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1. Metalliferous black shales 

Metalliferous black shales exhibit a wide 
range of physical and chemical characteristics. 
They can be enriched in many different met- 
als, and the metals can be in a variety of geo- 
chemical states. Depositional and geological 
histories of these shales are diverse. Some me- 
talliferous black shales contain relatively high 
concentrations of organic matter whereas oth- 
ers do not. Because of elevated carbonate con- 
tents, some are calcareous shales or marl- 
stones. Metal enrichments can result from 
redox reactions mediated by bacteria during 
early diagenesis and also from those associated 
with hydrothermal processes after deep burial. 
However, unifying characteristics of metal- 
liferous black shales are sufficiently well estab- 
lished to justify combining a diverse number  
of fine-grained sedimentary rock types under a 
common term that reflects enhanced metal 
content, dark color and an inferred association 
with organic matter (e.g., Huyck, 1990). 
Moreover, the term "metalliferous black 
shales" is sufficiently accepted that Working 
Group 254 of the International Geological 
Correlation Program (IGCP) has that title and 
focus. This special issue of Chemical Geology 
brings together reports describing characteris- 
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tics and considering origins of selected exam- 
ples of these scientifically interesting and eco- 
nomically important deposits. 

2. Ore formation 

Formation of a metal-rich deposit requires 
concentration of metallic elements above av- 
erage crustal levels. Heated water from one or 
more of several possible origins is typically in- 
volved. Metals are dissolved from their source 
rocks and are transported to a site where de- 
position occurs, typically by redox-influenced 
precipitation but sometimes by simple cooling 
of  heated fluids. Continued inflow of a metal- 
bearing solution can result in deposition of  rel- 
atively large amounts  of metalliferous min- 
erals, in some cases enriching the host rocks 
sufficiently to form an ore deposit. The addi- 
tion of heat above burial temperature expands 
the range of geochemical processes that are ki- 
netically possible. 

3. Role of organic matter in ore formation 

Many metallic ore deposits are associated 
with rock strata having enhanced concentra- 
tions of  organic carbon, leading to the conclu- 
sion that organic matter is involved in some 
aspect of ore formation (Leventhal, 1986). 
The nature of this involvement can range from 
active participation in emplacement of ore de- 
posits to postdepositional alterations of the or- 
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ganic matter that are virtually independent of 
ore-forming processes. 

Organic matter can influence ore deposition 
in numerous ways, all involving oxidation of 
organic matter. The most commonly postu- 
lated role is reduction of metal salts that are 
carried in solution by hydrothermal waters or 
hot brines (Anderson and Macqueen, 1982; 
Hatch et al., 1986; Macqueen, 1986; Piittmann 
et al., 1988). Soluble metal sulfates can be 
transported by heated water, and organic mat- 
ter can reduce these sulfates concomitant with 
deposition of metal-sulfide minerals. Ore de- 
posits occurring as a native metal can follow 
from reduction of water-soluble metal cations 
to an insoluble native element. Again, organic 
matter can act as the reductant in these pro- 
cesses and become oxidized as a consequence. 
Incorporation of sulfur into organic matter is 
possible during the oxidation. However, it is 
important to note that sulfidation of organic 
matter can postdate metal deposition and be 
only indirectly related to the mineralization 
process. Sulfur incorporation into organic 
matter after ore formation is exemplified by the 
Los Ranchos Au deposit at Pueblo Viejo, Do- 
minican Republic (Kettler et al., 1990). 

The Kupferschiefer Cu-Ag deposit in south- 
west Poland is a widely cited example of active 
participation by organic matter in ore forma- 
tion. Organic substances were oxidized, caus- 
ing precipitation of metal sulfides, and were 
thermally degraded, generating gases which 
created microfractures in an otherwise im- 
permeable rock stratum. Evidence for oxida- 
tion of organic matter in the Kupferschiefer 
includes loss of extractable aliphatic hydrocar- 
bons, sulfidation of aromatic hydrocarbons and 
decomposition of porphyrins (Piittmann et al., 
1988, 1990). 

Organic matter can be indirectly involved in 
formation of metal-rich deposits as a result of 
oxidation of organic carbon to carbon dioxide 
during early diagenesis or during later catage- 
nesis. For example, Okita et al. (1988) cite 
carbon isotopic evidence for deposition of 

stratiform Mn-carbonate ores, and they pos- 
tulate that organic matter oxidation occurred 
during an early stage of diagenesis. Spirakis and 
Heyl (1988) similarly conclude that Missis- 
sippi Valley-type (MVT) deposits can origi- 
nate from precipitation of carbonates derived 
from organic carbon during later-stage thermal 
oxidation. They further suggest that thermal 
decomposition of organic substance is central 
to precipitation of fluo~'ite minerals in MVT 
ores. 

Even where organic matter has not directly 
participated in ore emplacement, the chemical 
state of ore-associated organic substances can 
provide information about mineralization 
processes. Restriction of sulfidized organic 
matter to areas in the Los Ranchos Formation 
where all Fe occurs as pyrite suggests that oxi- 
dation of ferrous iron was the principal agent 
in destabilizing Au-bisulfides and precipitat- 
ing elemental gold at Pueblo Viejo (Kettler et 
al., 1990). Thermal alteration of organic mat- 
ter is distinctly zoned around MVT mineral 
showings in the St. Lawrence Lowlands, Can- 
ada, suggesting that hydrothermal fluids pro- 
vided the additional heat necessary for ore-as- 
sociated enhancements of regional patterns of 
burial maturation (Heroux and Tasse, 1990). 

4. Rationale for this special issue 

There is a wide range of possible roles for or- 
ganic matter in ore deposition that include non- 
interactive processes during formation of me- 
talliferous deposits. Consideration of both or- 
ganic and inorganic geochemical factors is es- 
pecially important. This philosophy led to 
organization of the symposium entitled "Geo- 
chemistry of Metalliferous Black Shales". 
Speakers were invited to discuss different types 
of mineralogies and organic matter. The com- 
bined theme of organic and inorganic geo- 
chemical aspects was fostered by joint spon- 
sorship by the Organic Geochemistry Division 
of the Geochemical Society and IGCP Work- 
ing Group 254. The symposium was held at the 
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1990 meeting of the Geological Society of 
America in Dallas, Texas, U.S.A., and most of 
the oral presentations are represented as pa- 
pers included in this special issue. Additional 
papers were invited to expand and to balance 
topical coverage in this collection. 

The eleven papers in this special issue cover 
metal-rich deposits ranging in age from mod- 
ern to Proterozoic. Factors such as the deposi- 
tional setting, the role of early diagenesis, in- 
teractions between metals and mobile fractions 
of organic matter, and later-stage redox pro- 
cesses are discussed in the context of specific 
ore bodies. Selected overview papers describe 
specific categories of mineral deposits. This 
collection covers both established and emerg- 
ing views of the processes which participate in 
forming metalliferous black shales. 

5. Summaries of articles 

The Black Sea is often used as a modern an- 
alog for sites of ancient black shale deposition. 
Lyons and Berner present new evidence about 
the geochemical interrelationships of carbon, 
sulfur and iron in the sediments of the Black 
Sea. Their data show that sulfate reduction 
proceeds at surprisingly slow rates despite high 
concentrations of organic carbon. Formation 
of pyrite is controlled by the availability of Fe 
during very early diagenesis. The recent sedi- 
ment record of the Black Sea is more variable 
and complicated than usually considered for 
persistently anoxic bodies of water. 

Au-Ag deposits in the Cretaceous maar-  
diatreme complex at Pueblo Viejo are an ex- 
ample of complex geochemical processes in 
mineral deposition. Kettler and colleagues 
conclude that early diagenetic in situ oxidation 
of sedimentary organic matter to form fram- 
boidal pyrite limited later precipitation of Au. 
The capacity of sedimentary rocks to consume 
H2S and thereby precipitate Au from solution 
was controlled by the amount of Fe which es- 
caped pyritization and was present as siderite. 
Early diagenetic reactions in the C-S-Fe sys- 

tem established the course of later-stage hy- 
drothermal redox reactions. 

The several roles for organic matter in for- 
mation of the Permian Kupferschiefer Cu-Ag- 
sulfide deposits are examined by Jowett. Ele- 
vated concentrations of organic carbon in the 
Kupferschiefer marine black shale created a 
strong redox gradient between the shale and 
underlying continental redbeds. Framboidal 
pyrite was formed in the shales during early 
diagenesis. Oxidized metal-bearing fluids that 
migrated upwards into the shale were reduced 
by both organic matter and Fe-sulfides, precip- 
itating Cu-Ag-sulfides. Thermal decomposi- 
tion of organic substances produced gaseous 
hydrocarbons and created microfractures in the 
rock that enhanced fluid migration. 

Changes in intensity of stratification of the 
water column are inferred to explain varia- 
tions in metal contents of the Midcontinent 
Upper Pennsylvanian Stark Shale by Hatch and 
his colleagues. Large-scale cyclicity in metal 
and organic carbon concentrations reflects 
fluctuations in the oxic-anoxic interface in the 
former epicontinental sea. Low metal concen- 
trations indicate a weakly stratified, dysaero- 
bic water column. High concentrations of Cd, 
Mo, U, V, Zn, S and organic carbon record pe- 
riods of anoxia and resulting reducing condi- 
tions at the time of sediment accumulation. 

Black shales in the North American midcon- 
tinent typically display a range of composi- 
tions even though they may be of similar geo- 
logic ages and closely situated. Schultz and 
Coveney compare Pennsylvanian black shales 
from Indiana, Missouri and Kansas and find 
that degrees of pyritization, metal concentra- 
tions and amount of organic carbon reflect dif- 
ferences in bottom-water oxygenation during 
initial sediment deposition. Nearshore, off- 
shore and lagoonal paleodepositional settings 
result in formation of distinct types of metal- 
liferous black shales. 

Coveney and colleagues consider the possi- 
ble sources of enrichments of Ni, Mo, Au and 
platinum group elements (PGE) in Paleozoic 
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black shales. Biogenic concentration, hydro- 
thermal epigenesis, volcanic exhalations, low- 
temperature emplacement and extraterrestrial 
origins have been proposed. Migrating fluids 
of one type or another seem to be the principal 
agents. Comparison of shale compositions to 
PGE distributions in meteorites shows that ex- 
traterrestrial contributions are unlikely to be 
important sources of metals to this type of 
black shale. 

Metal enrichments in bitumens from several 
types of Lower Carboniferous ore deposits in 
the British Isles are described by Parnell. Met- 
als are present as tiny inclusions that evidently 
were deposited from hydrothermal fluids soon 
after or concurrently with hydrocarbon gener- 
ation and migration. This relationship sug- 
gests that a single heating event caused gener- 
ation of hydrocarbons and mobilization of 
metals. Emplaced bitumens appear to have 
played a direct role in precipitating metals. 

The role of organic matter in precipitating 
metals from hydrothermal fluids is further in- 
vestigated by Monson and Parnell. They de- 
scribe a variety of metal-organic relationships 
in Lower Carboniferous deposits in Ireland. 
Both syngenetic and epigenetic mineralization 
are evident, and organic matter is associated 
with both types. Dispersed organic matter, 
coaly particles and vein bitumens appear to be 
equally suitable agents for reduction of migrat- 
ing metal fluids. 

Similarities in isotopic and mineralogic 
compositions between Jurassic stratiform Mn- 
carbonate ores in Mexico and those of Devo- 
nian age in China are noted by Okita and 
Shanks. Although widely separated geographi- 
cally and temporally, these deposits share a 
common mode of formation. Mn-carbonates 
probably precipitated from early diagenetic re- 
duction of MnO2 via bacterial oxidation of or- 
ganic matter to CO2 in dysaerobic-to-anoxic 
marine basins. 

A correlation between the occurrence of 
stratiform Zn-Pb ores in the geological record 
and former periods of stratified, anoxic ocean 

basins is noted by Turner. These deposits oc- 
cur in Proterozoic, Lower Paleozoic and Jur- 
assic rocks. Stratiform Zn-Pb minerals form as 
hydrothermal sediments associated with sub- 
marine venting of metal-rich fluids. Periods of 
oceanic anoxia may have enhanced the supply 
of reduced sulfur required to precipitate these 
deposits. 

The Nonesuch Formation was deposited in 
the Late Proterozoic and was invaded by sev- 
eral migrations of hot,, metal-bearing solu- 
tions. Mauk and Hieshima consider relation- 
ships between native copper, Cu-sulfides and 
organic matter in the Nonesuch Formation at 
White Pine Mine and outside the mineralized 
zone. Formation of pyrite during early diagen- 
esis evidently was important to subsequent de- 
position of Cu-sulfide. Oxidation of organic 
matter appears to have aided precipitation of 
native copper. Emplacement of thermally gen- 
erated hydrocarbons accompanied second- 
stage mineralization; these migrated petrole- 
ums may have been oxidized during native 
copper deposition. Comparison of biomarker 
contents of strata in the mineralized White 
Pine region with those outside show that pas- 
sage of hot solutions was confined to the min- 
eralized zone. 

6. Conclusions 

When organic and inorganic geochemical 
analyses are combined with geological evi- 
dence about mineralogy, structural setting and 
hydrothermal history, a better understanding 
of metalliferous black shales emerges. Com- 
parisons of mineralized and non-mineralized 
rocks from the same formations are an impor- 
tant part of this approach. Original deposi- 
tional settings often establish conditions that 
dictate subsequent mineralization. Distin- 
guishing between redox pathways that are con- 
trolled by bacterial metabolism versus hydro- 
thermal reactions remains a challenging area 
for future investigation. 
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