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Molybdenum (Mo) proxies, including bulk concentration and isotopic composition, have been increasingly used to reconstruct
ancient ocean redox states. This study systematically reviews Mo cycles and their accompanying isotopic fractionations in
modern ocean as well as their application in paleo-ocean redox reconstruction. Our review indicates that Mo enrichment in
sediments mainly records the adsorption of Fe-Mn oxides/hydroxides and chemical bonding of H,S. Thus, Mo enrichment in
anoxic sediments generally reflects the presence of H,S in the water column or pore waters. In addition to the effect of euxinia,
sedimentary Mo enrichment is related to the size of the oceanic Mo reservoir. Given these primary mechanisms for oceanic Mo
cycling, Mo abundance data and Mo/TOC ratios acquired from euxinic sediments in geological times show that fluctuations of
the oceanic Mo reservoir are well correlated with oxygenation of the atmosphere and oceans and suggest that oxygenation oc-
curred in phases. Mo proxies suggest that Mo isotopes in strongly euxinic sediments reflect the contemporaneous Mo isotopic
composition of seawater, but other processes such as iron-manganese (Fe-Mn) adsorption and weak euxinia can result in dif-
ferent fractionations. Diagenesis may complicate Mo enrichment and its isotopic fractionation in sediments. With appropriate
constraints on the Mo isotopic composition of seawater and various outputs, a Mo isotope mass-balance model can quantita-
tively reconstruct global redox conditions over geological history. In summary, Mo proxies can be effectively used to recon-
struct oceanic redox conditions on various timescales due to their sensitivity to both local and global marine redox conditions.
However, given the complexity of geochemical processes, particularly the effects of diagenesis, further work is required to ap-
ply Mo proxies to ancient oceans.
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Studies of ancient ocean chemistry aim to reconstruct the
water chemistry and spatial redox structures in a given pe-
riod as well as their evolution over geological time. To ac-
complish this goal, numerous geochemical proxies have
been proposed, including Fe-S-C-N (e.g., Lyons et al.,
2009), biomarkers such as alkane and sterane (e.g., Brocks,
2005), and the concentrations and isotopic compositions of
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redox-sensitive elements such as Mo, V, Cr, U, and Se (e.g.,
Algeo and Maynard, 2004; Anbar and Rouxel, 2007), all of
which have advanced understanding of ancient ocean
chemistry. Recently, new hot topics have emerged in this
research, for example, quantitative analysis of both ocean
chemistry and seawater sulfate concentration (Kah et al.,
2004; Loyd et al., 2012) and characterization of the high
spatial heterogeneity of ocean chemistry (Feng et al., 2014;
Li et al., 2010; Poulton et al., 2010). These research direc-
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tions demand both sensitive and quantitative geochemical
proxies for ancient ocean chemistry reconstruction.

Analytical methods for many non-traditional stable iso-
topes, particularly transition metals, have been well devel-
oped in the past decade, benefitting from the great progress
in isotopic double-spike and sample separation-purification
techniques. Currently, accurate isotopic analysis is possible
for elements including Mo, V, Cr, U, Se, etc., allowing their
application in the reconstruction of ancient ocean chemistry.
Of these elements, Mo has received increasing attention
because of its high sensitivity to water redox conditions.
However, the complexity of Mo’s geochemical cycle and its
accompanying isotopic fractionations in the ocean still pose
significant challenges. In this paper, we review the latest
progress and important breakthroughs in Mo geochemical
theories and their applications in paleo-ocean redox recon-
struction. We emphasize the Mo cycle and Mo isotopic
fractionation in modern and ancient oceans, which will in-
form the use of Mo proxies in paleo-ocean redox recon-
struction.

1 Mo marine geochemical cycle and sedimen-
tary enrichment

Mo has concentrations of approximately 1-2 ppm in the
upper continental crust (Turekian and Holland, 2013) and is
mainly found as MoS, or as PbMoO, or CaMoQO, with rela-
tively high concentrations in magmatic accessory minerals
(e.g., apatite and titanite) (Miller et al., 2011). Oceanic Mo
mainly originates from riverine flux, which has an average
concentration of 6 nmol/L. (Archer and Vance, 2008) and
totals 2.6x10°-3.1x10% mol yr' (Miller et al., 2011;
Rahaman et al., 2010). Given the low concentration of Mo
in continental crust, linear correlation between Mo and sul-
fate concentrations in river water suggests that riverine Mo
is probably sourced from weathering of pyrite-bearing rocks
(Archer and Vance, 2008; Miller et al., 2011). Mo concen-
trations in low temperature hydrothermal fluids are several
times higher than in seawater but provide only 10%—14% of
riverine Mo flux to the ocean (McManus et al., 2002; Wheat
et al., 2002). The valence state of Mo (+2, +3, +4, +5, or
+6) varies depending on pH and oxygen levels (Anbar,
2004). Mo is present in oxic seawater as MoO,> with a
concentration of 107 nmol/L, which has the highest concen-
tration of the transition elements. The residence time of Mo
in the modern ocean is 0.44-0.7 Ma, which is much longer
than the average ocean mixing time of 1.5 kyr (Collier,
1985; Miller et al., 2011).

Except for a small amount of Mo that precipitates in
high-temperature hydrothermal environments (Metz and
Trefry, 2000), the export of Mo from the ocean is generally
a function of oceanic redox conditions. In oxic bottom wa-
ters, Mo can be slowly adsorbed by manganese ox-
ides/hydroxides (Mn-ox), yielding high Mo concentrations

in pelagic Fe-Mn nodules/crusts (Barling and Anbar, 2004).
In anoxic bottom waters, aqueous H,S can break the Mo=0
bond, substituting S for O to form a series of thiomolybdate
jons (M00,.,S,>", x=1-4) and finally MoS,>” (Helz et al.,
1996). MoS,> may be further incorporated into sediments
by combination with organic matter (Algeo and Lyons,
2006) or by forming Fe-S-Mo nano-minerals (Helz et al.,
2011) and is finally converted into compounds with +4 va-
lence (Dahl et al., 2010a; Wang et al., 2011). Thus, high
sedimentary Mo concentrations generally reflect euxinic
water conditions. A compilation of Mo abundance data for
the modern ocean shows that the highest enrichment (>100
ppm) is associated with persistent euxinia, moderate en-
richment (25-100 ppm) with intermittent euxinia, and weak
enrichment (<25 ppm) with oxic/suboxic sediments (Scott
and Lyons, 2012).

As described above, sedimentary Mo enrichment is gen-
erally controlled by the adsorption of Fe-Mn-ox in ox-
ic/suboxic waters or the thio-effect of H,S in euxinic waters
(and/or pore waters). Thus, sedimentary Mo enrichment can
serve as a powerful indicator of water redox conditions
during deposition. For example, black shales generally have
high Mo concentrations similar to those observed in the
modern Black Sea, reflecting a euxinic water column.
Likewise, high concentrations of Mo in sediments with ex-
tremely high Fe-Mn contents similar to those in modern
pelagic Fe-Mn nodules/crusts reflect oxic water conditions
during deposition. However, Mo enrichment becomes more
complex when the chemocline approaches the wa-
ter-sediment interface, when the water column and pore
water redox conditions will differ. In this case, the amount
of sedimentary Mo enrichment is related to the supply of
organic matter and various oxides (Canfield and Thamdrup,
2009). The relatively high Fe-Mn deposition caused by oxic
bottom waters may result in massive adsorption and precip-
itation of Mo. However, reduction of Fe-Mn-ox by organic
matter can cause subsequent release of the adsorbed Mo
into the pore waters (Morford et al., 2001). If H,S is not
present in pore waters, the re-released Mo will diffuse back
to the overlying water column. If euxina develops in the
pore waters through bacterial sulfate reduction, the
re-released Mo will be retained in the sediments. In sum, if
Fe-Mn-ox adsorption does not occur, high sedimentary Mo
enrichment should generally reflect a euxinic water column
and/or pore waters.

In addition to water redox conditions, sedimentary Mo
enrichments are also controlled by seawater Mo availability,
which is related to basinal hydrology and the size of the
oceanic Mo reservoir. Seawater Mo availability can be de-
rived from Mo/TOC because Mo-enrichment effects can be
evaluated based on TOC (Algeo and Lyons, 2006; Scott et
al., 2008). For example, because the Mo reservoir in the
early oceans was much smaller than in modern oceans, even
euxinic sediments have low Mo concentrations and a low
Mo/TOC ratio indistinguishable from continental crust



(Reinhard et al., 2009). Moreover, sedimentary Mo enrich-
ment also has a good correlation with seawater exchange
rates in modern euxinic basins with different-degree hydro-
logical restrictions. Thus, comparison of Mo/TOC values
from various tectonic environments can reflect the re-
striction degree of a basin at a given time (Algeo and Lyons,
2006), while the highest Mo/TOC values from open-water
sediments should roughly reflect variations in the size of the
global oceanic Mo reservoir through geologic time (Scott et
al., 2008).

2 Temporal trends of sedimentary Mo abun-
dance and Mo/TOC

The size of the oceanic Mo reservoir is essentially related to
the oxygenation state of the atmosphere-ocean system. The
temporal trends of Mo abundance and Mo/TOC in euxinic
sediments can thus effectively record the evolution of the
oceanic Mo reservoir, which further reflects the evolution of
the oceanic redox state through geological time. Figure 1
summarizes the available sedimentary Mo abundance and
Mo/TOC data from both euxinic and non-euxinic sediments
in geological time. These data show high variability in the
size of the oceanic Mo reservoir and two major oxygenation
events for the atmosphere and ocean. Based on these two
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Figure 1 Temporal trends in sedimentary Mo abundance and Mo/TOC
values in geological time. Samples with Mo abundance in excess of 300
ppm or Mo/TOC in excess of 100 ppm/wt% are not shown. Data source:
Chen et al. (2015), Feng et al. (2014), Gilleaudeau and Kah (2013),
Goldberg et al. (2007), Kendall et al. (2015), Lehmann et al. (2007), Li et
al. (2012, 2015), Scott et al. (2008) and references therein, Takahashi et al.
(2014), Wen et al. (2015).

oxygenation events, the temporal record of Mo abundance
can be roughly divided into four stages.

Stage 1 includes the period prior to the Great Oxidation
Event (GOE, 2.45-2.32 Ga). At this stage, sediments gener-
ally have low Mo concentrations and low Mo/TOC values
resembling the upper continental crust. For example, the
3.47 and 2.94 Ga black shales in Australia have Mo con-
centrations lower than 5 ppm, as do black shales in South
Africa dated from 2.65 to 2.5 Ga (Wille et al., 2007, 2013).
Although Mo concentrations are up to 50 ppm in the 2.5 Ga
McRae black shales in Australia, the Mo/TOC values of
these shales are only slightly higher than in the crust, con-
sistent with a weak oxygenation event at this time (Duan et
al., 2010; Reinhard et al., 2009). Mo concentrations and
Mo/TOC values during stage 1 indicate that the Mo reser-
voir was much smaller than in the modern ocean, consistent
with an extremely low oxygen level in the atmos-
phere-ocean system. Although oxygenic photosynthesis
may have arisen earlier than the GOE, the oxygen level still
remained low during this stage (Kasting, 2001).

Stage 2 covers the GOE to approximately 1.84 Ga. As a
result of hydrogen escape and oxygenic photosynthesis
(Kasting, 2001), a prominent increase in atmospheric oxy-
gen occurred from 2.45-2.32 Ga after several whiffs of ox-
ygenation events (Bekker et al., 2004; Canfield, 2005;
Holland, 2006; Kump, 2008). Atmospheric oxygen concen-
trations may have exceeded 1% of the present atmospheric
level (PAL) after the GOE (Farquhar, 2000). The subse-
quent Lomagundi carbon isotope excursion at approximate-
ly 2.1 Ga implies that the atmospheric oxygen level may
have approached modern levels for a short time (Canfield et
al., 2013). Correspondingly, Mo concentrations and
Mo/TOC values in euxinic sediments from this stage are
significantly higher than those of stage 1 (Figure 1).

Stage 3 occurs between 1.84 and 0.8 Ga. The increased
atmospheric oxygen levels during the GOE may have not
only directly oxygenated surface seawater (Slack and
Cannon, 2009; Slack et al., 2007) but also caused the ex-
pansion of oceanic euxinia through increased input of sul-
fate from continental weathering (Poulton et al., 2010;
Rouxel et al., 2005). This input may have been responsible
for the disappearance of large-scale banded iron formations
(BIFs) around 1.84 Ga (Canfield, 1998). Widespread eux-
inic waters in the middle Proterozoic may have caused
drawdown of the global Mo reservoir, consistent with gen-
erally low sedimentary Mo concentrations and Mo/TOC
values during this period (Scott et al., 2008). In addition, a
recent study of chromium isotopes suggests a substantially
low atmospheric oxygen level (as low as 0.1% PAL)
(Planavsky et al., 2014b) existed during the Middle Prote-
rozoic. This low oxygen level could be responsible for the
small Mo reservoir during this period because it would cor-
respond to a decrease in riverine input of oxidatively
weathered Mo (Reinhard et al., 2013).

Stage 4 covers 0.8 Ga to the present. During the Neopro-
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terozoic, the breakup of the Rodinia supercontinent in-
volved significant tectonic activity (Li et al., 2008). In addi-
tion, the development of “Snowball Earth” indicates strong
climatic turbulence at this time (Hoffman, 1998). A signifi-
cant increase in atmospheric and oceanic oxygen levels may
have occurred (Fike et al., 2006; McFadden et al., 2008;
Och and Shields-Zhou, 2012; Sahoo et al., 2012), resulting
in an expansion of the oceanic Mo reservoir. Therefore,
significant elevation of sedimentary Mo concentrations and
Mo/TOC values in euxinic sediments were recorded at this
time (Figure 1). For example, the Mo reservoir may have
reached modern levels shortly after the Marinoan glaciation
(Sahoo et al., 2012), and a modern-like Mo marine cycle
may have been established at approximately 551 Ma (Scott
et al.,, 2008). In the Phanerozoic, because of widespread
oxygenation of the atmosphere-ocean system, oceanic Mo
concentrations generally remained high, as inferred from
relatively high sedimentary Mo concentrations and
Mo/TOC values (Scott et al., 2008).

We note that increasing evidence suggests high spatial
heterogeneity in early ocean chemistry (e.g., Li et al., 2010;
Poulton et al., 2010). It is not clear whether the Mo concen-
tration was also spatially heterogeneous in the early ocean;
if it occurred, this heterogeneity could have affected sedi-
mentary enrichment of Mo. Thus, uncertainties may exist in
reconstructions of ancient ocean chemistry, particularly if
they rely on the record of sedimentary Mo abundance from
a single site.

3 Mo isotopic fractionation and its applications

3.1 Mo isotope terminology

Mo has seven stable isotopes, namely 92M0, 94M0, 95Mo,
%Mo, Mo, *®Mo and Mo, with an average natural abun-
dance of 14.84%, 9.25%, 15.92%, 16.68%, 9.55%, 24.13%
and 9.63%, respectively (Anbar, 2004). In early studies, Mo
isotope data were reported using J notation in per mille,
following the equation 5" Mo (:[((97Mo/95M0)Sample/(wMo/
95Mo)slandm—l)><1OOO]). Because of the wide application of
the "Mo-'""Mo double spike in Mo isotopic analysis in re-
cent years (Siebert et al., 2001), a new ¢ notation has come
into use, with the equation 5*Mo (=[((98M0/95M0)sample/
(98Mo/95M0)Smndard—1)x1000]). A simple approximation be-
tween the two notations is 0°’'Mo=~2/30"*Mo (Anbar, 2004).
Currently, there is no uniform Mo isotopic reference for
data calibration, and different groups have used various
laboratory references. The Mo plasma standard from the
Johnson Matthey Company (JMC) and the mean ocean Mo
(MOMO) are the two frequently used laboratory references.
Relative to the former, modern seawater has an isotopic
composition of +2.3%o. All Mo isotopic values discussed in
this study are reported relative to the JMC reference stand-
ard. It should be noted that the Mo isotopic composition of

different batches of JMC standard are slightly different
(<0.37%0) (Goldberg et al., 2013), so the batch number of
the JMC standard used should be indicated when Mo iso-
topic data are reported.

3.2 Mechanisms for Mo isotopic fractionation

In initial Mo isotope studies, based on a limited pool of Mo
isotopic data that were mainly collected from magmatic and
clastic rocks, the silicate crust was believed to have a ho-
mogeneous Mo isotopic composition of ~0%o (Siebert et al.,
2003). This value was widely used as the Mo isotopic com-
position of riverine flux into the ocean (Arnold et al., 2004;
Wille et al., 2008). However, new studies of the Mo isotopic
composition of global rivers suggest a variable 6°*Mo value
from +0.2%0 to +2.3%0 with an average of +0.7%¢ (Archer
and Vance, 2008), which is heavier than the Mo isotopic
composition of upper continental crust. Other work has re-
vealed that the rock types in a river’s catchment and drain-
age play an important role in determining the Mo isotopic
composition of river water (Neubert et al., 2011). These
findings led to a re-examination of Mo isotopic fractiona-
tion during magmatic processes. Voegelin et al. (2014) an-
alyzed the Mo isotopic composition of a series of magmatic
rocks ranging from olivine basalt to dacite, revealing an
increase in 0°*Mo values from +0.3%o to +0.6%o and in Mo
concentrations from 0.8 to 4.1 ppm. This work indicates that
high temperature magmatic processes indeed cause signifi-
cant Mo isotopic fractionation. Thus, the average Mo iso-
topic composition of the upper continental crust was revised
to the range from +0.3%o to +0.6%o.. Relative to the Mo iso-
topic compositions of upper continental crust and riverine
flux, modern seawater has a homogeneous but highly posi-
tive Mo isotopic composition of +2.3%o. The difference
between these values indicates that significant Mo fraction-
ation must occur in the ocean. We summarize the currently
known mechanisms below.

3.2.1 Adsorption of Fe-Mn oxides/hydroxides

Mn oxides (Mn-ox) preferentially adsorb isotopically light
Mo from seawater, causing a large fractionation of 3%o from
seawater Mo to adsorbed Mo (Barling and Anbar, 2004)
that is supported by theoretical calculations and actual ob-
servations (Goldberg et al., 2012; Tossell, 2005). Because
seawater temperature, salinity and other parameters have
only limited effects on Mn-ox adsorption, this isotopic frac-
tionation likely applies throughout geologic time
(Wasylenki et al., 2008). Preferential adsorption of isotopi-
cally light Mo by iron oxides/hydroxides (Fe-ox) mainly
occurs in dysoxic and ferruginous waters. When Mn-ox and
Fe-ox coexist, Mo is adsorbed by Mn-ox instead of Fe-ox
(Goldberg et al., 2009). The Mo isotopic fractionation
caused by Fe-ox adsorption is a function of the iron mineral
type:  magnetite  (A”*Mo0=0.83%c+0.60%c)<ferrihydrite
(A*Mo=1.11%c+0.15%c)<goethite (A**Mo = 1.40%c+0.48%0)



<hematite (A*Mo=2.19%+0.54%) (Goldberg et al., 2009).

3.2.2 Thio-effect of H,S

H,S in euxinic seawater plays an important role in Mo iso-
topic fractionation between seawater and sediments. Labor-
atory experiments indicate that the chemical behavior of Mo
in H,S-bearing systems is linked to a “geochemical switch”
at approximately 11+3 pmol/L (Helz et al., 1996). When the
H,S content of the water column is lower than the threshold
value, MoO42’ can only be converted into MOOHSXZ’
(x=1-3), causing a large isotopic fractionation of 0.7%o to
3%o between seawater and sediments (Neubert et al., 2008).
If H,S only exists in pore waters, a roughly constant frac-
tionation of 0.7%¢ results (Poulson et al., 2006), although
the mechanism behind this fractionation remains unclear. It
may be related to mixing of Mo from different sources
(Poulson et al., 2009). In contrast, when the H,S content is
higher than the threshold value, MoO,*” can be completely
converted into MoS,*” If complete precipitation of MoS,*”
occurs, no fractionation will be observed between seawater
and sediments; otherwise, a fractionation of up to 0.5%¢
may occur (Négler et al., 2011).

3.2.3 Biological activity

Although Mo is an essential nutrient for organisms
(Liermann et al., 2005; Morel and Price, 2003), biological
utilization seems to have only a minor effect on Mo isotopic
composition in seawater (Brumsack, 1989). This is probably
because the amount of Mo used by organisms is much
smaller than in their environment (Nameroff et al., 2002). A
recent study found that significant Mo isotopic fractionation
occurred in the process of Mo transfer within cyanobacterial
cells (Zerkle et al., 2011); however, this should have little
influence on Mo fractionation in the open ocean (Kowalski
et al., 2013). Anbar and Knoll (2002) argued that depletion
of Mo in euxinic mid-Proterozoic oceans may have delayed
eukaryotic evolution because Mo plays a key role in bio-
logical N, fixation. Given the small Mo reservoir in early
oceans, biological activity could have had a stronger influ-
ence on Mo isotopic fractionation than in the modern ocean,
but this idea requires further investigation.

3.2.4 Diagenesis

Research on Mo isotopic fractionation during diagenesis is
relatively limited. Along with mineralization of organic
matter during diagenesis, Fe-Mn-ox is re-reduced and ad-
sorbed Mo is subsequently released into pore waters or the
overlying water column (Reitz et al., 2007). The behavior of
Mo in pore waters is similar to that in the water column and
depends on water redox conditions. Four cases of Mo be-
havior and corresponding isotopic fractionations were
summarized by Scott and Lyons (2012) (Figure 2). (1)
When bottom waters have high oxygen levels (>>10
pmol/L) and little organic matter is retained in the underly-
ing sediment (Figure 2(a)), there will be high Mo concen-

tration in pore waters due to Mn-ox reduction and the re-
lease of adsorbed Mo. The released Mo will eventually re-
turn to the overlying water column, so that the Mo isotopic
composition of the sediment is not affected. (2) When bot-
tom waters have moderate oxygen levels (>10 pmol/L) and
a moderate amount of organic matter is retained in the un-
derlying sediment (Figure 2(b)), high Mo concentration may
occur near the sediment surface due to Mn-ox reduction and
the release of adsorbed Mo. Mo diffusing into lower pore
waters can be trapped by pore-water H,S, thus imparting a
lower 5*Mo value to the sediments (Herrmann et al., 2012;
Reitz et al., 2007). (3) When bottom waters have low oxy-
gen levels (<10 pmol/L) and H,S is present in pore waters
(Figure 2(c)), the effect of Mn-ox on Mo cycling disap-
pears. Sedimentary Mo enrichment is only associated with
H,S but is commonly less than 25 ppm (Scott and Lyons,
2012). In this case, the Mo isotopic fractionation between
seawater and sediments is consistent at 0.7%o. (Poulson et
al., 2006). (4) When bottom waters and sediments both have
high H,S concentrations, the sedimentary Mo enrichment is
usually greater than 25 ppm (Scott and Lyons, 2012), and
Mo isotopic compositions of sediments resemble overlying
euxinic waters. The four cases described above involve
transitions between redox conditions and possible superpo-
sition of multiple geochemical processes. Thus, Mo behav-
ior is more complex in pore waters than in the water column
and may result in abnormal sedimentary Mo isotopic com-
positions.

3.3 Applications of specific Mo isotopic fractionation
mechanisms in ancient ocean chemistry reconstruction

As discussed above, sedimentary Mo isotopic compositions
(0”Mo-sd) are strongly related to depositional redox condi-
tions. Therefore, 5°Mo-sd values can serve as a powerful
proxy for tracking ancient ocean redox conditions and evo-
lution.

3.3.1 Fractionations related to Mn-ox adsorption
The formation of Mn-ox is a microbial process that depends
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Figure 2 Schematic of Mo cycling in sediments modified from Scott and
Lyons (2012).



on the presence of free dissolved oxygen (Hansel et al.,
2012). Therefore, 0°*Mo-sd caused by Mn-ox adsorption
can serve as evidence for the presence of free dissolved ox-
ygen in early oceans. Although the mass independent frac-
tionation (MIF) of sulfur isotopes provides strong evidence
for a substantial increase in oxygen in the 2.45-2.32 Ga
atmosphere-ocean system (Farquhar, 2000), little is known
about the earth’s redox state before the GOE. Based on the
fractionation caused by Mn-ox formation, 6®*Mo-sd records
indicate that multiple weak oxygenations of the atmos-
phere-ocean system happened prior to the GOE (Czaja et
al., 2012; Duan et al., 2010; Eroglu et al., 2015; Kurzweil et
al., 2015; Wille et al., 2007). Planavsky et al. (2014a) found
a good linear relationship between 0”*Mo values and the
Fe/Mn ratio for the >2.95 Ga BIF and therefore argued that
photosynthetic oxygen began to accumulate in shallow ma-
rine settings no later than 2.95 Ga.

3.3.2  Fractionations related to Fe-ox adsorption

The Mo isotopic fractionation associated with Fe-ox ad-
sorption is determined by the types of Fe-bearing minerals
that are present (Goldberg et al., 2009). In natural environ-
ments, mixing of various Fe-bearing minerals results in
complex Mo isotopic fractionations. Baldwin et al. (2013)
obtained a **Mo value of +0.7%. from a <716 Ma IF. As
the iron in the IF mainly presented as hematite, a laborato-
ry-inferred  fractionation of 1.1%¢ between hema-
tite-adsorbed Mo and seawater (Goldberg et al., 2009) indi-
cates that the contemporaneous seawater Mo isotopic com-
position was +1.8%o, which suggests significant oxygena-
tion of the late Neoproterozoic ocean. However, Mo isotope
data from 750 Ma black shales suggests a seawater 0° Mo
value of +1.1%0 (Dahl et al., 2011) with no evidence for
significant oxygenation of the ocean between 750 Ma and
716 Ma. Experiments by Goldberg et al. (2009) showed a
strong effect of pH on Mo isotopic fractionation during ad-
sorption of Mo onto Fe-ox, which may help to explain the
heavy sedimentary 6°°Mo value acquired from the <716 Ma
IF. In addition, if the Mo reservoir at this time was much
smaller than in the modern ocean, the §**Mo-sw value might
be more sensitive to the influence of Fe-ox adsorption than
in the modern ocean (Kendall et al., 2015). Thus, the §*Mo
value from the IF could be poorly representative of the
oceanic redox state. Obviously, more work is needed to use
the Fe-ox adsorption-related Mo isotopic fractionation in
reconstruction of paleo-ocean redox conditions.

3.3.3 Fractionations related to H>S

In weakly euxinic conditions ([H,S],q<11 pmol/L), M0042’
cannot be completely converted to MoS,>, resulting in sig-
nificant isotopic fractionation (Helz et al., 1996). The H,S
concentration of the modern Black Sea increases from zero
at the 110-m chemocline to approximately 11 pmol/L at 400
m, while the sedimentary 6°°Mo values increase linearly
from —0.7%o to the modern seawater composition of +2.3%o

(Neubert et al., 2008). Using this relationship between the
H,S concentration and the 5 Mo-sw value, Arnold et al.
(2012) reconstructed the evolution of H,S concentrations in
the Black Sea over the past 300 years. This work represents
the first quantitative analysis of the H,S concentration in
ancient oceans. Although rare in the modern ocean, euxinic
waters occur frequently in the geologic record (Feng et al.,
2014; Li et al., 2010, 2012; Poulton et al., 2010), where it
can be identified by using geochemical proxies such as iron
speciation and concentrations of redox-sensitive elements
(Lyons et al., 2009). Measuring the ¢”*Mo value of these
strongly euxinic sediments should allow reconstruction of
the contemporaneous seawater Mo isotopic composition. In
the modern ocean, the residence time of Mo is much greater
than the ocean mixing time (Miller et al., 2011), so the
global seawater has a uniform Mo isotopic composition. If
we constrain the Mo residence time by using Mo/TOC val-
ues (Algeo, 2004) and assume that the ancient seawater
0®™Mo value was homogeneous at a given time, a
Mo-isotope mass balance model that incorporates oMo
values from strongly euxinic sediments should be able to
calculate the global oceanic redox state (see Section 4). Ar-
nold et al. (2004) employed this concept to explore global
redox conditions in the mid-Proterozoic ocean and found
that anoxic water conditions prevailed at that time. Alt-
hough the oceanic Mo budget framework in Arnold et al.
(2004) is oversimplified (Kendall et al., 2009), the idea has
since been widely applied to other geological periods in-
cluding the late Paleoproterozoic (Kendall et al., 2011),
early Paleoproterozoic (Siebert et al., 2005), Neoproterozoic
(Dahl et al., 2011), early Cambrian (Chen et al., 2015; Wille
et al., 2008) and Phanerozoic (Pearce et al., 2008; Proemse
et al., 2013). By compiling 6”*Mo-sw values over time, it is
possible to reconstruct the global evolution of oceanic redox
state. For example, Dahl et al. (2010b) compiled 6**Mo-sw
values with ages <1.8 Ga and found that 0**Mo-sw values
approached modern in the Devonian, which in turn suggests
that the ocean was not fully oxygenated until the Devonian.

4 Mo isotope mass-balance model

A Mo isotope mass-balance model is used for quantitative
reconstruction of the global oceanic redox state.

4.1 Basic components of the model

Seawater will have a uniform isotopic composition if the
Mo residence time in the ocean is longer than the seawater
mixing time. Under this circumstance, any strongly euxinic
sediment should record the contemporaneous seawater iso-
topic composition, thus yielding information about the
global oceanic redox state. A “one-box” model is usually
used for this isotope mass-balance calculation for a steady
state ocean (Kendall et al., 2009; Figure 3). A typical equa-
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tion is given below:

FR5R+FLTHé‘LTH:FO5O+FRED5RED+FE5E’ (1)

where F, Mo flux; R, rivers; LTH, low-temperature hydro-
thermal environments; O, oxic environments; RED, subox-
ic, ferruginous and weakly euxinic environments
([H>S]aq<11 umol/L); and E, strongly euxinic environments
([H5S]4q >11 pmol/L).

The left side of eq. (1) represents Mo inputs to the ocean
by rivers and low-temperature hydrothermal activity. Riv-
erine Mo provides more than 90% of inputs, while LTH
provides less than 10% (Figure 3). Climate and rock type in
the source area have major effects on the 0”*Mo value of
river water (Neubert et al., 2011), and modern riverine Mo
has an average 0”*Mo value of +0.7%0 (Archer and Vance,
2008). However, on geologic timescales, especially in the
Precambrian, when the atmospheric oxygen level was sig-
nificantly lower than today, the riverine Mo could have had
a different isotopic composition from today. Some re-
searchers have argued that the past riverine 0”*Mo value
was between 0-+0.7%0 (Xu et al., 2012), whereas others
have argued for a stable isotopic composition throughout
geologic time (Hannah et al., 2007). Mo sourced from LTH
was generally considered to have an isotopic composition of
+0.8%0 (McManus et al., 2002), which is slightly higher
than the upper crustal 6°°Mo value. Given the small hydro-
thermal contribution of Mo to the ocean, its influence on the
Mo isotope mass balance is likely limited. However, it
should not be ignored during periods when hydrothermal
activity was high (Kump and Seyfried, 2005) and may have
had a different isotopic composition from modern hydro-
thermal Mo (Greber et al., 2011).

The right side of eq. (1) represents the 0°*Mo value of
Mo outputs from the ocean under different water redox
conditions, including oxic, suboxic-weakly euxinic and
strongly euxinic environments. When a sample deposits
under strongly euxinic conditions ([H,S] >11 pmol/L), the
sedimentary 0”*Mo value should be equivalent to the sea-
water 0°*Mo value (Arnold et al., 2004). The 6°*Mo value of
the oxic sediments (i.e., dp) can be constrained as d =0g—3%o
given the 3%o fractionation for Mo between seawater and
sediments under oxic conditions that takes place by Mn-ox
adsorption (Wasylenki et al., 2008). Because authigenic Mo
precipitating in euxinic pore waters experiences a 0.7%o
fractionation from seawater (Poulson et al., 2006, 2009), the
resulting sedimentary 0**Mo value (Oaug) can be similarly
estimated as J,,,=0g—0.7%0. Sediments deposited in RED
always show a large fractionation relative to seawater; this
value is usually simplified to J,, via the equation
Orep=0g—0.7%o. Studies of the modern ocean indicate that
the fractions of Mo removed from oxic, RED and strongly
euxinic waters are estimated to be 35%—-50%, 5%—15% and
45%—-60%, respectively (Dahl et al., 2010b; Kendall et al.,
2009; Scott et al., 2008).

4.2 Approaches and problems for seawater Mo isotope
reconstruction

Because the isotopic composition of each Mo sink is esti-
mated from the contemporaneous seawater 8*Mo value, an
accurate reconstruction of the seawater 6°°Mo value over
time is crucial to quantifying past oceanic redox conditions.
The fact that black shales with high organic matter concen-
trations are usually considered to be deposited under euxinic



water conditions (Lyons et al., 2009) provides an approach
for estimation of seawater Mo isotopic compositions over
geologic time. Most studies of seawater Mo isotopic com-
position have therefore focused on black shales (Arnold et
al., 2004; Pearce et al., 2008). However, not all black shales
deposited under euxinic water conditions (Gordon et al.,
2009), and even when aqueous H,S concentrations exceed
11 pmol/L, a weak fractionation of up to 0.5%¢ could still
exist between the sediments and the seawater due to incom-
plete deposition of Mo (Ndgler et al., 2011). Using black
shales to calculate the global seawater ”*Mo value also
assumes that the seawater 0°°Mo value is uniform at a given
time. Essentially, this would require a large enough oceanic
Mo reservoir to sustain a Mo residence time longer than the
oceanic mixing time. High H,S concentrations in the water
column ensure that underlying sediments faithfully record
the seawater 0°°Mo value, but if euxinia were globally
widespread, Mo outputs could exceed Mo inputs to the
ocean. These conditions would significantly reduce the size
of the Mo reservoir and could make the 0”*Mo-sw value
spatially heterogeneous (Wen et al., 2011). Thus, an isotope
mass balance model using local 6”*Mo values to predict the
global 6™*Mo-sw value would no longer be valid. We also
note that the sporadic occurrence of strongly euxinic black
shales in the geologic record means that this approach may
only provide a discontinuous record of the 6”*Mo-sw value.

Marine carbonates generally have a Mo concentration
below 1 ppm, and carbonate-associated Mo precipitation
accounts for only < 1% of global oceanic Mo output
(Voegelin et al., 2009). The 6”Mo value of modern oceanic
carbonates has been shown to track the 6”*Mo-sw value and
thus could serve as an indicator for the Mo isotopic compo-
sition of seawater (Voegelin et al., 2009). Compared to
strongly euxinic black shales, carbonates are more continu-
ous through geologic time, making reconstruction of
0”*Mo-sw values from carbonates promising (Voegelin et
al., 2010). However, because Mo concentrations in car-
bonates are very low, the carbonate-associated Mo can be
easily masked by terrigenous Mo, so that a calibration of
terrigenous Mo is necessary (Voegelin et al., 2010;
Voegelin et al., 2009). Similarly, phosphorite deposits can
also record 0”*Mo-sw values, providing another approach to
reconstructing the Mo isotopic composition of ancient
oceans (Wen et al., 2011).

4.3 Existing problems for the model

The most serious problems associated with this model come
from the possibility of errors in estimating the 6**Mo value
in RED. Sediments in RED have variable isotopic composi-
tions. To simplify the mass balance model, 9**Mo values for
these sediments are usually calculated by subtracting a frac-
tionation of 0.7%o from the ¢°*Mo-sw value (Arnold et al.,
2004; Kendall et al., 2009). This assumption can cause sig-
nificant errors in the model results. Moreover, estimating

the Mo input fluxes at a given time can be difficult. In a
steady state ocean, the Mo influx is approximately equal to
the Mo outflux, making the mass balance model valid.
However, modern estimates of Mo influx may not apply to
the geologic past. Even today, the riverine Mo concentration
and isotopic composition vary by region, climate and even
season (Archer and Vance, 2008). In the Precambrian,
global temperatures were probably higher than today
(Gaucher et al., 2008), which could result in stronger
weathering and higher riverine Mo concentrations. Howev-
er, the low atmospheric oxygen level at that time would
have the opposite effect (Canfield, 2005; Holland, 2006).
Therefore, further works are needed for accurately running
the model.

5 Conclusions and future works

In light of our review, we conclude that Mo concentration,
Mo/TOC values and Mo isotopic compositions can provide
information about local water redox conditions but also
quantitative evaluation of the redox state of the global
oceans, which is significant for the reconstruction of ancient
ocean chemistry. However, our review also indicates that
the mechanisms controlling Mo accumulation and isotopic
fractionation are complex. This complexity may impart un-
certainty to the application of these Mo proxies in the re-
construction of ancient ocean chemistry and particularly
global ocean redox state. Therefore, while we believe that
Mo proxies can play a major role in quantitative analysis of
ancient ocean chemistry, we suggest that they should be
used in conjunction with other geochemical proxies.

Future studies of Mo geochemical proxies in the recon-
struction of ancient ocean chemistry should focus on the
following: (1) the mechanisms of transferring Mo from the
water column to the sediments as MoS,* and subsequent
chemical cycling of Mo in the sediments; and (2) the effects
of a stratified marine redox structure and spatially hetero-
geneous ocean chemistry on Mo enrichment and isotopic
composition at both local and global scales.
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