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ABSTRACT 

Lower Paleozoic, passive margiii strata host more gold deposits than other 

Paleozoic strata. Geochemicai analysis of unaltered, unmineralized lower Paleozoic 

sedimentary rocks from Nevada, Arizona, and Australia suggests that the abundance of 

gold mineralization in lower Paleozoic strata is related to geochemicai conditions during 

sedimentation. Siliciclastic strata show primary gold enrichments of 21 parts per billion 

(ppb) and 7 ppb Au (mean values) in Ordovician Valmy and Vinini strata, respectively. 

Gold contents of lower Paleozoic carbonate platform, shelf, and transitional facies are 

comparable to the average crustal abundance of ~2 ppb. Gold concentrations of the 

siliciclastic rocks correlate stratigr^hically with high total organic carbon, total metal 

contents, vanadium ratio [y/(V+Ni)], and authigenic uraniimi, and with low S'̂ Coig and 

cerium anomaly. These geochemicai parameters are indicative of a I0W-O2 paleo-

environment, interpreted to result from high organic productivity in upwelling zones. 

The origin of the gold enrichments in lower Paleozoic, siliciclastic strata is 

related to global conditions in the marine environment during the early Paleozoic. 

Hydrothermal and detrital inputs of gold to the oceans were higher than at other times. 

Organic activity in upwelling zones contributed to the accumulation and preservation of 

gold in marginal marine sediments. Lower Paleozoic strata are favorable hosts for gold 

mineralization because they are associated with gold-enriched, carbonaceous siliciclastic 

strata that may act as a source and/or trap for gold in hydrothermal fluids. 
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"Gold undiscovered (and all the better for being so)...." -Horace 

"I can stand a great deal of gold " -Henry James 

I. INTRODUCTION 

Gold mineralization has long been a topic of fascination for scientists, 

pro^)ectors, and laymen. Sediment-hosted gold deposits have received much attention 

from researchers, particularly since the recognition of the Carlin-type deposits in the 

1960s. For this study, the term "sediment-hosted deposits" refers to epigenetic 

hydrotfaermal mineralization in sedimentary strata after lithification. Placer deposits are 

hosted in sediments, but are formed by synsedimentary processes. Sediment-hosted gold 

is of interest because the factors that control mineralization are numerous and diverse. In 

many deposits, the source of gold and the relation to magmatism are enigmatic. Learning 

more about >^ence the gold is derived enables a better understanding of where gold is 

precipitated. In addition, knowing where gold is precipitated leads to more accurate 

exploration targets and more new gold discoveries. 

To determine why gold occurs where it does, many aspects of sediment-hosted 

deposits have been studied, including tectonic setting, lithology, mineralogy, stratigraphic 

relationships, timing of mineralization, and local structure. Many studies tend to be 

d^)Osit specific. By looking at ages of host rocks and their depositional enviroimients, 

this study will propose an origin for gold in sediment-hosted deposits on a regional or 

global scale. Figure lA illustrates the results of a review of gold deposits hosted in 

Phanerozoic sedimentary rocks (Titiey, 1991). An updated figure focusing on the 
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Paleozoic is shown in Figure IB. Gold production firom sediment-hosted gold deposits 

plotted against the age of the host rocks shows two peaks, for lower Paleozoic and upper 
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Figure 1. Distribution of gold deposits hosted in sedimentary rocks. A. Gold in 
Phanerozoic strata, modified firom Titley (1991). B. Gold in Paleozoic strata, updated 
with data firom Berger et al. (1994), Phillips & Hughes (1995), Ilchik & Barton (1996), 
Foo et al. (1996a,b). 
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Mesozoic strata. Thus, on a worldwide scale, sediment-hosted gold deposits are more 

abimdant in strata of Ordovician and Cretaceous age, relative to other Phanerozoic strata. 

Moreover, most of the strata hosting gold deposits represent marine sedimentation in 

passive continental maj:gins (Titley, 1991). This observation suggests geochemical 

events in the early Paleozoic and late Mesozoic oceans may have influenced the 

favorability of these strata for hosting gold ores. Evidence from sea level curves, carbon 

and sulfur systematics, and faunal assemblies indicates that low-oxygen 

paleoenvironments are contemporaneous with the deposition of strata which host gold 

mineralization today (Titley, 1991). It has been proposed that at certain times, paleo-

oceans were stagnant and contained metals and anoxic brines that prevented oxidation of 

sulfide precipitates (Keith, 1982). Carbonaceous strata deposited in such environments 

have been regarded as potential sources and/or hosts for sulfide ores (Duriiam, 1961; 

Eugster, 1985). Titley's (1991) results lead to speculation on the relationship between 

gold ores and the paleoenvironmental conditions of the Ordovician and Cretaceous 

oceans at the time the host rocks were deposited. 

This study is a preliminary attempt to explain why lower Paleozoic strata are so 

well-endowed with gold deposits. The focus is on lower Paleozoic rocks because the 

strongest gold peak fi:om Figure 1 occurs for Ordovician strata. The hypothesis of this 

study is that lower Paleozoic strata are favorable hosts to gold mineralization because 

they are associated with strata that were pre-enriched with gold at the time of 

sedimentation. Gold was supplied to the sediments by combinations of tectonic, 

volcanic, hydrothermal, erosional, or biogenic processes during the early Paleozoic. The 
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effects of geochemical or paleoemdromnental fiictors at the time of deposition will also 

be examined. 

Most of this work is from the Great Basin in Nevada, but the results may have 

global implications. This preliminary study suggests that early Paleozoic processes 

resulted in an increased supply of gold to oceanic sedimentary environments, particularly 

along passive continental margins Many of these environments also aq)erienced high 

accumulations of organic carbon. During later hydrothermal activity (Mesozoic or 

Tertiary), pre-enriched strata had more gold available to be leached by mineralizing 

fluids. Nearby strata, associated with the pre-enriched rocks and with favorable chemical 

receptivity to gold precipitation firom mineralizing fluids, would have been preferentially 

mineralized relative to similar strata that were farther away. Other geochemical factors in 

lower Paleozoic strata (such as organic carbon and sulfide contents) may have enhanced 

the leaching, transport, or precipitation of gold during later hydrothermal activity. 

To test the hypothesis, lower Paleozoic sedimentary strata were analyzed to 

determine if they were pre-enriched with respect to gold. This study also examines how 

paleoenviromnental conditions during deposition of lower Paleozoic sediments influence 

their favorability for later gold mineralizatioiL Sedimentary rocks of varying ages, 

lithologies, and marine environments were collected from Nevada, Arizona, and 

Australia, and analyzed for gold, major and minor elements, and carbon and sulfiir 

compositions. Further evidence of depositional environments and stratigraphic 

relationships of the strata were gleaned from literature reviews, field examination during 
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sampling, and petrog;nq)hic study. All available data were compiled to determine the 

geochemistry of the host rocks and their paleoenvironments. 

The results of this study provide an explanation for the origin of gold in sediment-

hosted gold deposits worldwide. Unusually high input of gold to marine environments, 

coupled with organic activity in upwelling zones, led to enrichment of gold in lower 

Paleozoic passive margin siliciclastic strata. The high contents of gold and organic 

carbon in the sedimentary rocks made them favorable for later gold mineralization. 

Lower Paleozoic strata acted as a source of gold or a trap for gold, or both. This study 

provides a preliminary understanding of geochemical conditions in early Paleozoic 

passive margins and the influence of paleoenvironments on favorability for hosting gold 

mineralization. This information is significant for targeting potential areas for gold 

exploration based on stratigraphic ages and geochemical characteristics of favorable host 

strata. 
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n. EARLY PALEOZOIC FRAMEWORK 

Economic Significance of Lower Paleozoic Strata 

Lower Paleozoic strata are economically important as host rocks to gold deposits 

worldwide, as illustrated in Figure L However, the value of lower Paleozoic rocks 

extends beyond gold ores. Organic-carbon-rich rocks, ^^diich are abundant in lower 

Paleozoic strata, are important as source beds for oil genesis (see, for example, Demaison 

and Moore, 1980). Barite and phosphorite often occur with organic-carbon-rich strata. 

In the Great Basin of western United States, bedded barite deposits are associated with 

Ordovician and Devonian siliciclastic facies (Poole, 1988; Murchey et al., 1987; Papke, 

1984; Shawe et al., 1969). Lower Paleozoic barites are associated with Pb-Zn 

mineralization at Meggen, Germany, the Selwyn Basin in the Canadian Cordillera, and in 

China (Maynard and Okita, 1991). In some areas of the Great Basin, siliceous cherty 

strata are associated with phosphate deposits (Coles and Varga, 1988; Sheldon, 1987; 

Rogers et al., 1970; McKelvey, 1967). Stratiform zinc-lead deposits (with lesser silver 

and copper) hosted in fine-grained carbonaceous strata (such as metalliferous black 

shales) become increasingly abundant in Late Proterozoic to Mississippian terranes 

worldwide (Turner, 1992; Knbek, 1991). In the western Cordillera of North America, 

zinc-lead mineralization is hosted by lower Paleozoic carbonaceous strata (Goodfellow & 

Jonasson, 1984; Ketner, 1983). In addition, stratabound ores of copper, zinc, lead, gold, 

and silver are widespread in lower Paleozoic volcanogenic massive sulfide (VMS) 

deposits, ophiolite sequences, and Besshi-type deposits (Titley, 1993). 
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All of the economic resources listed above are associated with strata deposited in 

marine environments. Many of those strata have high organic-carbon concentrations. 

Global geochemical conditions in early Paleozoic oceans, such as oxygen levels and 

sulfur and carbon compositions, must be related to the degree and occurrence of the 

various types of mineralization or organic accumulations in marine sediments. In turn, 

geochemical conditions are caused or influenced by other global processes: 

paleoclimates, ocean circulation patterns, tectonic plate arrangement, seafloor rifling and 

volcanism, changes in sea level and continental freeboard, source terrains of marine 

sediments, and rates of sedimentation. Apparently, a special combination of events 

during the early Paleozoic resulted in certain geochemical characteristics of lower 

Paleozoic sedimentary rocks that render them favorable for hosting a variety of economic 

resources, including gold mineralization. 

Sources of Gold for Sediment-hosted Deposits 

As long as geologists have been looldng for ore deposits, they have been 

speculating on the mechanisms of ore concentration. The starting point of a good model 

for ore formation must consider the source of the ore components. Unfortunately, the 

source is invariably more speculative than the models (for exan^le, Fyfe & Kerrich, 

1984), especially v^en considering sediment-hosted gold deposits. 

Theories on the origin of gold in sediment-hosted deposits usually involve 

magmatic, metamorphic, or tectonic processes (or combinations thereof) to provide the 

heat to drive the hydrothermal system, with varying degrees of structural control or other 
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physical Actors for fluid flow. The ever-increasing isotopic data base (including stable 

and radiogenic isotopes) combined with fluid inclusion data from gold ores provide 

abundant constraints on compositions, flow paths, and sources for the hydrothermal 

fluids. 

The source of the ore metals must be along the fluid path, between the fluid 

source and the site of precipitation (Fyfe & Kerrich, 1984; Romberger, 1988). Often the 

source of the metal is inferred to be the same as the source of the fluid, if a metal source 

is mentioned at all. Thus, if auriferous hydrothermal solutions are derived from 

magmatic activity, the gold itself may be derived from the magmas. Sedimentary rocks 

occurring along the path of the hydrothermal fluid may be the source of gold. Fluids 

derived from metamorphism, or passing through metamorphic rocks, may leach gold 

from metamorphic rocks of any grade or protolith occurring anywhere from the surface to 

subcrustal levels or even the mantle. 

Gold Deposits Hosted in Lower Paleozoic Strata 

As mentioned above, sediment-hosted gold deposits are associated with organic 

carbon-rich marine strata deposited along passive continental margins during the 

Cambrian to Silurian periods (Titley, 1991). Sediment-hosted gold occurs as two main 

types of deposits: lode gold (gold-quartz veins) and disseminated gold (Carlin-type). 

Examples of the quartz vein deposits include the lode gold ores in Victoria, Australia; the 

Meguma terrain. Nova Scotia; and the huge gold deposit at Muruntau, Uzbekistan. The 

Great Basin of western United States is the type locality for sediment-hosted, 

disseminated Carlin-type gold deposits, but some newer discoveries in Mexico, China, 
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and South America have also been classed as Carlin-type deposits. Overall, the lower 

Paleozoic passive margin terranes of the paleo-Pacific rim contain an extraordinary 

wealth of gold (Coney, 1992). The following discussion of gold deposits hosted in lower 

Paleozoic strata will emphasize the source of the gold and the role of the host strata. 

GOLD-QUARTZ VEIN DEPOSITS 

Victoria, Australia 

Of the gold-quartz vein deposits in Ordovician strata, the best-known examples 

are in Victoria, Australia (includes the Bendigo, Ballarat, Stawell, and Clunes deposits). 

Gold-quartz lode veins occur in a thick sequence of Ordovician metaturbidites, through 

v^ch the flow of hydrothermal fluids was structurally controlled during metamorphism. 

The source of gold in the Victoria deposits is not clearly recognized. A metamorphic 

origin for the fluids, and implicitly for the gold, is generally accepted (Phillips & Hughes, 

1995; Forde & Bell, 1994; Ramsay & VandenBei ,̂ 1990; Willman, 1992; Suppel & 

Scheibner, 1990; Cox et al., 1986). The sedimentary pile underlying the vein deposits 

^parently did not provide sufficient gold for at least one of the Victorian deposits 

(Climes), because only 0.53 ppb of gold were released from the strata during cleavage 

development (Glasson & Keays, 1978). An alternative source of gold might be the mafic 

rocks underlying the sedimentary pile. Lead and sulfiir isotopes at Stawell suggest that 

hydrothermal fluids originated from mantle-derived Cambrian volcanics underlying the 

host rocks (Watchom & Wilson, 1989). In a model for Ballarat, lateral secretion from the 

footwall volcanics provided the lead and, presumably, the gold (Gulson et al., 1988). 

Another possibility is that partial melting of deeper metasedimentary rocks resulted in the 
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release all of their contained S-7 ppb of gold to the mineralizing fluids (Phillips & 

Hughes, 1995; Ramsay & VandenBerg, 1990; Glasson & Keays, 1978). There is still 

speculation that the origin of the vein deposits is related to the generation of auriferous 

solutions within the Ordovician rocks during regional metamorphism (Suppel & 

Scheibner, 1990; Boyle, 1986). Depletion of gold in the altered wall rocks at Clunes 

suggests the pyritic, graphitic slates (iq) to 11 ppb gold in an unaltered sample) may 

provide some gold (Binns & Eames, 1989). It is yet unclear if the carbonaceous, pyritic 

sedimentary rocks were the source of gold for the Victoria deposits. However, because 

gold grades are higher where quartz veins cross graphitic-pyritic layers (Cox et al., 1991; 

Glasson & Keays, 1978), such layers apparently served as a geochemical trap for 

precipitation of gold from auriferous fluids. 

Meguma, Nova Scotia 

For the Meguma gold-quartz vein deposits in Nova Scotia, carbon and sulfur 

isotopes indicate that metamorphic-derived vein fluids were variably contaminated 

during passage through greenschist grade metawacke and slate of the Meguma Group 

(Kontak & Kerrich, 1997; Kontak & Smith, 1989). Hydrothermal carbon in vein 

carbonate was derived from hydrolysis of grs^hite and some dissolution of carbonate 

cement in the wall rocks of the Meguma Group. Hydrothermal sulfur was also derived 

from the interaction of metamorphic fluid with wall rocks. Oxygen and strontium 

isotopic data (Kontak & Kerrich, 1997) and lead isotopes (Chattegee et al., 1992) are 

consistent with the idea that vein fluid compositions were modified by metasedimentary 

rocks during metamorphism. There is much discussion of the source of the fluids, but no 
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mention of the source of gold (Kontak & Kerrich, 1997). Possible gold sources include 

the lower crust v^ence the fluids were derived, or other strata on the path along v^ch 

the fluids traveled. That is, the fluids probably leached gold, carbon, and sulfiir as th  ̂

passed through metasedimentary units of the Meguma Group. This is siq>ported by vein 

morphologies (gold occurring mainly in quartz veins parallel to laminated bedding) that 

indicate silica and gold were derived fix)m the host strata (Henderson & Henderson, 

1986). Though the relationship between gold mineralization and sulfur isotopes is 

unclear, a metasedimentary protolith for the gold in the Meguma deposits is favored 

(Kontak & Smith, 1989). 

Muruntau, Uzbekistan 

One of the largest gold deposits hosted in lower Paleozoic strata is Muruntau in 

Uzbekistan (Berger et al., 1994). About 140 million oimces of recoverable gold at 

Mimmtau is hosted in Ordovician and Silurian met^lites. The gold occurs in quartz 

veins cutting pyritic, carbonaceous siltstone, sandstone, volcanics, and chert The ore 

fluids at Muruntau were similar to other mesothermal gold deposits, displaying hydrogen, 

carbon, oxygen, and nitrogen systematics characteristic of metamorphic rocks (Berger et 

al., 1994). A metamorphic origin for the gold mineralization has been proposed, in which 

metals were remobilized during an island arc-continent collision from carbonaceous 

strata deposited in a back-arc basin (Knbek, 1990). The origin of gold at Muruntau is 

probably similar to the origin of gold in the Meguma and Victoria deposits. However, if 

the gold were derived from the host rocks, a much larger volume of metasedimentary 

rock would have had to be leached, because of the tremendous size of the deposit. 
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The thiee quartz-vein districts discussed above all occur in lower Paleozoic strata 

deposited in passive margin environments with significant carbonaceous components. 

The presence of carbonaceous or graphitic material seems to have been an important 

factor in the genesis of these deposits. Among the theories of their origin, a sedimentary 

source of gold remains a possibility. 

CARLIN-TYPE GOLD DEPOSITS 

Carlin-type sediment-hosted, disseminated gold deposits are widespread in the 

lower Paleozoic continental margin terranes of the Great Basin, western United States 

(Bagby & Berger, 1985; Percival et al., 1988; Bonham, 1989; Ilchik & Barton, 1997). 

Passive margin terranes of China (Cunningham et al., 1988; Wang and Cheng, 1988), 

Mexico ^ckson et al., 1987; Silberman et al., 1988; Poole et al., 1995a, 1995b), and 

South America (Lehrberger, 1988; Heuschmidt and Miranda, 1993) are also potential 

exploration targets for Cariin deposits. The genetic theories postulated for Carlin-type 

deposits are more diverse than the theories for gold-quartz vein deposits. Proposed 

thermal sources involve magmatism (e.g., Sillitoe & Bonham, 1990), metamorphism 

(e.g., Seedorfif, 1991), crustal extension (Qchik & Barton, 1997), thermal upwelling 

associated with the edge of the Precambrian craton (Cunningham, 1988) or a combination 

(e.g., Bakken & Einaudi, 1986). Proposed sources of gold and other ore components 

include magmas, deep-seated basement rocks, and the enclosing sedimentary strata. In 

genetic theories that invoke magmatism to generate the hydrothermal system, the gold 

and other ore components may be derived fix)m the magmas (e.g., Romberger, 1986; 

Sillitoe & Bonham, 1990) or other deep sources (Tooker, 1985; Arehart et al., 1993). 
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Some of the Carlin-type deposits do show a spatial or temporal associadon with igneous 

rocks. However, many Cariin deposits are not associated with igneous rocks, and the 

genetic connection between gold mineralization and magmatism is debatable. Other 

sources of heat and ore components must be investigated. Amagmatic theories on Carlin-

type genesis involve deep metamorphic or sedimentary source rocks for the gold (e.g., 

Seedorf  ̂1991; Ilchik & Barton, 1997). The following discussion will focus on studies 

supporting that the enclosing sedimentary rocks are the source of gold. 

Leaching gold from sedimentaiy rocks to form sediment-hosted gold deposits is 

not a new concept, as illustrated by the following quote by Sir \^lliam E. Logan in 1860 

(taken fix)m Boyle, 1979): 

The observation among the gold-bearing rocks ... seems to show that the 
precious metal was originally deposited in the beds of various sedimentary 
rocks, ... and that by subsequent process, it has been, in some instances, 
accumulated in the veins which intersect the rocks. 

The process, also known as "secretion", requires circulating hydrothermal fluids to leach 

gold jQrom the sedimentary pile enclosing the ores and to concentrate gold during 

precipitation. Referring to Carlin-type deposits, Boyle (1979, 1986) felt that the 

sedimentary pile is the most likely source of gold, though no specific evidence was cited. 

The geochemical conditions reported for meteoric fluids in Carlin-type systems 

were experimentally reproduced by F.W. Dickson at the University of Nevada, Reno 

(unpublished work reported by Percival et al., 1988). In this work, the necessary ore 

components were leached from lower Paleozoic sedimentary rocks from north-central 

Nevada with meteoric water at 250°-300®C, requiring no magmatic fluid input to 

mobilize the ore-related components. 
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The oft-observed association of gold with mercury, arsenic, antimony, thalKum, 

barium, and pyrite (and the lack of base metals) in disseminated gold deposits can be 

attributed to geochemical features of sedimentary source rocks (Romberger, 1986). In 

this model, gold and "gold suite" elements are leached from the enclosing sulfide-rich 

and organic-rich sedimentary rock i^en pore fluids equilibrate with pyrite and become 

more reducing. The reduced fluids separate gold-suite elements from base metals at the 

source, because gold and its associated elements form complexes with bisulfide, whereas 

other base metals (copper, lead, and zinc) are more soluble as chloride complexes in 

oxidizing solutions. 

Jasperoids associated with Carlin-type deposits are enriched in elements 

indicative of metalliferous marine black shales (Au, Ag, Sb, Mo, Ba, Ni, P, Mn), 

si^esting a genetic link between the black shales and gold mineralization (Nelson, 1990, 

1991). The western siliceous facies of the Roberts Moimtains ailochthon in Nevada 

contains strata that may be classified as metalliferous marine black shales (Poole & 

E)esborough, 1981; 1985). Thus, the organic-rich strata spatially and geochemically 

associated with Carlin-type deposits are a potential source of gold for Carlin-type ores. 

Late Proterozoic meta-pelitic strata underlying the miogeoclinal strata of the 

Great Basin may have contributed gold and other ore components to Carlin-type deposits 

(Seedorf  ̂1991). Such strata were sufQciently enriched in gold (4-5 ppb) and sulfur, and 

are at the right depths for ore components to be leached by metamorphic or evolved 

meteoric waters. The gold content of metamorphic rocks depends more on the original 

gold content of the parent rock than on the metamorphic grade (Boyle, 1979; 
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Pchelintseva and Feldman, 1973). Thus, to pursue metasedimentary terranes as the 

source of gold for Carlin deposits, infonnation on the parent sedimentary rocks is 

necessary. Geochemical modeling of sedimentary sources beneath Carlin deposits of the 

Great Basin revealed that many sedimentaiy source lithologies could generate gold-ore-

fonning fluids, as long as the source is sufBciently reduced (Ilchik & Barton, 1997). The 

results also suggested that source rocks with higher gold grades could contribute more 

gold to the mineralizii  ̂system. 

Although the gold deposits of Bolivia have not been classified as Carlin-type 

deposits, they do share similar characteristics of host rock types. Compilation of data on 

precious metal districts in the Eastern Cordillera of Bolivia led to the conclusion that 

Ordovician strata hosting gold mineralization were pre-enriched with gold before 

hydrothermal activity (Heuschmidt and Miranda, 1993). Pre-enrichments of metals and 

sulfur are enhanced in carbonaceous strata (Vine & Tourtelot, 1970; Boyle, 1979), and 

later mineralizing events are required to complete the concentration process into an 

economic deposit (Kfibek, 1991). In this model, the spatial association of Carlin-type 

gold ores and Bolivian gold deposits with organic-rich strata may represent a genetic link 

(Kfibek, 1991; Buryak, 1992). 

The voliune of leached sedimentary rock to provide gold for an economic deposit 

was thought to be prohibitively large (a minimum of 130 km  ̂of source rock averaging 3 

ppb Au for a solution carrying 5-10 \ig Au per kg, Berger and Bagby, 1991). 

Calculations based on thermal energy derived from crustal extension enable extraction of 

gold from source rocks with a gold concentration as low as 1 ppb (Ilchik & Barton, 
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1997). Calculadons corrected for a pre-enriched source ivith ~20 ppb gold would result 

in much smaller volumes of rock to be leached. With 100% efBciency of gold extraction 

from a source rock with density of 2.5 g/cm  ̂and 20 ppb Au, a 1 Moz. deposit could be 

produced from a source rock volume of less than one cubic kilometer 

V tr.oz. A 2Q g Au )\25 grock)\\Q cm) 

Of course, 100% extraction is unlikely, but calculations using a higher average gold 

grade of the source region reduce the volume of leached source significantly. In addition, 

the size of the hydrothennal system need not be as large, though it is conunon to have 

widespread areas affected by hydrothennal activity that potentially leached available 

gold. Whatever the source rock (with normal crustal abundances of elements), there must 

be a sufficient volume of the source rock accessible to the leaching solutions (Romberger, 

1986). For sedimentary rocks to be a source for the gold deposits hosted within them, at 

least one of three parameters must be optimized: 1) gold concentrations in unmineralized 

strata, 2) efficiency of gold extraction, or 3) volume of rock through which leaching 

solutions circulate (related to the size of the hydrothermal convection cells). 

Favorable geochemical conditions for gold precipitation from hydrothermal fluids 

is another issue related to host-rock controls on sediment-hosted gold deposits. 

Carbonate rocks have long been recognized as good host rocks for hydrothermal 

mineralization because of their ''reactive" nature. Graton (1933), referring to Mississippi 

Valley-type, carbonate-hosted Pb-Zn deposits, wrote: 

It seems reasonable to assume that such enfeebled hydrothermal solution 
passing through relatively inert rocks of aluminous and siliceous 



26 

composition is likely to aq)erience little stimulation of its flagging power, 
but if it should pass into rocks more highly reactive, particularly 
limestone, these might be able to extract fiom the tired solution all that it 
had left to give. 

Similar statements could be made about carbonate host rocks of polymetallic 

replacement vein and skam deposits, as well as many of the Carlin-type gold deposits in 

the Great Basin. Because they are readily broken down by acids and are relatively 

soluble in water, carbonate rocks tend to be selectively mineralized and altered by 

hydrothermal solutions (Park and McEHarmid, 1964). Part of the enhanced reactivity of 

carbonate rocks results from increased permeability as the host rock is broken down and 

ultimately replaced through reaction with hydrothermal fluids (see Guilbert and Paik, 

1986). 

Generally, carbonate rocks would be favored over siliceous rocks as a site for 

gold precipitation. However, siliceous rocks with reduced components, such as organic 

matter and sulfides, may be as (or more) favorable than carbonates. The presence of 

reducing agents can effectively reduce the gold complexes in hydrothermal solution to 

precipitate gold in its metallic state or on outer reaction rims of sulfideminerals (such as 

pyrite or arsenopyrite). Hydrothermal fluids that have leached gold from pre-enriched 

strata would precipitate the gold in rocks encountered in its path that have sufficient 

permeability and reactive geochemistry (given £q)propriate pressure and temperature). 

Two important geochemical factors are carbonate composition of the host rock and the 

presence of reduced components (organic matter). If carbonate rocks are not available, 

carbonaceous siliceous rocks with sufScient permeability can stimulate precipitation of 

gold to form an economic deposit 
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GOLD CONTENTS OF MARINE MATERIALS 

The abundances of gold in selected marine materials and other earth materials 

have been studied since the 1920s. At that time, Fritz Haber attempted to develop a 

method of recovering gold from seawater (Dudley, 1986), but failed because of the very 

low gold concentrations he found in seawater (Haber, 1928). More precise and reliable 

analytical techniques and sampling methods were developed during the 1970s and 1980s 

(Koide et al., 1988; Falkner and Edmond, 1990). Table 1 lists estimates of gold 

concentrations in average crust, seawater, river water, marine sediments, sedimentary 

rocks, and some other earth materials. Generally, the older data show higher estimates of 

gold concentrations, particularly for seawater. The more recent values, derived from 

more refined techniques, reflect more reliable estimates. 

Table 1. Estimates of Gold Concentrations in Earth Materials 

1 ppb oldschmidt, 1954 

5 ppb 1958 

4ppb ' 1964 

2 ppb Crocket, 197 4 

2 ppb Skinner, 1976 

4ppb Cronan, 1976 

5 ppb Boyle, 1979 

1.5 ppb . Crocket & Kuo, 1979 

4 ppb Levinson, 1980 

10 ppb Martin & Whitfield, 1983 

1 ppb Continental soil Martin & Whitfield, 1983 

water 

20 pmol/1 1928 

500-1000 pmol/1 Caldwell, 1938 

pmol/1 Stark, 1943 

10-105 pmol/1 Putnam, 1953 
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Seawater (continued) 50-2500 pmol/1 - Hummel, 1957 

45 pmol/1 - Brooks, 1960 

20 pmol/1 - Goldberg, 1963 

330 pmol/1 - Weiss and Lai, 1963 

20-100 pmol/1 - Schutz & Turekian, 1965a 

25 pmol/1 - Brewer, 1975 

105 pmol/1 - Cronan, 197 6 

20 pmol/1 Skinner, 1976 

25 pmol/1 3 5% salinity Bruland, 1983 

20 pmol/1 - Martin & Whitfield, 1983 

0.145 pmol/1 Pacific Ocean open ocean Koide et al., 1988 

0.185 pmol/1 nearshore Pacific Koide et al., 1988 

0.05 pmol/1 Atlantic, NE Pacific Falkner & Edmond, 1990 

0.1-0.15 pmol/1 Mediterranean deeps Falkner & Edmond, 1990 

10-1 OOs pmol/1 
submarine hydrothermal 

Falkner & Edmond, 1990 fluids 

River waters 

average river water 10 pmol/1 - Fischer, 1966 

average river water 10 pmol/1 dissolved Martin & Whitfield, 1983 

average river water 250 pmol/1 particulates Martin & Whitfield, 1983 

average river water 5 pmol/1 U.S. streams and rivers McHugh, 1988 

Congo watershed 800 pmol/1 
dissolved organic 

Benedetti & Boulegue, 1990 complexes 
Congo watershed 0.1 pmol/1 Au-OH-Cl Benedetti & Boulegue, 1990 

Marine sediments 

Pacific mud 920 ppb 
Recent, near waste dump, 

Koide et al., 1986 Los Angeles 

Pacific anoxic mud 1.5 ppb Chile, near coast Koide et al., 1986 

Pacific anoxic mud 2.6 ppb Peru coast Koide et al., 1986 

coastal marine 
3.8 ppb SE margin Japan Sea Terashima et al., 1991 sediments 

terrigenous sediments 2.4 ppb NE Japan, Japan trench Terashima et al., 1995 

terrigenous sediments 3.2 ppb <500 m water depth Crocket, 1991 

Atlantic clastics 1.3 ppb - Anoshin et al., 1969 

Black Sea clastics 6 ppb - Anoshin et al., 1969 

deep sea clays 3 ppb - Martin & Whitfield, 1983 

clay-bearing deep-sea 
3.0 ppb - Crocket, 1991 sediments 

deep sea sediments 1.54 ppb - Brumsack and Thurow, 1986 
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Pacific Ocean 

Central Pacific Ocean ., 1995 

Pacific Ocean 2.66 ppb Cronan, 1976 

Atlantic Ocean 3.02 ppb Cronan, 1976 

Indian Ocean 0.811 ppb Cronan, 197 6 

Pacific sites 2.9 ppb Harriss et al., 1986 

Pacific sites 1.1 ppb Koide et al., 1986 

610 ppb Sri Lanka Dissanayake & Kritsotakis, 1984 

1100 ppb Sri Lanka Dissanayake & Kritsotakis, 1984 

2 ppb Kentucky, Pennsy 

conglomerate, 
8.1 ppb 

f. g. ss & slst > cgl (carrel. 
Crocket, 1991 

sandstone, siltstone w/ org. matter, FeOx) 

carbonates, associated 
1.9 ppb Crocket, 1991 

evaporites 

Koide et al., 1986 

clay shales 2.0 ppb Korobeynikov, 1986 

Crocket, 1991 

18 ppb Oklahoma, Mississ 

shale 7 ppb 

shales 6 ppb 

carbonaceous shale 
6.7-68 ppb 

dom. in pyrite Korobeynikov, 1985 (mean 14.7ppb) 

black shales 48 ppb. China, Cambrian Coveney et al., 1992 

black shales 140 Cretaceous Brumsack &Thurow, 1986 

black shales 2.5 ppb 
Avg. of74 Pennsyl-

Coveney & Glascock, 1989 
vanian, Central U.S.A. 

Standard SD0-1 2-3.5 ., 1990 

black shales 
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Sedimentary rocks - continued 

black shales 23 ppb low calcic 

average black shale 7 ppb Gavshin & Zakharov, 1996 

sulfide bed 86 ppb Canada, Devonian 1989 

sulfide beds in black 
334 ppb China, Cambrian 

shales 

iron formation 38 ppb Archean 1991 

iron formation 19 ppb Proterozoic 

ic rocks 

metapelite, greenschist 7.1 ppb average of samples 

grade 6.3 ppb average by region 1991 

metapelite, 5.9 ppb average of samples Crocket, 1991 

amphibolite grade 6.4 ppb average by region Crocket, 1991 

granulite 
2.2 ppb average of samples Crocket, 1991 

3.2 ppb average by region Crocket, 1991 

For average crustal abundances of gold, estimates vary from 1 to 10 parts per 

billion (ppb) (Table 1 ). However, most estimates are less than or equal to 5 ppb. Gold 

concentrations in average shales mimic crustal abundances. 

The average abundance of gold in clastic sedimentary rocks worldwide varies 

with grain size, though all clastic rocks have higher average gold contents than carbonate 

rocks (Boyle, 1979; Crocket, 1991). Fine-grained sandstone and siltstone contain higher 

average gold contents than conglomerates. Excluding samples from one area of Russia 

that appears to have unusual gold enrichments, gold values of clastic rocks were 

generally less than 5 ppb (Crocket, 1991). Fine-grained clastics (shales) contain slightly 

more gold than average carbonate rocks. Carbonaceous shales generally have higher 

gold contents than non-carbonaceous shales, suggesting that paleoenvironments or 
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organic activity can a£fect the gold content of sedimentary rocks. Sulfide-rich layers in 

shales are even more enriched in gold. 

Estimates of gold in seawater are variable, attributed to problems with samplii  ̂

and analyzing for such low gold concentrations (Falkner and Edmond, 1990). The most 

recent estimates for gold in seawater are on the order of 50-200 finol/1 (Koide et al., 

1988; Falkner and Edmond, 1990). The primary sources of gold to the oceans are rivers 

and submarine hydrothermal vents, whose gold concentrations are 10^-10  ̂ times greater 

than that of seawater (Table 1). These sources contribute about 40 million grams of gold 

to the oceans annually (Falkner and Edmond, 1990). Considering the gold input, the 

oceans should have become saturated with respect to gold over time. Because the gold 

concentration of seawater is far below its predicted solubility of 100 nmoI/1, there must 

be a marine sink for gold from seawater, most likely marine sediments (Falkner and 

Edmond, 1990). 

Overall, sediments and sedimentary rocks have gold concentrations within an 

order of magnitude of the average crustal abundance (Table I). However, concentrations 

in marine sediments vary greatly, depending on their sedimentation rates and proximity 

to gold sources. Hydrothermal sediments deposited near vents on the seafloor have the 

highest gold contents. Terrigenous sediments deposited near gold sources (vdiether 

natural or anthropogenic) also have anomalously high gold contents (Koide et al., 1986; 

Terashima et al., 1991). In general, terrigenous clastic sediments deposited near coastal 

areas have higher gold contents than more distal clastics, and clastic sediments have 

higher gold contents than pel^c sediments (Terashima et al., 1991; 1995). 



32 

A combination of fevorable conditions can result in widespread enrichments of 

gold in marine sediments. If a marginal basin were to receive higher gold from terrestrial 

input (such as weathering of an enriched terraneX the near-shore seawater may achieve 

higher concentration of gold. If conditions were relatively reducing, through restricted 

circulation with 02-rich currents or depletion of dissolved Oa by organic productivity in 

zones of upwelling, the solubility of gold in the marginal basin would decrease. Then, if 

gold input were increased (at least in a local region) by stepped-up volcanism, submarine 

hydrothermal venting, or by a locally enriched river source, more gold would be available 

to be precipitated in sediments. In the case of extraordinary gold enrichments (with other 

metals) in ore-grade black shales, the metals may have accimiulated by organic processes 

(Coveney et al., 1992), though inorganic accumulation and enrichment processes are not 

precluded. 

ROLE OF ORGANIC ACTIVITY 

Gold may be associated with organic matter in marine sediments by two 

mechanisms. Gold in seawater may be adsorbed onto organic matter, which would result 

in sediments enriched in gold and TOC upon settling through the water coliunn. In 

addition, plankton may accumulate gold by organic uptake from seawater, then gold 

along with organic matter settle to the bottom ̂ ^en the organisms die. In both cases, the 

immeHiate geochemical environment must be relatively reduced in order to preserve the 

organic carbon (with its gold content) in the sediments. In normal oceans, reduced 

environments occur in the oxygen minimum zone, and deposition of organic-rich 
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sediments can be observed in modem settings. The zone of organic accumulation results 

fiom upwelling, nutrient-rich currents, ̂ A^ch results in high organic productivity. 

SOURCES OF GOLD IN PASSIVE MARGIN MARINE SEDIMENTS 

Submarine Volcanism and Hydrothermal Activity 

Submarine hydrothermal activity increases during periods of volcanism and 

spreading at mid-ocean ridges. The early Paleozoic was a time of active mid-ocean 

spreading before the breakup of Gondwanaland into discrete continental masses. 

Increased submarine volcanism and hydrothermal exhalations may have contributed to an 

overall decrease in levels of dissolved oxygen in Ordovician oceans by increasing the HS' 

input to oceans v^ch would oxidize in seawater, acting as a sink for dissolved oxygen. 

Submarine hydrothermal vents are also a source of gold to the ocean and surrounding 

sediments (Haimington, 1991; Hannington and Scott, 1989; Hannington et al., 1986). In 

some instances, the effects of hydrothermal vents may be widespread. Megaplumes have 

been documented at mid-ocean spreading centers (Cann and Strens, 1989). Meg£^limies 

are the largest known submarine hydrothermal eruptions, which may disperse particulate 

sulfides and gold large distances firom the vent source. Modeling of meg^lumes, based 

on observations at modem spreading ridges, indicates average firequency of eruptions to 

be about 1000 to 50,000 years (Denis Norton, 1996). Megaplumes may have been more 

firequent during more active spreading periods, such as in the early Paleozoic (Hays & 

Pitman, 1973), thus dispersing more gold to seawater and nearby marine sediments, 

probably with precipitated sulfides. 
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Submarine volcanism at hot spots (to produce seamounts) may include associated 

hydrothermal mineralization, such as the Besshi-type volcanogenic massive sulfide 

deposit at Mountain Ci ,̂ northeast Nevada (Slack, 1993; Coats and Stephens, 1968). 

Other reports of exhalative mineralization in lower Paleozoic siliciclastic facies describe 

^all and sporadic deposits. The occurrence of hydrothermal activity with seamount 

volcanism could explain ^y Valmy strata in Nevada contain more gold than Vinini 

strata. Considering only paleoenvironmental indicators and organic carbon, the Vinini 

was deposited in more reduced conditions. But the Vinini includes much less greenstone 

(altered basalt from seamount deposits) than the Valmy. 

Turbidity Currents 

Turbidity currents may carry dissolved gold complexes or colloids from river 

input to the marine environment. In the early Paleozoic, gold-enriched Precambrian 

terranes were more available for continental erosion and thus the river input during that 

time was likely higher than modem measurements. Turbidity currents transport gold into 

the oxygen-minimimi zone where more reduced conditions are encoimtered, triggering 

the precipitation of some of the dissolved gold with the turbidite sediments. 

Organic matter is associated with the finest-grained facies of turbidite sequences, 

after debris flows dropped the heaviest load of sediments. Thus, in relatively quiescent 

timftig between active turbidite depositional episodes, black shales and siltstones are 

deposited. Gold enrichment in turbidite deposits is augmented by the accimiulation of 

organic matter, which may concentrate gold fix)m seawater (see below). However, gold 
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is qmckly adsorbed onto clay minerals also, thus the association of gold with the fine

grained facies may also be related to the clay content of the sediments. 

Gold enrichments in marine sediments would be preserved in reduced 

environments with high sedimentation rates of organic matter and low clastic input to 

dilute gold contents. Absorption of gold by organic matter or organic uptake of gold 

fit>m seawater may combine with increased input of gold to marine environments. At 

such times, organic-rich sediments would be expected to contain higher gold contents 

than similar sediments deposited diiring periods when gold is less abundant in seawater. 

These conditions all existed during the early Paleozoic. Therefore, gold enrichments are 

expected in lower Paleozoic organic-rich, clastic strata deposited in marginal seas. If one 

or more of these conditions were not met, the resulting sediments would not experience a 

similar degree of primary gold enrichment. 

Marine sediments are the most likely sink for gold in the oceans. Geochemical 

conditions and organic activity in seawater control the accumulation of gold in marine 

sediments. Because dissolved gold is readily reduced to the native state in the presence 

of reducing agents, sediments deposited m reduced environments would most likely 

accumulate the gold precipitated along with the reductants, organic carbon and sulfide. 

Organic uptake of gold, and other metals, from seawater also contributes gold to the 

bottom sediments as the organisms die and accumulate with organic carbon in reduced 

enviroimients. 

Gold must be in a reduced form to be accumulated and preserved in sediments. 

Oxidized gold, as Au(I) or Au(III), is thought to complex with chloride ion as AuCb' or 
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AuCU' in oxic seawater (Sillen, 1961; Koide et al., 1988). Another possible gold-

chlorocomplex in seawater is AuCl(OH)'. In the presence of organic particulates or 

sulfides, Au(I) is readily reduced to the metallic form and is adsorbed on the surfaces of 

those particulates (Falkner & Edmond, 1990). Although gold does not display nutrient 

behavior in seawater depth profiles (Koide et al., 1988; Falkner & Edmond, 1990), gold 

may concentrate on organic matter and accumulate in the bottom sediments v^en the 

organisms die. 

Gold preserved in marine sediments is most likely present in the native state, 

adsorbed on organic compounds, clays, or sulfides. Gold may conceivably exist as 

tellurides in the sediments, though little is known about the marine chemistry of telluriimi 

(Brewer, 1975). Tellurium has not been detected in seawater, but it probably occurs in 

sub-nanomolar concentrations as TeOj^* or HTe03'(Bruland, 1983). Approximately 10% 

of gold in seawater is adsorbed on organic matter or clays, so where these materials 

accumulate in the oceans, those sediments may also contain higher gold. Gold also 

occurs in the oceans in colloidal form, as very fine-grained, nonionic particles. In some 

marine areas, this may be the most common form of gold in seawater (Boyle, 1979). 

Most of the colloidal gold in seawater is probably derived by terrestrial weathering, 

resulting in coastal zones having the highest seawater gold concentrations. 

Eaî  Paleozoic Global Conditions 

To address the mechanisms of gold enrichment concurrent with sedimentation, 

the early Paleozoic tectonic, sedimentary, and geochemical conditions in v^ch the 

sediments accumulated will be examined. This section reviews paleogeographic and 
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paleoenviiomneiital conditions of lower Paleozoic continental margin depositional 

settings and evaluates methods of determining geochemical paleoenvironments. 

EARLY PALEOZOIC TECTONIC SETTING 

A global tectonic reconstruction fix)m Windley (1984) shows the continental 

arrangement for Cambrian to lower Ordovician time (Figure 2a). A similar 

reconstruction by Coney (1992) shows another interpretation of the relative positions of 

continents in the early Paleozoic (Figure 2b). Although the exact positions of continental 

masses may be debatable, the relative arrangement of continents is comparable between 

the two. According to the continental reconstructions. North America, South America, 

Antarctica, and Australia have rimmed the Pacific Ocean throughout the Phanerozoic. 

The lithologic assemblages indicate that a great belt of passive margin 

environments existed on the paleo-Pacific margins of North America, South America, 

Antarctica, and Australia during the early Paleozoic (Figure 2b). Similar environments 

existed in what are now Russia, China, Mexico, and parts of Appalachia during the early 

Paleozoic. Possible island arcs outboard of the continental margins are also indicated in 

Figure 2b. The presence of such arcs may have resulted in silled or restricted marginal 

basins in v^ch marine circulation was inhibited, resulting in stagnation and stratification 

ofseawater. 

A paleogeographic reconstruction of the western margin of North America in the 

early Paleozoic (Figure 3) also shows belts of continental margin sedimentation with 

volcanic arcs indicated outboard of the marginal basins. In the Great Basin of western 

United States, lower Paleozoic strata comprise an eastern carbonate facies and a western 
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Figure 2. Comparison of early Paleozoic tectonic reconstructions of the Paleo-Pacific 
Basin. (NA- North America; SA- South America; AF -Africa; AN- Antarctica; AU
Australia; IN - India) A. Cambrian/Lower Ordovician continental arrangement 
(Windley, 1984). B. Early Paleozoic continental arrangement (Coney 1992). Dense 
stippled pattern represents marginal belts of passive continental sedimentation. 
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siliceous facies (Churkin, 1974; Stewart, 1980). Carbonates represent shallow water (less 

than 100 meters) deposition on the continental shelf, and siliceous rocks represent deeper 

sedimentation on the continental slope or rise, seaward of the carbonate environment. 

The association of gold mineralization with lower Paleozoic passive continental margin 

settings leads to the investigation of the geochemical events and conditions in the marine 

environment during the early Paleozoic. 

h ·\il Carbonate bank and 
quartzite belt. Continental 
shelf and miogeoclinal 
terrace 

~ Ocear.ic crust and 
volcanic ore deposits 

[KKJ Volcanic rock and 
greywacke belt. Volcanic 
arc deposits 

Figure 3. Paleogeography of the western margin of North America during the early 
Paleozoic (from Churkin, 197 4) 
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EARLY PALEOZOIC PALEOENVIRONMENTS 

Several early Paleozoic global events are evident in the stratigraphic record 

(Titley, 1991). Figure 4 illustrates the coincidence of some syngenetic ores and tectonic 

cycles with changes in Phanerozoic sea level and isotope curves, and other parameters 

associated with marine environments. The early Paleozoic was a time of high sea-stand 

and low continental fi^eeboard caused by active volcanism at mid-ocean spreading ridges 

(landward displacement of seawater by increased volume of mid-ocean ridge volcanics). 

Submarine hydrothermal activity (resulting in volcanogenic massive sulfide ores) was 

more prolific in the early Paleozoic. High sea levels flooded the continents and resulted 

in broad, shallow marginal seas with restricted circulation fix>m deep oxygenated marine 

currents. Outboard island arcs may have further restricted circulation. Carbon and sulftir 

were preserved in marine strata as reduced organic carbon and sulfide minerals. 

YMSOPt<S£ Qj  ̂SEAA^. —33%*-
 ̂ M gp gp ToTAL c 

vj LRV • , 

0 
500 -e 

soo-p 
H 
0 

p 

3«Ccorir-  ̂ 02 

Figure 4. Summary of tectonic cycles, geochemical events, and ore occurrences for 
Phanerozoic time (Titley, 1991). 
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For many years, isotopic studies of sulfur and carbon in coeval sulfates and 

carbonates were interpreted to indicate that early Paleozoic oceans were more reduced 

compared to modem oceans. The abimdance of carbonaceous strata was suggestive of 

firequent ocean anoxic events in the early Paleozoic relative to other periods of the 

Phanerozoic, except the Cretaceous (e.g. Leggett et al., 1981). More recently, the notion 

of ocean-wide anoxia has been challenged (Pedersen & Calvert, 1990; Calvert & 

Pedersen, 1992; Parrish, 1995). Great accumulations of carbonaceous strata may be 

explained by high organic productivity in upwelling zones in marginal basins. 

Marine strata deposited in oxygen-depleted environments are characterized by 

fine grain size, laminated stratification, and organic carbon-rich compositions, 

accompanied by little reworking of the sediments by ocean cinrents or benthic faunal 

species. These observations are based in large part on studies of the Black Sea, a 

stratified, euxinic basin with very restricted circulation with open seawater (Degens and 

Ross, 1974). The question is whether organic-rich strata result from favorable 

preservation conditions or by a high rate of organic productivity and accumulation of 

organic matter in sediments. Preservationists argue that periods of widespread organic-

carbon-rich sedimentation were accompanied by ocean-wide stagnation and stratification 

of seawater (analogous to the modem Black Sea). Reduced conditions thus enhanced the 

preservation of organic carbon and sulfide sulfur in the sediments during deposition. 

However, organic matter may also accumulate under oxic seawater conditions, where 

rates of organic productivity are high in areas of upwelling (for example, the coast of 

Peru). Current thought is that ocean-wide anoxia (ocean anoxic events) were unlikely 
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(there aie no modem analogs), and that most organic-carbon rich strata can be attributed 

to upwelling. Part of the difficulty in resolving the issue is that upwelling zones may 

include anoxic enviromnents, in the os^gen-minimum zone M^iere the high sedimentation 

rate of organic carbon consumed the available oxygen in otherwise oxygenated and 

nutrient-rich seawater. 

The cause of widespread organic-rich strata of early Paleozoic age along much of 

the continental margins surrounding the paleo-Pacific ocean basin is not yet clearly 

understood. The sulfur and carbon isotopic data from carbonaceous strata indicate that 

the paleoenvironment must have been somewhat depleted in oxygen, if not actually a 

reducing environment Although the water column may be oxic, conditions in the 

organic-rich sedimentary pile may be very reducing. 

Paleoenvironmental Indicators 

Certain sedimentologic and geochemical parameters have been ascribed to strata 

interpreted to represent deposition in oxygen-depleted paleoenviroiunents. By correlating 

paleoenviroimiental data with abundances of gold and other geochemical components in 

lower Paleozoic sedimentary host rocks, one may determine if depositional environment 

influenced the potential of the strata for hosting later gold mineralization. However, 

before we can ask how paleoenviromnents affect the favorability of strata for hosting 

gold mineralization, we need to know what the paleoenviroimients are. 

Paleoenviroimiental indicators provide constraints on interpreting geochemical conditions 

during deposition of sedimentary strata. Some parameters are more reliable than others, 

and these will be applied to the samples under study. Evaluation of sedimentary and 
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geochemical parameters of umnineralized sections of the favorable host strata should 

indicate >^ether the strata were deposited in a reducing environment Other indicators 

may help determine if the reduced conditions were caused by ocean-wide oxygen 

depletion (anoxia), or by high organic productivity in upwelling zones. The causes for 

reduced environments in the sediments is less critical than the fact that reducing 

conditions in the sediments enabled preservation of organic matter, sulfides, and metals, 

resulting in enriched strata. 

SEDIMENTOLOGIC PARAMETERS 

The composition of sedimentary rocks, combined with study of sedimentary 

structures, is a primary indicator of paleoenvironments (for example, Blatt et al., 1980). 

Tectonic depositional settings can be determined from the lithologic facies (for example, 

over 100 pages are dedicated to discussions of sedimentation and plate tectonics in Miall, 

1990). The distribution of carbonate, siliciclastic, cherty, and turbidite facies in Nevada 

provide an excellent example of sedimentation patterns of a passive margin environment 

following a Precambrian rifting event (Stewart, 1980; Stewart and Suczek, 1977). 

Organic matter can be an important part of the composition of the sedimentary rock. 

Organic-carbon-rich sediments can accumulate in a variety of marine settings, depending 

on geochemical conditions, productivi ,̂ and clastic sedimentation rates. 

Clay mineralogy is useM for interpreting source terranes of the sedimentary 

rocks and proximity to continental sources. In older rocks, original clay mineralogy is 

typically altered to either illite or chlorite, depending on the composition of the original 

clays (Potter et al., 1980). If illite is the dominant clay mineral, a dominantly continental 
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source terrane is implied (fix)m weathering of granites with high potassium content). A 

predominance of chlorite suggests an increased component of marine source rocks (from 

weathering of mafic rocks with higher magnesium and iron concentrations). 

Nonsedimentary material associated with marine strata may provide other clues to 

the depositional environment Mafic or intermediate volcanic rocks interbedded in a 

sedimentary pile may indicate the proximity of a volcanic arc, a spreading center, 

seamounts, or hot spots at the time of deposition. Greenstones in the siliceous facies of 

Nevada have been interpreted as submarine seamounts that may have formed a chain of 

volcanoes of&hore of the westem margin of North America during the Ordovician 

(Wrucke et al., 1978; Watkins and Browne, 1989). The occurrence of syngenetic 

mineralization hosted by marine strata, such as sedimentary-exhalative or volcanogenic 

massive sulfide (VMS) deposits, can provide information on the influence of 

hydrothermal processes on sedimentation in certain tectonic environments. For example, 

a Besshi-type VMS copper deposit occurs at Mountain City in northern Nevada. The 

concurrence of submarine hydrothermal activity with eugeoclinal strata suggests 

submarine hot springs may have contributed metals or other ore components to the 

sediments being deposited (Coats and Stevens, 1968). 

Information on paleoenvironments can also be provided by sedimentologic 

characteristics. Characteristics of organic-carbon-rich strata include bedding forms, 

fossils, and composition. Thin-bedded and laminated strata are often interpreted to 

represent deep, quiet waters, because the absence of benthic faimal forms inhibits the 

degree of bioturbation. The low sedimentation rates and sluggish circulation of 
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restricted, anoxic basins result in laminated stratification. However, higher sedimentation 

rates (caused by turbidity currents) in oxygen-depleted environments would result in 

dilution of total organic carbon content and more variation in bedding thickness. 

Likewise in upwelling zones, lamination is not common because of high sedimentation 

rates. Thus, bedding thickness or laminations are not reliable indicators of paleo-oxygen 

levels in the depositional environment 

Benthic marine faunas are more abundant in relatively shallow, oxygenated 

marine enviroimients. In reducing, anoxic waters, benthic forms cannot exist Pelagic 

forms (graptolites and radioloarians being the most common in lower Paleozoic strata) 

may be preserved in sediments deposited in anoxic basins, but settle into the oxygen-

depleted environments from oxygenated surface waters or currents. Thus, the presence of 

pelagic forms does not distinguish between upwelling zones and anoxic basins. 

Other minerals and sedimentary components may provide some information on 

paleoenvironments. High organic productivity in upwelling zones can result in abundant 

chert that may be associated with phosphate and/or barite deposits. Cherts are typically 

deposited in zones of high productivity when radiolarian tests settle below the carbonate 

compensation depth. The origin of Devonian bedded barites of Nevada has been ascribed 

to processes associated with high productivity zones along upwelling margins (Jewell, 

1994; Jewell & Stallard, 1991). Reduced sulfur forms (pyrite framboids) suggest anoxic, 

starved basin settings, such as the Black Sea. Organic carbon content can be usefiil, but it 

must be considered in relation to sedimentation rates. Authigenic glauconite may be used 
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to indicate redox conditions by measuring the ratio of ferric to ferrous iron (Force and 

Cannon, 1988). 

GEOCHEMICAL PARAMETERS 

Much woiic has been reported on the use of carbon, sulfur, and iron systemadcs 

and trace metal compositions to interpret paleo-redox conditions of organic-rich strata. 

Much of the following discussion is summarized from Wignall (1994), who reviewed the 

use of various geochemical indicators applied to the determination of paleoenvironments 

of black shales, and other sources cited below. 

C-S-Fe Systematics 

Geochemical cycles of carbon and sulfur in marine settings have resulted in net 

shifts of the carbon and sulfur reservoirs during the Phanerozoic (Goldhaber & Kaplan, 

1975; Holser, 1977, 1984; Veizer et al., 1980; Garrels & Lerman, 1981; Holser et. al, 

1988, 1989). These shifts are illustrated in Figure 5 and discussed below. 

The proportion of reactive iron in the sediment that is incorporated into pyrite can 

provide important paleoenviromnental constraints (Raiswell and Bemer, 1985). The 

degree of pyritization (DOP) is a measure of the amount of available reactive iron that 

has been taken up by reduced sulfur in the sediment to make pyrite; 

Fe, 
DOP--

py 
Fe + Fe * r̂x  ̂py 

Pyrite-iron (Fepy) is determined by assuming all sulfide analyzed in the rock is present as 

pyrite. Reactive iron (Fcnc) is analyzed from soluble iron extracted fi*om the sedimentary 

rock by boiling in dilute hydrochloric acid for one minute (Raiswell et al., 1988). In 
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reduced, anoxic conditions most of the available iron reacts with sulfide, resulting in 

DOP values above 0.75, ̂ ereas little pyrite is preserved in oxic environments, resulting 

in IX>P values less than 0.5. To use E)OP successfully to interpret paleoenvironments, 

the possibility of mobilization of iron compounds in the samples must be eliminated. 

Suliur isotopes of sul&te minerals generally reflect the isotopic composition of 

the seawater fix>m which they precipitated (fiactionation of sul&te sulfur during 

precipitation is about +1 to +3 96o). The isotopic variation of seawater sulfate is shown in 

Figure 5. In reduced paleoenvironments, sulfur is more abundant in the reduced sulfide 

reservoir (with an average isotopic composition for sulfide of 5^Ssfd = -20 %o) leaving the 

sulfate reservoir enriched in heavy sulfur. The relatively high values of 5^S from the 

lower Paleozoic evaporites are interpreted to indicate a reducing marine environment 

In a reducing environment, sulfate-reducing bacteria consimie organic carbon to 

produce reduced sulfide in the form of pyrite. The isotopic reservoirs of carbon and 

sulfur in the oceans are linked by the following reaction (Holser et al., 1988): 

8S04^" + 2Fe203 + H+ h-ISCHZO 4FeS2 + ISHCOa' + 8H2O. 

Generally, when seawater sulfate is high, the seawater carbonate isotopes are low. 

This is because the isotopic composition of seawater carbonate is in equilibriimi with that 

of organic carbon, v^ch is isotopically light (6'̂ C = -20 96o). During periods of high 

rates of sulfate reduction, the light carbon from the organic carbon reservoir (CH2O) is 

oxidized, and the carbonate isotopic composition experiences a negative shift So, 

relatively reducing environments should have high isotopic signatures for sulfate sulfur 

and low isotopic signatures for carbonate carbon. Reduced forms (sulfide and organic 
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carbon) will have isotopic {^e trends generally parallel to the oxidized forms (sulfate and 

carbonate), but at values that are more negative. 
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Figure 5. Isotopic variation of marine sulfates during the Phanerozoic is an indicator of 
the distribution of seawater over time (Holser et al., 1989). 

Trace Metal Indicators 

Trace metals in black shales have been studied extensively (Vine and Tourtelot, 

1970; Brumsack, 1980; Poole and Desborough, 1985; Coveney et al., 1987; Schultz, 

1991; Pratt and Davis, 1992; Leventhal, 1993). In general, organic-rich strata have 

higher abundances of trace metals than their "normal" counterparts. For example, gold 

contents of carbonaceous clastic rocks are higher than in similar clastic rocks without 

organic carbon (Boyle 1979; Korobeynikov, 1986; Crocket, 1991). Other metals that 
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may be more abundant in black shales relative to typical clay shales include V, Ni, Cr, 

Co, Pb, Zn, Cu, Mo, U, Cd, Li, Au, Ag, As, Sb, Ba, REE, Mn, and Fe (Vine and 

Tourtelot, 1970; Schultz, 1991; Leventhal, 1993). Some metals (Ag, Mo, Zn, Ni, Cu, Cr, 

V, and U) are particularly enriched in black shales (Wignall, 1994). Trace metals in 

organic-rich strata typically occur in association with organic matter, incorporated with 

authigenic pyrite, or precipitated as sulfide minerals. Where these metals are enriched in 

other organic-rich strata (such as turbidites) and correlated with organic carbon, 

enrichment processes were probably similar to those of black shales. Cerium, vanadium, 

and uranium have been used as trace metal parameters to indicate paleo-oxygen levels. 

Cerium 

Cerium exhibits special geochemical behavior because it has two oxidation states, 

Ce(III), similar to other rare earth elements (REEs), and Ce(rV). Oxic seawater is greatly 

depleted in ceriiim because Ce(IV) is insoluble in seawater and is taken up in ferro-

manganese nodules (Piper, 1974; Fleet, 1984). In less oxic conditions, Ce(III) prevails 

over Ce(IV) in seawater because of the reduced conditions and the higher solubility of 

Ce(III) (de Baar et al., 1988; German and Elderfield, 1990). Anoxic seawater displays no 

cerium depletion or enrichment in its REE pattern, deriving its signature from the REE 

sources (Klinkhanuner et al., 1983; Wright et al., 1987). Authigenic particulates that 

precipitate from oxic seawater would be enriched in cerium, v^ereas precipitates from 

anoxic seawater should be depleted in cerium. Enrichments and depletions are 

normalized to a standard and expressed as a cerium anomaly. The standard used here is 

post-Archean Australian Shale (PAAS), because it represents an average of actual 
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samples, and not an artificial composite (Nance & Taylor, 1976). The ceriimi anomaly 

(Ce/C&*) is the ratio of the measured cerium concentration normalized to PAAS to the 

expected cerium concentration normalized to PAAS (Ce*). Ce* is calculated from the 

trend of the REE pattern, assuming a linear distribution between the neighboring REEs: 

3 

^ere [La] and [Nd] are the lanthanum and neodymium concentrations. Cc/Ce* < 1 

reflects cerium depletion, or a negative ceriinn anomaly, ^ereas Ce/Ce* > 1 indicates 

Ce enrichment, or positive cerium anomaly. 

Because of the redox behavior of ceriimi, the ceriimi anomaly has been applied as 

a paleoenvironmental indicator (de Baar et al., 1985; Wright et al., 1987; de Baar et al., 

1988; Liu et al., 1988; Jewell, 1994). Depending on how the cerium fractionates, 

sediments deposited under oxic conditions may have a negative cerium anomaly (as with 

phosphates) or positive cerium anomaly (as with Fe and Mn oxyhydroxides). The 

opposite anomalies would be observed for sediments deposited under anoxic conditions. 

There are some caveats in applying the ceriimi anomaly as a paleo-indicator (de 

Baar et al., 1988; German and Elderfield, 1990). Uncertainties in the fractionation of 

cerium in difTerent phases must be resolved before ^plying the cerium anomaly as a 

redox indicator. Biological mediation and photosensitivity may affect Ce(III) oxidation 

in the upper water column (Scholkovitz & Schneider, 1991). Although the reductive 

dissolution of cerium from seawater is instantaneous, the oxidative transfer of cerium 

from particulates to the water column during recycling or from sediments to pore waters 
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is slow. Diagenedc processes also affect the cerium anomaly of sediments, so that 

preservation of an indicative cerium anomaly is difBcult. Part of this may be attributed to 

loss of light REEs (excluding cerium), especially in more deeply buried sediments, vdiich 

would produce an artificially higher cerium anomaly (Murray et al., 1991). Therefore, 

the cerium anomaly in particulates often represents an integrated signature that is related 

to redox variations during the diagenetic history of the water mass or sediment sampled. 

In a study of Jurassic, Cretaceous, and Miocene strata in California, cerium 

anomalies were shown to be indicative of proximity to a spreading ridge or continental 

margin (Murray et al., 1990). Chert and shale deposited within 400 km of a spreading 

ridge have a pronoimced cerium depletion (Ce/Ce* » 0.29), influenced by metalliferous 

hydrothermal activity. Chert and shale with intermediate cerium anomalies (CdCe* » 

0.55) were deposited on the ocean basin floor distal to either a ridge or continental 

source. Chert and shale displaying cerium enrichment or a slight cerium depletion 

(Ce/Ce* « 0.90-1.3) were deposited on the continental margin and are influenced by 

continental sources. 

Vanadium 

Because vanadium appears to be preferentially preserved in sediments over other 

metals in reducing envirorunents, ratios of vanadium to other metals have been used as 

paleoenvironmental indicators (Mongenot et al., 1996; Wignall, 1994; Berry, 1993; Hatch 

& Leventhal, 1993). Values of V/(V+Ni) below 0.46 indicate oxic conditions, 0.46 to 

0.57 indicate dysoxia, 0.57 to 0.83 indicate anoxia, and above 0.83 indicate euxinic 

conditions (Wignall, 1994). Similarly, higher values of V/Cr and Ni/Co may indicate 
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relatively reduced paleoenviromnents. Anoxic enviTonments correspond to values of 

V/Cr > 4J25y and dysoxic conditions correspond to V/Cr of 2.00 to 4.25 (Jones & 

Manning, 1994). 

Urcmium 

Under anoxic conditions, uranium is precipitated in fine-grained terrigenous strata 

deposited in marine environments, presumably by fixation of uranyl ions by humic acids. 

The autfaigenic component of uranium (Ua) is calculated firom the total uranium 

concentration (Utot) and corrected for radiogenic decay of thorium by the relation Ua = 

Utot - Th/3. Values of Ua above 10 ppm correspond to other paleoecological indicators of 

anoxia. Ua values of 2-10 ppm are indicative of dysoxic conditions (Wignall, 1993, 

1994). 

Although the absolute values of trace metal indicators may vary for the boimdary 

conditions of paleoenviroiunents with different oxygen levels, in general the relative 

values are indicative of relative oxygen levels in the paleoenvironment. So, samples with 

higher values of DOP and S/C would be expected to display relatively higher values of 

Ua, V/(V+Ni), V/Cr, and Ni/Co, and lower values of Ce/Ce* and 6"C. 
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in. SAMPLING STRATEGIES AND ANALYTICAL METHODS 

The most important criteria for choosing field areas were lithology and age. 

Continental margin sedimentary rocks of early Paleozoic age were targeted. Before 

starting the fieldwork, well-studied areas were selected from the literature. The chosen 

field areas contained relatively undisturbed stratigraphic sections of lower Paleozoic 

rocks of varying lithologies. During reconnaissance fieldwoiic, areas of alteration, 

structural deformation, veining, metamorphism, and/or weathering were noted and 

m^ped. These areas were avoided during sampling. In addition, sample sites were 

chosen beyond the minendized zones of mines and prospects. Samples were collected 

from the least disturbed and least altered outcrops to ensure procurement of 

unmineralized rocks that are as fresh and unaltered as possible. Analyses of these 

samples represent as closely as possible the original geochemical composition of the 

strata at the time of deposition (or diagenesis). Descriptions of rock samples are listed in 

^pendix A. 

Soatheastern Arizona, USA 

Lower Paleozoic strata were sampled from carbonate units in Cochise County, 

southeastem Arizona. Sample locations are shown in Figure 6. Cambrian Abrigo 

Formation (Ca) was sampled from the northern Swisshelm Mountains and the 

southwestem Dragoon Moimtains. Ordovician El Paso Limestone (Oep) was sampled 

from Apache Pass, northern Swisshehn Mountains, and Leslie Pass. Southeastem 
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Arizona samples are representative of carbonate deposition in a continental platform 

environment. 

Graham Co. 
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Figure 6. Sample localities of platform carbonate units from southeastern Arizona. AP -
Apache Pass, LP - Leslie Pass, NS -Northern Swisshelm Mountains, SD - Southwestern 
Dragoon Mountains. 
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The Abrigo Formation was named by Ransome (1904) for exposures in the 

Bisbee district El Paso Limestone equivalents in the Morenci area were described by 

Lindgren (1905), but the name was first used in Arizona by Sabins (1957). Previous 

work on lower Paleozoic rocks in the ranges from v^ch samples were collected is 

reported by Gilluly (1956) and Epis & Gilbert (1957). Stratigr2q>hic relationships of 

Cambrian and Ordovician strata in southern Arizona and New Mexico are discussed by 

Hayes (1972, 1978) and Hayes & Cone (1975). Diagnostic characteristics and 

depositional envirorunents of lower Paleozoic rocks of southeast Arizona are summarized 

by Bryant (1968) and Middleton (1989). The Paleozoic paleogeography and tectonic 

evolution of southeast Arizona is summarized by Dickinson (1981, 1989). The following 

paragraph summarizes the works cited above. 

During the early Paleozoic, most of Arizona experienced platform sedimentation 

on the western margin of the North American continent The Abrigo and El Paso units 

are part of an overall transgressive sequence resulting from subsidence of the 

miogeocline during the early Paleozoic. The Abrigo Formation was deposited on the 

Cambrian Bolsa Quartzite in subtidal and intertidal envirormients. It comprises thin-

bedded limestone and dolomite. Finely intercalated silt layers are resistant to erosion, 

giving the unit a "tire-track" appearance on weathered surfaces. In some areas, the 

Abrigo strata are conformably overlain by the El Paso Limestone, a thin-bedded 

limestone and dolomite unit The El Paso weathers in distinctive alternating blue and 

brown layers resulting from variations in silt and pyrite content Intraformational 

conglomerate and chert nodules are locally present The El Paso Limestone in Arizona 
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records an upward change fiom subtidal to intertidal environments. Where the El Paso is 

absent in southeastem Arizona and southwestem New Mexico (probably eroded before 

the £)evonian), the Abrigo is unconformably overlain by Devonian strata (Hayes and 

Cone, 1975). 

North-central and Northeastern Nevada, USA 

Rocks collected in Nevada represent early Paleozoic continental shelf, continental 

slope, and basinal environments of the westem margin of North America (Figure 7). 

Sampled miogeoclinal strata from the Eureka area include the Upper Cambrian Windfall 

Formation (Gw) and Lower-Middle Ordovician Pogonip Group (Op). Samples of 

Ordovician-Silurian Hanson Creek Formation (SOh), from California Mountain in the 

northern Independence Range, and Silurian-Devonian Roberts Moimtains Formation 

(DSrm), from the northem Independence Range and the Roberts Mountains, also 

represent miogeoclinal facies. Windfall and Pogonip strata represent the shelf 

carbonates, Ax^ereas Hanson Creek and Roberts Mountains Formations probably 

represent transitional facies outboard of the shelf carbonate province (Stewart, 1980). 

Samples frY>m eugeoclinal environments were collected from the Ordovician Vinini 

Formation (Ovi) from the Roberts Mountains and the Ordovician Valmy Group (Ov) 

from the northem Independence Range. Figure 8 summarizes the relative stratigraphic 

ages and depositional settings of all rock units from the westem U.S. sampled for this 

study. 
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NEVADA 

Figure 7. Sample localities of lower Paleozoic passive margin strata, Elko, Landers, and 
Eureka Counties, Nevada. NI- Northern Independence Range, EU- Eureka area, RM
Roberts Mountains, SH - Shoshone Range. 

The Paleozoic strata of northern Nevada are described by Roberts et al. (1958). 

Lithology, stratigraphy, paleogeography and tectonic environments of Nevada's geologic 

history are summarized by Stewart (1980). Stratigraphy and geology of the Eureka area 

are reported by Nolan et al. (1956) and Merriam (1963). Previous work on the Valmy 

strata in the northern Independence Range was done by Watkins and Browne (1989), 

Miller and Larue (1983), Wrucke et al. (1978), and Churkin and Kay (1967). The 

geology of the Roberts Mountains was mapped by Merriam and Anderson (1942). 

Paleogeographic setting and stratigraphy of Vinini strata in the Roberts Mountains is 

reported by Finney and Perry (1991). These works are summarized below. 
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north-central and northeastern Nevada 
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Figure 8. Relative stratigraphy and depositional settings of rock units sampled for study. 
The age relationships are relative, and the size of the boxes do not imply stratigraphic 
thickness or absolute age limits. The horizontal axis represents a continuum of 
depositional settings from ocean floor to shore, left to right 

The Early Paleozoic miogeoclinal environment of the North American Cordillera 

is represented by dominantly carbonate facies ("eastem" facies). Cambrian to Ordovician 

sedimentation records gradual marine transgression resulting from thermal subsidence 

following latest Precambrian rifting (Bond and Kominz, 1982). The Bull^^^cker 

Member (Upper Cambrian, Gwb) of the Windfell Formation comprises thin-bedded, 

shaley and sandy limestone and dolomite, deposited in subtidal zones. Conformably 

overlying the Windfall are dominantly massive gray limestones of the Early and Middle 

Ordovician Pogonip Group. From older to younger, the Pogonip units are Goodwin 
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limestone (Opg; massive with gray and white chert nodules and crinkly layering), 

Ninemile Formation (Opn: platy porcellaneous limestone with shaley partings) and 

Antelope Valley limestone (Opa: massive, locally argillaceous). In the Middle to Late (?) 

Ordovician, detrital sediments were deposited to form the Eureka quartzite (Oe), a 

massive vitreous quartz sandstone. 

Transitional ^ies generally comprise thin-bedded carbonates and shales 

deposited in the deeper shelf to upper slope setting. Ordovician-Silurian Hanson Creek 

formation sampled at California Mountain in the northem Independence Range comprises 

daric to light gray limestone and dolomite with local cherty beds. The Silurian-Devonian 

Roberts Mountains formation consists of plaly, silty limestone and limy siltstone. In 

some areas, the Roberts Moimtains formation is highly carbonaceous. The Silurian 

marked the beginning of a marine transgression in westem North America that continued 

into the Devonian. 

Coeval eugeoclinal facies were being deposited in deeper marine environments 

west of the carbonate shelf of North America. Because the westem facies comprise chert, 

shale, siltstone, qxiartzite, and greenstone, it is also known as the siliceous &cies. Shales, 

siltstones, and quartzites of the westem assemblage are referred to as "siliciclastic" 

facies, to distinguish these detrital units fix>m siliceous biogenic chert The two important 

units are the Otdovician Vinini formation and the Ordovician Valmy groiq). These units 

(and their equivalents, plus some siliceous rocks of Silurian and Devonian age) comprise 

the Roberts Mountains allochthon, which was thrust over the eastern, carbonate 

assemblages dining the Devonian-Mississippian Antler orogeny (Nilsen and Stewart, 



60 

1980). The western fades units are variably deformed and faulted as a result of 

orogenesis. However, relatively intact sections have been reported for Vinini strata in the 

Roberts Mountains (Finney and Perry, 1991), and for Valmy strata in the northern 

Independence Range (Watkins and Browne, 1989). In these areas, the stratigraphy has 

been carefiilly worked out from measured sections and graptolite evidence. 

The transition from dominantly shelf carbonate deposition to siliceous 

sedimentation in deeper (>100 m) water is represented by the Ordovician Vinini 

Formation. Vinini consists of a lower member dominated by calcareous sedimentation, 

and an upper unit of siliceous and siliciclastic sediments. The Ordovician Valmy Group 

represents coeval deposition in the deepest (up to 4000 m) environment The Valmy 

stratigrsq)hy in the northern Independence Range is shown in Figure 9. 

Paleogeographic reconstructions (such as in Stewart, 1980) place Valmy 

westward of the Vinini, Both Vinini and Valmy contain carbonaceous cherts and 

siliciclastics, ranging from shale to sandstone (quartzite). Altered basalts (greenstones) 

representing submarine seamounts are also present in both Valmy and Vinini. However, 

Valmy contains more coarse clastic strata (quartzite) and greenstones than the Vinini, 

whereas the Vinini has more limestone (especially in the lower member). These 

differences support the idea that Valmy strata were deposited in a deeper environment 

(submarine fans on the lower slope to abyssal plain) outboard of the Vinini depositional 

environment (continental slope). Incomplete Bouma sequences and rare graded bedding 

in Valmy quartzite beds indicate deposition by sediment gravity flows (Miller and Larue, 

1983). Cherts and fine-grained clastics (argillites interbedded with the quartzites) are 



61 

interpreted to have been deposited by hemipelagic or dilute turbidity currents. Vesicle 

studies of Valmy greenstones indicate deposition at water depths varying from 600 to 

4000 meters, thoi  ̂deep-water origin is inferred for most of the Valmy greenstones and 

associated sedimentary rocks (Churkin and Kay, 1967; Wrucke et al., 1978; Miller and 

Larue, 1983). 

Stage Formation Summary Description 

Middle 
Caradoc 

Jack's Peak Fm. 
(Ojp) 

Starved-basin facies: black shale, argillite, 
chert 
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CJ 
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McAfee Quartzite 
(Om) 

Thick-bedded turbidite: massive quartz 
sandstone, minor siltstone interbeds 
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o 

Llanvim 
Upper Snow Canyon Fm. 

(Osu) 
Thin- to thick-bedded tmi>idites: mudstone, 
sandstone 
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Basalts (greenstones, altered seamounts), local 
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Thin-bedded turbidite: shale, argillite, 
sandstone, chert 

Figure 9. Stratigraphy of the Ordovician Valmy Group, northern Independence Range, 
northeastem Nevada (from Watkins and Browne, 1989). 

Lachlan Fold Belt, Australia 

Three samples of Ordovician metapelites from the Lachlan Fold Belt of southeast 

Australia (Figure 10) were provided by Dr. Spencer Titley. The Lachlan samples are part 

of a thick sequence of Cambrian and Ordovician quartz-rich turbidites with interbedded 

pyritic, graptolitic black shales deposited in a passive continental margin environment 

(Vandenberg and Stewart, 1992; Coney, 1992; Coney et al., 1990). The passive margin 

of southeastem Australia developed adjacent to the Paleo-Pacific basin (see Figure 2b). 
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The Lachlan r^ion has been folded into isoclinal iiprigfit folds anH variably 

metamorphosed to lower greenschist fiicies. Shortening of the turbidite sequence is 

estimated fiom 50% (Coney et al., 1990) U> 65% (Willman, 1992). Cambrian metabasalts 

are tectonically interleaved with the Ordovician strata along high-angle structures that 

divide zones of distinct lithologies, stratigr^hies, and structural histories (Tollman, 

1992; Phillips and Hughes, 1995). The carbonaceous metasedimentary strata host the 

largest deposits (Bendigo, Ballarat, Climes). Auriferous quartz veins are developed in 

dilatant zones during fold development Ramsey and Vandenberg, 1990; Suppel and 

Scheibner, 1990; Phillips and Hughes, 1995). Estimated gold production from the 

Lachlan Fold Belt in Victoria is 2460 metric tons, mostly pre-1900 (Phillips and Hughes, 

1995). 

VICTORIA 

2000km 

O Lachlan Fold Belt 

Figure 10. Lachlan fold belt, southeast Australia. 
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Sample Preparation and Anatytical Techniques 

Before preparing samples for geochemical analysis, they were screened 

petrogrq)hically. The X-ray dif&actometer at the Univosity of Arizona Department of 

Geosciences was used to distinguish clay compositions of very fine clastic rocks (see 

next section). Thin sections were prepared by Ray Lund of Quality Thin Sections in 

Tucson. Some of the thin sections were stained with alizarine red-S solution to help 

disringuish stained calcite fix}m unstained dolomite. Slides were racamined with a 

petrogr^hic microscope to select suitable samples that displayed a minimum degree of 

weathering, alteration, and veining. 

Suitable samples were individually wrapped in burlap to prevent metal 

contamination fix)m the hammer. Wrapped samples were broken and crushed to 

approximately pea-size and split. Each sample was then examined with a binocular 

microscope and unaltered fragments were handpicked for analysis. Great care was taken 

to avoid weathered surfaces, bedding planes, and fragments showing any indication of 

alteration, oxidation, veining, or mineralization. Approximately 10 grams of each sample 

were then ground to powder in an agate mill for v^ole rock and trace element analyses. 

Major elements were determined by X-ray fluorescence at XRAL Laboratories in 

Canada. Trace element analyses were also done by XRAL, using neutron activation 

(INAA), inductively coupled plasma mass spectroscopy (ICP-MS), and X-ray 

fluorescence (XRF), optimized according to the element being analyzed (Table 2). 

Detection limits and units are given in the analytical data tables. Major and trace 

elements were analyzed from >^ole rock samples. 



Similar care was taken to select immineralized samples for analysis of sulfur and 

carbon composition, though these were not wrapped in burlap before being crushed. 

Samples of ^>proximately 400-500 grams were sent to Chemex Labs, Inc. in Tucson. 

Analytical procedures are summarized in Table 3. The analytical range for carbon anH 

sulfur species is 0.01% to 100%. Sulfur isotopes of barites and carbon isotopes of 

organic carbon fiactions of v^ole rock samples were analyzed in Dr. Chris Eastoe's 

Laboratory of Isotope Geology at the University of Arizona. Analytical precision, based 

on repeated analysis of a laboratory standard, is 0.18 %o for sulfur and 0.20 96o for carbon. 

Table 2. Analytical methods for major and trace element geochemistry. 

Element Detection Limit Method Element Detection Limit Method 
Au 2 ppb INAA Yb 0.05 ppm INAA 
Be I ppm ICP Lu 0.01 ppm INAA 
B 10 ppm ICP Hf 0.2 ppm INAA 
Sc 0.01 ppm INAA Ta 0.5 ppm INAA 
V 2 ppm ICP W 1 ppm INAA 
Cr 0.5 ppm INAA It 5 ppb INAA 
Co 0.S ppm INAA Pb 2 ppm ICP 
Ni 1 ppm ICP Th 0.2 ppm INAA 
Cu 03 ppm ICP U 0.1 ppm INAA 
Zn 0.5 {^m ICP Rb 10 pim XRF-F 
Ge 10 ppm ICP Sr 10 ppm XRF-F 
As 1 ppm INAA Y 10 ppm XRF-F 
Se 1 ppm INAA Zr 10 ppm XRF-F 
Br 0.5 ppm INAA Nb 10 ppm XRF-F 
Mo 2 ppm INAA Ba 10 ppm XRF-F 
Ag O.I ppm ICP Si02 0.01 wt % XRF-F 
Cd 1 ppm ICP AI203 O.Ol wt% XRF-F 
Sb 0.1 ppm INAA CaO 0.01 wL% XRF-F 
Cs 0.5 ppm INAA MgO 0.01 wL % XRF-F 
La O.I ppm INAA Na20 0.01 wt% XRF-F 
Ce 1 ppm INAA K20 0.01 wt % XRF-F 
Nd 3 ppm INAA Fe203 0.01 wt% XRF-F 
Sm 0.01 ppm INAA MnO 0.01 wL% XRF-F 
Eu 0.05 ppm INAA ri02 0.01 WL% XRF-F 
Tb O.I ppm INAA P205 0.01 wt% XRF-F 
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Table 3. Carbon and Sulfur Analytical Procedures 

Ciot% Leco induction fiiinace, LECO-IR Detector 

C02% Inorganic, LECO Gasometric 

TOC% Calculation: Qot - CO2 

S'% HNO '̂ Bromide digestion, gravimetric 

SO4 '% HCl leach, gravimetric 

Slot % Leco Induction Furnace, Leco IR detector 

For X-ray diffraction studies, samples of siliciclastic rocks were ground to powder 

fix)m v^ole rocks with a ceramic mortar and pestle. Carbonate samples were powdered, 

dissolved in hydrochloric acid, and the insoluble residues X-rayed. 



66 

IV. ANALYTICAL RESULTS 

Clay Mineralogy of Lower Paleozoic Strata 

Minerals identified with the X-ray dif&actometer in siliciclastic and carbonate 

samples are shown in Table 4. Few of the samples had a high clay content Carbonate 

rocks had small amounts of insoluble quartz and clay residues. 

The siliciclastic samples are dominated by quartz. Thus, samples were mostly 

fine-grained siltstones and sandstones with few true clay-shales. Of the clay minerals in 

the siliciclastic units of Nevada, illite was more commonly found than chlorite, 

suggesting a dominantly continental source for the sediments. Valmy rocks contained 

more chlorite than Vinini rocks. The Valmy group includes more greenstones. These 

volcanic rocks are a likely source of chlorite in the adjacent Valmy sediments. 

Furthermore, Valmy sediments were deposited outboard of the Vinini. Therefore, higher 

ii^ut of illite would be expected in the Vinini, v^ch has a closer continental affinity. 

Thus, the clay mineralogy of siliciclastic samples from Nevada is consistent with their 

interpreted paleogeographic positions. 

In the Lachlan samples, quartz had the strongest peaks. Illite and chlorite were 

found with equal frequency, suggesting subequal contributions from continental and 

marine sources to the sediments of the Lachlan Fold Belt Also, a possible identification 

was made for celsian, a barium-feldspar often found in association with manganiferous 

sediments in reduced geochemical enviromnents (Deer, Howie, and Zussman, 1966; p. 

339). 
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Table 4. Results of x-n  ̂diffraction analysis of fine-grained siliciclastic and carbonate 
samples. Minerals listed in order of relatively stronger peaks to weaker peaks. 

Unit / lithology Sample# Minerals  ̂
Carbonates Ovil/lmst RM-2 cc, dol, qz 

Ovil/calcss RM-20 cc,qz 
DSrm/stylmst NI-26 dol, qz, chl, ill 
DSrm/carb Imst NI-27 dol, qz, chl, ill 
DSrm/carb Imst NI-28 dol, qz, chl, ill 
SOhm/lmst NI-82 cc, qz 
Cwb/lmst EU-4 cc, qz, chl 

Siliciclastics - Vimm Ovil/slst RM-1 cc, dol, qz 
Oviu/ch-sh-slt RM-4 qz,ill 
Oviu/sh-slst RM-9 qz, dol, ill 
Oviu/ch-sh RM-10 qz 
Oviu/ch-slst RM-11 qz 
Ovil/sist-sh RM-18 qz,ill 
Ovil/sh RM-24 qz, ill, dol 

Siliciclastics - Valmy Osl/sh-ss NI-3 qz, ill, dol 
Osl/sh-slst NI-6 qz,ill 
Osl/sh NI-9 qz, ill, chl 
Osl/sh NI-ll qz,ill 
Osl/ch-sh-slst NI-I4 qz, dol 
Osl/sh-slst NI-15 qz, ill, chl 
Os/argt NI-31 ill,qz 
Os/bar NI-73 bar 
Os/ch-sh NI-75 qz, ill, bar 
Osu/sh-slst NI-55 qz,ill 
Osu/sh-slst NI-61 qz,ill 
Osu/sh NI-70 qz,ill 
Om/sh-slst NI-I7 qz,ill 
Om/qtzt NI-20 qz 
Om/sh-argt NI-47 qz, ill, chl 
Ojp/ch-sh-argt NI-48 qz,ill 

Metapelites - Lachlan O/mpel LA-1 qz, ill, chl, hem, celsian? 
O/mpel LA-3 qz, cM, ill, celsian? 
O/mpel LA-2 qz, ill, chl, hem, celsian? 

For unit abbreviations, see text Lithology abbreviations: bust - limestone, 
calc ss - calcareous sandstone, sty - silly, carb - carbonaceous, slst -
siltstone, ch - chert, sh - shale, argt - argillite, bar - barite, qtzt - quartzite. 
mpel - metapelite. 

 ̂ K^eral abbreviations: cc - calcite, dol - dolomite, qz - quartz, ill - illite, chl 
- chlorite, hem - hematite, bar - barite. 
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Geochemistiy of Carbonate Strata 

Results of major and trace element analysis of carbonate samples are summarized 

in Table S. Complete data tables are in Appendix B. Carbonate rocks overall contained 

very low primaiy concentrations of gold, with an average of 1.8 ppb in all carbonate 

samples analyzed. The transitional fades (Hanson Creek and Roberts Mountains 

formations) contained the highest silica, alumina (clay), sodium, iron, titanium, REEs, 

and total metal (sum of Au, Ag, As, Sb, V, Co, Cr, Ni, Cu, Pb, Zn, Mo, U). The average 

organic carbon contents did not vary significantly: 0.6 % in the transitional and platform 

fades and 0.5% in the deep marine and miogeoclinsd fades. The highest sulfur values 

(sul&te and sulfide) were in the carbonates associated with the siliceous fades of Valmy 

and Vinini strata. 

Table 5. Summary of geochemical data from lower Paleozoic carbonate strata fix>m the 
continental margin and platform of western United States.' 

deep transitional miogeocline continental means 
marine (slope) (shelf) platform (n=16) 

Au 1.2 2.5 2.0 1.5 1-8 
TOC 0.52 0.63 0.48 0.56 0.55 
SO4* 0.07 0.02 0.01 0.03 0.03 
SMe  ̂ 118 259 18 26 55 
Si02 14.5 24.6 20.2 22.6 20.5 
AI2O3 1.5 3.8 1.0 2.5 2.2 
CaO 43.7 32.8 43.5 35.2 38.8 
MgO 2.36 4.80 0.54 5.72 3.36 
MnO 0.09 0.03 0.02 0.03 0.04 
K2O 0.45 0.42 0.19 0.90 0.49 
NazO 0.08 0.52 0.05 0.14 0.20 
Fe203 0.83 1.31 0.57 1.24 0.99 
P2O5 0.11 0.06 0.10 0.04 0.08 

' Au in ppb; ZMe in ppm; TOC, SO4 , and oxides in weight percent 
 ̂SMe = sum of Au, Ag, As, Sb, V, Co, Cr, Ni, Cu, Pb, Zn, Mo, U. 
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Comparison of low-magnesium limestone (MgO < 3%) with dolomitic limestone 

(MgO > 3%), iirespective of environment, indicates the low-MgO limestones have lower 

values of metals, sulfide, rare earth elements, and phosphate (Table 6). Dolomitic rocks 

{^paiently include more detrital material, as evidenced by higher abundances of SiOi, 

AI2O3, K2O, NaaO, FeiOa, and TiC)2. Since metals are more likely to be associated with 

terrigenous clastic material, it is reasonable that the high-MgO samples, i^ch include 

more clay minerals and siliciclastic components, also contain more metals than low-MgO 

limestones. The difference in TOC content was insignificant between the two carbonate 

types. The abundance of gold in all the carbonate rocks was mostly  ̂2 ppb. Two 

exceptions fix)m the low-MgO group had gold contents of 3 ppb and 5 ppb (fix)m the 

Pogonip limestone and Hanson Creek limestone, respectively). 

Table 6. Geochemical comparison of limestone and dolomitic limestone fix>m lower 
Paleozoic continental margin and platform strata of western United States.' 

I 

Limestone Dolomitic Is 
Au (ppb) 2.1 1.4 

TOC (wt. %) 0.5 0.6 
S°(wt.%) 0.03 0.13 
REE (ppm) 17.3 54.5 

P2O5 (wt %) 0.07 0.09 
V (ppm) 13 69 

SMe  ̂(ppm) 59 222 
Si02(wt%) 14.9 27.6 
AI2O3 (wt %) 0.96 3.82 
CaO (wt. %) 46.1 29.4 
MgO (wt %) 0.7 6.8 
K2O (wt %) 0.2 0.9 
Na20 (wt %) 0.1 0.3 
Fe203 (wt %) 0.6 1.5 
Ti02(wt%) 0.04 0.19 
MnO (wt %) 0.05 0.03 

Limestone - means of nine analyses; dolomitic limestone - means of seven 
2Me = sum of V, Cr, Co, Cd, Cu, Ni, Pb, Zn, Mo, U, Ba, Au, Ag, As, Sb. 
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Geochemistry of Siliciclastic Strata 

The average values of selected geochemical characteristics of Ordovician 

siliciclastic units are compared in Table 7. Complete geochemical results of all samples 

analyzed are listed in Appendix B. The gold, carbon, sulfur, and trace-element 

compositions of the strata are discussed below in the context of paleoenvirormiental 

interpretations and geochemical conditions when the sediments were deposited. 

Table 7. Summary of Lower Paleozoic siliciclastic geochemical data 

Valmy Viniiii Lachlan 
(n=25) (n=8) (n=3) 

Auppb 21 7 3 
TOC% 0.95 1.48 0.07 
S04"% 0.08 0.02 0.005 
S"% 0.03 0.04 0.06 

EMeppm 1820 1656 2241 
EREEppm 104 31.6 114 

Si02 % 81.1 89.0 55.4 
AI2O3 % 7.6 2.5 16.8 
CaO% 0.95 2.26 2.14 
MgO% 1.1 0.24 2.70 
K2O % 2.1 0.58 2.70 
Na20 % 0.3 0.03 3.21 
Fe203 % 1.5 0.5 10.4 
Ti02 % 0.38 0.12 0.73 
MnO% 0.013 0.005 0.21 
P2O5 % 0.50 0.06 0.35 

The average gold content from eight analyses of Vinini strata is about 7 ppb 

(range 1-14 ppb). All Vinini lithologies reported here are of the chert-shale-siltstone 

facies. The avenge gold value from 25 analyses of Valmy strata is 21 ppb (range 1-85 

ppb). Several samples had gold concentrations around 40 ppb, and the highest gold value 

was measured in organic-rich siltstone associated with a bedded barite deposit. The 
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lowest gold values were analyzed from pure quartz sandstone (McAfee quartzite, of the 

Valmy Group) and chert samples of both Vinini and Valmy units. Three analyses fix)m 

the Australia rocks averaged 3 ppb (range 1-5 ppb). Analysis of the sulfide fraction of 

one of the Australia samples was 14 ppb Au, indicating that sulfides are enriched in gold 

relative to the whole rock. 

The gold enrichments observed in Valmy and Vinini strata are not likely the result 

of iow-grade mineralization in the region. First, great care was taken to avoid altered and 

mineralized areas during field sampling. Second, during sample preparation, only the 

fiieshest firagments were handpicked fix>m crushed samples for analysis. Third, if the area 

had been mineralized, one would expect the more reactive carbonate rocks in the same 

area to display higher gold enrichments. The highest gold analysis from the carbonate 

samples was 5 ppb, less than the averse gold values for both Valmy and Vinini rocks, 

and comparable to crustal averages. Since the rocks were not mineralized by 

hydrothermal activity, one can assimie that the gold abundances represent primary 

sedimentary enrichments accomplished at the time of deposition. Other geochemical 

parameters must be investigated to determine why the siliciclastic strata cany gold 

enrichments higher than the average crustal abundance. 

Barite Geochemistry 

Two synsedimentary barite samples were analyzed. Because barite precipitates 

directly from seawater, its geochemistry should provide direct evidence of seawater 

geochemistry, particularly the sulfur isotopic composition. One barite sample was a 

rosette nodule from the Devonian Slaven Chert in the Shoshone Range, north-central 
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Nevada. The other was from a bedded barite deposit in the Ordovician Snow Canyon 

Member of the Vahny Group in Snow Canyon, on the west side of the northern 

Independence Rai^e. Both barite samples came fix>m the siliceous eugeoclinal &cies of 

the North American Cordillera. The barites were analyzed to explore the association of 

gold enrichments in the siliceous strata with higher bariimi values (the highest gold 

analysis was firom a sample of carbonaceous siltstone adjacent to a mined-out barite pit in 

Snow Canyon, northern Independence Range). The Ordovician bedded barite sample 

contained more gold, organic carbon, and sulfide, but the Devonian rosette contained 

more metals overall (Table 8.) 

According to the age curve for the isotopic composition of sulfate sulfiir, the 

Devonian barite should have a lower S^Ssftthan the Ordovician barite. The opposite case 

was observed, suggesting that the Devonian sample was deposited in a more reduced 

environment than the Ordovician sample. Although the barite data are consistent with the 

premise that the Ordovician was a favorable time for sedimentary gold enrichments 

compared to the Devonian, the cause of the gold enrichment in the Ordovician barite is 

ambiguous. More samples need to be analyzed. 

Table 8. Geochemistry of two Nevada barite samples 

Auppb TOC% S" % Z Me ppm" 

Devonian rosette (SH-1) <2 0.05 0.12 147 +30.5 

Ordovician bedded (NI-73) 11 0.1 0.28 44 +21.9 

S Me = sum of V, Cr, Co, Ni, Cu, Mo, Zn, Pb, U, As, Sb, Ag 
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Significance of Anafytical Results 

CARBONATE ROCK GEOCHEMISTRY 

The gold concentration in carbonate rocks for this stucfy are consistent with 

Crocket (1991), ̂ o found that carbonates had the lowest gold content (average 1.9 ppb) 

of all sedimentary rocks (see Table 1). The low gold concentrations in carbonate rocks 

suggest that carbonate strata would not be fevorable sources of gold for later 

hydrothermal fluids, unless circulating hydrothennal fluids reacted with a large volume 

of rock and were extremely efficient at leaching gold. Nevertheless, carbonate rocks in 

general can be favorable hosts for most ore-bearing fluids because of their permeability 

and ''reactivity". Lower Paleozoic carbonate rocks in Nevada (windows of miogeoclinal 

strata in the Roberts Mountains Thrust) host significant gold deposits (such as the Carlin, 

Gold Strike, Jerritt Canyon, Cortez, and Gold Acres deposits). 

Lower Paleozoic carbonate rocks hosting gold mineralization in Nevada (Roberts 

Mountains and Hanson Creek Formations) more likely acted as favorable traps for gold 

transported by hydrothermal fluids rather than favorable sources of gold. Metals may 

precipitate when acidic hydrothermal fluids are neutralized upon reaction with carbonate 

host rocks. Organic-rich carbonate rocks (for example, NI-26 and NI-82, see data tables 

in Appendix B) may further trap metals fipom hydrothermal fluids by redox reactions. 

SmiCICLASTIC ROCK GEOCHEMISTRY 

Because enrichments of gold were found in the siliciclastic strata of Nevada 

(Valmy and Vinini Formations), the geochemical relationships of these strata will be 

discussed in more detail than for the carbonate strata. Geochemical parameters (detrital 
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components, carbon and sulfur compositions, total metals, and trace element indicators) 

will be compared with gold distributions in the strata to see if paleoenvironmental 

indicators can be correlated with gold contents. 

Detrital Input 

AliiminiiTn and titanium are conservative indicators of terrigenous clastic input to 

marine environments (for example, Pratt and Davis, 1992). Figure 1 lA shows a strong 

positive correlation between aluminum and titanium, expressed as weight percent oxides, 

in Ordovician siliciclastic strata (Valmy, Vinini, and Lachlan samples). Positive 

correlation of other components with AI2O3 or TiCh would indicate that these 

components were also derived fix>m terrigenous clastic sources. Figure 11B shows the 

correlation between total organic carbon and aluminum (Figure IIB) in siliciclastic 

strata. The poor correlation suggests that organic matter is related to dominantly marine 

processes (such as algal productivity and degradation) instead of terrigenous processes 

(such as clastic dilution or fluvial discharge). 

Gold plotted against aluminum (Figure 11C) also shows a poor correlation in the 

siliciclastic rocks. Furthermore, Figure 1IC indicates that gold values decrease at higher 

levels of detrital components, suggesting that too much terrigenous input may dilute the 

distributions, since titanium and aluminum are so well correlated. Peak gold values 

correspond with about 8 % AI2O3 and 0.5 % TiOa- Primary gold enrichments in clastic 

marine sediments were apparently controlled by dominantly marine sources or processes. 

Even if gold-enriched Precambrian terranes had been eroded and the gold contributed 

along with terrigenous detritus to the marginal basins during the early Paleozoic, the gold 
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must have been modified by marine processes before being deposited with the marine 

sediments. Plots of titanium against gold or TCX  ̂give similar results. 

R'-0.92 

TiOj>X 

Alx«i% 

AljOjM 

Figure 11. Comparison of geochemical components in siliciclastic samples with detrital 
component aluminum. A. Aluminum vs. titanium, expressed as weight percent oxide; B. 
Total organic carbon vs. aluminum; C. Gold vs. aluminum. 
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Organic Carbon Comnositions 

The miniTnimi carfaon content ̂ ically required to be classified as '̂ organic-rich", 

such as black shales, is 0.5 % TOC (Schultz, 1991). Average values of total organic 

carbon for siliciclastic rocks of Valmy, Vinini, and Lachlan strata collected for this study 

are I.O %, 1.5 %, and 0.1 %, respectively. The TOC values ranged from less than 0.05 % 

to over 3 %. Although much higher carbon contents occur in other organic-rich 

sediments, using the 0.5 % threshold enables the Valmy and Vinini to be classified as 

organic-rich deposits. In spite of some scatter in the data, there is a positive correlation 

between organic carbon and gold in the siliciclastic rocks (Figure 12). Samples with 

higher TOC values generally have higher gold content 

too 
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Figure 12. Log-log plot of total organic carbon (TOC %) against gold (in ppb). 
Generally, samples with higher organic carbon content also have higher gold contents. 
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However, if the samples are plotted in stratigraphic sequence (where there is reasonable 

stratigraphic control), there is a better correspondence of peaks in T(X} with peaks in 

gold content (Figure 13). Because the highest primary gold abundances are in the Valmy 

strata, and since the stratigraphy is best documented in these strata, only Valmy was used 

for stratigraphic correlation of geochemical parameters. The abundance of other metals 

(V, Ni, Cr, Cd, Co, Zn, Pb, Mo, Cu, As, Ag, Sb, and U, in ppm, of unaltered and 

utmiineralized strata) also displays peaks that correspond with TOC and gold peaks 

(Figure 14). Apparently, periods during the Ordovician that favored a higher abundance 

of organic carbon in siliciclastic sediments as they were deposited also favored a higher 

abundance of gold and other metals in the same sediments. This 
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Figure 13. Stratigraphic plot of gold and total organic carbon (TOC) for Ordovician 
Valmy group. Younger rocks are on the left, older on the right. 
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discussion now turns to other geochemicai parameters that may indicate the 

paleoenvironmental conditions that enabled the preferred accumulations of TOC and 

metals in marine siliciclastic rocks at certain times during the Ordovician. 
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Figure 14. Stratigraphic plot of total metals and total organic carbon (TOC) for 
Ordovician Valmy group. ZMe = sum of Au, Ag, As, Sb, V, Ni, Co, Cr, Cu, Pb, Mo, Zn, 
U, and Ba, in ppm. Younger rocks are on the left, older on the right. 

Carbon isotopes plotted stratigraphically with carbon show an antithetical 

relationship in Valmy strata (Figure 15). As mentioned above, low values of S'̂ C in 

organic-rich sedimentary rocks are indicative of less oxic paleoenvironmental conditions 

compared to higher (less negative) values of 6"C. Periods of increased preservation or 

production of organic matter correspond with relatively reduced conditions (decreased 

amount of dissolved oxygen in seawater). Geochemicai conditions in the immediate 

environment in which organic matter was deposited (sedimentary pile) must have been 

relatively low in oxygen. Given a sufScient availability of iron, reduced sulfur (as sulfide 
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in pyrite) should be more abundant in materials deposited in anoxic conditions, because 

of the actions of sulfate-reducii  ̂ bacteria. Neither Valmy strata nor Vinini strata 

contained significant amounts of sulfide sulfur, indicating that geochemical conditions 

were not euxinic at the time of deposition. The organic carbon accumulations and 

associated gold and metal enrichments are consistent with deposition in a reduced 

environment associated with upwelling zones. 

Because of the low sulfide vedues and a range of gold values up to 85 ppb in the 

siliciclastic strata, the correlation between gold and sulfide is very poor. However, 

enrichment of gold in a sulfide fraction (11 ppb) relative to the whole rock value (2ppb) 

indicates that gold does occiu: preferentially with the sulfide minerals. This is consistent 

with data fix)m black shales that contained sulfide beds with contain strong gold 

enrichments (see Table 1). The association of gold with sulfide minerals in sedimentary 

rocks is controlled by geochemical conditions of the depositional setting in much the 

same way geochemistry controls gold-sulfide associations in hydrothermal deposits. 

Gold complexes in seawater, pore water, or hydrothermal fluids would precipitate in the 

presence of the reduced siilfide species. 

The isotopic compositions of organic carbon in the siliciclastic strata were 

determined and plotted stratigraphically with other geochemical parameters. Higher 

abundances of organic carbon correspond in time with lower 5'̂ C, an antithetical 

relationship (Figure 15). Gold distributions are similar to patterns shown by other metals 

in the Vedmy strata; stratigraphic distribution of total metals is sympathetic with TOC 

patterns (Figure 14) and antithetical with 5'̂ C patterns. The controls on gold and metal 
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abundances were apparently the same as the controls on TOC abundances in siliciclastic 

marine sediments. The next section incorporates trace-element data into the correlations. 
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Figure IS. Stratigraphic plot for Valmy strata, showing an antithetical relationship of 
total organic carbon CTOC) and carbon isotopic composition (5"C). 

Trace Metals 

As described previously, cerium anomalies, vanadium ratios, and authigenic 

uraniimi concentrations may be used as indicators of relatively reduced 

paleoenviromnents. These trace-metal parameters will be compared with other 

geochemical parameters to assess their usefulness as paleoenviroiunental indicators for 

Valmy strata. 

Cerium Anomaly 

Rare earth element plots of lower Paleozoic siliciclastic samples normalized to 

Post-Archean Australian shale indicate consistent depletion of cerium in the sedimentary 

rocks relative to neighboring REEs (Figure 16). REE patterns with ceriirai depletions 

have been interpreted to indicate deposition in reduced paleoenviroimients. Cerium 

depletion is expressed as a ceriimi anomaly, Ce/Ce*, defined in a previous section. The 
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actual values for Ce/Ce* in the Valmy samples ranged from 0.703 to 0.926, with an 

average of 0.861. Ce/Ce* values for Vinini were more variable (0.575-1.01), though the 

average value (0.858) is comparable to the average for Valmy samples. These values 

reflect relatively minor depletions of ceriimi in lower Paleozoic siliciclastic strata relative 

to other LREEs. There are three possibilities to explain these ceriimi anomalies. 1) The 

strata were deposited in oxic conditions, thus experienced little depletion of ceriimi 

because of the insolubility of Ce(IV). 2) The strata were deposited in reduced conditions, 

initially resulting in cerium depletion, but REEs were modified during diagenesis. 3) 

Ce/Ce* is unrelated to redox conditions during deposition; rather the range of values for 

Ce/Ce* is consistent with deposition intermediate between the ocean floor basin and 

close to a continental margin (Murray et al., 1990). The third possibility is the easiest to 

accept, given the uncertainties in using cerium anomaly as a paleoredox indicator (see 

previous discussion). It is also consistent with paleogeographic interpretations for the 

depositional settiag of Valmy and Vinini strata. 

However, it is interesting to look at the cerium anomalies in conjunction with 

other geochemical parameters, again focusing on Valmy strata. If cerium anomalies can 

be used as paleoenvironmental indicators, lower values of Ce/Ce* should correspond 

with other low-oxygen indicators. Figure 17 is a stratigraphic plot showing a 

correspondence of higher TOC with lower Ce/Ce* for Valmy strata. The antithetic 

relationship between TOC and Ce/Ce* implies that variations in organic carbon and 

cerium were influenced by the same controls, possibly fluctuations in oxic levels in the 

paleoenvironment 
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Figure 16. Average REE compositions of lower Paleozoic siliciclastic strata, normalized 
to PAAS. Valmy and Vinini strata show slight but distinct depletions of cerium. 
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Figure 17. Stratigraphic plot of Valmy strata, showing antithetical distributions of TCX  ̂
and Ce/Ce* over time. 
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Vanadium and Uranium 

Plots of TOC against the vanadium ratio and authigenic uranium content of 

siliciclastic rocks (both Valmy and Vinini) show a positive correlation (Figure 18). 

Again, this correlation improves when the data are plotted in stratigraphic sequence (for 

Valmy). Figure 19 is a stratigraphic plot for Valmy showing an antithetical correlation 

between vanadium ratio and 5'̂ C. Times of decreased oxic levels, indicated by higher 

vanadium ratio, are also periods of low S'̂ C. 
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Figure 18. Positive correlation of total organic carbon (TOC) with vanadiimi ratios 
(VA^+Ni) and authigenic uranium (Ua) content for lower Paleozoic siliciclastic samples. 
Higher vanadium ratio and uraniimi values occur in samples with higher TOC. 
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Figure 19. Valmy stratigraphic plot of vanadium ratio and S'̂ C, showing antithetical 
relationship. Times of low recorded in the strata correspond with times of high 
V/(V+Ni). The correlation can be explained by periods of low oxygen in the 
paleoenviroimient 

Antithetical relationships also exist between 5"Co,g and V/(V+Ni) and V/Cr, less 

so for Ua. Estimated oxygen content of waters at the time of deposition cannot be 

determined absolutely from the trace element data, but the relative changes in oxygen 

levels through the stratigraphic section can be tracked. Peaks in the low-Cb indicators 

correlate in time with peaks in the gold content of the unmineralized sedimentary rock. 

This is consistent with interpretations that 5'̂ Corg decreased during relatively reduced 

periods, when production (and preservation) of organic carbon was enhanced. Where the 

abundance of gold is relatively high, TOC abundance is also high (Figure 12), but not all 

organic-rich samples are high in gold. Oxic levels in the depositional environments were 

apparently diminished v^en the gold-enriched sediments were deposited. 
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DISCUSSION 

The oxic/anoxic indicators described thus far for lower Paleozoic rocks suggest 

that paleoenviionments were relatively reducing, though not completely anoxic. 

Comparing trace elements with known nutrient elements (such as copper) further 

indicates that the reducing conditions were formed in an upwelling environment (Figure 

20). Zinc, nickel, and copper are all nutrient metals, and zinc shows a positive 

correlation with copper in Valmy samples (Figure 20A), whereas Ni is positively 

correlated with Cu in Vinini samples (Figure 20B). There is a weak positive correlation 

between Au and Cu in Vinini, but gold has a poor correlation with Cu in Valmy (Figure 

20A). Part of the gold probably arrived in the sediments via organic uptake by plankton 

in the photic zone. The rest was probably detrital or hydrogenous, either (1) adsorbed or 

complexed by organic matter or suspended clay matter during descent through the water 

column, (2) directly precipitated in seafloor sediments from hydrothermal venting, or (3) 

transported in native form from terrigenous sources. 

Molybdenum distribution (Figure 20B) generally has a poor correlation with 

copper, suggesting its abundance is not related to organic productivity. Sediments 

deposited under anoxic bottom waters should have high Mo contents. Vinini rocks have 

overall higher molybdenum contents, compared to Valmy rocks. Molybdenum 

distributions suggest bottom water conditions may have been more anoxic in the Vinini 

paleoenvironment than in the Valmy paleoenvironmenL Vanadiimi and chromium 

should be elevated in sediments deposited under denitrifying conditions, intermediate 

between oxidizing and sulfate-reducing (Piper, 1994). They are positively correlated in 
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Figure 20. Relations of copper to (A) zinc and gold, and (B) nickel and molybdenum, 
siliciclastic samples from the Valmy and Vinini Formations. 
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both Vinini and Valmy rocks (Figure 21), but the distributions indicate V/Cr is higher in 

Vinini rocks. As with V/(V4-Ni), V/Cr is higher in anoxic environments, thus these data 

also indicate that the depositional environment for Vinini siliciclastic sediments was 

more reducing than the depositional environment for Vahny siliciclastics. 
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Figure 21. Vanadiimi and chromium relations in siliciclastic rocks of the Vahny and 
Vinini Formations. 

COMPARATIVE GEOCHEMISTRY 

Figure 22 shows averages of some trace elements and other geochemical 

components in Ordovician siliciclastic strata (Valmy, Vinini, and Lachlan samples) 

containing more than 2 ppb gold. Low-gold samples (containing 2-9 ppb Au) are 

enriched in Mn, Co, Ni, Cu, and Zn (Figure 22A), compared to high-gold samples (Au > 

lOppb). Average total organic carbon and sulfide values are not significantly different 

between low-gold and high-gold samples (Figure 22B). High-gold samples are higher in 

Ba, V, sulfate, and phosphate than low gold samples (Figure 22B). Total metal content 
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(including As, Sb, Ag, Pb, U, and Cr) is also higher in high-gold samples. The sulfate 

and barium enrichments are probably related to an association with bedded barites. The 

phosphate enrichment probably accounts for the slight enrichment of REEs in high-gold 

samples. When exploring for potential host rocks for sediment-hosted gold deposits, the 

components associated with high gold may be used as prospecting tools. 

The paleoenvironmental indicators suggest that the siliciclastic rocks were 

deposited under relatively reduced conditions, more so for Vinini than the Valmy. As 

organic carbon increases, total metals (including Au, V, U,) increase while 5'̂ Coig 

decreases. Anoxia alone does not account for the observed relationships of elements that 

are also enriched in plankton. Review of the data supports that the reduced conditions 

resulted from periods of high productivity in upwelling zones. The proliferation of 

organic matter consumed much of the dissolved oxygen in seawater in the oxygen-

minimiim zone. The oxygftn-minimum zone may have impinged on the basin slope 

>Adiere Vinini strata were deposited, whereas Valmy strata were deposited where the 

oxygen-minimum zone was less intense. 
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Figure 22. Comparative trace-element geochemistry of siliciclastic samples with> 10 ppb 
and < 10 ppb gold: A. Low-gold samples are enriched in Mn, Co, Ni, Cu, and Zn relative 
to high-gold samples. B. High-gold samples are enriched in sulfate, phosphate, V, Ba, 
and total metals. Carbon, sulfide, and REEs are similar between high-gold and low-gold 
samples. 
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V. DISCUSSION 

The geochemical results support the hypothesis that primary gold emichments 

occurred in the siliciclastic strata, especially in the Valmy group (average 19 ppb Au), 

whereas carbonate rocks (average <2 ppb gold) were not enriched relative to average 

crustal abundance. Siliciclastic strata (particularly turbidites) showed the highest primary 

gold concentrations in this study. These strata are more likely to act as a source of gold 

for ores hosted by sedimentary rock. The remaining discussions focus on siliciclastic 

strata: how gold enrichment might occur during sedimentation, and how primary gold 

enrichments in the strata may influence later gold mineralization. 

The Origins of Gold Enrichments in Organic-rich Strata 

This research concludes that siliciclastic strata associated with sediment-hosted 

gold deposits were enriched in gold at the time of depositioiL The strata in vdiich the 

gold and organic carbon are preferentially eiuiched correspond with periods of I0W-O2 

paleoenvironmental indicators, probably associated with organic productivity in 

upwelling zones at continental margins. This suggests that upwelling zones are favorable 

for the accumulation of gold in organic-rich marine sediments. Upwelling-related 

organic-rich marine strata occur in other parts of the stratigr£q)hic column, such as in the 

Devonian, but are not associated with unusual abundances of gold deposits. What factors 

(other than organic productivity) play a part in accumulating gold in marine sediments? 

Perhaps the most important factor to consider is the source of gold to marginal 

ocean basins where organic-rich sediments accumulated. The two dominant sources of 
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gold to the oceans are rivers and hydrothermal activity. The following discussion 

si^ests possible scenarios for the source of gold in marine sediments, focusing on 

western North America, because the bulk of the data are &om there. However, 

implications for global processes will also be discussed. 

DETRTTAL SOURCE OF GOLD 

During the early Paleozoic, sea levels were high and much of North America was 

covered by epeiric seas. Hence erosion rates were low, and river input to the ocean was 

probably small. However, the widespread deposition of quartz sandstone and turbidites 

in marginal environments of westem North America indicate that a subaerial source 

terrane existed, at least locally. The predominance of illite over chlorite in Ordovician 

siliciclastics also suggests proximity to a continental source. This source terrane 

probably consisted of Precambrian rocks, and may have contained gold deposits (such as 

Archean greenstone gold deposits or Proterozoic Witwatersrand-type gold deposits found 

on other cratonal areas). Erosion of such deposits could have contributed a significant 

amount of gold to the marginal basin. 

Gold transported to the marginal basins was available to be adsorbed by organic 

matter or clays, precipitated with sulfides (if the environment were sufficientiy reduced), 

or taken up with other nutrient elements by plankton in upwelling zones. In the 

upwelling zone, the gold would have been preserved in the sediments under reduced 

conditions, such as in the oxygen minimum zone. 

Another possible mechanism for transfer of gold to the marine sediments is via 

turbidity currents. In this scenario, gold was eroded fix>m the continental source terrane 
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and carried to the sea as oxidized complraces in the river wato: or in colloidal form. 

Gold-enriched seawater was swept off the edge of the continent, along with the 

continentally-derived sediments, by turbidity flows. When the turbidity currents passed 

through the reduced environment of the oxygen-minimum zone, the dissolved gold was 

reduced and precipitated as native gold and accumulated with the sediments. 

The existence of a volcanic arc outboard of the marginal basin may have resulted 

in restricted circulation in the basin, keeping the gold emichment processes within the 

basin and thus preventing dilution to the open sea. On the other hand, the arc may have 

hindered circulation of oxygenated, nutrient-rich currents necessary for organic 

productivity in the upwelling zones. Apparently, there was sufGcient mobility from the 

open sea to the marginal basin for upwelling processes. The volcanic arc may have 

provided just enough of an edifice to confine the gold-enriched sediments without 

hindering the upwelling currents. 

These scenarios involve erosion of a gold-enriched source terrane adjacent to 

upwelling zones in the marginal basin. The existence of a continental source terrane east 

of the basin has been established (Churldn and Kay, 1967; Miller and Larue, 1983), 

though it is difficult to speculate on the gold content of this terrane. Because cratonal 

areas worldwide contain very rich gold concentrations (greenstone gold and paleo-placer 

gold dqposits, mentioned above), it is plausible that the western North American craton 

also contained such gold deposits. (Periuq)s the Ordovician quartz sands of the Eureka 

Formation and Valmy Group were derived from erosion of a Witwatersrand-type gold 

deposit) A gold-rich source would have suppUed more gold for the processes described 
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above. Nevertheless, a continental source with average crustal abundance of gold could 

also have contributed gold to the marine sediments by these mechanisms. 

HYDROTHERMAL SOURCE OF GOLD 

Submarine hydrothermal activity is typically associated with volcanism, as 

evidenced by numerous volcanogenic massive sulfide deposits. Submarine volcanism in 

the paleo-Pacific ocean basin intensified during the early Paleozoic because of active 

rifting at mid-ocean spreading ridges. Volcanism occurred in arcs over subduction zones 

at the margins of the paleo-Pacific. Mafic volcanic rocks interbedded with sedimentary 

imits in the Valmy Group have been attributed to submarine seamounts. Increased 

volcanism means a higher probability of hydrothermal activity in the form of VMS 

deposits, hot springs, and megaplumes. Increased hydrothermal activity means increased 

input of gold to the oceanic environment. There are several mechanisms by which 

hydrothermal gold may have been enriched and preserved in marine sediments. Some of 

the hydrothermal gold precipitated quickly, forming the mineralized sediments 

surrounding hydrothermal vents. Periodic megaplimies have the best potential for 

transporting fine-grained gold the farthest fix)m the vent sources. Estimates of 

megaplimie recurrence range from 10  ̂ to 10  ̂ years, likely on the order of 10  ̂ years. 

Meg^lumes may be significant during times of high spreading rates, such as during the 

early Paleozoic. Hydrothermal gold may have dissolved in seawater and been 

transported by ocean currents, v^ere it would eventually have ended up in iq)welling 

zones. 
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The main point is that submarine hydrothermal activity, associated with 

volcanism worldwide, was stepped-up in the early Paleozoic. Consequently, input of 

hydrothermal gold to the world's oceans was higher in the early Paleozoic than during 

other periods of relatively quiescent submarine volcanism. Volcanism (and its associated 

hydrothermal activity) was most intense at the spreading ridges and at volcanic arcs. 

Island arc volcanism has been postulated for several continental masses that rimmed the 

paleo-Pacific basin in the early Paleozoic (Coney, 1990). 

Gold enrichments in marine sediments (for which hydrothermal activity was the 

source of gold) would have been highest proximal to the hydrothermal vents, then 

decreased with distance. Interbedded greenstones in the Valmy and Vinini strata indicate 

close association with volcanism. Strong mineralization occurred in Valmy strata at the 

Mountain City deposit For the most part, however, the siliciclastic sediments received 

low, but significant, gold enrichments that may have originated from dispersion of gold 

fix>m submarine hydrothermal vents associated with seamount volcanism or island arc 

volcanism. Gold enrichment in the Valmy may be higher than in the Vinini because 

greenstones are more abundant in Valmy. 

Consequences of Gold Enrichments in Organic-rich Strata 

The occurrence of primary gold enrichments in the sedimentary rocks associated 

with epigenetic gold mineralization is suggestive of a causative relationship. To explain 

this relationship, there are two aspects to consider: sedimentary rocks as the source of 

gold and favorable geochemistry for gold precipitation. 
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The sedimentary pile is a logical candidate for the source of gold (see previous 

section on sedimentary source of gold). If the sedimentary source were enriched in gold 

relative to average gold concentrations in crystal materials, it would be an even more 

Ukely candidate. In this scenario, gold was leached by hydrothermal fluids fix)m enriched 

sedimentary rocks (such as the organic-rich, passive margin siliciclastics studied here), 

transported in solution, concentrated and reprecipitated in the sedimentary pile from 

whidi it was leached. Indeed, haloes of leached rock, in ^^ch the host rock is depleted 

in gold relative to average abundance, have been documented around sediment-hosted 

gold deposits. The spatial association of sediment-hosted gold deposits with sedimentary 

strata containing primary gold enrichments would suggest that gold had not traveled very 

far in a lateral sense before being concentrated into a mineral deposit 

Lead isotopes provide further evidence for siliciclastic eugeoclinal strata of 

Nevada being involved in the source areas for sediment-hosted gold deposits. Pb-

isotopic characteristics were determined from samples (from this dissertation research) of 

sedimentary host rocks and compared with sulfide minerals from Carlin-type gold 

deposits of northern Nevada (Tosdal et al., 1998). The Pb-isotope characteristics of the 

sulfides show evidence of mixing of fluids from two distinct sources. One Pb source area 

has a large range of ^®^b^®^Pb (18.5-25.3) and restricted values of ^°^Pb/^°^Pb (38.1-

39.5), resembling the Pb-isotopic characteristics of eugeoclinal siliciclastic rocks sampled 

for this study. The second Pb source had slightly elevated ^®^Pb/^®*Pb (>15.75), relatively 

low ^®^b^®^Pb (19-20), and Th/U «s4. Three possibilities for the second source are 

indicated: (1) magmatic, (2) Late Proterozoic or early Paleozoic sedimentary rocks at 
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deeper crustal levels, or (3) even deeper lower-middle crustal rocks (in support of 

conclusions by Seedorff (1993) and Uchik & Barton (1997). The Pb-isotope data show 

there was interaction between the hydrothermal fluid source and the siliciclastic strata, 

suggesting that the fluid may have leached gold firom the silidclastics as well. 

Favorable geochemistry of the host rocks may also be part of the link between 

gold-enriched strata and host rocks for gold mineralizatiotL The gold-enriched strata are 

also high in organic-carbon. Gold deposits in the northern Independence Range (Jerritt 

Canyon District) contain remobilized carbon along structures (Weideman et al., 1991). 

The carbonized zones are anomalously high in gold, suggesting the carbonaceous 

material played a role in the mobilization and precipitation of gold. Reaction of fluid 

with reduced components in the host rock allows dissolution and transport of gold as 

bisulfide complexes. Thus, gold mobilization is optimized at the source by the presence 

of organic carbon. At the other end of the fluid path, gold-bearing hydrothermal fluids 

may encounter the reduced geochemical environment in the host rocks high in organic 

carbon and deposit the gold. 

Rocks from other geographic areas and of other ^es need to be studied to 

determine vdiether gold enrichments are unique to lower Paleozoic strata or common in 

all organic-rich siliciclastics. If the abundance of gold deposits in lower Paleozoic strata 

is related to sedimentary pre-enrichment, gold enrichments would not be expected in 

upper Paleozoic rocks. If so, the lack of gold enrichment during sedimentation of upper 

Paleozoic strata could be explained by a decreased flux of gold to the marine 

environment (primarily by decreased volcanism and hydrothermal activity) relative to 
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lower Paleozoic strata. Thus, Devonian strata, though abundant in organic matter, are 

less likely to be enriched in gold, because the input of gold to the marine environment 

was lower than during the Ordovician. Mth less gold available in the source strata to be 

leached by later hydrothermal fluids, fewer gold deposits would be expected in rocks 

associated with those source strata. 
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VI. SUMMARY AND CONCLUSIONS 

For this study of lower Paleozoic, passive margin strata of the Great Basin, 

geochemical analyses revealed gold enrichments in siliciclastics relative to carbonates. 

Rocks of the Valmy Group had the highest average gold content (21 ppb, n=25, range of 

<2-85 ppb), followed by Vinini rocks (average of 7 ppb, range of <2-14 ppb). Lower 

Paleozoic carbonate strata from the Great Basin and southeast Arizona were mostly at or 

below the detection limit of 2 ppb Au. Gold enrichments in the siliciclastic rocks are 

interpreted to be primary characteristics of the sediments, occurring at the time they were 

deposited. 

Gold in siliciclastic rocks has a positive correlation with other metals and total 

organic carbon. Stratigraphic comparison of gold with other geochemical parameters was 

done for the section of Valmy strata in the northem Independence Range, northeastern 

Nevada. Stratigraphic intervals high in gold correlate with peaks in total organic carbon, 

total metals (sum of V, Cr, Co, Cd, Cu, Ni, Pb, Zn, Mo, U, Ba, Au, Ag, As, Sb), and 

vanadium ratio [V/(V+Ni)]. High gold intervals also correlate with low values of 5'̂ C 

and cerium anomaly (Ce*/Ce). Sulfide content was too low to draw conclusions about its 

relationship with gold, but there is a weak positive correlation between gold and sulfate 

(probably from barite). These geochemical parameters have been used as 

paleoenviroimiental indicators for low oxic conditions. From these observations, a 

preliminary conclusion can be made that gold enrichments in the sediments occurred 

during relatively reduced periods in an upwelling zone vvdien organic productivity was 

especially high. 
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Neither gold nor organic carbon correlate with indicators of detrital components 

(A1 or Ti) in the siliciclastic strata. Thus, marine processes must be acting on or 

modifying the input of gold fix>m detrital sources into marine environments. Organic 

processes probably played an important role in transferring gold from seawater to the 

marine sediments, by organic uptake of plankton and adsorption on organic particles 

settling to the sea floor. Gold may also precipitate and settle in marine sediments as it is 

transported into the reduced environment of the oxygen minimum zone. Gold was 

contributed to the marine envirormient from detrital input (from turbidite deposition) and 

submarine hydrothermal activity. 

Lower Paleozoic sedimentary rocks with primary gold enrichments may be 

related to increased gold deposits in associated strata for two reasons. First, if the 

sedimentary rocks were a source of gold for circulating hydrothermal fluids, pre-enriched 

strata would have more gold available for leaching than other strata. In relatively 

locallized hydrothermal systems, gold mineralization would thus be spatially associated 

with strata that contained primary gold enrichments. Second, the interaction of reduced, 

organic-carbon-rich, lower Paleozoic strata with gold-bearing hydrothermal fluids may 

stimulate gold precipitation, thereby acting as a trap for gold mineralization. 

The notion of pre-enriched sedimentary strata as a source of gold or a trap for 

gold is intriguing. Knowing the depositional environments and periods that resulted in 

primary gold enrichments could be a valuable exploration tool. If gold deposits are more 

likely in certain age rocks from certain environments, gold prospectors could narrow their 

search. Preliminary conclusions based on the results of this study suggest that lower 



100 

Paleozoic passive maigia tenanes containing marine strata deposited in upwelling zones 

i^en gold input to the oceans was high may well be a likely target for gold exploration. 

The conclusions are promising, but more work is justified. To determine how primary 

gold enrichments are linked to gold mineralization, several problems still need to be 

addressed. These include: (1) gold contents in rocks of similar age and depositional 

environments fiom other geographic areas, (2) gold contents in siliciclastic rocks of other 

ages, (3) how the gold occurs in the sediments, (4) geochemical behavior of gold in 

reduced sedimentary environments, (5) gold leaching and gold precipitation mechanisms 

in reduced hydrothermal environments. 
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APPENDIX A. Sample Descriptkms 

Samples coU ccted from Soatbcast Arizoaa 

Date and 
Locale Sample# Fonnation Lhfaology cc

rx
n 

Comments 

2S-Apr-92 
Swisdidin 
Mtns  ̂AZ 
Leslie Pass 

MY92-LP1 Otd. El Paso 
LimestoneKloloinitic 

S-M 2S-Apr-92 
Swisdidin 
Mtns  ̂AZ 
Leslie Pass 

MY92-LP2 Dev. Maitin? limestone S-M 

2S-Apr-92 
Swisdidin 
Mtns  ̂AZ 
Leslie Pass 

MY92-LP3 Ocp(?) Imst 
w/ banded chert 

S-M 
N Upper exposure of section 

2S-Apr-92 
Swisdidin 
Mtns  ̂AZ 
Leslie Pass 

MY92-LP4 Oep Intra, finn*. bx 
sty(?) doL clasts 
Imst matrix, cc frax 

W-N 
S-M 

Imst wall rock attached 

2S-Apr-92 
Swisdidin 
Mtns  ̂AZ 
Leslie Pass 

MY92-LP5 ? doFc limestone M-N 

2S-Apr-92 
Swisdidin 
Mtns  ̂AZ 
Leslie Pass 

MY92-LP6 Oep Intra, finnl cgl/bx 
lam'd Ims clasts 

Mor 
W-N 

18-Msor-92 
Northern 
Swisshebns 

MY92-NS1 Oep sty-sdy intcrbeds 
in doIomilB 

w-n hem. stain, caliche vns. 
I5cm sampled, 5 cm above 
basal sandy contact 

18-Msor-92 
Northern 
Swisshebns 

MY92-NS2 Oep dolom N hem. stain, SOcm sampled 
50cm above contact. 

18-Msor-92 
Northern 
Swisshebns 

MY92-NS3 Oep dolom N 3m above NS2 

18-Msor-92 
Northern 
Swisshebns 

MY92-NS4 Oep dolom'css N 
hem. stain, 3m above NS3 

18-Msor-92 
Northern 
Swisshebns 

MY92-NS5 Oep Imst s hem. stain, w/ green fibrous 
patches, 12m above contact 

18-Msor-92 
Northern 
Swisshebns 

MY92-NS6 Oep dol(?) n hem. stain, poss. gm glaua 
12 m above NSS 

18-Msor-92 
Northern 
Swisshebns 

MY92-NS7 Oep Ims S& 
W-N 

-10-12m above NS6 
hem. stains 

18-Msor-92 
Northern 
Swisshebns 

MY92-NS8 Oep? silicified carbt M-N from moss/lichen covered 
ledge, poss. float, E. of sect 

18-Msor-92 
Northern 
Swisshebns 

MY92-NS9 OeporCa? dolom. w Hem. stains, sampled from 
exposure in stream cut 

Apache Pass 
AP-1 Oep Dolomite w 

AP-IA is from tan beds 
Johnny Lyon 

Hills 
Ca-JLH Abrigo Oolitic Ims w tidal sed. ox'd 



APPENDIX A - continued 

Sampia collected from Sootlieast Arizona - continued 

Sample# 

Color 

Textures Structures Sample# Fresh Wealfa. Textures Structures 

MY92-LP1 Dk.bl-giy brown Coarse-grained 
Porous 

laminated 

MY92-LP2 Dlc.gî  aystalline, 
fossiliferous 

MY92-LP3 DLgnQT coarse crystalline 

MY92-LP4 gr  ̂ brown sed. breccia 

MY92-LP5 gray bm crystalline msv/kun'd 
ftax 

MY92-LP6 

MY92-NS1 tan 
gr  ̂

alternating 
bm & bl-gty xin 

lam'd sty beds 
overail thin-bedded 
fiax'd 

MY92-NS2 m hard, grainy, xln vns 

MY92-NS3 m tan-gry less xln, more "iimey msv, vns 

MY92-NS4 bufT-bm more"Uniey", sdy 
thanNSS 

x-bedded to msv 
frax, vns 

MY92-NS5 gray less xln, msv 
fiax'd 

MY92-NS6 dk. gry red xln in patches msv, frax'd, vns 

MY92-NS7 dk.gry red-ppi msv cc vns 

MY92-NS8 hard 

MY92-NS9 ev sandy, silty 

AP-l tan & gray alternate bedding 

Ca-JLH red,blk ox'd 
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APPENDIX A. Sample Descriptkms 
Sieples edhdtd firwB Nenda 

Dale aid Loole Saaple# Fommiaa Lillioiocjr 
r/it» 

Tacnaes Dale aid Loole Saaple# Fommiaa Lillioiocjr Fiesfa Wcath. Tacnaes 
7/IV1992.EIItoCty. 
N.b(iqi.R. 
OntcrapLCaf 
WHkias ft Brown) 

Nil Od 
Lower Snow 
CaqraaMbr 

Sbifeysist dkgiy 
tai 

7/IV1992.EIItoCty. 
N.b(iqi.R. 
OntcrapLCaf 
WHkias ft Brown) NQ Od siale bm-giy tan 

7/IV1992.EIItoCty. 
N.b(iqi.R. 
OntcrapLCaf 
WHkias ft Brown) 

ND Od bterixdded bOc sh 
ml a 

bOc 
tan 

7/IV1992.EIItoCty. 
N.b(iqi.R. 
OntcrapLCaf 
WHkias ft Brown) 

NM Od bik tan 

7/IV1992.EIItoCty. 
N.b(iqi.R. 
OntcrapLCaf 
WHkias ft Brown) 

NIS Od QiMiHile totefafd 
w/thinner shiqren 

W dlicified 

7/IV1992.EIItoCty. 
N.b(iqi.R. 
OntcrapLCaf 
WHkias ft Brown) 

NI6 Oil day sbAt bOc sooty, crambiy 

between O.C5 LAN 
Nn Od bedded di w/ sfaalc 

palings 
gm-ian 

OulcnipN NB Od mndsL bOc tan OulcnipN 
ND Ost shymudst bifc tan 

OiKcfopM NIIO Od ss iScgiy/blk cvbooaceons OiKcfopM 

Nil I Od di bOc estaonsoeoas 

OiKcfopM 

NI12 Od dole bOc eafaooaceoos 

OiKcfopM 

NI13 Osl sbt bOc-giy onnge 

OiKcfopM 

NI14 Od shmddi-dst-sh limonilic 

OiKcfopM 

Nils Od shale uddst 
July 19.1992. NXR 

Ridge between nK&o 
facility & McAfcc Pk. 

NI16 Ora 
McAfcc qfzt 

sh/sbt brdb-gty 
Fe^d fitax. Uebs 

July 19.1992. NXR 

Ridge between nK&o 
facility & McAfcc Pk. 

Nil? Oiu sh/slst g«y less bTd dan NI16 
lessF»^d,fiax 

July 19.1992. NXR 

Ridge between nK&o 
facility & McAfcc Pk. 

NI18 Om qtzt dtgiy "tilled" 

July 19.1992. NXR 

Ridge between nK&o 
facility & McAfcc Pk. 

NI-19 Om qu saiped 
wfa/tt-dkgiy msv. bomog. 

July 19.1992. NXR 

Ridge between nK&o 
facility & McAfcc Pk. 

NI-20 Om qtzt striped 
darker than 
NI-19 

July 19.1992. NXR 

Ridge between nK&o 
facility & McAfcc Pk. 

NCI Om qtzt striped 

July 19.1992. NXR 

Ridge between nK&o 
facility & McAfcc Pk. 

NI-22 Om qtzt dk-py 
siy mottled 

xln 

July 19.1992. NXR 

Ridge between nK&o 
facility & McAfcc Pk. 

NI-23 Om qtzt gty 
dk-giy-bOc 

fine gained 
(NII8) 

July 19.1992. NXR 

Ridge between nK&o 
facility & McAfcc Pk. 

NI-24 
7/24/1992 Mihala 
Gr.w/S. Yesilyiiit. Ind 
Mm.Co. Stop 1 

NI-2S Snn - Silurian 
Roberts Mm. 

fiy fans carina seams 7/24/1992 Mihala 
Gr.w/S. Yesilyiiit. Ind 
Mm.Co. Stop 1 

NI-26 Sna sty fans pok-giy 

7/24/1992 Mihala 
Gr.w/S. Yesilyiiit. Ind 
Mm.Co. Stop 1 

NI-27 Smi dkgiy bOc ciflxwiarfoin 

7/24/1992 Mihala 
Gr.w/S. Yesilyiiit. Ind 
Mm.Co. Stop 1 

Nl-28 7 cxrb. hns 



APPENDIX A - continned 
SiMpIti wBtcted ft—1 Nt»tdi 

DMeaidLoGde Struuing 
7/18/1992. Elko Cfy. 
N.fadqLR. 
(>acnipL(af 
Waddm ft Bnnm) 

lan'd 
msv 

O.C L of WftB«9 pM Of tutft seq. 7/18/1992. Elko Cfy. 
N.fadqLR. 
(>acnipL(af 
Waddm ft Bnnm) 2(r above, IS* left of Nil 

O.CL 

7/18/1992. Elko Cfy. 
N.fadqLR. 
(>acnipL(af 
Waddm ft Bnnm) 

lumucooco EodoflbmmerniFh. 10 
-toian of NSI 

7/18/1992. Elko Cfy. 
N.fadqLR. 
(>acnipL(af 
Waddm ft Bnnm) 

offiKt bm'tas in msv 
bed between diV 
byos 

Ph. II 
29 above ND.IS'above 2 

7/18/1992. Elko Cfy. 
N.fadqLR. 
(>acnipL(af 
Waddm ft Bnnm) 

» - » lOiCVuGDOQO 
qzvns 

covered «/bm Kcben 
17 above MM 

7/18/1992. Elko Cfy. 
N.fadqLR. 
(>acnipL(af 
Waddm ft Bnnm) 

KfaboveS 

between O.Cs UkN 
Fbolo IS. between 00. LAN 

OntcnipN beds dip iUo slope O.C N. upper pat of ox. OntcnipN 
sbaley y bekjw NI8, less Ian ox'n 

and wcatfa'g than NI8 
OutcropM 2-lfaickrnisv-) O.C M Ndttbem end 

canLtubtseq. 
OutcropM 

shdeybeds same ox., site as MIIO 
immed. below NI10 

OutcropM 

laminated, -vert. -lO-iS* above NI 10.11 
Craptoliles oa 2 spec 

OutcropM 

Msv bed between 
fissile, caib.siiw/ 
imobd'd sistte 

fiiither south on O.C. M 
Photo 18: ch-slsl-ah seq. 
in eabooaeeons layets 

OutcropM 

msv sndshV beds just below contact of Ph. I90CM 

OutcropM 

sbaley iust above contact P!i.t9 
July 19.1992, NXR N39W,2fidegW (oteibeds within Om qtzt beds 

fiKility A McAfee 
Pk. 

K70E,26N similar to 16. less alCd fiKility A McAfee 
Pk. 

less msv 

fiKility A McAfee 
Pk. 

stiq)ed to mottled 

fiKility A McAfee 
Pk. 
fiKility A McAfee 
Pk. 

both dk & b. stripes discontin. 

fiKility A McAfee 
Pk. 

iridescent coating beneadi drasy ({IZ 

fiKility A McAfee 
Pk. 

S cm bedding 

fiKility A McAfee 
Pk. 

discarded 
7/24^992 Mahala 
Cr.w/S. YesSymt. 
Ind. Min. Co. Stop 
I 

tbtn-med. bedded N1-2S. 26,-27 were sampled above a E-
dippmgthnistflt. 

7/24^992 Mahala 
Cr.w/S. YesSymt. 
Ind. Min. Co. Stop 
I Imtoilcd 

7/24^992 Mahala 
Cr.w/S. YesSymt. 
Ind. Min. Co. Stop 
I 

msv,lam'd 

7/24^992 Mahala 
Cr.w/S. YesSymt. 
Ind. Min. Co. Stop 
I 

below dnust, more allTd? 



APPENDIX A - continued 
Sawplri mHccIuI Ncrwfci 

Siap2 NI-29 Dsn-Middle 
SoowCknyaa? gnt pillow basalts 

Slop3 NT-30 
NI-3I 
NI-32 

Os 
Os 
Os 

siTdaifl? 
arift 
bOcchat 

tfain-bdd: 2 to 
-lOcmliiick 
coatntedbfg 

Siap4 NI-33 

NI-34 

Os 

Os 

sfaaly 

t iilwmafroiii 

IhiD-bedded 

msv 
stops NI-3S Os slst gqmaa w/co-sat 

NI-36 
NI-37 

Os 
Os 

slst 
slst 

tan 
dk 

py cubes ->lim. 

Slap6 Nt-38 Os chert 
bcn-gqHan 

knobbjr bedding so 
iDaltied.spanepy 

Slap7 NI-39 Osn gnt-alfd basalt gro-bOc chl-cp-cc, tr Solfid 
StopS NHO 

NI-4I 
NI-42 

Osin? OsD? 
Osu 
Osa 

tms lens Ban gist 
bikch&afgl 
qczt lt.giy hard, rd. pure 

sflka 

Haul Road- bdep NI-43 
NM4 
NMS 

Hansen Ccfc.IV 
Oho-in 
Oiic 

mterbdd sty-cfay 

sty intafaeds. limy bik 
Stop9 NM6 Ohc-I siTd 
7/2Sm Jack's Pedc NM7 Om styblkiliteg'l bOc 

7/3S/92 Jade's Pole NI-48 Qjp blkar îii,eh bik-giy 

NI-49 Ojp? slst m sTy carb. 

Nl-50 Qip ch giy-blk ox'daa fin 
NI-51 Osu chV argfl bOc 

NI-S2 Osn basaltic bx (got) ahTd; cfalvcarirt 
7/26/1992 OutaopB NI-53 Osm4 gist be cc matrix 

vesic. basalt dasts alfddU 
NI-S4 Osu slst m tao 

NI-S5 Osu shVmndst daricer poor o.c. crumbly 

7/26/1992 OutaopB NI-S6 Osu qzss intobdd w 
sliV mudst bIk 

NI-57 Osn ss 
NI-S8 Osu ss-sh couplet 
NI-59 Osu qtzt vtb-giy mottled 

NI-60 Osu iiitaMdss(qlzt) 
w/slst/sii 

NI-6I Osu stysdysh bik 
NI-62 Om qtzt Itgiy pined base 

NI-63 Osu sfa 
slst 
cfa bOc knobs on b(fg plane 

Icm ifianL, Jem hi| 



APPENDIX A - continued 
Supics caBcctcd frm Nerada 

Slop2 ccvnkts attend: cc.ep.chL. I piece w/ 
cbetlyband. sqaaihed. 
defianed piODW onlfines 

Stap3 SisnrCSBiyai 'Ui agll* 
intabedded cbV iqcts W 
bm'dih'ya t̂s. OnTdvin? 

Slop4 Limey sfat, dun bedded to msv 

sit. In'ns m Snow Cn. cbeqr beds 
SlopS bm'd.X-bm'd 

bm'd 
msv 

sist intobifd w/agOL Beds, broken, 
slTelch'd.caata(fd 

-200'«p road fitn NI-3S 
-I00f+ 

SlDp6 middle beds 40cm 
upper ft lower oc 

btobedded ifaickAfatn ch beds Some 
beds sTy bfd (arsiby?) 

Slap? ocvns 
StopS 

betw. gistftqpt 
msv bd'd, iTy 
maltled.dk vns 

Section of Upper Snow Cn: 
Gist wf fans lens-Xkm carii. shV 
a||t-> qlzt (sim. Io McAfte qirt) 

Haul Road- bidep 3-anbeds Discanled 

msv -

Stop9 " 

7/2S/92M(rsFeik bm'd to 3 cm N24W. 441W. imohrdflrd 

7/2S/92 Jade's Feik bteriKfd sglt (2-3 cm) 
di (hm'd-ittennated 
deps.lo4cm.) 

N19W35JW 
N. of Jade's Pk. 
40ff above saddle 

NS8W48SW above Om below Qip cb 
sim. 10 Om iiitnbeds 

silica vnlets 
1-3 cm beds, folded 

vns 4di (upper) member Osm 
7/26/1992 OolcropB basal to Osu 

lam'd to dm^xid 2cm Sm above lower qtzt bed 
Loc. Fig. 7 WftB (tubt fines) 

fiieiy bm'd Same inteTval as NI-S4. 
-10m higher 

-4cm 
lam'd in 4cm beds 
ripple x-lam'd in nnbt seq.-mterixid ss/sfa 

smpTd just bdow Ihk. qlzt bed 
<IOmdikbed Upper qlzt bed in Osu, in seq. 

interixid qb ss, ifaV sist 
ss beds thker (20cm) 30cm anpTd see sketch in 

notes 
bm'd dm bdd to 2cm 
dikbdd bas Om just above Osa contact 

lanitiutfcci to tfani* 
bedded sequence 

4-5 m bdow contact w/Om 

Kb 2cm 
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APPENDIX A- continued 
Samples collected from Nevada 

7/28/1992 Saddle NI-64 Osu slst blk-gry tan-bm sty/sdy/shy 

east of McAfee Pk. varbl'd lisegangue bnd'g 

see notes for sketch NI-65 Osu? qtzt bx bar in matrix 

NI-66 Osu? slst/qtzt sil'd, ox'd, alt'd 

7/31/92 Snow Can. NI-67 Osu? ch dkbm, py'c, ox'd 

w/ Mike Jones NI-68 Osm? ch? motl. grainy appea 

some bl'g 

NI-69 Osm/Osu? sh'y tuffs v. alt'd, almost claye 

NI-70 Osu? sh blk gry 

7/31/92 Snow Can. NI-71 Osu? sh/arg't blk py'c 

w/ Mike Jones NI-72 Osm? grst ch'd 

Barite pit NI-73 Os? bdd barite wh-gry 

NI-74 Os tuffaceous sh ? 

NI-75 Os chlsh (baritic?) blk 

8/1/92 Calif. Mtn. NI-76 SO hi ch/hns(dol) int'bdd 

Indep. Min'g Co. NI-77 SOh II dol'c lms lt-dk gry 

measured section 

SO Hansen Crk NI-78 SOhll dol'c lms dk-kt gry mottled 

NI-79 SOh lms gry foss iii f. 
NI-80 SO hill lms w/ slst/ch lens blk ch banded lens 

NI-81 SOh lms gry 

ch blk nodular, lenses 

NI-82 SO hill sh'y lms dkgry tan 

8/2/92 Roberts Mtns. RM-1 Ovl? slst blk 

RM-2 Ovl? lms dkgry tan sty laminae 

xln spots-fossils? 

RM-3 

8/3/92 Roberts Mtns. 
RM-4 Ovi upper ch blk v.hard 

Vinini slst/sh blk-dk. bm softer 

RM-5 Oviu as RM-4, more sh'y 

RM-6 Oviu slst, siliceous sh? gry tan 
RM-7 Oviu bdd ch gm 

sh interbed wh silid'd 

RM-8 Oviu ch'y slst lt-med gry tan 

RM-9 Oviu sh'y slst gry tan 

RM-10 Ovi Upper? sty ch blk 

w/sty sh 

RM-11 Ovi u? interbdd sty ch blk 

& slst lt. 

RM-12 Oviu basalt-grst gry blk bm spher'd weath'd 

crumbly shells, 

aphanitic cores 
RM-13 Ovi micrite lms blk gry-ctnl micritic 
RM-14 Oviu ch/slst blk massive 
RM-15 Ovil calcareous slst It tan-gry 

Ridge betw. Dry Crk slst gry 
and Vinini Crk. 

ss tan 

qtzt wh,blk 

RM-16 Ovil slst, ss, qtzt blk 

RM-17 Ovil assorted lithologies 



APPENDIX A - continaed 
Smfles eeOedad firee Nemda 

7/28/1992 S*Ue 
east of MeAiee Ffc. 
see notes fir dKieb 

fiax'd smpTd below rim of dn|Be 
gen.alfdftfiaiM 

7/28/1992 S*Ue 
east of MeAiee Ffc. 
see notes fir dKieb sist A <|bBt iMeibeds 

bodi-'S-7mtb>cic 
fiom qu ait. bgc//btTg, 

7/28/1992 S*Ue 
east of MeAiee Ffc. 
see notes fir dKieb 

Sb mmrn as ioeg. patdies oo 
fiax plaoe. wh bar. as vns or ? 

7/31/92 Snow Cb. 
w/Mke Jones 

msv bdd, frax'd poas.aedex? 7/31/92 Snow Cb. 
w/Mke Jones V. siliceous, ox'd py 

cubes (Em), A voids 
ey immed. above gnt ooncact 

Ifam-lam'dbdg verticalbdg. above gist eoatnct 
966 sfectcb itt notes 

7/31792 Snow Cn. 
w/MDte Jones 

above gist eantnct. see siceleh 7/31792 Snow Cn. 
w/MDte Jones below gtst oonlact see sketdi 
Barilepit msv above cootact w/sfaAf  ̂Ph. 20 Barilepit 

wAndite^seq. 
Barilepit 

i-Uan beds assoc. w/bar. beiow. tmiit above 
VI/92 Calif. Mm. 
bdep. Mm'g 0>. 
measured section 
SO Hansen Cik 

See IMC memo, sketch in notes VI/92 Calif. Mm. 
bdep. Mm'g 0>. 
measured section 
SO Hansen Cik 

// lam'd. wavy X-lam'd 
msv beds 

upper part of SOhn 
VI/92 Calif. Mm. 
bdep. Mm'g 0>. 
measured section 
SO Hansen Cik x-bdd. ttuD'̂ lik bdd Fholo3l 

VI/92 Calif. Mm. 
bdep. Mm'g 0>. 
measured section 
SO Hansen Cik 

pink sfay partings 

VI/92 Calif. Mm. 
bdep. Mm'g 0>. 
measured section 
SO Hansen Cik 

See notebook sketch 

VI/92 Calif. Mm. 
bdep. Mm'g 0>. 
measured section 
SO Hansen Cik 

VI/92 Calif. Mm. 
bdep. Mm'g 0>. 
measured section 
SO Hansen Cik 

lam'd and x-lam'd 
ccvns 

upper SOUn; photos 27,28 
fwtgbook 

8/2/92 Rotierts Mms dUHDed. bdd near bead of Diy Ok 8/2/92 Rotierts Mms 
lam'd to msv 
fiax 

8/2/92 Rotierts Mms 

(fiscarded 
8/3/92 Roberts 
Mms. 

2-20 an thick beds 
I-2cmdiick 

sniplleftofFh.3S 8/3/92 Roberts 
Mms. 

-S'below RM-4 

8/3/92 Roberts 
Mms. 

lam'd poss. giapL or poss. fiax. vns 

8/3/92 Roberts 
Mms. 

2-10 cm 
Icm 

Gni-Cu?ac? Photo 37 

8/3/92 Roberts 
Mms. 

bdd 

8/3/92 Roberts 
Mms. 

thin bedded 

8/3/92 Roberts 
Mms. 

lam'd 

8/3/92 Roberts 
Mms. 

0.5 cm thick beds 

8/3/92 Roberts 
Mms. 

nanow zone in Oviu float, near 
contact widi Ovil? 

8/3/92 Roberts 
Mms. 

ccvns single bed win Ovi, oearRMI2 

8/3/92 Roberts 
Mms. 

Ridge betw. Dry 
Ok and Vinini Ok. 

fiom float and subctops 
Ridge betw. Dry 
Ok and Vinini Ok. 

fiom float and subcmps 

Ridge betw. Dry 
Ok and Vinini Ok. 
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APPENDIX A - continued 
Saapics caOKtad &«• Nevada 

WAdeheadafDcy RM-I8 Ova sbt 
Or. di bik 

RM-t9 Ova qtzl hbmgiy 
RM-20 Ova cate.n bnipy 
RM-2I Ova calc. 1* (idy bus?) nied.(iy 
RM-22 Ov9 iiileibdd qWfcate i» 

Spar Rd. oa E. flank RM-23 Ovin ih bOc 
Robots Mia. diV.slydi bft 
Mm Wjide Robots RM-24 OviU7arbani shale bOc giy.tn 
Mtn. OvO? PJfriieT) 
8/S/92 Etndia DiHtict EU-l Op(Pogaa9) has xb 

WjideofWiodbn medbin-ffy 
Can. N. Wmd&U Miw EU-2 Opg (Goodwill fans W m crink  ̂shale partn 

Mbr.Pngoov) cfa nodules btn-tan 
EU-3 CWmd&DIm bns m xln, shy partings 

Boilwiackcr Mbr 

EU-4 Cwb lots try 
EU-S Opn Ninemile fans 

(oribi'dOpg?) 
EU-6 Opa? fans m ihaly partings 

Antelope vty. 
EU-7 Opa? brow come xhi. gratny 

Australia, tjchlan LA-t py 
LA-2 pn 
LA-3 ounve 

Banick drillhole 2:23 OM 
Saddle iKXiii of 2.-6S OM 
McAfee Fk. 2:73 OM 
J77-2 2:113 OM 

il233 OM 
2:14S OM 
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APPENDIX A - coDtinaed 
StMpiffg ofcctcd fif— Nevwtft 

WjidebodofD^r 
Ct. 

picked fiom Boa sbove olc. of 
maun snppTd eel wAsdasIs I-IO 
eminsae,poar«afB, dVmd'd 
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APPENDIX B. Geochemical Analyses 
Sampis 

« 
* „ % * , ppo Ippm ippm Ippm ippm _3L 

VHa 

ppm ppm ppm ppm ppm ppm Sampis 

« so«° TOC s' AU IV Cr Co M 
_3L 

VHa Cu Zn As Mo Afl Cd 

LAI 0.01 0.10 OOl 2 207 16 15 S 0978 14.6 63.4 10 2 0.2 03 

LA2A OiM 002 0.14 2 234 15 33 10 OLOSO 2360 62.7 9 2 03 OS 

LAS 001 010 OJS 5 193 18 28 8 0960 299 123 13 2 03 OS 

NUO 002 OiS 004 2 5 7 1 OS 0909 3.7 43 6 2 02 OS 

M-55 006 070 0.01 16 176 49 1 0 0.951 33.2 52 11 9 02 03 

NM7 0.04 1.5S Oitl 19 372 72 1 IS 0950 98 333 25 2 13 OS 

RM-11 0.13 1.75 0.02 14 583 SO 1 13 osm 53.8 15.4 15 2 4 03 

iaiU4 0.04 1A) 004 2 909 60 3 3S 0J62 28.7 279 22 20 0.2 03 

RM-20 006 070 002 2 5 7 1 1 0833 5.6 63 1 2 0.2 03 

NM2 0J12 1.50 002 5 11 7 2 OS 0.957 2.9 63 6 2 0.2 OS 

LP-1 OOl 1.10 OiM 2 5 20 2 OS 0909 27.2 104 9 2 0.2 OS 

EU-i 0.01 0.65 OOl 2 5 6 1 OS 0909 4.1 5S 1 2 0.2 OS 

M-26 OOl 0.50 ooa 2 266 60 4 19 0.933 15.1 59.1 13 14 0.2 OS 

NMn 0.02 0.10 0.05 9 127 64 7A 24 0841 104 723 24 1 035 OS 

NM)S OOl 1X» OOl 28 1790 140 1.3 18 0990 1Z2 32.7 6 4 3 03 

NM9 003 02S 009 8 149 75 13 30 0.832 25.1 SOS 3 1 0.05 03 

M-IS 0J12 080 005 7 158 81 3.8 36 0.814 147 121 3 1 005 OS 

MM? 0J13 OBS OOl 18 199 90 0.9 8 0961 72.9 8.7 8 1 005 03 

NI-27 004 030 0.06 1 144 41 3.7 16 OJOO 9.7 783 7 3 0.05 OS 

Nt31 0.51 0.50 oua 12 283 120 1.4 20 0934 369 82.4 5 10 23 1 OS 

NMO 003 002 0.01 1 6 1.2 1 8 0.500 1.7 2.1 1 1 005 03 

NM8 0.05 1.45 004 14 156 60 1.1 31 0.834 82.1 133 34 3 03 03 

NI-61 0.11 0.70 0.01 34 107 58 1.4 11 0.907 401 33.7 86 1 005 03 

M-TO 0.07 1.45 0.01 39 89 71 1 6 0.937 4.4 04 3 1 oi OS 

M-71 0.52 1JS OJil 24 794 110 3.8 24 0.971 aos 343 23 3 035 OS 

NI-75 0.33 0.45 OM 50 100 48 11 21 082S 74.1 523 3 3 0.1 OS 

NI-77 OOl 0J20 om 2 2 0.25 0.8 OS oaoo 0.6 03 2 1 33 03 

RM-2 0X8 0.80 0J2 1 31 44 1.9 8 0795 3.2 40 2 1 0.05 03 

RW4 0.01 OJBO 0.03 13 1300 87 0.9 8 0M4 91.2 126 44 17 3.9 03 

RDM 0.02 0J3S 0.04 1 70 15 3.1 8 0.897 63 473 3 3 0-2 03 

RM-10 0.03 1.90 0.02 11 738 55 1.1 14 0.981 953 93 16 8 0.05 OS 

RM-13 0.10 0.55 0.19 1 73 12 2.6 9 0.890 5.7 40.2 9 e 035 03 

RM-18 002 0.30 0.01 1 77 30 3.1 12 0J65 28 303 3 1 0.05 OS 

AP-1 oun 0.45 0.12 1 7 14 2.9 4 0.636 2.1 123 1 1 0.05 03 

EU-2 0.01 0.10 0.01 3 4 Z5 1.2 0.5 0J89 03 2.4 17 1 0.05 03 

SH-1 8.47 0.05 0.120 1 16 OJS 9.1 13 0.552 403 43.4 4 1 03 OOS 

Nt-73 11J6 0.10 0.280 11 3 10 3.8 4 0.429 73 12 03 1 03 035 

DP-5 1 232 340 47 52 0817 84 59.6 03 2 03 035 

NI-29 1 229 320 43 53 0.812 973 573 03 1 03 035 

AP-la OJM 0.20 0.170 1 17 22 4.1 4 0.810 63 143 7 1 03 005 

AP-lb 0.05 ojsa 0.210 2 15 20 33 7 0J82 4.7 203 6 1 03 0.05 

EU-4a OJM 0.10 OiMO 1 5 13 1.7 1 0.833 2.7 10 3 1 0.1 035 

ELMb ojn 11)5 0.010 2 6 7.7 1.4 1 0.857 13 8.2 2 1 OI 035 

RM-lla 0.03 3.25 0.100 7 857 65 1.2 35 0.961 16.1 24.4 4 55 4.1 2 

RM-llb Oi)1 1.75 OiMO 8 640 43 1 25 0962 15 173 7 8 4.2 035 

M-IO Oi)1 0.70 0.010 7 139 48 1 6 0959 15.7 5.4 2 1 0.7 OOS 

NI-12 <0.01 3.15 9 278 80 1.7 32 0.897 145 413 1 1 03 035 

NM78 ojn 2.15 0.010 21 300 62 15 14 0.955 903 333 38 1 0.7 005 

Nl-«7b oin ^00 <0.01 20 355 69 1-B 5 0.966 453 m 62 8 13 OOS 

Nl̂  oin 060 <0.01 11 107 46 3.4 13 0.892 603 433 8 1 0.1 035 

NI-S8 0.03 1J5 0.010 9 265 83 1.7 15 0M6 323 163 11 4 04 035 

Ntao 0.01 OJO <001 9 20 9.4 1 2 0909 253 5.1 6 1 02 035 

M-aia 002 1.20 <0i« 48 142 72 2 24 0.855 693 603 55 2 07 0.05 

NMIb 002 0.70 0010 37 98 46 1.4 11 0899 42.7 703 55 3 05 035 

NM3 OJIS OM 0.020 34 66 41 1.1 5 0932 283 143 12 1 53 OOS 

NI-74 0.01 005 <001 1 106 79 9J 29 0785 103 504 3 1 0.4 005 
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APPENDIX B. - continued \ 

SamplBt 2JI* Sb Ba Pb u B* B Sc 6* 8m Br Cs La Cm Nd 

LAI 323.7 23 683 1 03 23 58 2aio S 1 23 13 243 52 X 

LA2A 2718.1 03 1100 1 13 33 42 27.10 5 1 33 33 253 50 24 

LAS 8703 1 117D 7 2.1 33 48 1&70 5 1 33 23 26lS 57 27 

NMO 24.7 3 240 1 012 03 5 0.20 5 1 33 03 3.4 8 2 

NM6 283.1 33 1200 8 133 43 73 530 5 ao 143 85.2 124 54 

NM7 S08.1 32 2700 10 73 33 187 630 5 1 3.0 103 343 83 25 

RM-11 722.7 7 919 15 3.2 03 25 1.10 5 13 13 Z2 3 2 

RM-24 1338.4 53 270 7 as 2.0 108 6.70 5 1 4.0 83 173 33 15 

RM-20 283 1 417 1 0.2 03 5 0.90 5 1 33 03 63 11 2 

i»a2 32.9 0.4 5 3 03 03 25 1.40 5 1 3.0 13 6.2 11 2 

LP-1 673 23 5 8 1.4 03 21 0.90 5 1 23 03 8.7 16 8 

ElM 243 0.2 5 S a8 03 5 1.10 5 1 33 13 6.2 11 5 

M-26 4373 43 323 5 4.7 23 55 830 5 1 33 2.0 32.1 80 25 

NKJ3 4013 23 7693 7 3.4 4.0 98 1330 5 1 23 17.4 34.4 66 28 

NMS 2001.7 32 493 11 33 2.0 57 330 5 1 2.7 4.4 133 23 10 

NM» 344.2 1.2 941 4 23 3.0 68 1030 5 1 3.1 12.7 233 45 18 

M-IS 54a4 1.2 22S0 1 8.4 2.0 88 834 5 1 4.0 33 52.1 84 31 

NI-17 381.1 ZT 378 1 3.1 13 102 M7 5 1 3.2 83 243 45 20 

NI-27 2983 13 741 5 32 03 39 5.13 5 1 Z9 2.1 21.7 40 T7 

889.1 3.7 1090 1 83 33 191 1230 5 1 23 173 33.1 60 24 

NMO 193 ao5 202 1 23 03 5 033 5 1 33 0.2 Z2 4 1 

NM8 347.8 93 26S3 4 3.4 03 28 337 5 3.6 43 83 17 8 

NM1 2603 5.2 792 2 4.8 2.0 94 7.43 5 1 2.4 173 183 32 13 

M-TO 181.4 13 1740 9 43 1.0 90 831 5 4.1 4.2 25.4 43 14 

Ni-71 10503 23 4480 17 13.1 43 116 1530 5 1 4.7 53 33.2 81 91 

NI-75 3103 2680 3 1.7 23 65 732 5 23 9.2 183 3S 15 

l«-77 10.1 03 215 3 ^0 03 5 039 5 1 23 0.2 03 1 i 1 
RM-2 129.7 03 910 1 23 03 43 230 5 1 3.7 33 19.2 28 15 

RUM 16143 13 391 10 73 03 24 2.13 5 1 33 13 53 8 3 

RIM 154.1 13 409 4 1.1 03 32 239 5 23 13 83 16 7 

RM-10 9193 93 529 15 63 03 5 135 5 1 23 13 23 5 1 

RM-13 149.1 23 1570 8 33 03 5 2.13 5 13 1.4 8.4 15 8 

RM-18 1823 03 1300 1 Z2 03 52 3.40 5 1 23 13 14.4 26 12 

AP-1 44.4 03 248 18 13 23 11 2.17 5 2.7 2.2 63 12 5 

EU-2 123 0.4 211 3 03 03 5 038 5 23 0.7 23 4 1 

SH-1 1233 13 113 23 03 19 1.09 5 03 2.7 nd 53 10 1 

Nt-73 423 03 13 nd 03 5 0.42 5 03 3.4 nd nd nd 1 

OP-S 817.2 0.1 8770 1.0 0.4 03 30 4130 5 03 33 3.4 13 9 6 

NI-29 8023 02 3410 13 0.D5 13 31 40.10 5 03 2.7 3.1 2.1 7 5 

AP-la 89.7 0.4 1270 43 03 13 19 331 5 03 3.7 13 8.4 12 4 

AP-lb 72-2 03 640 4.0 1.1 2.0 20 2.71 5 03 13 2.9 S3 10 4 

ElMa 343 03 688 13 03 03 5 1.07 5 03 13 03 53 9 4 

EU-4b 27.1 03 474 43 0.6 0.5 5 136 5 03 23 03 5.7 10 4 

RM-lla 10503 83 583 73 14.2 03 21 138 5 03 5.2 1.7 8.7 15 6 

RM-llb 754.2 7.1 587 73 83 03 20 1.12 5 3.0 5.1 1.1 5.1 9 3 

NI-10 2183 0.7 1300 8.0 4.4 03 39 233 5 03 2.0 13 32.0 55 ir 

M-12 5793 13 2310 13 ia7 13 77 8.77 5 03 53 3.1 22.7 40 20 

NM7a 503.4 34 2230 83 83 2.0 161 638 5 03 3J2 10.0 433 70 31 

NMTb 5073 31 1310 63 83 2.0 214 837 5 38 2.7 16.7 193 36 15 

l««( Z743 3.6 862 13 3.4 2.0 100 830 5 03 2.2 23.6 22.4 41 19 

418.4 83 1000 3.0 73 2.0 98 8.73 5 03 3.2 343 313 55 25 

M-60 84.7 13 321 3.0 1 03 18 0.99 5 03 13 1.4 83 11 4 

NMIa 372.8 6.7 904 4.0 5.4 2.0 105 834 5 03 2.4 20.7 22.1 36 H 
NMIb 275.0 33 725 13 43 ^0 77 634 5 03 23 153 193 33 15 

NI-63 1653 4.1 935 13 3 03 73 5.23 5 03 2.7 93 123 22 9 

NI-74 288.1 1 1370 13 13 33 119 1430 5 03 13 213 243 47 19 
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APPENDIX B. - continued 
Sannpte 

« 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm Sannpte 
« Sm Eu Tb Yb Lu RBE CeA:e* Ta W Th Rb Sr y Zr 

IA1 1.20 OS 1.70 025 11155 0508 15 25 25 57 129 20 98 

LA2A S.10 1M 02 2.40 0.40 losiao 0585 3.0 25 35 52 132 23 112 

IA3 &20 1.S0 1i> 2.40 058 12156 0046 05 25 1.4 51 461 5 134 

NMO a40 0.10 0.2 0.10 052 1222 0566 05 25 05 5 11 5 31 

NMS 9M 2.40 12 4.60 050 28150 0599 05 25 07 82 164 105 185 

NM7 4.70 ixn 0.6 220 057 131.47 0599 05 85 72 85 187 23 284 

RM-11 020 aio 02 020 002 752 0575 05 25 25 5 27 14 12 

RtM4 2JS0 a40 0.7 1.70 024 7154 0572 05 25 4.7 81 100 21 07 
Riyuo 0.70 OjO 02 030 006 20.75 0.998 05 25 0.7 5 908 5 5 

NM2 a70 0.20 02 OSO 052 TO 1500 05 25 0.7 5 2100 5 5 
U»-1 1.20 OJO 02 1J0 021 3351 0520 05 25 1.4 5 91 34 168 

ElM oao 0.20 02 040 058 2356 0546 OS 25 05 5 822 5 12 

NU6 4M CM 0.8 2J0 058 125i78 0516 05 25 8.7 46 77 12 284 

NM» 5.03 DM 08 2.78 0.45 13820 0507 0.7 2.0 125 154 75 27 216 

NM» 1.44 0.31 02 1.68 029 50.42 0535 02 25 22 47 51 30 47 

NMM XZT 0.60 OJ 1J1 024 9252 0526 0.7 3.0 82 110 48 13 94 

NI-15 43B OM 0.4 ZOO 054 17521 0540 0.7 15 125 70 190 30 161 

M-17 3S3 0.75 0.4 1.60 024 OKia 0578 0.8 10.0 62 72 90 23 93 

NUT 3.08 0.75 03 1.63 028 84.72 0588 02 1.0 65 39 135 18 164 

M-31 3.98 0.78 04 2.40 0.40 125.15 0594 05 25 105 178 77 25 178 

NMO 0J7 0.28 0.1 0.58 010 856 0513 02 OS 0.1 5 162 5 10 

NM8 1.68 0.44 02 1.13 0.19 3722 0577 02 25 15 17 73 14 43 

NU1 Z2B 0.62 0.3 1.63 050 6854 0561 02 45 6.1 68 62 16 120 

NI-70 ZOT 0.38 02 1.89 052 8724 0599 07 15 75 81 46 20 152 

NI-71 37.60 8.90 6.8 929 122 28951 05S7 15 2.0 9.1 65 83 204 184 

NI-75 2J8 0.74 0.4 157 024 74.43 0501 02 15 45 74 75 15 62 

IW-77 0.02 0.10 at 002 0.01 250 0502 02 05 0.1 5 529 5 12 

RIM 2.49 0.65 02 OM 0.13 6653 0.703 02 05 25 26 446 18 45 

RUM 0.42 0.14 0.1 054 0.11 1756 0.797 02 15 1.4 11 47 5 26 

R»M 1.59 0.47 02 0.49 0.07 3352 0.929 02 15 15 28 111 5 29 

RM-10 0.41 0.19 0.1 03i 005 9.61 1510 02 15 OS 5 46 5 22 

RM-13 1X)1 0J4 0.1 051 0.10 3156 0584 02 05 12 27 658 5 27 

RM-18 2.06 0.58 02 082 0.12 56.16 0552 02 05 4.4 44 169 12 103 

AP-1 0.83 0.27 0.1 050 0.04 25.04 0594 02 05 22 24 262 5 34 

EU-2 0.29 0.23 0.1 021 053 751 0576 02 05 05 5 619 5 26 

SH-1 1.71 035 020 051 057 19.14 0534 02 45 05 85 825 58 38 

NJ-73 oin OM nd nd nd 153 02 OS oi 131 601 91 29 

OP-S 1.98 ixa 050 2.02 051 22.71 02 05 0.1 S 133 20 SO 

NI-29 1.88 0.83 OSO 255 051 19.77 02 05 0.1 5 124 17 55 

AP-la 0.85 0.24 0.10 031 0.04 2354 02 05 1.7 17 264 5 35 

AP-1b 0.68 0.25 0.40 027 054 2125 02 05 25 38 234 5 38 

ELMa 0.68 0.26 0.05 057 0.08 19.72 02 15 05 5 771 5 34 

EU-4b a75 021 010 0.43 0.06 2125 02 15 15 5 735 5 41 

RM-lla 1.03 0.25 0.10 1.16 020 32.44 02 25 15 15 159 19 35 

RM-llb 0.57 0.14 0.05 0.62 Oil 1859 02 25 0.7 11 67 10 24 

NI-10 3J2 0.58 OJO 054 009 11251 05 1.0 75 40 69 5 91 

NI-12 3.94 IIS 060 2.47 058 91.17 07 OS 6.1 72 131 36 156 

NM7a SJM IAS 0.50 251 056 154.16 0.8 75 92 75 170 35 276 

NMTb 2J0 0.65 030 2.15 055 7655 0.6 125 105 106 109 25 353 

NI-54 3.71 1.05 0.60 2.10 052 9018 05 45 92 104 73 31 115 

NI-58 4.60 1.09 0.60 2.79 0.45 12153 05 65 95 127 68 55 203 

NJ-60 a7i 0.19 0.10 053 055 2258 02 05 12 5 41 5 38 

NMIa 2.92 0.58 0.40 2.17 055 8152 OS 45 72 91 75 26 149 

NMIb 2.91 0.87 040 1.70 026 7324 02 45 5.6 77 65 19 121 

NI-«3 1.47 a46 0.10 151 017 4651 02 55 52 51 63 12 114 

NI-74 XZ2 0.68 0.40 1.68 027 97.15 0.6 35 65 239 47 19 95 
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APPENDIX B. - continued 
Sampte 

* 

ppm % % % % % % % % % % % Sampte 
* Nb Si02 AI203 CaO MgO K20 Na20 FU03 MnO TK» P20S LOi 

LAI 30 eoLis 15.5 Z24 138 2.265 338 9355 ai a68i 033 4.475 

LA2A 13 sas 18.2 085 232 336 3 123 03 032 037 33 

LA3 24 SL2 18.6 3J3 331 2.17 334 8l2S 033 0388 036 9.4 

M-20 32 asis OJJ ai4 0.04 0.16 035 ai6 032 0314 034 036 

M-SS 5 75J 7A7 3.74 034 0.18 337 135 ao2 0353 338 335 

NM7 18 78.7 8.07 0.2 a7B 0.19 23 0.67 ao2 0389 033 63 

RM-11 5 93JB 1.06 0.25 ai ai 032 034 033 035 037 23 

RM4« 16 SS.7 656 8J9 538 02 Z15 136 036 0356 0.1 153 

RM-20 1« 18.8 0.86 44.1 0.43 0.15 033 036 0.06 03005 039 35 

NM2 13 8.75 1.3 4&3 133 0.18 038 036 032 0311 0.06 393 

LP-1 18 zrs 1.1 32.1 639 0.28 a4 ai6 033 0362 033 32.7 

ElM 5 18.7 1.18 44J 03 0.14 0.19 032 ao2 0326 013 343 

NUS 5 48.85 &a2S 11 7.42 0.26 1305 239 035 0.473 Oil 19 

NI-03 12 S8.5 11.9 6.2 5.11 3.99 0.06 2.44 ao7 0371 009 11.7 

M-OS S 91 3.79 0.31 0.43 1.07 0305 032 0.005 ai8i 0305 33 
NM» 10 71.7 9.84 132 4.24 238 035 3.49 0.005 0461 038 53 

M-1S IS 81.3 8.49 1.69 037 1.64 0.11 036 0305 0.451 1.1 33 

NH7 5 86.9 &41 0.14 a65 1.78 034 039 0305 0383 034 33 

M-27 5 39 5.77 16.1 10.4 1.23 ao5 ^06 0.04 0325 038 253 

Nk31 12 70.2 14.1 0.28 Z24 4.22 034 ^08 0.005 0.697 038 635 

NMO 5 8J8 OM 51.4 0.07 0305 0305 a49 033 0301 0305 39.6 

5 83.1 1S2 0.26 0.2 0.23 0305 0.75 0305 0.061 031 335 

NM1 S 85.1 62 0.08 0.7 23 ao3 1.74 0.005 0314 039 335 

NI-70 5 81.7 7.74 0.69 ao9 2.42 0.02 0.91 0.005 0.46 0305 4.9 

NI-71 22 65 11 4.67 0.68 2.6 033 436 0.005 0399 3.47 6.95 

M-75 5 85J 6.06 0.1 a69 1.72 0.06 2.14 0.06 0378 0.1 3.14 

NI-77 5 a73 0.12 S5j9 036 0.005 033 033 0.005 0.022 0305 423 

RM-2 5 14 Z79 38 635 133 0.07 036 0.02 0.145 039 36.7 

RIUM 5 94.6 1.55 0.81 0.19 036 0.02 0.47 0305 0.091 032 13 

RM4 5 74.6 3.52 631 335 039 0.05 136 039 0.149 0.07 93 

RM-10 5 952 1iJ7 0.13 0.1 0.24 ao2 a48 0.005 0351 034 23 

RM-13 5 17 2.2 41.4 2.38 0.62 0.03 139 034 0.089 036 35.1 

RM-18 5 86.9 5:83 a73 0.43 132 034 1 0305 0333 0.14 33 

AP-1 5 20 2.77 37J 5.22 1.01 0.02 139 0.02 0.116 035 323 

EU-2 5 13.8 0.66 473 0.49 0.23 0.005 0.41 0305 0.048 0.04 36.4 

SH-1 5 38.2 1.58 0.2 0.06 0.48 0.005 0.64 0.03 033 0.19 135 

M-73 5 8.29 0.26 0.11 0.02 0.06 0305 0.04 0.05 036 035 03 

DP-6 S 46.8 13J 10.2 732 0.28 334 934 0.16 0356 037 5.75 

Ni-29 5 453 14 10.6 736 0J24 332 937 0.15 0399 0.07 635 

AP-la 5 18.7 2.6 38.4 4.45 039 0.1 137 0.03 0.105 034 33 

AP-lb 5 24.1 a68 323 633 1.4 035 135 0.02 0.138 034 29.7 

ElMa 5 24S 1il5 40J 0.63 0.17 aoos 0.69 0.02 0.062 039 323 

ELMb S 23.4 1.2 413 032 0.23 0.005 036 032 0.095 0.12 323 

RM-lla 5 81J 1.62 6.7 0.23 0.4 0.02 036 0305 0.095 034 93 

RM-llb S 93J 1i» 031 0.11 035 ao3 0.17 0.005 0.044 032 435 

M-10 5 90 AM 037 0.25 1 0.04 0.45 0305 0315 044 235 

NI-12 12 79J &02 1.2 0.49 1.71 036 0.74 0.005 0.41 032 73 

NM7a 5 82.6 7.89 03 0.68 2.03 033 036 0.005 0.422 034 435 

NMTb 12 76.7 11.1 0.63 1.13 239 0.04 133 0305 036 0.18 43 

NU4 5 81 8.89 0.18 137 3.42 0.03 137 0305 0355 031 335 

ra-SB 18 76J3 10.2 0.17 1.29 432 0.06 13 0305 0.682 034 435 

NMO 5 S7.4 1.01 0.07 0.1 0.28 0.005 0.12 0305 0.043 0.07 0.9 

NUIa 11 803 7.68 0.14 033 3.04 0.05 234 0.005 0396 033 4.75 

NMIb 5 85.2 6.14 0.14 0.76 2.6 0.03 138 0305 039 036 335 

M-63 5 88.8 5.56 039 0.48 1.47 0.03 03 0305 0355 0.11 2.3 

NI-74 15 68.7 15.7 0.21 2.05 434 0.11 3.43 aoi 0381 003 4 
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