING IN THE YILGARN CRATON 

The Yilgarn Craton is traditionally thought of as being 

deeply weathered, and it has been the birthplace of 

many techniques that have helped to characterise 

different components of the regolith . Much of the 

regolith research has been driven by the requirements of 

exploration in weathered terra ins. The research has 

addressed the profound changes brought about during 

weathering of primary rock types, the role of weathering 

in mOdifying existing ore deposits, and the potential for 

weathering processes to generate new ore deposits by 

secondary processes . The regolith over much of the 

Yilgarn Craton is the product of a complex history of 

weathering under a variety of climatic conditions and over 

a long period of time . Several well-defined regoli th types 

occur which relate to a deeply weathered veneer and to 

its modification by erosional and depositional processes. 

These regolith materia ls were either horizons of a deep 

profile developed by in Situ weathering of basement rock 

or consist of transported debris derived from eroded local 

weathering profiles Modi fication of the weathering 

profiles has occurred throughout the Yilgarn Craton, but 

the extent of th is varies (e.g . regolith variations between 

the Kalgoorlie distriCt, the northeast Yilgarn, and the 

southwest Yilgarn) . These variations include the relative 

abundance of clay types, soils, red-brown hardpans, 

pedogenic carbonates, lateritic duricrust and lateritic 

gravels (Anand & Smith, 1993; Anand, 1998). 

Over most of the Yilgarn, the current climate is arid With 

few surface streams and, for the eastern half, a general 

drainage trend that is towards saline lake systems then 

eastwards to the arid Nullabor Plain. There is very little 

relief over the eastern Yilgarn and the elevation is 

generally 300-550 m above sea level. Local topographi c 

complexities are generally due to variations in rock types. 

Careful mapping of the 'base of alluvium' ( i.e . the 

unconformity at the base of the transported cover that 

might include alluvial, colluvial , aeolian or lake sediments) 

indicates a much more rugged palaeo-topography below 

the cover than the present surface would otherwise 

suggest. Palaeochannels of 100 m or more depth are 

becoming widely recognised and many of these channels 

are parts of much larger lake systems draining the 

eastern Yilgarn . Some channels have very steep sides, 

are only a few hundred metres wide, and are traceable by 

drilling and geophysics for many kilometres (e .g. 

Wildman et ai , 1998, Sundowner area adjacent to 

Bronzewing). The intimate topographic link between the 

individual palaeo-drai nage channels, the major lake 

systems draining towards the Nullabor Plain and 

ultimately sea-level (past and/or present) appears to have 

provided a con tro l on the overall depth of weathering in 

much of the Yilgarn Craton. Weathering to 50-200 m is 

widespread, but weathering to much greater depths is 

either localised, subtle, or not well-substantiated . 

In prinCiple, for deep regolith profiles to form, the rate of 

chemical weathering and downward progress of the 
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weathering front must exceed the erosion rate. The relief 

must be sufficient for there to be adequate drainage to 

allow leaching of the products of chemical weathering. 

Hence, tectonic stability, arid climate and moderate re lief 

all playa role in faci litating deeper weathering . Stability 

and climate favoured weathering in the Yilgarn Craton, 

but relief may have been the ultimate determinant of the 

maximum depth of weathering. 

The importance of regolith mapping in understanding 

re lationships in the Yilgarn Craton has been stressed by 

Smith et al. (1992) and Anand et al. (1993). Grouping 

mapped regolith units into interpreted regolith landscape 

regimes ( relict, erosiona l and deposi tional : RED 

scheme) provides a valuable surface classification of the 

rego lith in appropriate terrains. The RED scheme (Craig 

et ai, 1992; Anand & Smith, 1993) provides a valuable 

first stage of surface classification of the regolith and 

landform (Figure 2) . The scheme is based on mapping, 

stratigraphy and detailed characterisation of regolith in 

several type districts including Mt Gibson, Boddington, 

Lawlers, Bottle Creek and Bronzewing - Mt McClure. The 

surface classification is then supplemented by details of 

the vertical variation in the regolith , and in most areas 

this relies heavil y on drilling data . A generalised lateritic 

weathering profile consIsts of fresh rock passing upwards 

into saprock, saprolite, clay zone, mottled zone, lateritic 

duricrust and lateritic gravel. However, in detail, profiles 

are variable (Anand, 1998) . 

In most regoli th profiles, a major change is from oxidised 

to reduced (Fez+) iron-bearing minerals (i.e . mapped as 

the 'base of complete oxidation'), and this is usually near 

the saprolite - clay zone boundary (Figure 3). In mafiC 

rocks, the transition is from overlying dominantly ferric 

minerals (e.g. goethite, hematite, maghemite) to less­

weathered material with ferrous minerals (e.g. chlorite) . 

This tranS ition is obviOUS in rocks of basaltic 

composition, but poorly defined in rocks with minimal Fe 

content such as granite. The base of complete oxidation 

commonly is at several lOs metres depth, and beyond 

100 m depth in rare cases. The deepest (first) signs of 

weathering are usually the oxidation of primary su lphide 

minerals and the dissolution of carbonates 

(Nickel & Daniels, 1985). 

Below the zone of oxidation is a transitional zone in IIJhich 

rock textures are rela tively well-preserved, the rock is 

fragmented into clasts with less-weathered cores, 

sulphides may be present, porosity may have developed 

from carbonate dissolu tion and Fe is in its reduced state 

(Figure 3). This lower part of the regolith profile in which 

primary rock fabrics are preserved (i.e. saprock and 

saprolite) is generally thicker than the upper interval 

(pedolith; Anand & Butt, 1988). 
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Regolith terminology used for deepty weathered latentic 

profiles MOdified afierAnana aM BtJI1. ( 1988). 

Figure 3: Idealised slraligrapbic colu mn ofa weathering projile 
in Ihe Yilga rn Craton. TI?is highligbts Ibe conSiderable 
proportion of Ibe weathered profile below the most oxidised 
intelval where roc/? fabrics are losl (i. e. below tbe pedolitb). 

Figure 2: Idealised cross-section from tbe Yilgarn Craton 
illustrating tbe major rego/itb components, including relict, 
erosional and depositional landform regimes (based on studies 
by CRC-LEM£) Tbe vertical scale on thisfigure is such tbalthe 
relief is approximately JOO m and tbe tbickness ofdepositional 
cowr genera/l)! 0-1 00 m. Aspects of tbis model apply readifv to 
tbe Basin and Range province of western USA except Ibat tbe 
vert/wi scale would be 10-20 times that applicable for tbe 
Yilgarn Craton. 

Clay types vary throughout the profile and above 

different rock types suggesting dynamic growth and/or 

destruction at essentially ambient temperatures. Within 

the Yilgarn Craton there are substan tial di fferences in the 

regolith profi le above mafic and above sedimentary rock 

types . In general, the upper part of the profile is 

dominated by kaolinite, with more ill ite-smectite in the 
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saprol ite and saprock interva ls. Where there is 

transported alluvium in the profile, kaolinitic clays above 

the unconformity usually increase in crysta llin ity and 

decrease in bound water with increasing depth. In 

residual material (below the unconformity), crystallinity 

increases and bound water decreases in kaolinite 

downwards towards the saprolite; but in the lower 

saprolite and saprock, other clay types dominate over 

kaolinite (e. g. smectite) . 

There are many examples where the base of oxidation is 

deeper near sulphide accumulations than it is in 

surrounding terrain, and th is depression has been 

at tributed to acid ground waters developed from the 

oxidation of sulph ides (Mann, 1984). The presence of 

PYrite and carbonate minerals in gold deposits plays a 

critical role in this depression of the base of ox idation. 

This is partly due to the tendency for pyrite breakdown 

to generate acid, and the role this acid plays in carbonate 

breakdown: 

Fe52 + 3.75 02 + 3.5 H20 = Fe(OHh + 25°42
- + 4H+ l. 

(the oxidation and dissolution of pyri te to form ferric 

hydroXide and lower the pH) 

CaC03 + 2H+ =H20 + CO2 + Ca 2+ 2. 

(d issolution of ca rbonate promoted by Imver pH). 

The interplay of sulphide ores, alteration around ore 

bodies, and distal country rocks has been recognised as 

a strong influence on wea thering for many years . The 

weathering of sulphides generates acid conditions in a 

process analogous to an electrochemical cell (equation 

1; Nickel et ai. , 1974), and massive sulphide ores are an 

end member where this sulphide influence is dominant. 

Carbonates, however, tend to neu tralise any acid, and 

hence the weathering above massive sulphide deposits 

(i.e . which approximate carbonate-free systems) may 

contrast considerabl y with the wea thering over nearby 

distal ores and alteration in which carbonates are 

common (Thornber et al., 1981). Gangue minerals 

within the sulphide ore thus affect the weathering pH, 

and this in turn influences the weathering style, depth, 

and element mobi lities. Massive sulphides produce acid 

conditions, whereas any carbonate in dissemina ted 

sulphide ores keeps the wea thering neu tral or 

even alkaline, and in carbonate alteration without 

sulphides conditions are alkal ine and carbonate m inerals 

relatively stable. 

Acid, saline ground waters over parts of the Yilgarn 

Craton have facilitated dissolution of gold in the regolith 

profile and led to gold remobilisation above many 

deposits (Mann, 1984; Butt, 1989a). This is particularly 

so around Kalgoorlie where highly saline waters easi ly 

leach gold and many other elements. However, in the 

northeast of the Yilgarn Craton where rainfall is lower and 

the ground waters are less saline and closer to neutra l, 

the solubility of gold in the regolith IS significantly less . 

The regolith over the Yilgarn Craton toda y owes much of 

its character to past climatic conditions, particularly the 

more humid conditions leading up to the middle Miocene . 

During humid conditions there was deep lateritic 

weathering, and subsequently the laterite profiles were 

substantially modified during the more arid cond itions 

following the Miocene. Increased aridity led to fall ing water 

tables, more saline ground waters and the importance of 

the gold-chloride complex in these waters. This all had 

sign ificant impact on gold mobility and redistribution 

(Mann, 1984, 1998; Butt, 1989a) The practice of drilling 

to 'refusal' (Eshuys & Lewis, 1995) has followed from 

recogni tion of the importance of gold depletion in parts of 

the regolith profile. 'Refusal ' in rotary air blast drilling is 

typically achieved by 120 m depth in much of the Yilgarn 

Craton, thus indicating the normal depth to 'mos tly 

unweathered' rock (i. e. saprock) . 

CARLIN GOLD PROVINCE 

Here, the term 'Carlin deposit' refers to the first mine of 

its type fou nd in 1961 near the town of Carlin, Nevada; 

'Carl in Trend' refers to the 100 km line of gold deposits 

that includes the Carlin deposit and follows the usage of 

Teal & Jackson ( 1997); 'Carlin-type' deposits refer to 

gold depOSits with the characterist ics outlined by Teal & 

Jackson (1997) and of course potentially include similar 

depOSits in other parts of the world. 'Carlin gold province' 

refers to the geological part of north-centra l Nevada that 

includes a high concentration of Carlin-type depOSits 

al igned in four main trends (in the sense of 'province' 

used by Ph illips & Hughes, 1996). The terms 'Great 

Basin' and 'north-central Nevada' are reserved for 

geographical meaning. This terminology is conSistent 

with the global use of the word 'Carl in' to identify th is 

group of gold deposits in north-central Nevada . 

There is considerable variab ility between different 

deposits that are termed 'Carlin-type deposits', but they 

share features such as high Au/Ag ratiOS, enrichmen t of 

Au > As, Hg, Ag, TI, Sb > Cu, Pb, Zn, W, Te, Bi, and 

structural and host rock contro l. These features are also 
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Figure 4. IVIap oj pari oj the Carlin Trend showing loealion oj major Carlin-Iype deposits, and a slmligraphic column 
showing the p osiliol1 oj sign ificant Carlin-tJpe gold mineralisation (after Armstrong el ai., 1997; Teal and j ackson. 1997). 

common to Archaean greenstone gold provinces, slate­

belt gold provinces, and the Witwatersrand goldfields 

(Ph illips & Powell, 1993) Specific features of the Carlin­

type deposits that have been cited as characteristic 

incl ude carbonate dissolution , argillic alteration of 

primary sil icate minerals, silicification, gold enriched 

sulphidation of Iron in host rocks to form pyrite, arsenical 

pyrite (Teal & Jackson, 1997 ), and 'invisible' gold . We 

will suggest that several of these features can be 

explained by weathering. 

The Carlin-type deposits also have a geographical link 

they are in four linear trends with in an area of 150 km 

square in north-central Nevada (Figure 4 ). This 

elementary observation takes on some importance when 

comparing the difficulty of defining 'Carlin-type' with the 

same difficulty experienced in other major gold provinces . 

Regional geology of the Carlin gold province 

The regional geology of the Carlin province is dominated 

by windows of Palaeozoic sedimentary rocks, Mesozoic 

intrUSions of various compositions, all otherwise covered 

by Ca inozoic volcanic and sedimentary rocks . The 

Palaeozoic rocks form an OrdoviCian to Carboniferous 

sequence of fine to medium grained clastic rocks and 

limestone, thrust over by Ordovician chert and siltstone 

7 

(Roberts Mountain Thrust) The interpreted sedimentary 

depositional model comprises she lf limestone grading 

outwards and upwards to mudstone (Armstrong et ai, 

1997). There is undoubted original calcareous material 

in the sequence, but there is also evidence for 

substantial post-burial addition of carbonate . ThiS has 

probably been responsible for the current difference of 

opinion as to whether the sequence is mainly mudstone 

or limestone (cf. stratigraphic columns of Armstrong et 

ai, 1997 , figure 2, and Teal & Jackson, 1997, figure 3 ). 

PetrographiC work is particularly important in determining 

whether this carbonate is original or secondary. 

Gold mineralisation is commonly focused around the 

Roberts l"1ountain Thrust, especially in siltstone below this 

structure; however, steep-dipping structures which post­

date thrusting also play an Important role . The Palaeozoic 

succession is folded and faulted with multiple orientations 

of brittle-ductile shear zones, faults and breccias. The 

general tectonic setting during sedimentation was a 

Cambrian to Early Carboniferous stable continental margin, 

with an ocean and eugeosynclinal setting to the west The 

Late Devon ian to Early Carboniferous Antler orogeny 

invol ved east-d irected compression with western 

successions thrust over eastern strata. 
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There are two ma in periods of igneous intrusive activity 

recorded in the Carlin province, i.e . Jurass ic (160-150 

Ma) and Tertiary (35-40 Ma) . There are also Miocene and 

younger volcanic rocks. The Jurassic intrusive rocks 

include Intermediate to mafic dykes, lamprophyres and 

kllometric-scale, diorite stocks. One of the latte r, the 

Goldstrike stock is unfoliated (see Figure 6e) and 

appears to lack the brittle-ductile shear zones found 

elsewhere in mineralised areas of the Carlin Trend . The 

Tertiary activity included rhyolite dykes and granodiorite. 

Surrounding some of these stocks of both intrusive 

periods are 100 m wide zones of calc-silicate hornfels 

formed from contact metamorphism of the limestone 

and calcareous mudstone of the Palaeozoic succession. 

Mineralisation in the Carlin gold province 

PalaeOZOIc rocks are easily the dominant host rock for 

gold . Sedimentary rocks of Ordovician, Silurian and 

especia ll y Devonian age host Carlin-type m ineralisa tion. 

Regionally and locally there is a concentration of 

mineralisation in the Silic lastic rocks rather than in thick 

limestone (see Teal & Jackson, 1997, figure 1), with 

minor mineralisation in Palaeozoic basalt at Twin Creeks 

Figure 5(a): SeIze-Post pll 
shOWing bleached 'oxide' 
upper unll rep,.esenling 
extt?l1sire weathering and 
equll'alenl 10 the pedulllb' 
zone in Weslern AuSlralian 
lermmulog)!. The dariter, 
lower pcm oj the pil walls 
hcn'e same rock fab ric 
presel7)ai ion (here equated 
10 Ihe saprolite zone). 7be 
clark colou r is a resull oj 
carhonaceuus maten'al 
and/or arsen ian pyrile. 

Figure 5(c): Gold Quarry 
pit near 300m deplb. Dark 
rejraclOIJl are with 
carbunaceous malen"nl 
and/or arsenicm pyrite 
51/ rrounded by ligbter 
coloured o.'>-"fde maten'al 
compn'sin.g kaolinile and 
Fe oxides. 

Figure 5(e): Genesispil 
lookmg soulh showing 
7ilscarora an ticline left oj 
cenl re. and tbe steep Gen 
Faull (also Imown as Post 
Fal.tlt) on the jar left (both 
structures marlted) 

mine (Bloomstein et aI. , 1991) and in var ious wea thered 

intrusive rocks at Goldstrike. Although all deposits appear 

structurally con trolled, there is conSiderable variation o f 

struc tural setting between Carlin-type deposits includ ing 

breCCias, shear zones, folds, faults, extenSional veins and 

dissem inated stra ta (Teal & Jackson, 1997). 

One of the striking features of the deposits on the Carlin 

Trend is the lack of a strong association with igneous 

activity ( lichik & Barton, 1997 ), with some deposits very 

close to igneous bodies and others quite removed . 

Despite major depOSits such as Goldstrike being 

immediately adjacent to the Goldstrike pluton, the Carlin 

Trend continues lOs km from this pluton with very 

similar gold deposits along Its length . The Goldstrike 

pluton, a diorite stock dated at 158 Ma, is gold-beanng 

in its outer 15 m adjacent to strong m ineralisa tion in the 

surrounding metasedimentary rocks, and locally near 

structures cutting the stock. However, despite this 

hornblende plagioclase intrusion appearing to be an ideal 

host rock based on its relatively Fe-rich chem ical 

composition, its competency, and its positi on on the 

Carlin Trend, go ld grades in the bulk of the stock are 

substantially lower than in surrounding rock types. 

Figure 5(b): Cold Quarry 
pil shoUling Cl wedge oj 
TC'l1itl>JI Carlin Formalion 
in the ujJjJer cenl ral pit wall 
(ligh t colour). Red and 
yellow colotlrs of the oxide 
ore coni inue to great depth 
an.d are il1 lersJJ!'rsed witb 
darker carbonaceous 
and/or pyrite-beari>lS 
matel'fal. 

Figure 5(d): Cold Quarrv 
pi! showing kaolin il(!-Fe 
oxide materia l repl'l:senling 
strong weathering ttl 3 00m 
dejJtb . 

Figure 5(f): Nortb Star pit 
with extensive clark 
metasediments oj Ihe 
Popovich and Rodeo 
FormaliOI1S con taining 
carbonaceous maten'al 
and/or py1'ite. 

Figure 5: Photo mosaic 
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Throughout the 80 km length of the Carlin Trend, the upper 

lOs to 100 m of open pits comprise a bleached interval 

rich in kaolinite with Fe oxides ('oxide' material). Oxide ores 

in this bleached interval are extremely important 

economically as they occur at shallow depth and have 

cyanide-extractable gold; and as such have been the 

primary focus of the first three decades of open pit mining. 

This oxidised zone generally follows the topography (i.e. is 

present in every open pit operation for the top lOs to 100s 

m regardless of elevation); this is despite exhumation from 

the site of gold deposit formation at several kilometres 

depth. There is typically a fairly sharp contact of this 

bleached interval with very dark ores (Figures 5a-f; 6a-f). In 

core from 300-800 m depth, several mineralised Intervals 

are very friable, and contain kaolinite and Fe-oxides on the 

surfaces of individual clasts.' 

Below the bleached zone is a dark interval with abundant 

black pyritic shale containing refractory gold. This ore 

requires different extraction methods to the bleached 

ores that Include pressure oxidation and roasting to 

recover all the gOld. The refractory gold is associated with 

dark (in places black) ores containing arsenian pyrite, 

Figure 6(a): Mixed sections 
of coreFom un mineralised 
mudstone of the PopoiJich 
Formation in the Betze-Post 
area (mostly 400m depth). 

Figure 6(c): lVIineralised 
core jrOJn Rain area 
showing porosity and higbly 
Jragmented nature of 
material wen at 800m 
chptb ..Vote: core blocks are 
inJ"e/. 

Figure 6(e): Coldslnhe 
granodionleJrom Betze-Post 
area with Fesh amphibole 
(lnd plagioclase (plu/on 
dated at 158 kJa). 

carbonaceous material, local realgar and orpiment, with 

much of the refractory gold being within the arsenian 

pyrite (Arehart et ai, 1993a). Importantly, the gold is 

within the arsenian-rich rims to pyrite grains, with minimal 

gold in the core pyrite itself. Further minerals include 

introduced silica, arsenian pyrite, dolomite, 'lili te' and/or 

kaolinite, with common quartz veining that is typically as 

thin veinlets of limited length. In general, the refractory 

ore is vertically below the bleached interval, but locally 

one ore type can surround the other (Figure 5c) 

High degrees of porosity are a characteristic of both the 

oxide and carbonaceous ores (typically 10 to 30 percent 

poroSity), and this porosity locally continues to the base 

of open pit mining (300 m) and in drill holes to 1.5-2 km 

depth (Figure 6). The porosity in the ores results from 

calcite and lesser dolomite dissolution and is common to 

many but not all gold deposits (e.g. Screamer deposit 

has calcite present). Outside this decalcified zone, calcite 

veins are common but there is much less pyrite here, 

and subordinate economic gOld. Thus the decalcification 

that leads to the porosity shows a close correlation with 

the ore intervals and higher pyrite concentrations. 

Figure 6(b): Weakly 
mineralised core from 
the Rain area showing 
Fagmented pieces of 
mudstoneJrom 700m 
depth 

Figure 6(d): 
Mineralised core Fain 
Rain area illustrating 
granulated nature CJl 
material at 700m 
depth 

Figure 6(f): Quartz 
veining unrelated to 
gold mineralisation 
within the Coldst;-ike 
granodforite, NOl1h 
Star pi!. 

Figure 6: Photo mosaic 
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There is wel l-established evidence for a meteoric water 

signature in the deposits of the Carl in province based 

upon cD values in nuid inclusions in ore minerals of -100 

to -1 SO per mi l, which is much lighter than metamorphic 

or magmatic values (typically - 40 to -80 per mil ). Th is 

meteoric signature is supported by oxygen isotope work, 

and is common in both the upper oxidised ores AND in 

the deeper refractory ores including in realgar and 

orpiment (Radtke et ai, 1980; Ilchik & Barton, 1997). 

A survey of many of the world 's gold provinces has 

suggested that several have characteristics similar to the 

Carlin-type deposits of north-centra l Nevada . Similarities 

between the central section of the Victorian gold province 

(e .g. Melbourne zone) and deposits of the Carlin gold 

province have already been alluded to by Hughes et al . 

(1997). The comparison has already been made between 

the Carlin ore fluids and those of Witwatersrand , 

greenstone and slate-belt gold provinces (Phillips & 

Powell , 1993 ). The recent conclusion that sulphidation of 

Fe-rich wall rocks was an important process in the 

formation of the Twin Creeks mineralisation in Nevada is 

significant (Stenger et ai , 1998), because this is the 

same process implicated over the last decade in the 

formation of many Archaean greenstone (eg. Phillips & 

Groves, 1984; Neall & Phillips, 1987), and Victorian slate 

belt gold deposits (Phillips & Hughes, 1998) 

Origin of Carlin-type mineralisation 

Several paragenetic stages of mineralisation are 

recognised in and around the deposits of the Carlin gold 

province. A localised occurrence of sphalerite-galena­

barite with very minor gold is interpreted as diagenetic or 

earlier, and formed from early saline nuids well before the 

gold event (Emsbo et ai , 1996) this early origin is 

supported by cross-cutting geological re lationships 

(Kuehn & Rose, 1992 ). In many of the Carlin-type 

deposits (eg. those of the Carlin Trend ), pyrobitumens 

are common and are eVidence for earl ier migration of 

hydrocarbons; these now indicate an over-mature 

('dead ') oil field. Migrating ore fluids may have exploited 

similar ftuid pathways to the hydrocarbons 

Most present genetic models suggest that two stages of 

gold m ineralisation occurred: 

1. 	 Main Ore Stage characterised by pyrite, muscovite 

(illite ), and gold, with fluid inclusion evidence of a low 

salinity fluid dominated by HzO-COz, and with 

essential Hz5 The best estimates of P-T are 0.5 to 

1.5 kbars and 200-220°C (Kuehn & Rose, 1995; 

Cline et ai , 1997; Lamb & Cline, 1997 ) 

2 . 	Late Ore Stage is characterised by a significantly 

different group of minerals to that of the Main Ore 

Stage such as realgar (AsS ), orp iment (AszS~), 

stibnite (SbzS3 ), barite (BaS04 ) , kaolinite, other clays 

and calcite veins . 

The low salin ity, HzO-COz-HzS fluid inferred for the I"lain 

Ore Stage is critica l in regard to genetic models for 

Carlin-type deposits . This type of fluid is not widely 

recorded in nature except that it is typical of other major 

gold-only provinces and is best explained by 

metamorphic devolatilisation (PhillipS & Powell, 1993) . 

The fluids responsible for the Late Stage ores in the 

Carl in province are typical of a low temperature, re latively 

more oxidised environment, and considered aqueous 

with a strong meteoric component (Cline et ai , 1997) 

The age of gold mineralisation in the Carlin province has 

long been contentiOUS, and still remains less-well 

constrained than most other gold styles, even including 

those of Archaean age . For Carlin-type m ineralisation, 

the Mesozoic and Tertiary ages that are commonly 

inferred for the major hydrothermal gold mineral isation 

represent a range from 160 to 35 Ma (contrast this with 

the smaller absolute range for Archaean Kalgoorlie gold 

of 2660 to 2600 Ma) Although the bulk of gold from the 

Carlin Trend is with in rocks that pre-date the Antler 

orogeny (350 Ma), weak gold mineral isation in the 

Goldstrike stock ( 158 I"la; Figure 6 e) has traditionally 

been cited to support a maximum age for go ld 

introduction. There are few potential host rocks of 

Carboniferous to Jurassic age to provide timing 

constraints (one example is at the Rain depOsit). In other 

studies of Carlin-type deposits, mineralisation in Tertiary 

Igneous rocks is taken to indicate a Tertiary age for 

mineralisation. However, the picture is more complex; 

for example, gold distribution in the Genesis pit is 

partially controlled by branches of the Gen Fau lt which 

itself offsets the Tertiary Carlin Formation and is 'Basin 

and Range' in age (ca 17-14 Ma; Figure 5 e). This last 

observation is not easy to rationalise with other 

constraints on the tim ing of mineralisation unless the 

Gen Fault is older and has been reactivated and/or the 

control on gold by the Gen Fault is a later effect (perhaps 

weathering). Extensive use has been made of Ar-Ar 

dating of muscov ite-illite particularly from the 

carbonaceous ore . A mineralised dyke from Goldstrike 

has been dated at 39 Ma using Ar/Ar methods on a 

biotite (Emsbo et ai, 1996). Not all the field data are 

completel y consistent as some lamprophyres are 

undeformed and unaltered adjacent to minera lisation, 

yet inferred to be ca 1SO Ma; furthermore, there are 
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many muscovite-illite ages that are quite old (see Table 

3). The explanation tha t these old illite ages are 

preserved from the detrital stage is no t yet convincing. 

Ar/Ar dating has been used to infer five separate 

mineralising events at the Twin Creeks and the Getchell 

deposits these are at 95,92,83, 75 and 42 Ma (Gro ff 

et ai , 1997). The mineral assemblages cited for each of 

these phases can be related to the scheme of Main Ore 

Stage and Late Ore Stage of Kuehn & Rose (1 995). The 

resulting paragenetic scheme (Groff et ai, 1997) 

illustrates the difficulties of building geological models 

from geochronological numbers without an independent 

and over-rid ing geological and paragenetic framework . 

The concerning aspect of the wide age discrepancy for 

gold mineralisation in the Carlin province comes from 

potential links to major tectonic events Most of the 

world's gold-only deposits, including Carlin-type, occur in 

orogenic zones (as opposed to platform or basin 

settings) and bear a relationship to deformation and 

thermal processes on a scale at least as large as the 

gold province (Kerrich & Cassidy, 1994). The Antler, 

Humbold, Sevier, Laramide and Basin and Range 

orogenies have all influenced the lower Palaeozoic host 

rocks of the Carlin gold province. The 160 Ma to 3S Ma 

uncertainty bracket for Carlin province mineralisation 

means the Carlin gold-forming process remains 

unconstra ined within a whole series of possible tectonic 

events from Jurassic to Tertiary age, or possibl y earlier. 

Hence it is very difficult to integrate Carlin mineralisation 

with the tectonic development of western USA or relate 

the Carlin gold province to the many other gold deposits 

in the region (e .g. 'low sulphidation epithermals', hot 

springs, Au-Ag deposits, Mother Lode, Cripple Creek). 

Despite their globa l importance and extensive study, the 

origin of Carl in gold is described as 'en igmatic' ( Ilchik & 

Barton, 1997). The lack of a mutually-agreed and 

testable genetic model for deposits of the Carlin gold 

province appears to be conceded by many of those 

working on, and famil iar with, these deposits This 

uncertainty is in no small way linked to the enormous 

uncertainty in the age of mineralisation (Teal & Jackson, 

1997 , p . 23), and uncertainty of tectonic setting during 

m ineralisation. Genetic models to account for the 

forma tion of Carlin-type deposits invoke magmatically 

derived fluids (S illitoe & Bonham, 1990; Henry & Boden, 

1997), meteoric fluids (Ilchik & Barton, 1997 ) or 

metamorphic fluids (Kuehn & Rose, 1992, 1995; 

PhillipS & Powell, 1993; Cline et ai, 1997 ). Epithermal 

models have been widely invoked in the past (e.g. 

Rad tke et ai, 1980; Radtke, 1985), but ore continuing 

to 1-2 km depth, the importance of brittle-ductile shear 

zones, and the fluid inclusion da ta (Kuehn, 1989; Kuehn 

& Rose, 199 2, 1995) make conventional epi thermal 

models unlikely. Outstanding problems to do with 

understanding the formation of Carlin-type mineralisation 

include the juxtaposition of oxidised and reduced mineral 

assemblages as part of Carlin gold mineralisation in so 

many deposits, the concentration of deposits in rocks of 

pre-Pennsylvanian age, the juxtaposition of lithostatically 

and hydrostatically pressured regimes, the extensive 

porosity, and the inference of carbonate dissolution by 

an acidic fluid rich in COz. It also needs to be resolved 

whether an acidic fluid moved through the large footwa ll 

section of carbonate-bearing rocks to where it deposi ted 

the gold. The orientation and position of the Carl in Trend 

and other trends are not well related to any tectonic 

features or processes at the traditiona lly inferred times 

of gold mineralisation . 

WEATHERING IN DEPOSITS OF THE CARLIN 

GOLD PROVINCE 

Most of Nevada and parts of surrounding states comprise 

the Great Basin, a geographic unit within the Basin and 

Range Province of western USA. The Great Basin is 

characterised by very few permanent surface streams 

and an internal dra inage resu lting in salt lakes. The 

elevation is from 500 m to 3500 m and the present 

climate is semi -arid. Outcrop on higher ground is sparse, 

and the 'Basins' are fi lled with thick sequences of 

undeformed Tertiary sediments. The filling of the 'Basins' 

is analogous to the filling of the palaeochannels on the 

Yilgarn Craton, al though the scale is different the vertical 

scale for Nevada is about twenty t imes that of the Yi lgarn 

(see Figure 2). Both filling processes would be favoured 

by aridity, consequent reduction in the amount of 

surface waters, and resulting decreased sediment 

transport The main difference today is that the 

equivalent of the 'Ranges' on the Yi lgarn Craton are 

insignificant compared to the 'Ranges' in Nevada . 

Evidence for weathering in Carlin deposits 

There are several references in the literature to deep 

weathering in individual deposits of the Carlin province; and 

yet weathering was virtually unmentioned during the 

'Carlin-type gold deposits' field conference (Vikre et ai, 

1997 ) and in a recent major overview (Tea l & Jackson, 

1997 ). At the Pipeline deposit, weathering extends to 245 

m (Foo et ai, 1996a) and at South Pipeline deposit to 550 

m depth (Foo et ai, 1996b.). At the Carlin deposit itself, 

oxidation to 250 m depth is preferentially developed along 



NE ll PH I liPS 

steep structures or permeable footwall beds (Kuehn & 

Rose, 1992). At Twin Creeks deposit, the redox interface 

in the weathering profile is at 120 m depth generally, but 

500 m deep near sulphides. The importance of unravelling 

hypogene oxidation from supergene weathering has been 

very clearly elucida ted in some earlier work (e.g. Seedorff, 

1991, p.161; Arehart et ai, 1992) 

juxtapos iti on of significant low grade copper 

minera lisation at the Mike deposit is not typical of the 

Carlin Trend, but provides clear evidence for weathering 

processes. Here the 100 m thi ck, Tertiary sedimentary 

rocks are wea thered , and copper occurs over a 200 m 

ho rizontal interva l in the underl ying Palaeozoic 

succession (Tea l & Branha m, 1997). The copper 

mineral isation includes an oxide zone o f malachite and 

native copper and a deeper supergene sulph ide interval 

of cha lcocite and covellite . Hence, supergene processes 

are recorded by the copper assemblages to at least 500 

m below the Tertiary cover (Teal & Branha m, 1997) . The 

bulk of the current gold resource at Mike overlaps or lies 

above the copper m ineralisation and includes highly 

porous ore that has lost calCite through dissolution. 

Studies of alunite recognise the role of palaeoweathering 

(Fo lger et ai , 1996): "The oldest supergene alunite, from 

the Gold Quarry deposit in the Carlin Trend yielded 

apparent ages of 30-27 Ma (Heitt, 1992)" Compatible 

with this conclusion is the statement by ,'\rehart et al . 

(1992) based particularly on their research at the Post 

deposit: "From all available petrographic and geochemical 

data, it would appear that alunite in the m icron gold 

deposits of Nevada is entirely of secondary supergene 

origin .". The nature of Carlin hematite, which is not 

specularite, has been used to conclude that this mineral 

is also unlikely to be primary, and that the primary ore 

fluids did not enter the hematite stability field (Seedorff, 

1991 ) Bnef men ti on has been made of a 'post-gold 

hydrotherma l event' that has ove rprinted Miocene 

sediments and was of low temperature (below 150°C; 

Ferdock et ai , 1997, p. 84-85) although conventionally 

attributed to a hypogene oxidation process, this event 

appears quite similar to CainOZOic wea thering. 

Modern day hot waters within the Meikle mine are 

creating cavities tens of metres wide in the immediate 

footwall of the Post Fault ( i. e . an old structure reactiva ted 

around 20 Ma ). These caverns appear to be forming from 

acid waters that are attacking carbonate: calCite and 

barite are precipitating loca lly. Thi s disso lution is 

occurring to 500 m depth and we interpret the acidi ty as 

being due to the oxidation of sulphide minerals. 

Clasts up to several centimetres diameter, that have 

been recovered during diamond drilling, have rinds of 

kaolinite and ferr ic oxide (hema tite , limonite) and 

continue to 800 m depth in decreasing abundance (e .g. 

at Rain deposit; Figure 5) The assemblage represented 

on these rinds is that of the upper bleached zone in open 

pits that contains the free-milling gold, and probably 

represents the more-extreme downward extension of 

this bleached zone along cracks and fractures . 

These isolated lite ra ture references and new field 

observations all suggest weathering in the Carlin 

province, but do not provide much indication of how 

extensive the deep wea thering is . To determine this 

would require systematic mapping of various wea thered 

and unweathered assemblages . Importantl y, a model of 

deep weathering in the Carlin district has additional 

circumstantial support by providing plausible answers to 

some of the outstanding questions about Carlin geology 

and especially gold genesis. 

Interpretation of bleached upper interval with 

free-milling (non-refractory) gold 

The Interpretation o f the upper, bleached interval as the 

product of Cainozoic weathering appears to be relatively 

well accepted now (Bakken & Einaudi , 1986; Kuehn & 

Rose, 1992), although it has been controversial In the 

past. Whil e some groups appear to have accepted the 

wea thering origin of the upper bleached interval since 

the early 1980s (Bettles, pers. comm, 1998), others 

debated the issue during the 1980s interpreting th is 

interval as the argillic part of an epithermal system (see 

Radtke et ai , 1980, Radtke, 1985) 

The evidence suggests that the bleached zone formed 

above the wa ter table redox fron t, the dominant form of 

iron is Fe'+, and the ground waters caused alkali remova l 

and kaolinite stabilisation . This oxidised zone generally 

follows the modern topography (i. e. the oxidised interva l 

is present in every open pit operation for the top lOs of 

metres at least, regardless of elevation) this is a 

signi ficant piece of information given the deposits have 

been exhumed from thei r Si te of formation of primary 

mineralisation at several kilometres depth (Kuehn, 1989; 

Kuehn & Rose, 1995; Cline et ai, 1997). 

Our work suggests that locall y weathering continues to 

considerably greater depth than previously recognised , 

i.e. at least to 800 m and probably to 1. 5 km depth. 

Deeper bleached interva ls are probably localised by the 

common fractures in and around mineral isation and 

re flect the abundances of su lphide and carbonate 
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minerals in primary mineralisation. One of the most 

extreme expressions of this deep the 

kaolinl:e Fe-oxide rimmed clasts in drill 

If the interval above the water table redox 

front extends locallv to 1 km or qL;estion is 

of where how dee~ :he weathered interval 

below the redox front be (see 3) 

of dark ores with arsenian 

and/or carbonaceous material 

The genesis of the refractory are is controversial 

that for the mineralisation. this 

'las been considered the result of one or more 

This inter~retation 

creates t'le evolution from 

reducing to fluid, extensive porosit,y at several 

kilometres calcite dlssolL.tion a fluid 

cause the porositv, of a cO'lerent model 

for pmnarv a'ld a mYriad of 

what is otherwise a 

style. Instead, 

has also 

been exposed to processes. 

We suggest that the and orplment, and 

processes well 

the main event. This is supported bV 

the strong rY1AfACmr water sic;nature in )oth the beached 

ores and in the arsenian-~yrite ores. 't 

is possible that the porous mineralisation, which is 

Vlrtuallv the non-silicified mineralisat,on in Carlin­

below the oxidised ores, postdates the 

major and pyrite mineralisation and mav in part 

'transition' materia formed the early stac;es 

of the water redox 'rant This 

meteoric 

depths todaV as 

filled cavities the Meikle 

mine. ThiS Interpretation defines transiton zone 

In the Carlin provinces Interval in which 

has calcite but has not totally 

consumed sulphides and carbonaceous material 

oXidation. The oric;in for this helps 

overcome paradoxical preservation of open spaces 

proposed to have been at Initial 

formation of km. 

of the late Ore Stage mineralisation 

The change from low flL.id 

the l"laln Ore Stage to a that stabilised 

orp"ment and barite (Kuehn & Rose, 1992, IS not 

weI. understood. Three DO:SS'[)III[JeS are tested and 

one main variables i>pi"",,'pn the models is role 

of meteonc waters. the first mode meteoriC water 

peripheral, in the second it is Involved in massive influx 

durng prina;-y mineralisation, and in t'1ird model there 

is meteoric water influx after and from 

primary mineralisation and as part of 

The for a substantial role for meteoric waters 

in part based upon deu:er1um from kaolinl:e 

Within realgar supports the 

Influx of meteoric waters levels of 

mineralisation (Ilchik Barton, 1997), is 

by light (180 In late stage calcite-

veins (Kuehn, 

nrrlnn",i;!(' pvolUlion of tiJe into a 
flUid tbat Lalp Stageminera!s 

T'1ls model Invokes a progreSSion from Main to 

Late dlsruptlo'1. no 

complete the 

and low salinity 

at 4km de;:>th, 

There Is no to such a progreSSion In other 

despite the fluids being similar 

Powell, 1993; notwl 

at some such 

PhillipS & Glbb, It Is also unclear how a'1y porosity 

would develop the mineralising process at 4 km 

This model requires an 

are fluid to have traversed a footwall 

carbonate sequence, 

Model 2. MIXil1,~ water the Main Stage 
eUel!/ ipading to stabilisation of tbe Late Illinerals 

model invokes mixing of a typical flUd 

with r1P',rp,nr1lnr meteoric waters late i'1 the miCieralising 

this accounts for fluid inclusion and 

sotope the model have 

the descent of meteOric waters from a 

regime into deeper lithostatic regime in 

which brittle-ductile unless 

& 
Rose, how the 

porosity 

exhumation. model requires are fluid to 

have traversed a footwall carbonate sequence 

Model (preferred). /"[ain 
tue,Uh(?ri~w. involuing meteoric 
Slage mineraL, 
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This model invokes a typical 'gold-only' mineralising 

process under lithostatic conditions, probably before the 

Tertiary. The fluid was H20 -C02 dominant with H25 and 

low salinity; the dominant alteration minerals were 

muscovite-pyrite-calcite±dolomite During the Tertiary 

weathering, meteoric waters influenced the landscape 

and were particularly reactive with sulphides, in turn 

becoming acidic and then highly reactive with calcite. 

This reaction and the disposition of fractures around 

mineral isation provided deep access of the meteoric 

waters in and around the orebodies. The considerable 

topographic relief provided a substantial head to drive 

wa ter penetration . Porosity was developed during this 

weathering and is thus a relatively late fea ture formed 

under hydrostatic cond itions . The water table redox front 

is 100 to 300 m below the present land surface except 

within the gold deposits where it is much deeper in 

some m ineralised zones . 

IIchik and Barton (1997) have already presented a 

de tailed hydrological model for meteoric water migration 

in the Carl in province, but instead of invoking it as the 

gold transporting agent, we are Interpreting it as the 

weathering process after go ld formation, and the agent 

of substantial modification to exis ting deposits. 

Summary: The vertical profile found in deposits of the 

Carlin gold province appears best explained if the 

dramatic visual change at the base of the oxide ores 

marks the base of complete oxidation rather tha n the 

base of weathering, and the underlying, mostly 

refractory material is interpreted as weathered for many 

hundreds of metres below this level. Hence the top of 

fresh rock may not have been reached in many parts of 

the Carlin Trend. 

This interpretation has the saprolith (Figure 3) in the 

Carlin province as including the interval in which 

weathering has begun but has not tota lly consumed 

sulphides, carbonates and carbonaceous material 

through oxidation and acidi fication. The re latively late 

origin for the porosity helps overcome the paradoxical 

preserva tion of open spaces previously proposed to 

have been generated at depths of more than 4 km. 

Model 3 also removes the need to have juxtaposed over­

pressured fluids with meteoric water circulating under 

presumably hydrostatic conditions . 

Table 2: Factors supporting deep weathering ofgold deposits in the Car17n province. 

In favour of deep weathering • porosity. 

• oxidised mineral assemblages. 

• kaolinite, Fe oxide assemblages. 

• hydrogen isotope data. 

• oxygen isotope data. 

r--"­
Problems explained by deep weathering • source and pathway of acid Auids . 

scenario • source of oxidising Auid. 

Issues that are potentially resolved • dating: the uncertainties for Carlin 

by deep weathering gold exceed any ather 

maiar gold province (> 1OOMy). 

• genetic model : refinement beyond 

current ronge of magmatic or metamorphic 

or meteoric. 

• tectonic setting during mineralisation: 

Basin and Range or Laramide or Sevier 

or Humboldt or Antler? 

• origin of realgar and orpiment during late 

stage processes. 
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I WEATHERING OF DEPOSITS 

Model for weathering in the Carlin gold province 

The postulated weathering in the Carlin province probably 

refiects an earlier Cainozoic period during which the climate 

was less arid: this would provide more surface water in turn 

leading to 'Basins' with less sediment fill. The net result 

would be greater relief through which ground waters could 

move These meteoric waters would have reacted 

vigorously with any sulphide-bearing ore deposit they met, 

and become acidic. The acidic waters would react strongly 

with calcite to remove this carbonate and leave the rock 

porous, and the oxidising condition would redistribute 

arsenic. In places, this weathering profile has been covered 

by Tertiary Carlin Formation sediments, but there is also 

evidence in the Carlin Formation suggesting it also has 

undergone weathering (e.g. opal , jarosite, antimony 

hydroxides and oxides, marcaSite, iron hydroxides, clays 

and zeolites; Ferdock et aI. , 1997 and earlier discussion). 

The near-surface 'oxide' ores were origina lly considered 

as a late stage of the main mineralising event (Radke et 

ai , 1980); they are now widely regarded as the product 

of weathering of typical Carl in-type gold and sulph ide 

mineralisation. This is compatible with the observation 

that the interval of oxide ore follows the topography 

despite considerable present-day relief and significant 

erosion (pOSSibly 3-4 km) since ore deposit formation. 

Jasperoids at the top of this zone could be another 

product of this weathering resulting from sil ica 

replacement of carbonate in an arid environment. 

Although we have emphaSised some similarities 

between the regolith in Western Australia and Nevada, 

there are significant differences. In Western Australia, the 

profile passes downwards from Fe-rich laterite to bleached 

material to saprolite; whereas in Nevada, jasperoids pass 

downwards into bleached material and then decalcified, 

porous and leached material and dark refractory ores. 

Some of the differences can be accounted for by 

contrasting the widespread mafic rocks that host gold in 

the Yilgarn with the common sedimentary host rocks in 

the Carlin province. Fully understanding these differences 

is a remaining and important issue. 

IMPLICATIONS OF WEATHERING IN THE CARLIN 

PROVINCE 

Is kilometre-deep weathering reasonable? 

Although weathering in the Yilgarn Craton is usually 

thought of as being relatively 'deep', the weathering 

being suggested here for the Carlin gold province is 

substantially deeper. 

Deep weathering is virtually an inevitable consequence 

of stable high relief, and climate change can lead to 

significant relief change . Kilometnc-scale penetration of 

meteoric waters has already been recorded in other 

geological settings in North America . Limestone cave 

systems (interestingly also rel ying upon calcite 

dissolution) are known to vertical depths of 1 km or 

more. Isotope studies in several shear zone and vein­

related gold deposit systems have shown deep meteoric 

fluid ingress overprinting vein quartz but not necessarily 

the surrounding alteration minerals (Goldfarb et aI. , 

1991, Kyser & Kerrich, 1991), again representing 

evidence for locally deep penetration of meteoriC waters. 

The substantial elevation of parts of Nevada (up to 3500 

m above sea level), and low base level (around 500 m) 

during more humid periods, are important in the deep 

weathering scenario . The downward penetration of rain 

waters from the mid to upper elevations would be 

facil i tated by pre-existing faults and shear zones 

(including around gold deposits) and by soluble rock 

forming material (e.g . calcite in and around gold 

deposi ts ) and the main lim it on weathering depth would 

be the base level of streams in th is part of the western 

USA around 500 m. 

In our weathering model , the deepest weathering is at 

the gold deposits and coincides with abundant pyrite that 

generated acid ic waters to dissolve calcite . The 

weathering is less deep in the surrounding halo where 

there is more ca lcite and less pyrite, and in country 

rocks . Th is IS similar to the findings of Thornber et al. 

(1981) in the Yilgarn Craton where they noted the 

important interp lay of sulphides and carbonate In 

influencing weathering depth and element mobi lities. 

Implications for gold in the Carlin province 

Some of the critical timing relationships for Carlin-type 

mineralisation come from the gold distribution in 

samples that are likely to be weathered This is re levant 

when geological relationships are being used to 

determine if a certain rock unit pre-dates or post-dates 

the main gold mineraliSing event. Units that post-date 

the primary gold m ineraliSing event may still be gold 

m ineralised by redistri bution during weathering. 

Unfortunately, most stud ies do not make it clear what 

care has been exercised in using the distribution of gold 

in weathered rocks to refiect the gold distribution at the 

mineralising primary stage . The presence of pyrite and 

carbonaceous materia l alone is insufficient evidence to 

conclude that the rocks have not been subjected to 

weathering processes 
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DISTRICT /TREND DEPOSIT/MINE HOST STRATIGRAPHIC AGE OF 

Carlin 
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Intermediate Dykes 
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Silurian 

Silurian· Devanian 

Goldstrike Limeslone & mudstone Devonian 
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Mike 

JerriH Canyon 
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Hydrothermolly 

altered andesite 

Silurian - Devonian 

M. Ordovician . 

L. Devonian 

JerriH Canyon Basalt Dyke 
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-"-"~"-" 
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Table 3: Summary a/some radiometric 17umbers relClled to Carlin -type minemlisation 
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What is meant by 'Carlin type'? 

Severa l of the characteristics of Carlin-type gold deposits 

are shared by many other gold-only deposits. These 

features include element ratios between gold, silver and 

base metals, structural and host rock control , and 

su lphidation involving iron In host rocks. The 

distinguishing features of Carl in deposits include the 

dissolution of calcite, light hydrogen isotope Signature 

suggesting meteoric waters, kao linite-bearing 

assemblages and sil icification , and all of these are here 

interpreted as products of the weathering process . The 

origin of the arsenian pyrite remains conten tious bu t it 

has been established that this materia l has also been 

invaded by meteoric wa te rs. If weathering is as pervasive 

as we suggest, and al lowance is made for differing host 

rock types, many of the unusual features of Carlin type 

deposits might be accoun ted for by this weathering, and 

the Carlin type deposits would bear considerable 

similarity to other go ld-only deposits . This can be 

illustrated by comparing gold deposits from the Yilgarn 

and Carlin provinces in which the hos t rocks are 

similar (Figure 7). 

Figure 7: Weathering profiles over 
similar black shale sequences in the 
Yilgarn Cmton and Carlin gold 
proVince. Upper bleached kaolinite-Fe 
oxide interval and lower 
carbonaceous shale interual a I 
Bindu!i gold nune, lOkm west of 
Kalgoorlie. The host sequence is the 
Black Flag Beds, and the base <?f 
weathering (ie top offresh rock) is 
below the pit base. 

Figure 7: Photo mosaic 

SUMMARY 
It appears that wea thering in the Carl in gold deposits has 

been particularl y deep, and that much of the 

economica lly important bleached and dark re fractory ores 

may be part of the regolith profile . The deep wea thering 

resulted from pyrite and calcite concentrations in and 

around the deposi ts, and might not extend uniformly 

across the whole district We are forced to review our idea 

of the Yilgarn Craton as being deeply weathered . The 

differences in depth of wea thering between the Yilgarn 

and Carlin provinces can, at least in part be related to 

elevation and relief differences. 

Figure 7: Upper bleached kaolinite-Fe 
oxide interval and lower 
carbonaceous shale imelval in the 
Betze-Post pit. Nevada (sam.e as 5a, 
with sky removed). The host isfine 
grained clastic sedimentary rocks 
with carbonaceous matehl. In both 
profiles, one regolil unit can virtually 
surround the other unit. 

Weathering in the Yilgarn Craton is well-documented. For 

the Carlin province, there are isolated references to weathering 

but no comprehensive integrated overview despite the 

economic importance of weathering at Bingham and at Arizona 

porphyry copper deposits. Weathering in the Carlin province 

has affected the economics of gold mining including the 

differentiation of free-milling and refractory ores. A weathering 

model can also answer some of the questions surrounding the 

genesis of Carlin-type deposits, and might rationalise the 

unprecedented range of suggested ages for these 

Phanerozoic gold deposits Weathering will profoundly effect 

what we come to understand as "Carlin-type gold depOSits". 
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WEA T HER IN G OF DEPOSITS 

Weathering in the Carlin province appears to overprint a 

relatively typical meso thermal gold system and results in 

arsenic redistribution as realgar and orpiment porosity 

due to calcite dissolution, common kaolinite, light 

hydrogen isotope signature, lower bulk densities (and 

gold grade increases) and a variety of relatively oxid ised 

assemblages. The evidence for meteoric wa ter ingress is 

in both the bleached and refractory ores. 
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