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ABSTRACT

Breit, G.N. and Wanty, R.B., 1991. Vanadium accumulation in carbonaceous rocks: A review of geochemical controls
during deposition and diagenesis. In: J.F. Branthaver and R.H. Filby (Guest-Editors), Trace Metals in Petroleum Geo-
chemistry. Chem. Geol., 91: 83-97.

Published data relevant to the geochemistry of vanadium were used to evaluate processes and conditions that control
vanadium accumulation in carbonaceous rocks. Reduction, adsorption, and complexation of dissolved vanadium favor
addition of vanadium to sediments rich in organic carbon. Dissolved vanadate (V(V)) species predominate in oxic sea-
water and are reduced to vanadyl ion (V(1V)) by organic compounds or H,S. Vanadyl ion readily adsorbs to particle
surfaces and is added to the sediment as the particles settle. The large vanadium concentrations of rocks deposited in
marine as compared to lacustrine environments are the result of the relatively large amount of vanadium provided by
circulating ocean water compared to terrestrial runoff.

Vanadium-rich carbonaceous rocks typically have high contents of organically bound sulfur and are stratigraphically
associated with phosphate-rich units. A correspondence between vanadium content and organically bound sulfur is consis-
tent with high activities of H,S during sediment deposition. Excess H,S exited the sediment into bottom waters and fa-
vored reduction of dissolved V (V) to V(IV) or possibly V (1I1). The stratigraphic association of vanadiferous and phos-
phatic rocks reflects temporal and spatial shifts in bottom water chemistry from suboxic (phosphate concentrated) to
more reducing (euxinic?) conditions that favor vanadium accumulation.

During diagenesis some vanadium-organic complexes migrate with petroleum out of carbonaceous rocks, but significant
amounts of vanadium are retained in refractory organic matter or clay minerals. As carbon in the rock evolves toward
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graphite during metamorphism, vanadium is incorporated into silicate minerals.

1. Introduction

Vanadium contents of carbonaceous sedi-
mentary rocks can be used as a guide for petro-
leum exploration (Curiale, 1987), for the
evaluation of ancient depositional environ-
ments (Lewan, 1984 ), and for the estimation
of vanadium resources (Kuck, 1985; Breit,
1991). Using vanadium concentrations of
these rocks and in petroleum evolved from
them requires a thorough understanding of
geochemical controls that affect accumulation
of vanadium in the rock and its retention dur-
ing diagenesis. The large vanadium abun-

dances in many carbonaceous rocks, relative to
average shale (Table 1), have been explained
as syngenetic (Brumsack and Lew, 1982;
McKelvey et al.,, 1986; Breit, 1991), diage-
netic (Vine and Tourtelot, 1970) and epige-
netic (Coveney et al., 1987) enrichments. In
most of these evaluations, however, geochem-
ical processes such as reduction-oxidation, ad-
sorption, and complexation and their effect on
vanadium transport and accumulation com-
monly are not critically evaluated. This paper
reviews the controls on vanadium cycling and
the implications of these controls on synge-
netic accumulation of vanadium.
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TABLE 1

Range of vanadium abundances in carbonaceous
accumulations

Vanadium (ppm)

(1) Petroleum <0.1-1,600
(2) Tar sands 14-300

Qil shales:
(3) Marine 110-5,000
(4) Lacustrine 50-250
(5) Black shales 20-16,000
(6) Sapropelic coal as much as 3 wt.%
(7) Coal 0~1,300
(8) Asphaltite deposits 2,000-10,000

(Peru and Argentina)

(9) Average shale 130

(1) Whisman and Cotton, 1971; Kuck, 1985. (2) Harrison
ct al., 1981; Peer, 1981. (3) Robl et al., 1983; Derkey et al,
1985; Glikson et al., 1985, (4) Tuttle et al., 1983: Glikson et
al., 1985; Tuttle, unpublished data. (5) Vine and Tourtelot,
1970; McKelvey et al., 1986. (6) Zhang 1985. (7) Valkovic,
1983. (8) Larson and Welker, 1947; Kett, 1948; Aguije, 1954,
(9) Turekian and Wedepohl, 1961.

A relation between vanadium and organic
carbon is evident by their strong correlation in
marine oil shales and black shales (Fig. 1).
This association reflects either an affinity of
vanadium for organic matter or the favorabil-
ity of conditions that preserve organic matter
to partition dissolved vanadium into the sedi-
ment. The variable slopes of the regression lines
in Fig. 1 can be explained as differences in the
composition of organic matter (Lewan and
Maynard, 1982), variable chemical conditions
in the depositional environments (Lewan,
1984), variations in the rates of vanadium
supply or sedimentation, or changes in the
composition of the sediment during diagene-
sis. Our evaluation of these factors hasledto a
model that describes vanadium accumulation
in carbonaceous rocks.

Published data on carbonaceous shales and
fossil fuels, the geochemistry of vanadium in
modern depositional environments, and our
research on vanadium deposits were used to
identify conditions that favor vanadium accu-
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Fig. 1. Organic carbon vs. vanadium content of o1l shales
and black shales. All shales except the lacustrine Green
River Formation were deposited in marine environ-
ments. Lines were calculated by simple linear regression.
r? = (correlation coefficient )%; m =slope of the regression
lines. Data: Phosphoria Formation, Idaho and Wyoming;:
Gulbrandsen (1966) and McKelvey et al. (1986); Heath
Formation, Montana: Derkey et al. (1985): Alum Shale,
Sweden: Andersson et al. (1985); Toolebuc Formation,
Australia: Riley and Saxby (1986): Little Osage Shale,
Oklahoma: Wenger (1987); Green River Formation,
Colorado: M.L. Tuttle, unpublished data.

mulation. Based on this analysis, geochemical
conditions and the supply of vanadium to de-
positional basins were determined to be the
major controls on vanadium accumulation in
carbonaceous sediments. Qur model is consis-
tent with most observations of vanadium-
enriched rocks and provides a conceptual
framework that we hope will be tested by fu-
ture research.



VANADIUM ACCUMULATION IN CARBONACEQUS ROCKS
2. Transport and supply of vanadium

Syngenetic accumulation of vanadium in
carbonaceous rocks requires transfer of dis-
solved vanadium from the overlying water col-
umn into accumulating sediments. Redox con-
ditions, adsorption, and complexation are the
main controls on the solubility of vanadium in
natural waters. In addition to these geochemi-
cal controls on transport, the vanadium abun-
dance in carbonaceous rocks also reflects the
supply of vanadium and the rate of
sedimentation.

2.1. Dissolved vanadium

Transport of dissolved vanadium in modern
surface waters is strongly dependent on oxida-
tion state and water composition. Three oxi-
dation states of vanadium are possible in sedi-
mentary environments (Fig. 2): V(V) as
vanadate species (H,VO;=3, n=0 to 4),
V(1V) as vanadyl ion (VO(OH)2~", n=0 to
2), and V(III) as V(OH)}~" (n=0 to 3).
Vanadate species (V(V)) are anions in the
range of natural pH and the amount dissolved
in oxic waters is rarely limited by solubility of
V (V) species. Both V(IV) and V (IIl) are less
soluble than V(V) because of their tendency
to form insoluble oxyhydroxides in the pH
range of natural waters (Wanty, 1986; Wehrli
and Stumm, 1989).

Dissolved vanadium does not form strong
complexes with common inorganic ligands but
may be complexed by organic compounds. Va-
nadium (V) forms only weak complexes with
carboxylic acids at pHs less than 7 (Bartusek
and Sustacek, 1983; Tracey et al., 1987). Rel-
ative to vanadate ion and most other 2+ tran-
sition metal ions, vanadyl ion forms strong
bonds with organic complexes (Perrin, 1979;
Wehrli, 1987). These complexes increase the
stability field of vanadyl species relative to
V (V) and V(III), as illustrated by vanadyl-
salicylate (Fig. 2). Salicylic acid was used in
this example because it is a good analog for the
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Fig. 2. Eh vs. pH diagram of vanadium-H,O (solid lines)
and vanadyl-H,O--salicylate (salic) at 25°C and 1 atm.,
[salicylate]=10"> M. Vanadium species calculated for
[V] less than 10~° M to avoid polymeric species (Ehde
et al., 1985). Vanadyl salicylate stability field (stippled
area) was calculated for pH 4 to 11. Boundaries calcu-
lated from thermodynamic data reviewed by Wanty
(1986). Data for stability of vanadyl--salicylate com-
pounds from Goncalves and Mota (1987).

bonding of vanadyl ion to humic acids (Man-
grich and Vugman, 1988; Goncalves and Mota,
1987). Relatively little is known about the
complexation of V(III) with organic com-
pounds. Organic compounds such as those
found in humic acids are not only effective at
complexing V(IV) but can reduce V(V) to
V(IV) (Szalay and Szilagyi, 1967; Goodman
and Cheshire, 1975; Wilson and Weber, 1979).
Therefore, dissolved vanadate in contact with
natural organic compounds is likely to be re-
duced and complexed.

Dissolved organic complexes might affect the
concentration of vanadium in natural waters.
Sugimura et al. (1978), Orivini and Lodola
(1979), and Amdurer et al. (1983) deter-
mined that 20 to 80% of dissolved vanadium
in fresh waters and seawater is bound to or-
ganic compounds; however, Shiller and Boyle
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(1987) and Jeandel et al. (1987) did not de-
tect any organically bound vanadium in their
investigations. In pore waters from anoxic sed-
iments in the Gulf of California, Brumsack and
Gieskes (1983) noted that the abundances of
organic compounds and vanadium correlate.
The association with dissolved organic com-
pounds and the large concentration of vana-
dium (as much as 1,300 ppb V) are best ex-
plained by vanadyl-organic complexes. In
these reducing pore waters, vanadium is likely
to be V(IV) and is present in concentrations
2,000 times greater than predicted for a vana-
dyl-H,0 system (calculated using data from
Wanty, 1986). Heggie et al. (1986) measured
a tenfold enrichment of vanadium in very
shallow pore waters relative to adjacent bot-
tom waters. They attributed the higher con-
centrations to complexes of vanadium with
dissolved organic matter, which inhibit diffu-
sion of vanadium into the sediment.

2.2. Supply

Sources of vanadium proposed to explain
syngenetic accumulation include hydrother-
mal solutions related to submarine volcanism
(Bostrom and Fisher, 1971), seawater (Hol-
land, 1979), and continental runoff (Wede-
pohl, 1964). Hydrothermal fluids are unlikely
to result in unusual vanadium abundances be-
cause they have vanadium contents similar to
those of seawater (Jeandel et al., 1987). In ad-
dition, iron oxides that precipitate from the
hydrothermal solutions are an important sink
of vanadium in seawater (Dymond and Roth,
1988; Metz et al., 1988; Trocine and Trefry,
1988; Trefry and Metz, 1989). The relative
amounts of vanadium supplied by secawater
and continental runoff were evaluated using
box models (Figs. 3 and 4) that are designed
to be analogs of modern marine and lacustrine
systems. In evaluating these models, the
amount of vanadium trapped in a sediment
was calculated to be independent of processes
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that control accumulation. The impact of these
processes is discussed later.

The marine model (Fig. 3) assumes that the
depositional basin is open to seawater circula-
tion similar to the model proposed by Heckel
(1977) to explain deposition of Pennsylvan-
ian black shales in the Midcontinent, U.S.A.
We used an average rate of oceanic mixing to
estimate the volume of water circulated
through the basin (based on an oceanic circu-
lation time of 1,000 years; Broecker and Peng,
1982). This requires that 2.8 million tons of
vanadium is supplied to the basin per year. The
sedimentation rate (0.3 mm/yr.) was selected
to mimic the rate in the modern Black Sea
(Degens et al., 1978). With these assumptions
the solid phase of the sediment within the basin
is enriched by 800 ppm vanadium if two per-
cent of the dissolved vanadium is added to the
sediment.

The modeled marine basin is similar to the
geometry of the Eromanga basin, Australia in
which the Cretaceous Toolebuc Formation was
deposited. This calcareous oil shale averages
1500 ppm V (Riley and Saxby, 1986) and
contains a total of 0.5 billion tons of vanadium
(estimated from data of Doutch and Saxby,
1983, and Patterson et al., 1986). The Toole-
buc was deposited in approximately 1 million
years (Burger, 1986) at a calculated rate of
0.04 mm/yr. (original porosity estimated at
80%). If the supply of vanadium to the Ero-
manga basin was similar to that modelled in
Fig. 4, only 0.6% of the dissolved vanadium
was fixed by the sediment. Although this seems
like a low extraction efficiency, the amount of
vanadium in the Toolebuc Formation repre-
sents two percent of the total vanadium cycled
through the ocean over one million years (as-
suming an oceanic residence time of vana-
dium of 100,000 years; Shiller and Boyle,
1987).

Accumulation of vanadium from continen-
tal runoff was evaluated by modeling a closed-
basin lake similar to Great Salt Lake, Utah
(Fig. 4). A closed basin lake was selected to
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Ocean Water

Depositional basin
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Discharge

[V] = 40 nmol/kg

Flow into basin =

1.35x10'S myr =

Vaupply = 2.77x10'2 giyr

Area of basin = 500,000 km2

2% ot dissolved vanadium
added to sediments

[V] = 39 nmol/kg

- Fiow = 1.35x10'5 m3yr
Vour = 2.72x1012 giyr

Sediments

Sedimentation rate = 0.3 mm/yr
Density of solids = 2.3 g/iem3
Porosity = 80 %

Vanadium added to solids
=800 ppm

Fig. 3. Box model of syngenetic vanadium accumulation in marine carbonaceous sediments. Concentration of vanadium
from Jeandel et al. (1987). Basin is open to average oceanic circulation (Broecker and Peng, 1982). Sediment character-
istics are similar to those measured by Degens et al. (1978) in Black Sea sediments.

Evaporation
Lake
inflow
Outfiow = 0
[V] = 80 nmol/kg

. s Lake volume = 2.9 x 1010 m3xr
Flow into lake = 2.9 x 107 m¥/yr
= Lake area = 5,000 km?2
v = 11x108 glyr
supply 100% of dissolved vanadium
extracted to sediments

#

Sediments

Sedimentation rate = 0.2 mm/yr
Density of solids = 2.3 g/emS3
Porosity = 80 %

Vanadium added to solids
=24 ppm

Fig. 4. Box model of vanadium accumulation in sedi-
ments within a closed basin lake. All recharge to the lake
is due only to evaporation. The lake is similar in scale and
vanadium budget to Great Salt Lake, Utah. Physical
chacteristics of the lake were compiled from Arnow
(1980) and Stauffer (1980); inflow concentration of va-
nadium estimated from analyses of recharge rivers (D.
Stevens, written communication, 1989).

mimic the depositional conditions thought to
be characteristic of most lacustrine oil shales.
In this example, all of the vanadium in re-
charge water, 11 tons per year, is deposited with
the accumulating sediment. Because the mass
of vanadium per unit area of the lake is 2000
times less than in the marine model, relatively
small amounts of vanadium will be added to
the lake sediment. The calculated concentra-
tion of vanadium added to the sediment, 24
ppm, is close to the measured concentration of
extractable (nondetrital) vanadium in Great
Salt Lake sediments (Domagalski et al., 1990).
This slight enrichment is despite the larger
concentrations of vanadium in the inflow
waters compared to average river water (40
nmol/kg; Shiller and Boyle, 1987). Slightly in-
creased vanadium concentrations in the sedi-
ment could result by increasing the recharge
rate or the concentration of vanadium in the
inflow water. Although the concentration of
vanadium in the inflow waters could be higher,
concentrations greater than 1000 nmol/kg
would be necessary to result in sediment va-
nadium abundances comparable to marine
carbonaceous rocks. Such large dissolved va-
nadium abundances have not been detected in
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surface waters unaffected by anthropogenic
activities.

Comparison of the box models for the ma-
rine and lacustrine settings emphasizes that
differences in vanadium supply can cause ma-
jor differences in vanadium concentrations of
sediments and resulting rocks (Table 1). This
conforms to the consistently low vanadium
content of lacustrine compared to marine oil
shale. Anomalous, syngenetic enrichments of
vanadium and other metals are unlikely in la-
custrine sediments because the rate of metal
supply from incoming water is many orders of
magnitude lower than for the modelled marine
system. Even if the drainage basin is composed
of vanadium-rich rock, the increase in total
amount of vanadium supplied is typically
small. Consistent with the conclusions of
Brumsack and Lew (1982), seawater is a bet-
ter supplier of vanadium in carbonaceous sed-
iments than continental runoff,

3. Accumulation of vanadium in sediments

Extraction of dissolved vanadium from the
water column and addition to carbonaceous
sediments is the result of physical, chemical
and possibly biological processes. Processes
such as adsorption, particle settling and diffu-
sion are considered along with the variables
that affect the efficiency of these processes.

3.1. Biota

Organisms may play an active role in vana-
dium cycling, either by accumulating vana-
dium as part of their life cycle or by excreting
compounds that reduce or bind vanadium
(Krauskopf, 1956; Lee, 1983; Boyd and Kus-
tin, 1984; Nechay, 1984). Lee (1983) noted
that algae passively adsorb vanadium and this
adsorption may be important in the flux of va-
nadium into lake sediments. Some ascidians (a
class of filter-feeding Urochordates) have been
proposed to explain vanadium enrichments
because of their large vanadium contents (Lee,
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1983; Zhang 1985; Glikson et al., 1985). How-
ever, these sessile benthic organisms are un-
likely to survive in the anoxic conditions am-
bient during accumulation of carbonaceous
sediments (Lewan and Maynard, 1982). An
alternative explanation was presented by
Brumsack (1983) who determined that a mix-
ture of metals contained in plankton and av-
erage shale could explain the abundance of
metals, including vanadium (<200 ppm V),
in most modern carbonaceous marine sedi-
ments. However, vanadium abundances in
metal-rich sediments and rocks, such as the
Black Sea sediments, require an additional
mechanism of vanadium enrichment. Al-
though the process(es) by which vanadium is
added to the sediment may be abiogenic, or-
ganisms control vanadium accumulation by
providing the organic matter that ultimately
creates chemical environments favorable for
vanadium accumulation (Brumsack, 1983).

3.2. Adsorption and particle settling

Adsorption of vanadium to biogenic or ter-
rigenous detritus is the most commonly con-
sidered mechanism of vanadium removal from
seawater (Amdurer et al., 1983; Prange and
Kremling, 1985). In the pH range of most nat-
ural waters, vanadate strongly adsorbs to ferric
and aluminum oxides (Honeyman, 1984; Mi-
cera and Dallocchia, 1988; Shieh and Duedall,
1988; Wehrli and Stumm, 1989 ) and kaolinite
(Breit and Wanty, unpublished data). Vana-
dyl ion adsorbs more strongly than vanadate,
but its stability as an adsorbed species is lim-
ited in oxic waters (Wehrli and Stumm, 1989).
Adsorption of vanadyl to oxides is even pre-
ferred over complexation by dissolved organic
ligands except at high ligand concentrations
(Micera and Dallocchia, 1988; Wehrli and
Stumm, 1989). For example, Shiller and Boyle
(1987) determined that as much as 40% of the
vanadium transported by the Mississippi River
is bound to suspended particles. They also ex-
perimentally determined that vanadate ad-
sorption increased when pH increased above
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4.5. In oxic basins, iron oxides adsorb signifi-
cant amounts of vanadium from seawater
(Shieh and Duedall, 1988) and may be an im-
portant sink of dissolved vanadium (Trefry
and Metz, 1989).

Collier (1984) noted a 10% depletion of dis-
solved vanadium in ocean surface waters. This
depletion decreases slowly with depth and at
approximately 500 m depth the dissolved va-
nadium concentration reaches a constant
value, near 36 nmol/kg. This concentration
profile can be attributed to binding of vana-
dium to biogenic particles and its release as the
particles are altered during settling. A portion
of the vanadium held by the particles might be
bound to the particles by adsorption. The max-
imum vanadium flux calculated by Collier is
15 nmol cm ™2 yr.~' and would result in only
80 ppm vanadium in solids of a sediment that
has an accumulation rate of 0.5 mm/yr. (as-
suming initial porosity is 80% and the mass of
the particles is preserved ). Approximately 90%
of the particle mass (organic carbon) must be
lost with complete retention of vanadium to
explain carbonaceous rocks containing vana-
dium concentrations near 1000 ppm, which
seems unlikely. Thus, removal of dissolved va-
nadium onto settling biogenic particles in oxic
waters cannot e¢asily account for the vanadium
contents of carbonaceous rocks.

Some investigators have noted a decrease in
the abundance of dissolved vanadium in an-
oxic waters that is best explained by adsorp-
tion. Van der Sloot et al. (1985) attributed the
70% decrease in dissolved vanadium in anoxic
estuary waters to reduction of V(V) to V(IV).
Although Van der Sloot et al. suggested that
solubility of oxyhydroxides might limit the
concentration of dissolved vanadium, Wehrli
and Stumm (1989) argued that adsorption is
more likely the limiting factor. Consistent with
the observations of Van der Sloot et al., Collier
(1984) noted a slight depletion of vanadium
in anoxic water at Saanich Inlet. Fowler and
Knauer (1986) noted that while little vana-
dium was scavenged from surface waters, par-
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ticles passing through an anoxic zone adsorbed
significant amounts of vanadium. Adsorption
of vanadium will increase if vanadate is re-
duced to V(IV) species. Stratified water col-
umns containing anoxic waters favor this re-
duction because reducing organic compounds
are preserved and the absence of oxygen favors
V(IV). Reduction on particle surfaces is also
possible because most of the adsorptive prop-
erties of solids are controlled by organic coat-
ings (Balistrieri et al., 1981). The 10% deple-
tion of dissolved vanadium detected by Collier
(1984) in oxic surface waters may be a mini-
mum indication of the effectiveness of
adsorption.

3.3. Diffusion

Above we speculated on a particle scaveng-
ing model of vanadium accumulation; an al-
ternative explanation for the enrichment is
diffusion (Brumsack, 1986; Jarvis and Higgs,
1987; Francois, 1988). Diffusion of vanadium
into carbonaceous sediment from bottom
waters 1s favored by a decreasing concentra-
tion of V(V) species in pore waters due to re-
duction, complexation and adsorption within
the sediment. Brumsack (1986) invoked dif-
fusion to explain enrichment of vanadium in
anoxic sediments from the Gulf of California.
The vanadium concentration in these sedi-
ments increases linearly from 80 ppm at the
sediment surface to 110 ppm at a depth of 30
cm. Assuming the increase of 30 ppm V is the
result of diffusion (sediments have 70% po-
rosity and a solid phase density of 2.0 g/cm?)
and a sedimentation rate of 1 mm/yr. (Wang
and Yeh, 1985), the vanadium flux into these
sediments is estimatedtobe 1.0 ygcm =2 yr.” "
This flux could account for sediments with va-
nadium contents of 500 ppm only if the sedi-
ments were deposited at very slow rates (less
than 0.05 mm/yr.) and diffusion of vanadium
was possible to a depth of at least 1 m. The ap-
parent absence of modern carbonaceous sedi-
ments having vanadium concentrations that
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exceed 300 ppm suggests that diffusion alone
cannot explain large vanadium concentrations
(> 500 ppm) detected in many carbonaceous
rocks, or that modern sedimentation rates are
too rapid.

3.4. Redistribution of vanadium within
sediments

Chemical changes within sediments modify
the abundance of contained vanadium. Re-
working of typical sediments under oxic con-
ditions result in high contents of vanadium in
the shallowest pore waters presumably because
vanadium is mobilized from degrading bio-
genic particles (Shaw et al., 1990). This vana-
dium may diffuse upward into the bottom
waters (Heggie et al., 1986; Shaw et al., 1990)
or downward toward preserved reducing zones
where it reprecipitates (Colley et al., 1984;
Jarvis and Higgs, 1987). Shaw et al. (1990)
compared the vanadium contents of pore
waters in anoxic and oxic sediments and deter-
mined that vanadium is not redistributed in
anoxic sediments.

4. Associations with other elements

Geochemical conditions that favor vana-
dium accumulation can be further constrained
by evaluating the abundance and geochemical
controls on elements associated with vana-
dium in carbonaceous rocks. We specifically
considered organically bound sulfur, phos-
phate and nickel because of the consistent pos-
itive relation between the abundance of these
components and vanadium content.

4.1. Vanadium-organically bound sulfur

The geochemical association of vanadium
and sulfur is apparent in the large vanadium
abundances in sulfur-rich petroleum (Lewan,
1984, Tissot and Welte, 1984 ) and in the con-
tents of vanadium in carbonaceous rock rich
in organic-sulfur (Patterson et al., 1986). This
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association has been speculated to be the result
of preferential bonding of vanadium to sulfur
ligands on the organic matter (Yen, 1975;
Baker and Louda, 1986) or chemical condi-
tions operative during sediment deposition
(Lewan, 1984 ). Sulfur-organic compounds are
still poorly characterized and the extent and
type of bonding with vanadium is unknown.
Lewan (1984) argued that vanadium is pref-
erentially enriched in carbonaceous sediments
with large H,S activities because H,S favors
formation of V(IV) and inhibits competing
ions, such as nickel, from bonding with or-
ganic complexes. Lewan’s analysis is consis-
tent with geochemical characteristics of most
carbonaceous sediments.

Large contents of organically bound sulfur
are expected in carbonaceous marine sedi-
ments with low contents of reactive iron, be-
cause iron normally buffers the H,S activity to
low values by forming iron sulfide minerals
(Canfield, 1989). Most reactive iron is sup-
plied to sedimentary basins as iron oxide coat-
ings on detrital grains. Thus carbonaceous sed-
iments with low contents of terrestrial detritus,
those dominated by chemical and biogenic
sediments, contain excess H,S. This H,S reacts
slowly with the organic matter to form organi-
cally bound sulfur (Orr and Sinninghe Damste,
1990). In typical marine sediments, the weight
ratio of sulfide sulfur to organic carbon ranges
between 0.2 and 0.5 (Sweeney, 1972). How-
ever, in iron-deficient sediments this ratio is
typically lower. Vanadium-rich carbonaceous
rocks typically have low S/C ratios (Patterson
et al., 1986; Wenger, 1987; Beier and Hayes,
1989), but had large H,S concentrations in
their depositional pore waters.

Some hydrogen sulfide will diffuse into the
overlying water column as available iron is de-
pleted. Therefore, bottom waters over these
sediments are likely to be strongly reducing and
favorable for reduction of V(V) to V(IV) or
possibly V(III). Wanty (1986) experimen-
tally verified the reduction of V(IV) to V (1II)
by H,S under a range of conditions. Rates of
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reduction are sufficiently rapid to produce
V (IIT') during earliest diagenesis. Although this
reduction may be inhibited in carbonaceous
sediments by stable vanadyl-organic com-
plexes (Fig. 2), the abundance of V-enriched
clay minerals (which contain mainly V (I1I))
in many carbonaceous rocks (Breit, 1991) are
consistent with reduction.

4.2. Vanadium-phosphorus association

Vanadium-rich carbonaceous rocks are
commonly interbedded with or laterally asso-
ciated with phosphate-rich rocks (Bliskovsky,
1969; McKelvey et al., 1986; Patterson et al.,
1986; Wenger, 1987; Beier and Hayes, 1989).
Rocks enriched in phosphate are typically stra-
tigraphically above or below the carbonaceous
units with the greatest vanadium content. The
spatial association suggests that vanadium and
phosphorus accumulations are genetically re-
lated but resulted from slightly different depo-
sitional environments.

An association of vanadium and phospho-
rus is consistent with the behavior of vana-
dium in the water column. Depletion of dis-
solved vanadium in near-surface ocean waters
{Collier, 1984; Sherrell and Boyle, 1988) and
in some estuaries (Shiller and Boyle, 1987)
parallels concentration profiles of phosphate.
Vanadium may be tied to the phosphate cycle
either through biogenic assimilation, adsorp-
tion to biogenic particles, or substitution of
vanadate for phosphate (Jeandel et al., 1987).
Collier (1984) measured a molar V/P ratio of
4% 10~% in > 53-um particles. If these parti-
cles were reworked to form a phosphorite while
retaining vanadium, a deposit composed of
85% apatite should contain 1,000 ppm vana-
dium. However, reworking of biogenic parti-
cles to form a phosphorite can result in loss of
vanadium relative to phosphorus, as exempli-
fied by the low vanadium content of organic
carbon-poor phosphorites, which typically
contain <100 ppm vanadium (Bliskovsky,
1969; Riggs et al., 1985). Thus vanadium is

91

decoupled from the phosphate cycle under
conditions in which organic matter is
consumed.

Phosphorus and presumably vanadium are
added to the sediment by settling of mainly
biogenic particles. Their spatial separation
within a carbonaceous sequence is consistent
with the geochemical conditions that favor ac-
cumulation of vanadium or phosphorus. Ar-
guments presented above suggest vanadium is
concentrated in strongly reducing sediments
while phosphate accumulations are the result
of sediment reworking under less reducing
conditions (Glenn et al., 1988). Therefore,
shifts in bottom water composition controlied
which element was concentrated. The vana-
dium released by suboxic reworking of the sed-
iments may have moved downward or lat-
erally into more strongly reducing sediments.

4.3. Vanadium and nickel

Carbonaceous rocks are commonly enriched
in Ag, Cr, Mo, Ni, U, and Zn in addition to
vanadium (Holland, 1979; Brumsack and Lew,
1982). The abundance of nickel relative to va-
nadium has been particularly useful and ap-
plied to describing depositional conditions
(Lewan, 1984 ) and for petroleum-source rock
correlation (Curiale, 1987). Lewan (1984)
argued that vanadium accumulates relative to
nickel (high V/Ni) in strongly reducing, H,S-
rich environments. Consistent with this anal-
ysis, Wenger and Baker (1986) determined
that greater levels of anoxia favored large V/
Ni mole ratios (maximum value ~ 5), as well
as larger contents of both metals.

Most of the discussion of V and Ni in car-
bonaceous rocks is the result of their large con-
tents in petroleum. Their enrichment in petro-
leum is partly because they form very stable
porphyrin complexes (Lewan and Maynard,
1982). Lewan (1984) pointed out that the V/
Ni ratios are largest in sulfur-rich petroleum
because of the reduction of vanadium by H-S
and inhibition of Ni by NiS complexes. How-
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ever, the V/Ni ratio does not increase system-
atically with increasing sulfur content. Above
approximately 1 wt.% sulfur an average maxi-
mum V/Ni ratio is between 4 and 5 (Lewan,
1984), which is similar to the ratio in modern
ocean water ([V]=40nmol/kg, Jeandel et al.,
1987; [Ni]=8.2 nmol/kg, Bruland, 1980).
The similarity of the two ratios can be ex-
plained by the complete or equivalent extrac-
tion of both Ni and V in strongly reducing
(H,S-rich) environments.

The V /Ni ratios measured in petroleum are
consistent with the ratios detected in bitumens
remaining in the probable source rocks, but are
quite different from the whole-rock V/Ni ra-
tios. Deviations of the V/Ni ratio from the
values measured in bitumen reflect vanadium
in silicate minerals and nickel in sulfides. For
example, V/Ni ratios of organic extracts in the
Toolebuc Formation are approximately 1,
while the whole-rock ratios are between 5 and
8. Most of the vanadium in this oil shale (1500
ppm) is contained in silicate minerals, while
most of the nickel (300 ppm) is in sulfide
minerals (Glickson et al., 1985; Patterson ct
al., 1986).

5. Changes during diagenesis

Diagenetic changes to organic and mineral
constituents of carbonaceous rocks are the re-
sult of complex processes related to changes in
pressure, temperature, and chemical environ-
ment. These changes alter both the abundance
and residence of vanadium in these rocks as
indicated by the variations of vanadium-rich
rocks from immature oil shales to graphitic
schists. During and soon after sediment depo-
sition, vanadium is likely to be complexed by
functional groups on organic macromolecules.
Studies of soil and estuarine humic substances
indicate that vanadium readily coordinates
with organic acid groups (Templeton and
Chasteen, 1980; Goncalves and Mota, 1987;
Mangrich and Vugman, 1988). With progres-
sive maturation and condensation, organic
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matter looses some of these functional groups
(Tissot and Welte, 1984). Vanadium is prob-
ably redistributed as the functional groups are
lost into more stable complexes such as por-
phyrins and asphaltenes. The progressive in-
crease in the percentage of porphyrins metal-
lated with increasing diagenesis is consistent
with redistribution (fig. 4.17 in Baker and
Louda, 1986).

As temperature increases into the oil win-
dow, vanadyl porphyrin and other unidenti-
fied vanadium complexes are cleaved from
macromolecules and enter migrating petro-
leum. Along the transport path, vanadium
concentrations in heavy petroleum may in-
crease because of biodegradation or loss of light
oil components (Filby and Van Berkel, 1987).
Asphaltite deposits having high vanadium
contents are products of accumulation of
metal-rich heavy oil components (Table 1 ). In
many carbonaceous rocks, however, much of
the vanadium originally deposited with the
sediments remains in the rock during diagene-
sis and metamorphism (Sozinov, 1982).

Conditions that favor retention of vana-
dium in carbonaceous rocks are poorly under-
stood but are probably influenced by the com-
position of the organic matter and the
abundance of clay minerals. Marine carbona-
ceous rocks, including oil shales and sapro-
pelic coals, typically contain vanadium-rich
clay minerals (Norrish and Patterson, 1976;
Zhang, 1985; Coveney et al., 1987). Vana-
dium in clay minerals is present mainly as
V (I11), although some V(IV) has been de-
tected (Maylotte et al., 1981; Premovic, 1984;
Wanty et al., 1990). Vanadium (111) formed by
reaction of V (IV) with H,S (Wanty, 1986), or
possibly through reaction with residual or-
ganic matter at high temperatures. Because
V (II1) readily substitutes for aluminum in the
octahedral sites of clays, clay recrystallization
(smectite to illite) or authigenesis would in-
clude V(III) in the forming clay. Vana-
dium (II1) is stable in the clay structure and will
survive extensive weathering as well as recrys-
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tallization to coarse-grained micas in graphitic
schists such as those in Alabama (Pallister and
Thoenen, 1948).

6. General model of vanadium accumulation

A summary model of processes that result in
high concentrations of vanadium in carbona-
ceous rocks and resulting petroleum is pre-
sented in Fig. 5. Conditions favorable for ac-
cumulation  of  vanadium to large
concentrations include an adequate supply of
vanadium from circulating seawater, a slow
rate of sedimentation, and a stratified, par-
tially anoxic water column. These conditions
are best satisfied using a depositional model
similar to that proposed by Heckel (1977),
which combines aspects of the barred strati-
fied basin (Brumsack, 1983) and upwelling
environments (Pederson and Calvert, 1990) to
explain metalliferous carbonaceous rocks.
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Some vanadium in shallow water is ad-
sorbed to biogenic particles; in the present-day
ocean, this adsorption is insufficient to result
in high vanadium concentrations in sedi-
ments. The apparent low efficiency of adsorp-
tion reflects the relative lack of extensive an-
oxic waters in modern unrestricted marine
basins. As the particles settle through oxic
water, vanadium is redissolved as organic
components are oxidized. Particles that settle
through anoxic water, are capable of adsorbing
vanadyl ion, formed by reduction of V(V) by
dissolved organic compounds or hydrogen sul-
fide produced within the sediment. Vanadyl
ion is stable in these environments because of
strong organic complexes and adsorption. The
relative importance of particle settling and dif-
fusion in concentrating vanadium is con-
trolled by the sedimentation rate and the ex-
tent of anoxic water in the overlying water
column.
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Fig. 5. Summary of processes proposed to explain vanadium accumulation in carbonaceous sediment and subsequent

changes during diagenesis.
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Within the carbonaceous sediment, vana-
dium, mainly as vanadyl ion, is initially bound
to organic compounds such as carboxylic acids.
Hydrogen sulfide in the pore waters may re-
duce some of the V(IV) to V(III), favoring
partition of some of the vanadium into clay
minerals. Maturation during early diagenesis
destroys organic acid ligands that complex va-
nadium. Vanadium released from these com-
plexes enters unmetallated porphyrins and
other poorly understood refractory complexes.
Increased burial and temperature result in the
partition of some organically complexed va-
nadium into migrating petroleum. Depending
on the composition of the rock, most of the va-
nadium remains in the rock by entering clay
minerals.
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