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Modern low-oxygen marine systems exhibit patterns of molybdenum-uranium covariation that can be
linked to specific attributes and processes of the depositional system, including (1) variation in benthic redox
conditions, (2) the operation of particulate shuttles within the water column, and (3) the evolution of
watermass chemistry. The importance of these factors in each depositional system can be assessed both from
the degree of enrichment of authigenic molybdenum (Mo,y) and uranium (U, ) and from the (Mo/U)auen
ratio of the sediment relative to the seawater Mo/U molar ratio of ~7.5-7.9. In open-ocean systems with

I]:?é \:)v)zzrds: suboxic bottomwaters, U,y enrichment tends to exceed that of Mo,y owing to onset of U, accumulation
Seawater chemistry at the Fe(Il)-Fe(Ill) redox boundary, resulting in sediment (Mo/U),, ratios less than that of seawater. As
Black Sea bottomwaters become increasingly reducing and at least occasionally sulfidic, the rate of accumulation of

Mo,y increases relative to that of U,y and sediment (Mo/U) e, Tatios equal or exceed that of seawater. In
restricted marine systems with permanently sulfidic deepwaters, the relative enrichment of Moy, and Uy
depends on additional factors. In the Cariaco Basin, which has an aqueous Mo/U ratio similar to that of
seawater, the operation of a particulate Mn-Fe-oxyhydroxide shuttle serves to accelerate the transfer of Mo
to the seafloor, leading to strong enrichments in Mo, relative to U,yn. In the Black Sea, the chemistry of the
deep watermass has evolved to the point where its aqueous Mo/U ratio is only ~0.04 that of seawater, as a
consequence of which sediments deposited under deepwater influence are depleted in Mo, relative to
Uaueh. These Mo-U covariation patterns can be used to gain a better understanding of the watermass
attributes and processes of ancient low-oxygen marine systems. Analysis of anoxic facies from two North
American paleomarine systems, the Late Pennsylvanian Midcontinent Sea (LPMS) and the Late Devonian
Seaway (LDS), reveals authigenic Mo-U relationships similar to those of the modern marine environments
above, implying similar redox and hydrographic controls. The observed patterns are consistent with laterally
unconfined circulation and strong watermass exchange within the LPMS, and with markedly restricted
deepwater circulation in silled basins of the LDS. Patterns of authigenic Mo-U covariation may prove useful
in analysis of other paleoceanographic systems to reveal aspects of watermass composition and
environmental dynamics.
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1. Introduction
1.1. Analysis of paleoceanographic systems

Reconstruction of environmental conditions and processes within
ancient marine systems requires the use of multiple proxies, including
trace-metal concentration data. Trace-metal concentrations have long
been used to draw inferences concerning paleoredox conditions
(Brumsack, 1980; Wignall and Myers, 1988; Dean et al., 1999;
Tribovillard et al., 2006), in which samples are generally classified as
oxic (>2.0ml 0, L™1), dysoxic or suboxic (~0.2-2.0ml O, L™1),
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anoxic-nonsulfidic (<0.2ml O, L™!, 0ml H,S L™1), and anoxic-
sulfidic or euxinic (0 ml O, L™, >0 ml H,S L™ ') (Savrda and Bottjer,
1991; Wignall, 1994). In addition, recent studies have shown that
trace-metal concentration data can provide information concerning a
wider range of paleoenvironmental parameters, including the chem-
ical evolution of watermasses, deepwater residence times, and the
degree of restriction of silled anoxic basins (Algeo and Lyons, 2006;
Algeo et al., 2007; Algeo and Maynard, 2008).

The present study aims to build on this earlier work by examining
patterns of covariation between Mo and U in modern and ancient anoxic
marine systems. Mo and U are particularly useful for paleo-
environmental analyses because of several characteristics (Table 1).
Both elements are present in low concentrations in the upper
continental crust (average 2.7 ppm for U, 3.7 ppm for Mo; Taylor and
McLennan, 1985). Both elements exhibit conservative behavior under
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Table 1

Characteristics of molybdenum and uranium.
Characteristic Molybdenum Uranium
Biologically essential element  Yes No

Ocean distribution Conservative

Salinity-normalized dissolved 110 nM
concentration

Modern-ocean residence time

Main source of metal

Main species in oxic sea water
and oxidation state

Speciation in reducing
conditions

0.78 million years
Rivers
Mo03~/Mo(VI)

Thiomolybdates MoO,S3=x

Main mechanisms of transfer to In oxic settings, Mo scavenging by metal oxides, notably Mn
(probable speciation change from the dissolved MoOz~ to the
particle reactive MoOs). In reducing settings with free HS™, Mo is
converted to particle reactive thiomolybdates that are scavenged
from solution via sulfidized (organic S-rich) organic material

r via Mo capture by Fe-S phases. At low [HS™ ], Mo uptake probably
occurs in the presence of Fe, possibly mediated by a Fe—S phase.

At high sulfide concentrations, uptake must operate in the absence

sediments

Conservative; a small but variable fraction of is associated with
particulate organic carbon
13 nM

0.45 million years
Rivers
U0,(C03)3~/(U(VI))

UO,, U307 or U30g

The main removal mechanism operates via uptake across the
sediment-water interface of reducing sediments. Under conditions
close to the Fe(Ill)-Fe(Il) transition, soluble U (VI) is reduced to
insoluble U(IV), the uptake of which may be accelerated by the
formation of organometallic ligands and the influence of organic
substrates in the sediment. The accumulation is at least partly
mediated by bacterial sulfate reduction reactions, because without
bacterial activity, the reduction process is slow. As sulfate reduction

of dissolved iron possibly mediated by a metal sulfide such as MoS3~. intensity is linked to reactive organic matter abundance,

U concentration is usually correlated with the organic carbon rain
rate and content in anoxic (non-sulfidic) facies.

oxic conditions and have long residence times in seawater (~450 kyr for
U, ~780 kyr for Mo). Consequently, both elements exhibit nearly
uniform concentrations in seawater globally, yielding a seawater Mo/U
molar ratio of 7.53 4 0.25 in the Pacific Ocean (Chen et al., 1986; Millero,
1996) and 7.90 £ 0.30 in the Atlantic Ocean (Morris, 1975; Chen et al.,
1986). Additionally, both elements are present in low concentrations
in plankton, so enrichments in sediments or sedimentary rocks
generally can be imputed to authigenic uptake of these elements from
seawater. For both elements, such uptake is greatly facilitated by
oxygen-depleted conditions. Notwithstanding these similarities, there
are important differences in the behavior of Mo and U under reducing
conditions that can lead to differences in their abundances in marine
sediments: (1) U,y uptake commences at the Fe(Il)-Fe(Ill) redox
boundary (Zheng et al., 2002a,b), earlier than Mo, uptake, which
requires the presence of H,S (Helz et al., 1996; Zheng et al., 2000); and
(2) transfer of Mo,y to the sediment can be accelerated through a
particulate Mn-Fe-oxyhydroxide shuttle (Murray, 1975; Crusius et al.,
1996), whereas U,y is unaffected by this process. Given these
differences in behavior, an analysis of patterns of authigenic Mo-U
covariation has the potential to provide useful, as-yet-unrecognized
insights concerning environmental conditions and processes in paleo-
ceanographic systems. As shown below, authigenic Mo-U covariation
can yield information concerning (1) variation in benthic redox
conditions, (2) the operation of particulate shuttles within the water
column, and (3) the evolution of watermass chemistry. Our approach
is first to analyze authigenic Mo-U covariation in modern low-oxygen
marine systems to gain an understanding of the range of observed
patterns and their environmental significance, and then to apply these
findings to an analysis of authigenic Mo-U covariation in black shales
of the Late Pennsylvanian Midcontinent Sea (LPMS) and the Late
Devonian Seaway (LDS) of the North American craton.

1.2. Molybdenum and uranium behavior in aqueous systems

The mechanisms of uptake of authigenic Mo by sediments are now
fairly well understood. Under oxic conditions, Mo is present in
seawater as the stable and largely unreactive molybdate oxyanion
(MoO3 7). Moaum enrichment is limited in oxic environments, and
modern continent-margin sediments typically contain only 1-5 ppm
(Zheng et al., 2000; Morford et al., 2009a). Under anoxic-sulfidic
conditions, Mo becomes “activated” at a critical activity of hydrogen
sulfide (aps.=1073® to 10~ %3, equivalent to ~50-250 uM HS"),

which facilitates conversion of molybdate (MoO3 ™) to thiomolybdates
(MoO4S?i— x), x=0to 3) (Helz et al,, 1996; Zheng et al., 2000). In the
latter form, Mo is particle reactive and readily adsorbed onto humic
substances or Mn- and Fe-oxyhydroxides (Berrang and Grill, 1974;
Magyar et al, 1993; Helz et al., 1996; Tribovillard et al., 2004).
Although uptake of Mo by particulates can occur within the water
column, as shown by sediment trap data (Berrang and Grill, 1974;
Francois, 1988), most Mo uptake probably occurs at or just below the
sediment/water interface (Francois, 1988; Emerson and Huested,
1991; Crusius et al., 1996; Zheng et al., 2000; Morford et al., 2009a).
The relatively greater importance of uptake by the sediment may be
due to the much longer residence time of particles on the seafloor than
in the water column, or possibly due to the higher sulfide concentra-
tions encountered below the sediment/water interface (Meyers et al.,
2005). Other factors that may favor Mo uptake at or below the
sediment/water interface include the presence of Brgnsted acids in
porewaters, which promote the molybdate-to-thiomolybdate conver-
sion, and the availability of clay mineral surfaces, which may catalyze
hydrolysis and sulfidation of thiomolybdates (Erickson and Helz,
2000; Vorlicek and Helz, 2002).

Mn-Fe redox cycling represents an important additional mecha-
nism of authigenic Mo enrichment in some marine systems (Berrang
and Grill, 1974; Jacobs et al., 1985; Emerson and Huested, 1991;
Magyar et al., 1993; Crusius et al., 1996; Morford et al., 2005).
Particulate Mn-Fe-oxyhydroxides form at the chemocline and adsorb
molybdate oxyanions during transit through the water column. Upon
reaching the sediment/water interface, these particles are reductively
dissolved, releasing molybdate ions that then either diffuse back into
the water column or are scavenged by other phases within the
sediment (Morford and Emerson, 1999; Morford et al., 2005). The
latter process accelerates the transfer of Mo,u, to the sediment
relative to other redox-sensitive trace metals (e.g., U) that do not
participate in this particulate shuttle, leading to elevated (Mo/U).utn
ratios. The importance of Mn-Fe redox cycling for authigenic Mo
accumulation is dependent on the vertical position of the chemocline.
Such redox cycling has little influence on Mo, accumulation where
the chemocline is located (1) within the sediment, as in oxic-suboxic
facies, or (2) high within a stably stratified anoxic water column, as in
the Black Sea or Framvaren Fjord, where molybdate is reductively
released back into the water column (Jacobs et al., 1985; Skei et al.,
1996; Crusius et al., 1996). In contrast, in environments with suboxic
to weakly sulfidic deepwaters, especially those subject to redox
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variations at short timescales, Mn-Fe redox cycling may be a major
factor in enhancing Mo transfer to the sediment (Murray, 1975;
Crusius et al., 1996). In such settings, vertical fluctuations of the
chemocline alternately promote (1) Mo scavenging in the water
column when the chemocline recedes below the sediment/water
interface and oxidizing (albeit suboxic) deepwaters catalyze precip-
itation of solid-phase Mn-Fe-oxyhydroxides, and (2) Mo release at the
sediment/water interface when the chemocline rises into the water
column and sulfidic bottomwaters catalyze reductive dissolution of
Mn-Fe-oxyhydroxides in surficial sediments. This process represents a
“Mo pump” that may be responsible for the exceptionally large Mo,u¢n
burial fluxes in marine systems such as the Cariaco Basin and Saanich
Inlet (Algeo and Lyons, 2006, their figure 7A).

The aqueous geochemistry of U exhibits some important similar-
ities and differences to that of Mo. Under oxic-suboxic conditions, U is
present mainly as soluble U(VI) in the form of uranyl carbonate
complexes (U0O,(CO3)4™) that are chemically unreactive (Langmuir,
1978; Klinkhammer and Palmer, 1991; Calvert and Pedersen, 1993).
U,un enrichment is limited in oxic environments, and modern
continent-margin sediments typically contain only 1-5 ppm (Morford
et al,, 2009b). Under anoxic conditions, U(VI) is reduced to U(IV),
forming the highly soluble uranyl ion UO3 or less soluble uranous
fluoride complexes. Reduction of U(VI) does not seem to occur within
the water column but, rather, only within the sediment (Anderson
et al., 1989; McManus et al., 2005), suggesting that the reduction
process may take place on particle surfaces, possibly catalyzed by
enzymes produced by iron and sulfate-reducing bacteria (Barnes and
Cochran, 1990; Zheng et al., 2002a; Morford et al., 2009a). In the
reduced state, uptake of U, by sediments may occur through: (1)
formation of organic-metal ligands in humic acids, or (2) precipitation
of crystalline uraninite (UO,) or a metastable precursor to it
(Klinkhammer and Palmer, 1991; Zheng et al., 2002a). U reduction
commences at the Fe(Il)-Fe(Ill) redox boundary and may be
controlled by microbially-mediated Fe redox reactions rather than
by the presence of HS™ (Zheng et al., 2002a). Thus, the onset of U,y
enrichment occurs under less intensely reducing conditions and at
shallower depths within the sediment column than that of Mo,y
(Morford et al., 2009a). U is not known to be influenced by Mn-Fe
redox cycling in the water column, a difference in behavior that can
potentially result in markedly different levels of enrichment of U,y
and Mo, in marine sediments.

The accumulation of both U,y and Mo,y is influenced by
exposure to oxic porewaters. Authigenic Mo and U adsorbed onto
particulates are released through oxidative remineralization of the
solid phase, a process which occurs mainly close to the sediment-
water interface and which can lead to a large diffusive flux of Mo and U
out of the sediment (Morford et al., 2009a). In oxic marine systems,
this process is strongly promoted by biotic irrigation (bioturbation) of
the sediment (Zheng et al., 2002b; Morford et al., 2009b). Under such
conditions, only a fraction (~20 to 70%) of Mo and U delivered to the
sediment is ultimately retained in authigenic phases (Morford et al.,
2009a,b). Sediment porewater data provide no evidence for post-
depositional remobilization of Mo and U in anoxic facies, where the
diffusive flux of Mo and U across the sediment-water interface is nearly
equal to their rates of authigenic accumulation (Morford et al., 2009a).
However, oxygenation of organic- and trace-metal-rich sediments can
lead to remobilization of authigenic Mo and U, resulting in either loss
to the overlying water column or vertical redistribution within the
sediment (Thomson et al., 1995, 1998; McManus et al., 2005). Vertical
migration of redox-sensitive trace metals over distances of a few cm to
a few dm commonly results in concentration peaks at redox interfaces
within the sediment (Colley and Thomson, 1985; Thomson et al., 1995,
1998). Post-depositional redistribution of Mo and U has the potential
to alter the primary depositional concentrations and concentration
ratios of these metals, although existing studies provide no evidence to
suggest any systematic difference in their remobilization potential.

1.3. Molybdenum and uranium enrichment factors

To compare the respective enrichments of Mo,y and U,y in the
study formations, trace-metal concentrations are given in the form of
“enrichment factors” (EF), where Xgr=[(X/Al)sampie/(X/Al)paas], and X
and Al stand for the weight concentrations of element X and Al
respectively. Samples were normalized using the post-Archean average
shale (PAAS) compositions of Taylor and McLennan (1985). Although Al
normalization has some potential pitfalls (Van der Weijden, 2002;
Tribovillard et al., 2006), enrichment factors are useful for rapid
assessment of the authigenic fraction of Mo and U in large numbers of
samples. In practice, a detectable authigenic enrichment corresponds to
Xgr> 3 and a substantial enrichment to Xgg> 10. For all the depositional
systems examined here, sample data are shown in the form of Mogs-Ugg
crossplots, in which the seawater Mo/U molar ratio is also shown as a
guide to interpreting relative enrichments of Mo,y versus Uyyeh.
Although contemporaneous seawater Mo/U molar ratios are unknown
for Pennsylvanian and Devonian sediments, it seems unlikely that
seawater [Mo] and [U] have varied much through time in view of their
long residence times in seawater (~780 and 450 kyr, respectively).

2. Mo-U covariation in modern marine systems

The present analysis focuses on three low-oxygen modern marine
environments representing different types of depositional systems.
The eastern tropical Pacific is a continent-margin upwelling system in
which low-oxygen conditions are primarily due to high productivity
but also influenced by deepwater restriction within silled depressions
such as the California Borderland basins. The Cariaco Basin represents a
moderately restricted anoxic silled basin of normal-marine salinity
with moderate levels of primary productivity, whereas the Black Sea
represents a strongly restricted anoxic silled basin of brackish salinity
with low levels of primary productivity. Differences in the physico-
chemical conditions of these three depositional systems and in the
processes operating within them are inferred to account for differ-
ences in their authigenic Mo-U covariation patterns.

2.1. Background

2.1.1. Eastern tropical Pacific

Strong upwelling along the North American and South American
continental margins results in elevated levels of primary productivity,
organic carbon sinking fluxes, and benthic oxygen utilization (McManus
et al,, 2006). Oxygen deficient conditions are generally prevalent along
the continental slopes at depths of 500-1500 m (the oxygen minimum
zone, or OMZ; Fig. 1A) but also extend onto the continental shelves at
depths of <200 m at ~5-22°Nand ~3-12°S latitude (Levitus and Boyer,
1994; Algeo et al., 2008). Locally in the southern California Borderland
region and on portions of the Mexican Margin and Peru Shelf, tectonic
subsidence has produced silled basins within which deepwater
exchange is reduced and dissolved oxygen levels are further depleted
relative to adjacent shelf areas (Fig. 1A; Berelson et al., 1987; Berelson,
1991; Berelson et al.,, 1996; Zheng et al., 2000; McManus et al.,, 2006).
Variability in dissolved oxygen levels is more limited within these
restricted basins, in which [0,] is consistently <0.5mlIL™! (<20 uM)
than for unrestricted continental slope settings (Fig. 2).

The southern California Borderland region consists of a series of
basins and swells, in which many of the former accumulate at least
intermittently laminated sediments under anoxic conditions (Berelson
et al,, 1987, 1996; Shaw et al., 1990; Berelson, 1991; McManus et al.,
2005). Dissolved oxygen concentrations are lower throughout the water
columns of the basins, where benthic redox conditions are commonly
suboxic, than in adjacent shelf areas (Fig. 1A). In the past few years, the
areal extent of suboxic conditions in the California Borderland region
has expanded, especially at water depths shallower than 100 m (Chan
et al., 2008). Average bulk sediment (92 gcm™2kyr™!) and organic
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Fig. 1. Redox profiles for modern low-oxygen systems: (A) California Borderlands, (B) Cariaco Basin, and (C) Black Sea. Concentrations of dissolved oxygen (blue) and hydrogen
sulfide (red) are plotted versus depth. In A, shading shows depth range of the oxygen minimum zone. In B, gray shading shows ranges of O, and H,S values for the years 1995-1999.
Data sources: (A) Zheng et al. (2002b); (B) Scranton et al. (2001) and Ho et al. (2004); (C) Murray et al. (1989; 1991) and Knorr 2003 expedition database (www.ocean.washington.
edu/cruises/Knorr2003/index.html). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

carbon (2.8 gcm™ 2 kyr~!) accumulation rates range from high in the
Santa Barbara Basin (Thunell et al., 1995; Kennett and Ingram, 1995) to
moderate (10-30 gcm™ 2 kyr~ ! and 0.5-2 gecm™ 2 kyr™ !, respectively)
in other basins (McManus et al., 2005). The Central California shelf
exhibits less bathymetric variation but is also subject to generally high
although temporally variable rates of upwelling and primary produc-
tivity (Gardner and Hemphill-Haley, 1986; Dean et al., 1997).

The Mexican Margin exhibits a strong oxygen-minimum zone at
depths of ~100-800 m (Wyrtki, 1967; Dean et al., 2006). The Soledad
site, west of Baja California, and the San Blas site, in the Gulf of
California, are located within restricted continental slope basins: the
Soledad Basin is 545 m deep with a sill depth of 250m, and the San
Blas Basin is 430 m deep with a sill depth of 300 m. Mazatlan is an
unbroken continental slope setting within the Gulf of California
(Nameroff et al., 2002). These sites are all characterized by low
benthic dissolved oxygen concentrations (<0.5 uM; Fig. 2; van Geen
et al,, 2003; Berelson et al., 2005), although bulk sediment (~5-
10 gecm~2kyr~ ') and organic carbon (~0.5-1.0gcm™2kyr—!) ac-
cumulation rates are generally lower than in the California Borderland
basins (van Geen et al., 2003; Dean et al., 2006).

The Peru Margin is characterized by high productivity as a
consequence of wind-driven upwelling, especially during La Nina
events within the ~4-7-yr-long ENSO cycle (Suits and Arthur, 2000).

Dissolved O, (mI L") Eastern Tropical

0 1 2 3 Pacific
—] 1T Central California (3400 m)
—{1T1— Central California (2000 m)
{1 Central California (1200 m)

- Santa Monica Basin (900 m)

I Soledad, Mexico (500 m)
{1+ Mazatlan, Mexico (500 m)
{T1 Peru Shelf (250 m)

Fig. 2. Redox variability in low-oxygen environments of the eastern tropical Pacific.
Each bar-and-whisker plot shows the median (thick vertical line), 16th and 84th
percentile values (bar), and minimum and maximum values (thin horizontal line) for a
time series of dissolved oxygen observations in each area.

Data sources: CalCOFI 1949-2007 database (www.calcofi.org/) and Zuta et al. (1978).
For comparison with Fig. 1, 3.0 ml/L O, is approximately equal to ~130 pM oxygen.

As a consequence, redox conditions are generally anoxic and locally
sulfidic at water depths from 75 to 550 m, and sediments have TOC
values to ~20% and highly enriched trace-metal concentrations
(Reimers and Suess, 1983; Boning et al., 2004). The Mo-U data from
the Peru Margin in McManus et al. (2006) is from a depth of 264 m
within the Pisco Basin, a small tectonic depression characterized by
very high organic carbon accumulation rates (~30 gcm ™2 kyr~ ') and
a local minimum in dissolved oxygen levels (<0.5 pM; Fig. 2; Zuta and
Guillén, 1970; Zuta et al., 1978).

Aqueous Mo and U concentration profiles for the eastern tropical
Pacific are similar to those for seawater globally and show little
vertical variation (Fig. 3A; Bruland, 1983; Chen et al., 1986). Although
profiles for most of the specific sites at which sediment samples were
collected are unavailable (but see Nameroff et al., 2002), aqueous
trace-metal concentrations are unlikely to vary much in the eastern
tropical Pacific owing to generally uninhibited watermass exchange
(Wyrtki, 1967). Some restriction of the deep watermasses in the silled
basins of the California Borderland region occurs, possibly influencing
watermass chemistry to a limited degree. Aqueous Mo/U molar ratios
for the eastern tropical Pacific are uniformly between 7.0 and 8.0.

The sediment Mo and U concentration data for the eastern tropical
Pacific (Fig. 4A) were taken from McManus et al. (2006 ), who reported
Mo-U concentration data for three sites on the central California
margin (1455 to 3595 m), six sites within the southern California
Borderland region (896 to 3707 m), three sites on the Mexico Margin
(430 to 542 m), and one site on the Peru Shelf (264 m). These data
were supplemented with Mo-U data from ODP Site 1017, which was
located at a water depth of 955 m on the continental slope to the west
of Point Conception on the southern California margin (Tada et al.,
2000; Irino et al.,, 2000). These samples were taken from the upper
5.6m of a 24.9-m-long piston core, representing calcareous silt and
clay interspersed with normally graded sand layers of probable
turbiditic origin that was deposited from ~25 kyr B.P. to the present
(Kennett et al., 2000). TOC ranges from 0.5 to 3% (average 1.6%) and
the sediment is almost completely bioturbated, reflecting mainly oxic
to suboxic benthic redox conditions.

2.1.2. Cariaco and Orca basins

The Cariaco Basin, the second-largest anoxic silled basin in the
modern world, is a ~7000-km? tectonic depression on the Venezuelan
continental shelf (Jacobs et al., 1987). It consists of two >1400-m-
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Fig. 3. Aqueous profiles of Mo, U, and Mo/U molar ratio for modern marine systems: (A) eastern tropical Pacific, (B) Cariaco Basin, and (C) Black Sea. Dotted lines show the seawater
(SW) Mo/U ratio (~7.5 in the Pacific region and ~7.9 in the Atlantic region) in all Mo/U plots and fractions thereof for the Black Sea.
Data sources: (A) Bruland (1983) and Chen et al. (1986); cf. Nameroff et al. (2002); (B) Anderson (1987) and Emerson and Huested (1991); (C) Anderson et al. (1989) and Emerson

and Huested (1991).

deep subbasins separated by a ~900-m-deep saddle and is bordered
by shallow sills (~120-150 m) that limit deepwater exchange. The
watermass is of marine salinity, and water-column stratification is
maintained by a thermocline. The renewal time (7q4.) of the deep
watermass is ~50-100yr (Algeo and Lyons, 2006). The O,/H,S
interface has shallowed from ~400 m to ~200 m water depth since
the 1950s (Fig. 1B; Jacobs, 1984; Jacobs et al., 1987; Scranton et al.,
1987; Zhang and Millero, 1993; Scranton et al., 2001; Ho et al., 2004).
Below the chemocline, [H,S],q increases downward to a maximum
value of ~30-80uM at the sediment/water interface, although
substantial interannual variation has been observed (Scranton et al.,
2001; Ho et al., 2004). Overspills of denser masses of oxygenated
water that descend to depths of ~200-500 m are frequent (Scranton
et al., 2001; Astor et al., 2003). Anoxia was established ~14.5 kyr B.P.
when the deglacial eustatic rise brought nutrient-rich Caribbean
intermediate waters into the basin, stimulating primary productivity
and increasing deepwater oxygen demand (Peterson et al., 1991;
Haug et al., 1998; Werne et al., 2000; Lyons et al., 2003). At present,
seasonal shifts in the Intertropical Convergence Zone (ITCZ) and in
trade wind strength result in intensified upwelling between January
and May, triggering elevated primary production and vertical fluxes of

organic carbon (Miiller-Karger et al., 2001). Organic carbon accumu-
lation rates average 1-6 gcm ™2 kyr~! and the sedimentary organic
matter is mostly of marine origin (Dean et al., 1999; Thunell et al.,
2000; Miiller-Karger et al., 2001; Lyons et al., 2003). In addition to
photosynthesis in surface waters, carbon also is fixed by chemoau-
totrophic activity at high rates (0.1 to 3.3 times surface productivity)
at and just below the O,/H,S interface (Taylor et al., 2001).

The Orca Basin is a small (~400 km?), deep (~2400 m) depression
on the continental slope of the northern Gulf of Mexico (Shokes et al.,
1977; Sheu, 1990; Hurtgen et al., 1999; Tribovillard et al., 2008). The
depression is bordered by sills at ~2000 m, resulting in a shallow
(<200-m-thick) restricted deep watermass. The contact between the
bulk of the watermass, which is of “normal” seawater chemistry, and
the restricted deep watermass occurs over a ~50-m-thick transition
zone below ~2200 m. Across this contact, salinity increases from
35 ppt to ~260 ppt, density jumps from 27 to 180 (o), dissolved
oxygen falls to zero, and hydrogen sulfide rises transiently to >3 pM
(peaking at ~2250 m before falling to zero in the deepest part of the
water column. The exceptionally strong pycnocline severely limits
exchange between the restricted deep watermass and the overlying
water column. The basin formed as a consequence of salt tectonics
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Data sources: (A) Irino et al. (2000), Tada et al. (2000), and McManus et al. (2006);
(B) Tribovillard et al. (2008) and Riboulleau (unpublished data); (C) Anderson and
Fleischer (1991), Barnes and Cochran (1991), and Lyons (1992).

some time before 50 kyr B.P., and the high salinity of the deep
watermass is maintained through dissolution of salt in shallow
subsurface diapirs in proximity to the basin (Presley and Stearns,
1986; Sheu et al., 1987).

The surface watermass of the Cariaco Basin exhibits aqueous Mo and
U concentrations close to those of average seawater (~105 nmol kg™

and ~13.5nmol kg™ !, respectively; Anderson, 1987; Emerson and

Huested, 1991). The concentrations of both trace metals decrease
downward into the deep watermass, but the decline is larger for Mo
(~20%) than for U (~10%; Fig. 3B). Most of the water column exhibits
Mo/U molar ratios close to the seawater ratio of ~7.5-7.9, although
the deeper part of the water column (~1000-1200 m) shows slightly
lower values (6.940.6). No aqueous Mo-U concentration data are
available for the Orca Basin. The oxic portion of the water column above
~2200 m is unlikely to be modified relative to “normal” seawater,
but the chemistry of the highly saline (~360 ppt), dense deep water-
mass at 2200-2400 m may be evolved.

The Cariaco Basin samples used in this study are from the 528-cm-
long Calypso square core (CASQ) MDO03-2625, which was recovered
from the central saddle of the basin (10° 40.65 N, 64° 58.24 W) at a
water depth of 847 m during Leg 1 of the PICASSO expedition (R/V
Marion Dufresne). Samples were analyzed for Mo, U, and other trace
metals by ICP-MS (Riboulleau, unpublished data). The Orca Basin
samples were from a core taken at a depth of 2240 m during the same
research expedition, and 10 samples from the upper 7.5 m of the core
were analyzed for Mo, U, and other trace metals by ICP-MS
(Tribovillard et al., 2008).

2.1.3. Black Sea

The Black Sea, the largest anoxic silled basin in the modern world,
has an area of 423,000-km? and abyssal plain depths of >2000 m
(Degens and Ross, 1974). It is a restricted, hyposaline (18-22%.
salinity) ocean basin with a shallow (~30-35 m) sill connecting it to
the Mediterranean Sea via the Bosporus Strait. Water column
stratification is maintained by both vertical salinity and temperature
gradients. The renewal time (74, ) of the deep watermass is within the
range of ~400 to 2000 yr (Algeo and Lyons, 2006). The O,/H,S
interface is presently at ~50 m in the basin center and ~120-150 m
around the basis margins (Fig. 1C). The chemocline has shallowed
since the 1960s, although geologic evidence indicates that its position
fluctuated in the pre-modern period as well (Murray et al., 1989;
Tugrul et al., 1992; Lyons et al., 1993; Anderson et al., 1994; Wilkin and
Arthur, 2001). Below the chemocline, [H,S],q increases downward to a
maximum of ~400-600 uM in the deep watermass. Organic carbon
accumulation rates are generally low (~0.1-1gecm~2kyr~!) but
increase somewhat toward the basin margins (Karl and Knauer, 1991;
Calvert et al., 1991; Arthur et al, 1994). Deepwater anoxia is
maintained primarily by the strength of water-column stratification
and low rates of dissolved oxygen penetration into the deep water-
mass, and only secondarily by the sinking flux of organic matter.

Aqueous Mo concentrations in the surface watermass are 30-
40 nmol kg~ !, which is ~0.7 that of average seawater on a salinity-
normalized basis (Fig. 3C; Anderson et al., 1989; Emerson and Huested,
1991). Mo concentrations decrease sharply downward below the
chemocline, reaching deepwater values of 2-3 nmol kg~ !, or only
~0.04 that of seawater on a salinity-normalized basis. Aqueous U
concentrations exhibit a modest decrease from surface waters (~8-
9 nmol kg~ ') into deep waters (~5 nmol kg~ ), representing a decline
from ~1.0 to ~0.6 times the salinity-normalized seawater value. The
far larger decrease in [Mo],q relative to [U],q results in a substantial
decline in aqueous Mo/U molar ratios, from ~4-5 in the surface
watermass to ~0.3-0.5 in the deep watermass. As a fraction of the
seawater Mo/U molar ratio, aqueous Mo/U ratios in the Black Sea
decrease from ~0.6-0.7 in the surface watermass to ~0.04-0.06 in the
deep watermass.

The sediment Mo and U concentration data for the Black Sea
(Fig. 4C) were taken from Anderson and Fleischer (1991), Barnes and
Cochran (1991), and Lyons (1992). Stations 5, 15, and 17 are basin-
margin sites located just above or below the chemocline, at water
depths of 233, 198, and 97 m, with average carbonate-free TOC values
of 2.8%,1.9%, and 1.1%, respectively. Stations 9, 14, and 18A are abyssal
plain sites at water depths of 2094, 2218, and 2150 m, with average
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carbonate-free TOC values of 12.8%, 10.2%, and 4.6%, respectively
(Lyons, 1992). Sample depths at each station range from the
sediment/water interface downward ~20 to 40 cm, representing
coccolith oozes and “turbidites” of Unit 1, deposited since ~1320 yr
B.P, although the underlying Unit 2 may be present in the Station 18A
box core (Lyons, 1992). At any given site, the muddy “turbidite”
layers exhibit markedly lower TOC and trace-metal concentrations
than the enclosing pelagic sediment, consistent with their derivation
from shallower (less reducing) facies.

2.2. Mo-U relationships

The three modern low-oxygen marine systems examined here each
show a different and unique pattern of sediment authigenic Mo-U
covariation. Sediments from multiple continent-margin sites in the
eastern tropical Pacific exhibit a well-defined covariant trend (Fig. 4A,
solid line), reflecting variation in Mo,y and U,y concentrations that
closely mirrors patterns of redox variation (Fig. 2). Increasingly reducing
conditions yield progressively higher Mo, and U, concentrations in
the following sequence: southern and central California shelves,
southern California Borderland basins, Mexican Margin, and Peru Shelf
(Fig. 4A; n.b., Mo isotopic variation among these sites shows the same
sequence, indicating that 6°Mo may be a good proxy for temporally
integrated redox conditions; Poulson et al., 2006). Samples showing
lesser degrees of total authigenic enrichment display modest Uy,
enrichment but little or no Mo,ysh, yielding (Mo/U) ;e ratios about 0.2—
0.5 that of seawater. As total authigenic enrichment increases, samples
become progressively more enriched in Mo, relative to Uy, yielding
(Mo/U)ay¢en ratios that range upward to a maximum about 3 times that of
seawater (Fig. 4A).

Cariaco Basin sediments are considerably more enriched in Mo,y
relative to U,,h, and most samples plot well above the seawater Mo/U
molar ratio (Fig. 4B). These samples define a trend roughly parallel to
the seawater Mo/U trend, representing a (Mo/U),, ratio about 5
times that of seawater (thick solid line). A subset of samples exhibits
a lesser degree of Mo, enrichment and yields (Mo/U)aun ratios
equal to or less than that of seawater. Whether this subset represents
a trend (thin dashed line) reflecting changes in (Mo/U),y, ratios as
total trace-metal enrichment increased due to an evolution of basinal
deepwaters toward more reducing conditions is uncertain. Orca
Basin sediments also exhibit strong enrichment of Mo, (EFs of 10
to 50) relative to U,y (EFs<2), yielding (Mo/U),uh ratios of ~2 to
8 (Fig. 4B).

Black Sea sediments from basin-margin sites proximal to the
chemocline exhibit little or no Mo,y and U,y enrichment (Fig. 4C,
triangles), whereas those accumulating at abyssal-plain sites show
moderate but variable degrees of enrichment (squares). The latter
group exhibits a pronounced covariant trend (solid line) such that
samples having lesser degrees of total authigenic enrichment are
markedly more enriched in Mo,y than Uuye, yielding (Mo/U)auth
ratios roughly the same as that of seawater, and samples having
greater degrees of total authigenic enrichment yield lower (Mo/U)auth
ratios (~0.3-0.6 times the seawater value). This pattern reflects a
progressive enrichment of U, relative to Mo,y as total authigenic
concentrations increase.

2.3. Interpretations

Differences in the authigenic Mo-U covariation patterns of modern
low-oxygen marine systems (Fig. 4) suggest that multiple factors may
be influencing uptake of authigenic trace metals by the sediment.
Likely controls fall into three categories: (1) benthic redox conditions,
including both the mean redox state and the degree of redox
variability, (2) operation of particulate shuttles that could accelerate
removal of trace metals to the sediment, and (3) changes in the
chemistry of the overlying water column, especially its aqueous Mo/U

ratio (Fig. 5). Although conceptually separate, these three controls are
in fact commonly interdependent in nature.

Benthic redox conditions are generally recognized as a dominant
influence on the accumulation of authigenic trace metals in the
sediment. The tropical eastern Pacific system examined in this study
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Fig. 5. Cartoon showing relationships of Mo and U authigenic enrichment to (A) benthic
redox variation, (B) Mn-oxyhydroxide particulate shuttle, and (C) evolving aqueous
chemistry. In A, the zone of aerobic respiration is shown in blue, the (generally narrow)
field of anoxic-nonsulfidic conditions (zones of Fe(Ill), Mn(IV) and nitrate reduction in
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reduced Mn, respectively; Mo represents the flux of adsorbed molybdate to the
sediment (left panel) and its recycling within the water column (right panel); FC and SC
represent fluctuating and stable chemocline depths, respectively. In C, the x-axis scale
relates to aqueous Mo and U vertical concentration profiles and ranges from zero to the
seawater (SW) value. In A-C, size of arrows shows relative magnitudes of authigenic Mo
and U fluxes to the sediment. SWI= sediment/water interface. See text for discussion.
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comprises unrestricted (or weakly restricted) marine sites in which
benthic redox conditions range from well oxygenated to strongly
oxygen depleted (i.e., anoxic and intermittently sulfidic). The relation-
ship of redox conditions to authigenic Mo-U enrichment in this system
is fairly unambiguous: (1) oxic facies exhibit little or no enrichment,
(2) suboxic facies exhibit modest enrichment with (Mo/U)ayn ratios
distinctly lower than the seawater ratio, and (3) anoxic facies exhibit
strong enrichment accompanied by progressively higher (Mo/U)auh
ratios as total authigenic concentrations increase (Fig. 4A). This pattern
is consistent with well-understood controls on trace-metal uptake by
sediments. Under suboxic conditions, U, is taken up preferentially
over Mo,y because U(VI) is reduced at the Fe(Il)-Fe(Ill) redox
boundary, prior to the onset of sulfate reduction, which controls Mo
accumulation (Fig. 5A; Morford and Emerson, 1999; Zheng et al., 2002a;
Morford et al., 2005). Although the redox zone in which Fe is reduced is
typically narrow within the sediment, in marine systems in which the
chemocline hovers close to the sediment/water interface substantial
uptake of U,y through shallow diffusion may be possible without
significant uptake of Mo,,, which must diffuse into the deeper, sulfidic
part of the sediment column. Under anoxic conditions, in which the
chemocline rises close to (or above) the sediment/water interface,
formation of thiomolybdates most likely converts aqueous Mo to a
particle-reactive form and enhances the uptake of authigenic Mo by the
sediment (Fig. 5A; Helz et al., 1996; Zheng et al., 2000). Such conditions
result in rates of uptake of Mo, that substantially exceed those of
Uauth, Tesulting in a progressive increase in sediment (Mo/U) uth ratios
as EFs increase (e.g., Fig. 4A). Transient (<5 yr) episodes of enhanced
anoxia in mildly restricted basins, such as in the Santa Barbara Basin
where such changes have been linked to ENSO forcing of ventilation, can
result in substantial short-term increases in the flux of Mo,y to the
sediment (Zheng et al., 2000).

Additional controls on authigenic Mo-U accumulation must be
invoked to explain features of the datasets from the Cariaco and Orca
basins and the Black Sea. The strong relative enrichment of Moy
relative to U,y in the Cariaco and Orca basins (Fig. 4B) is probably due
to operation of a “particulate shuttle” linked to Mn-Fe redox cycling
within the water column, a process known to operate in both the Cariaco
Basin (de Baar et al., 1988; Ho et al., 2004) and the Orca Basin (Trefry
etal,, 1984; Van Cappellen et al,, 1998). The effectiveness of a particulate
shuttle in promoting Mo, accumulation may be enhanced by strong
variation in water-column redox conditions at short to intermediate
timescales. The deepwater residence time of the Cariaco Basin is ~50-
100 years (Algeo and Lyons, 2006), and observational data show that
major renewal events occur at intervals of years to decades (Zhang and
Millero, 1993; Scranton et al., 2001; Ho et al., 2004). In the Orca Basin, a
particulate shuttle may be the main vector for trace-metal enrichment
of the sediment. In contrast to Mo, most redox-sensitive trace metals,
including U, Cu, Ni, Zn, Pb, and Cd, show little or no enrichment,
suggesting limited uptake across the sediment/water interface possibly
owing to low concentrations of these metals in the deep watermass (the
“basin reservoir effect”; Tribovillard et al., 2008). Mo is enriched in Orca
Basin sediments despite possible drawdown in the deep watermass
because it is continuously scavenged by Mn-oxyhydroxides within the
redox transition zone (2200-2250 m; Trefry et al., 1984; Van Cappellen
etal,, 1998). The importance of particulate shuttles in enhancing Mo
uptake in largely unrestricted continent-margin settings with intermit-
tently sulfidic bottomwaters (such as the eastern tropical Pacific) is less
clear. However, a fraction of the Mo, flux (<15%) to the sediment in
the Santa Barbara Basin has been attributed to such a particulate shuttle
(Zheng et al., 2000).

An additional factor may influence authigenic Mo-U enrichment
patterns in the Black Sea: evolution of the watermass chemistry.
Unlike both the eastern tropical Pacific and the Cariaco Basin, in which
aqueous Mo/U molar ratios are generally close to that of seawater
(~7.5-7.9), aqueous Mo/U ratios in the Black Sea decrease from 4.6—
4.9 in the surface watermass rapidly downward below the chemocline

to a minimum of ~0.3 (Fig. 3C). Thus, substantially less dissolved Mo
is available for uptake by sediments in slope and basinal areas of the
Black Sea than at sites bathed in seawater of “normal” chemistry. That
the signal of the evolved chemistry of Black Sea deepwaters can be
recorded by sediment Mo/TOC ratios was demonstrated by Algeo and
Lyons (2006). This signal may also be apparent in a Mogg—Ug
crossplot, which shows a distinct trend toward lower (Mo/U)auth
ratios with increasing total authigenic enrichment (Fig. 4C). The
relationship of this trend to the seawater molar ratio line (1xSW) is
unambiguously different from that for open-marine systems (Fig. 4A)
and at odds with expectations of enhanced Mo,,, accumulation in
sulfidic restricted basins (e.g., Fig. 4B). The most likely explanation for
this pattern is that sites exhibiting lower (Mo/U),u ratios accumu-
lated under the influence of the Mo-depleted deep watermass (Mo/U
molar ratio ~0.3-0.5), and sites yielding higher (Mo/U),uw ratios
were exposed to the (relatively) Mo-enriched surface watermass
(Mo/U molar ratio ~2-5; Fig. 3C).

The foregoing discussion allows some generalizations concerning
patterns of authigenic Mo-U enrichment in different types of low-
oxygen marine systems (Fig. 6). In unrestricted marine systems such
as continent-margin upwelling systems, a shift from suboxic to sulfidic
benthic redox conditions enhances uptake of both Mo,y and Uayen,
but relatively stronger accumulation of Moy, results in a progressive
increase in (Mo/U) ¢ ratios from 0.1-0.3 times the seawater molar
ratio to 1.0-3.0 times that ratio. This pattern reflects the preferential
uptake of U,y over Mo,y When redox conditions at the sediment/
water interface hover around suboxic, and of Mo, over Uy, When
benthic redox conditions are strongly and/or frequently sulfidic. In
euxinic silled basins, patterns of authigenic Mo-U enrichment depend
on whether a particulate shuttle is operative, which in turn depends on
the size of the basin and the height and stability of its chemocline. In
smaller basins characterized by a deep or highly variable chemocline,
operation of a particulate shuttle is likely to enhance transfer of
aqueous Mo to the sediment/water interface, resulting in elevated and
relatively uniform (Mo/U) ¢ ratios. In larger basins characterized by a
shallow and stable chemocline, a particulate shuttle is unlikely to be
effective at delivering Mo to the sediment/water interface. In these
systems, relative rates of authigenic Mo-U enrichment will depend on
the degree of evolution of its water chemistry (a natural consequence
of the highly restricted character of the basin and the long residence
time of its deep watermass). Initially, when the aqueous Mo/U molar
ratio is close to that of seawater, sediment (Mo/U) .y, ratios will be
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high, but as aqueous Mo is depleted through sedimentation without
compensatory resupply, sediment (Mo/U),u ratios will decline
proportionately.

3. Mo-U covariation in ancient marine systems

Authigenic Mo-U relationships in modern low-oxygen marine
systems have the potential to serve as a basis for analysis of
environmental conditions and processes in ancient low-oxygen
marine systems. In the following, we examine two case studies, the
Late Pennsylvanian Midcontinent Sea and the Late Devonian Seaway of
the North American craton.
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3.1. Late Pennsylvanian Midcontinent Sea (LPMS)

The LPMS was a large, nearly landlocked cratonic-interior sea
bordered by the lowlying Laurentian craton to the north and east, the
Appalachian and Ouachita orogens to the south, and the Ancestral
Rocky Mountains to the west (Fig. 7; Heckel, 1977; Algeo and Heckel,
2008; Algeo et al., 2008). It was located at 0 to 15°N paleolatitude
within the paleo-intertropical convergence zone, producing a mon-
soonal climate with moisture-laden air masses drawn from the proto-
Tethyan embayment to the east (Crowley et al., 1989; Parrish, 1993;
Poulsen et al., 2007; Montafiez et al., 2007). Strong precipitation and
runoff, especially in the Appalachian Basin region, produced a
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Fig. 7. Mogg versus Ugg for Late Pennsylvanian Midcontinent Sea. (A-C) Hushpuckney Shale, (D) Upper Tacket Shale (lateral equivalent of Hushpuckney), (E-G) Stark Shale, and (H) Eudora
Shale. Solid lines show main covariant trends in each dataset; dotted lines show Mo/U molar ratios equal to the seawater value (1xSW) and to fractions thereof (0.3xSW, 0.1xSW).
Data sources: Algeo and Maynard (2004) and Algeo (unpublished). Paleogeographic map modified from Algeo et al. (2008). Geographic abbreviations: AB = Appalachian Basin,
AnB = Anadarko Basin, ARM = Ancestral Rocky Mountains, GPBS = Greater Permian Basin Seaway, HC = Hovey Channel, IB = Illinois Basin, LPMS = Late Pennsylvanian Midcontinent Sea,
MS = Midcontinent Shelf, PS = Panhandle Strait, WB = Williston Basin.
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reduced-salinity surfacewater layer extending from the eastern
interior of the LPMS westward to at least the Midcontinent Shelf and
contributed to the development of a large-scale “superestuarine”
circulation pattern, characterized by a strong water-column pycno-
cline and pronounced spatial gradients in environmental and
sedimentary parameters (Hoffman et al, 1998; Algeo and Heckel,
2008; Algeo et al., 2008). The laterally unconfined character of the
pycnocline resulted in high-frequency fluctuations in watermass
properties at relatively short (i.e., decadal to millennial) timescales,
especially with regard to redox conditions, nutrient upwelling rates,
and primary productivity (Algeo et al., 2008; Algeo and Heckel, 2008).
Benthic redox conditions in the Midcontinent Shelf region fluctuated
between suboxic and strongly sulfidic (Algeo et al., 2004; Algeo and
Maynard, 2004).

Bathymetric variation within the Midcontinent region was
relatively limited, although local areas of positive relief existed
around the Central Kansas and Nemaha uplifts and the Bourbon and
Mississippi River arches. The Trancontinental and Siouxian arches
were shallowly submerged structural highs that separated the
Midcontinent Shelf from the Williston Shelf to the north (Fig. 7).
The average depth of the entire LPMS was estimated at ~50 m,
although southern portions of the Midcontinent Shelf may have been
as deep as ~150 m (Algeo and Heckel, 2008). Water depths in the
adjacent Arkoma and Anadarko foredeep basins to the southwest
were generally greater (hundreds of meters) but varied through time
in response to episodes of basin subsidence and fill (Arbenz, 1989).
The principal connection of the LPMS to the global ocean was at the
northwest end of the Anadarko-Dalhart basins, where the Panhandle
Strait led to the Palo Duro and Midland basins and thence to the Hovey
Channel and eastern tropical Panthalassic Ocean (Fig. 7; Algeo et al.,
2008). This connection is thought to have been a continuous, ~1000-
km-long deepwater corridor deepwater, although water depths over
structural sills separating these basins are poorly known.

Patterns of authigenic Mo-U covariation were examined for three
Upper Pennsylvanian black shales from the Midcontinent region:
(1) the Hushpuckney Shale (Swope Formation) and its lateral
equivalent, the Upper Tacket Shale, (2) the Stark Shale (Dennis
Formation), and (3) the Eudora Shale (Stanton Formation). The
Hushpuckney and Stark shales belong to the lower part of the
Missourian Stage (first half of the Late Pennsylvanian), and the Eudora
Shale to the upper part of the same stage (Heckel, 1977). All three
horizons represent “core” shales of Midcontinent cyclothems, depos-
ited during three separate interglacial highstands of the LPMS. The
highstands of the early Missourian Stage (Hushpuckney and Stark)
were characterized by greater water depths, stronger pycnoclines,
and more reducing benthic redox conditions on the Midcontinent
Shelf than those of the late Missourian Stage (Eudora), as indicated by
the geographic extent of black shale deposition and redox proxies
such as DOP, TOC, and trace-metal concentrations.

The three study horizons exhibit some common features with
regard to authigenic Mo-U accumulation: (1) variable but commonly
high EFs, (2) (Mo/U),uh ratios that are mostly between 0.1 and 1 times
that of seawater, and (3) little variation in (Mo/U).y ratios with
increasing EFs at a given site (yielding covariation trend lines nearly
parallel to the seawater molar ratio lines; Fig. 7A-H). For the
Hushpuckney and Upper Tacket shales, regular spatial variation
is apparent among the study sites: (1) average EFs decline in mov-
ing from northeast to southwest across the LPMS, and (2) average
(Mo/U) aueh ratios decline from ~1xSW at the northernmost site
(southern Iowa) to ~0.3-0.4xSW at the southernmost sites
(southern Kansas and Oklahoma). For the Stark Shale, little spatial
variation is evident: the ranges of EFs for Mo,y and U,y are
similar, and all three sites yield average (Mo/U),y, ratios of ~0.3x
SW with no apparent relationship to variation in EFs (Fig. 7E-G). The
Eudora Shale exhibits substantially lower EFs than the other units:
<20 for Mo,y and <50 for U,y (Fig. 7H). Further, (Mo/U) ju¢h ratios

decrease from ~0.3xSW to ~0.1xSW as EFs increase, yielding some
of the lowest (Mo/U),, ratios among any of the LPMS study units.

The authigenic Mo-U enrichment patterns for the LPMS study units
do not closely match those for any of the modern marine systems
considered above, although patterns of spatial variation in the
Hushpuckney-Tacket (Fig. 7A-D) may provide some insights regarding
controls on Mo-U accumulation. Increasing (Mo/U),un ratios and
higher EFs to the northeast suggest that redox conditions were more
reducing to the interior regions of the LPMS (cf. Hoffman et al., 1998;
Algeo and Heckel, 2008). However, the individual LPMS study sites do
not yield sets of tightly clustered samples, nor do they collectively show
aprogression from low (Mo/U ), ratios at lower EFs to high (Mo/U) auth
ratios at higher EFs (Fig. 7A-H), both of which are features of the modern
tropical eastern Pacific (Fig. 4A). The pattern of authigenic Mo-U
covariation in the LPMS is suggestive of highly variable redox conditions,
probably ranging over the full redox spectrum (from oxic or suboxic to
sulfidic) at each of the study sites, an inference consistent with the
results of earlier studies (Hoffman et al., 1998; Algeo et al., 2004; Algeo
and Maynard, 2004; Algeo and Heckel, 2008). Such strong variability in
redox conditions across a wide region of the LPMS is consistent with
the inference of a shallow and laterally unbounded pycnocline, the
strength and spatial extent of which varied through time in response to
changes in region humidity and freshwater discharge into this nearly
landlocked cratonic sea (Algeo et al., 2008, their figure 9). High-
frequency changes in redox conditions within the LPMS (Algeo et al.,
2004) may have resulted in early post-depositional remobilization of
Mo and U, a process likely to attenuate primary depositional relation-
ships and yield broadly irregular covariant trends of the type seen in
many of the LPMS study units (Fig. 7).

Most LPMS samples yield (Mo/U)u ratios less than that of
modern seawater (although a few yield ratios as high as ~3xSW;
Fig. 7A-H), in contrast to modern open-ocean and silled-basin marine
systems in which strongly reducing conditions result in most samples
having (Mo/U) ¢ ratios substantially higher than the seawater molar
ratio (Fig. 4A-B). There are several possible explanations for this
observation. First, deepwaters welling up on the southwestern margin
of the LPMS may have been depleted in Mo as a consequence of their
transit through a ~1000-km-long, anoxic deepwater corridor in the
Greater Permian Basin region, during which Mo may have been
removed to the sediment (Algeo et al., 2008; Algeo and Heckel, 2008).
This mechanism is analogous to the aqueous Mo depletion process
operating in the modern Black Sea, although the oceanographic details
differ, and seems to be the most likely explanation. A second possibility
is that global seawater had a lower Mo/U molar ratio during the
Carboniferous than at present, although independent evidence to
support this hypothesis is lacking. Finally, Mo may have been
preferentially remobilized relative to U during the frequent oxygen-
ation events that affected the Midcontinent Shelf, leading to reduced
sediment (Mo/U),y ratios. Although both Mo,y and U,y are
subject to some degree of remobilization along oxidation fronts that
penetrate into anoxic sediments (Thomson et al., 1995, 1998; Chaillou
etal., 2002, 2008), there is at present no empirical data to suggest that
Mo,uth Would be lost at higher rates than U,yen.

3.2. Late Devonian Seaway (LDS)

The LDS extended across the North American craton from the
Acadian Orogen at ~30°S paleolatitude to the Cordilleran Geosyncline
close to the paleoequator (Fig. 8). Climate conditions were relatively
dry owing to the orogenic rainshadow effect of the Acadian Mountains
to the south and east (Ettensohn and Barron, 1983; Woodrow, 1985;
Ettensohn, 1985). The craton was subdivided by structural highs into a
series of basins, including the Appalachian and Black Warrior basins
south of the Cincinnati Arch, the Michigan, Illinois, lowa, and
Oklahoma basins north of the Cincinnati Arch and south of the
Transcontinental Arch, and the Williston and Elk Point basins north of
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Fig. 8. Mog versus Ugg for Late Devonian Seaway: (A) Bakken Shale-SK (Saskatchewan), (B) Bakken Shale-ND (North Dakota), (C) Woodford Formation, (D) New Albany Shale,
(E) Kettle Point Formation, (F) Ohio Shale-CAB (Central Appalachian Basin), (G) Ohio Shale-SAB (Southern Appalachian Basin), and (H) Chattanooga Shale. Solid lines show main
covariant trends in each dataset, and dashed lines show secondary covariant trends; dotted lines show Mo/U molar ratios equal to the seawater value (1xSW) and to fractions
thereof (0.3xSW, 0.1xSW).

Data sources: (A) Karma (1991), (B) Hartwell (1998); (C) Algeo and Over (unpublished); (D) Frost et al. (1985); (E) Armstrong (1986); (F) Leventhal and Hosterman (1982); (G)
Jaminski (1997); and (H) Rheams and Neathery (1988). Paleogeographic map modified from Algeo et al. (2007). Geographic abbreviations: AB= Appalachian Basin,
AM = Appalachian Mountains, AUB = Ancestral Uinta Basin, BWB = Black Warrior Basin, CA = Cincinnati Arch, CMU = Central Montana Uplift, DB = Delaware Basin, EPB = Elk Point
Basin, IB = Illinois Basin, IwB = Iowa Basin, MB = Michigan Basin, ME = Mississippi Embayment, OB = Oklahoma Basin, OU = Ozark Uplift, PB = Pilot Basin, TCA = Trans-Continental

Arch, WAR = West Alberta Ridge, WB = Williston Basin, ZDU = Zuni-Defiance Uplift.

the Transcontinental Arch (Fig. 8). The existence of these structural
features during the Late Devonian was due to reactivation of basement
faults associated with compressional stress fields set up by the Acadian
Orogeny (Howell and van der Pluijm, 1990, 1999; cf. Zoback and
Zoback, 1991), possibly reflecting the slide of the craton into a geoid
low during the formation of the Pangean supercontinent (Bond and
Kominz, 1991).

As a consequence of these structural features, substantial bathy-
metric variation existed across the LDS. Although absolute water
depths cannot be determined, the deeper parts of the Appalachian
Basin accumulated laminated hemipelagic sediments, probably at

water depths up to a few hundred meters (Potter et al., 1982; Jaminski
et al, 1998; Werne et al.,, 2002; Sageman et al., 2003). The other
cratonic-interior basins were not as deep but still probably below
wave base (>~50m). In contrast, the shallow sills between these
basins accumulated successions characterized by current and wave
structures, lag deposits, erosion surfaces, and oolitic ironstones, in-
dicative of shallow water depths (<50 m, and perhaps <20 m)
(Schieber, 1994a,b,c, 1998a,b; Schieber and Riciputi, 2004). Water
depths across the LDS varied by meters to a few tens of meters in
response to secular eustatic fluctuations at timescales of ~10%-10° yr
(Johnson et al., 1985; Haq and Schutter, 2008). Such sea-level
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fluctuations appear to have left a distinctive sedimentological signature
in areas of shallow sills (Schieber, 1998a; Schieber and Riciputi, 2004).

Owing to its pronounced bathymetric variation, the LDS represents a
rather different type of paleoceanographic system than the LPMS.
Although no detailed analysis of its hydrographic dynamics has been
undertaken to date, some inferences follow logically from the conditions
outlined above. Although surface waters were probably in communi-
cation across the LDS, deep waters in many basins were restricted to
varying degrees, resulting in long deepwater residence times and the
chemical evolution of deep watermasses. Deepwater residence times,
estimated on the basis of Mo/TOC ratios, ranged from decades to
hundreds of years in different basins and varied somewhat through time
within individual basins in response to eustatic and tectonic forcings
(Algeo et al., 2007). The chemical evolution of the watermass of some
basins in response to deepwater restriction may be evidenced by
changing ratios among redox-sensitive trace metals (Algeo and
Maynard, 2008). The development of local chemical signatures in
(semi-)restricted watermasses (termed “aquafacies”) has been docu-
mented in other cratonic systems as well (Holmden et al., 1998;
Panchuk et al., 2005; Immenhauser et al., 2008). A recent attempt at a
comprehensive paleoceanographic analysis of the LDS (Perkins et al.,
2008) completely disregarded the potential influence of bathymetric
variation on watermass restriction and, hence, is of limited value.

Upper Devonian black shales from the LDS exhibit a variety of
authigenic Mo-U covariation patterns (Fig. 8). The only commonality
among these diverse patterns is that all show positive covariation
between Mo,y and U,y concentrations. More revealing are the
differences among the various study units, which can potentially
provide insights regarding environmental conditions and processes
within the individual basins of the LDS.

Black shales of the Bakken/Exshaw Formation are generally
strongly enriched in Mo,y and U,yen, With (Mo/U) 3uen ratios mostly
between 0.5 and 2 times the seawater molar ratio (Fig. 8A-B). Studies
of this formation in the northern and southern Williston Basin yield
slightly different patterns: in Saskatchewan (north) higher EFs are
correlated with increasing (Mo/U),u ratios (Fig. 8A), whereas in
North Dakota (south) higher EFs correspond to decreasing (Mo/U).uth
ratios (Fig. 8B). Although the significance of these differences is
speculative, the observed patterns may reflect spatial variation in
hydrographic conditions within the Williston Basin. The authigenic
Mo-U covariation pattern for the southern area is similar to that for the
modern Black Sea (Fig. 4C), suggesting uniformly sulfidic conditions
(owing to strong water-column stratification) coupled with draw-
down of aqueous Mo concentrations in the deep watermass. The Mo-U
covariation pattern for the northern area resembles more closely that
for the modern eastern tropical Pacific (Fig. 4A), suggesting greater
benthic redox variation, i.e., ranging from suboxic to sulfidic. These
patterns suggest that the southern Williston Basin was deeper than all
of the surrounding shelf areas, and that it therefore developed a
restricted, permanently sulfidic deep watermass, whereas the north-
ern Williston Basin, which was connected to the open ocean through
the Elk Point trough, was shallower and experienced better watermass
exchange, resulting in greater benthic redox variability. Thus, spatial
variation in authigenic Mo-U patterns of the Bakken/Exshaw Shale
may be understood in terms of paleogeographic controls (Fig. 8).

The Woodford Formation, which accumulated on the southern
margin of the North American craton, exhibits marked enrichment
in both Mo,y and U,y and nearly constant (Mo/U)au ratios of
~1xSW (Fig. 8C). A subset of samples characterized by lower overall
Mo,uth and U,y enrichment (EFs<3) exhibits lower (Mo/U)uth
ratios (0.1-0.3). No difference in authigenic Mo-U patterns is
apparent for Woodford samples from the Oklahoma Basin of southern
Oklahoma versus the Delaware Basin of western Texas (Fig. 8C).
Similar patterns of authigenic Mo-U covariation are shown by the
New Albany Shale of the Illinois Basin (Fig. 8D), the Kettle Point
Formation of the Algonquin Arch in southern Ontario (Fig. 8E), and

the Ohio Shale of the Central Appalachian Basin (Fig. 8F). These
formations exhibit only minor differences: (1) lower maximum EFs in
the latter units relative to the Woodford Formation, and (2) slightly
lower average (Mo/U),u ratios (~0.5-0.7xSW) in the Kettle Point
and Ohio shales relative to the Woodford and New Albany shales. All
four formations are inferred to have formed under generally similar
conditions, although given the lack of an exact modern analog (cf.
Fig. 4), the nature of those conditions is uncertain. The (Mo/U).ytn
ratios are not sufficiently high to be attributed to the operation of a
particulate shuttle (cf. Fig. 4B), and the lack of a trend toward higher
(Mo/U)un ratios with increasing EFs is not consistent with control by
variation in redox conditions alone (cf. Fig. 4A). One potential
explanation is that the tendency toward higher (Mo/U),u ratios
under more reducing conditions has been offset by lower aqueous Mo
concentrations (i.e., similar to the inferred controls on Moautn—Uauth
covariation in the Pennsylvanian cyclothemic shales discussed above).
This situation might have existed if the interior basins of the North
American craton were moderately restricted (i.e., less so than the
modern Black Sea), as inferred by Algeo et al. (2007), yet still lacked
an effective particulate shuttle. The subsets of samples in the
Woodford, New Albany, and Kettle Point formations characterized
by low EFs and (Mo/U),u ratios <0.3 (Fig. 8C-E, dashed lines) may
reflect preferential uptake of U over Mo under largely suboxic
conditions, as observed for the eastern tropical Pacific (Fig. 4A).

In contrast to the units discussed above, the Ohio Shale of the
Southern Appalachian Basin and the Chattanooga Shale exhibit a
markedly different pattern of authigenic Mo-U covariation (Fig. 8G-H).
Both units are strongly enriched in Mo,y relative to U,y yielding
(Mo/U)ay¢n ratios from 3 to 10 times the seawater molar ratio. Strong
relative enrichment of Mo,y is indicative of the operation of a
particulate shuttle enhancing the transfer of Mo to the seafloor, as in
the modern Cariaco Basin (Fig. 4B). The operation of such a shuttle in the
Southern Appalachian Basin and across the sill connecting it to the Rheic
Ocean to the south implies that the water column in this region
experienced frequent redox fluctuations between suboxic and moder-
ately sulfidic conditions (cf. Rimmer, 2004). This inference is consistent
with strong but temporally variable watermass exchange across the
southern sill of the Appalachian Basin (Algeo et al., 2007). One difference
between the authigenic Mo-U covariation patterns for the southern
Ohio Shale and the Chattanooga Shale is that the latter yields a
covariation trend reflecting a nearly constant (Mo/U),y ratio
(~5xSW), whereas the former exhibits a progressive decline in
(Mo/U)un ratios (from ~5xSW to ~1xSW) as total authigenic
enrichment increases (Fig. 8G-H). Although its significance is not
certain, this relationship may reflect greater restriction (and, hence,
lower aqueous Mo concentrations) of the deep watermass within the
Appalachian Basin eastward into the deeper parts of the basin. In
contrast, sill areas in central Tennessee may have been sufficiently
shallow that little if any vertical change in aqueous chemistry existed
within the water column.

4. Conclusions

Patterns of authigenic Mo-U covariation can be related to specific
environmental conditions and processes within marine systems,
especially with regard to (1) redox variation, (2) operation of par-
ticulate Mn-Fe-oxyhydroxide shuttles, and (3) evolution of aqueous
trace-metal chemistry in restricted basins. In modern open-ocean
systems characterized by suboxic bottomwater conditions, enrich-
ment of U,y tends to exceed that of Mo, owing to the threshold
concentration of H,S required for conversion of molybdate to particle-
reactive thiomolybdate. In open-ocean systems with more strongly
reducing bottomwater conditions, both Mo, and U,y are strongly
enriched and (Mo/U) ¢ ratios increase to or above the Mo/U ratio of
seawater (~7.5-7.9). In restricted marine systems with permanently
sulfidic deepwaters, the relative enrichment of authigenic Mo and U
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depends on additional factors. In the Cariaco Basin, the operation of a
particulate Mn-Fe-oxyhydroxide shuttle serves to accelerate the
transfer of Mo to the seafloor, leading to strong enrichment of Mo,yn
over U,ye,. In contrast to the Cariaco Basin, which has an aqueous Mo/U
ratio similar to that of seawater, the deepwater Mo/U ratio of the Black
Sea is only ~0.04 that of seawater owing to elevated rates of Mo
removal to the sediment without compensatory resupply. As a
consequence, abyssal-plain sediments in the Black Sea exhibit lesser
degrees of enrichment of Mo,y, relative to Uy, and (Mo/U) 4 ratios
smaller than the seawater ratio of ~7.5-7.9. Inferences concerning
redox and hydrographic controls on authigenic Mo-U accumulation in
modern low-oxygen marine systems can be applied to an analysis of
environmental conditions and processes in ancient low-oxygen
marine systems. Analysis of authigenic Mo-U covariation in Paleozoic
black shales from the North American craton allows delineation of
spatial variation in the roles of redox intensity, particulate shuttles,
and watermass chemical evolution within the Late Pennsylvanian
Midcontinent Sea and the Late Devonian Seaway. The observed
patterns are consistent with laterally unconfined circulation and
strong watermass exchange within the LPMS, and with markedly
restricted deepwater circulation in silled basins of the LDS.
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