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Abstract

The concentration and isotope composition of molybdenum (Mo) in sediments and sedimentary rocks are widely used
proxies for anoxic conditions in the water column of paleo-marine systems. While the mechanisms leading to Mo fixation
in modern restricted basins with anoxic and sulfidic (euxinic) conditions are reasonably well constrained, few studies have
focused on Mo cycling in the context of open-marine anoxia. Here we present Mo data for water column particulate matter,
modern surface sediments and a paleo-record covering the last 140,000 years from the Peruvian continental margin. Mo con-
centrations in late Holocene and Eemian (penultimate interglacial) shelf sediments off Peru range from ~70 to 100 pg g~", an
extent of Mo enrichment that is thought to be indicative of (and limited to) euxinic systems. To investigate if this putative
anomaly could be related to the occasional occurrence of sulfidic conditions in the water column overlying the Peruvian shelf,
we compared trace metal (Mo, vanadium, uranium) enrichments in particulate matter from oxic, nitrate-reducing (nitroge-
nous) and sulfidic water masses. Coincident enrichments of iron (Fe) (oxyhydr)oxides and Mo in the nitrogenous water col-
umn as well as co-variation of dissolved Fe and Mo in the sediment pore water suggest that Mo is delivered to the sediment
surface by Fe (oxyhydr)oxides. Most of these precipitate in the anoxic-nitrogenous water column due to oxidation of
sediment-derived dissolved Fe with nitrate as a terminal electron acceptor. Upon reductive dissolution in the surface sediment,
a fraction of the Fe and Mo is re-precipitated through interaction with pore water sulfide. The Fe- and nitrate-dependent
mechanism of Mo accumulation proposed here is supported by the sedimentary Mo isotope composition, which is consistent
with Mo adsorption onto Fe (oxyhydr)oxides. Trace metal co-variation patterns as well as Mo and nitrogen isotope system-
atics suggest that the same mechanism of Mo delivery caused the ‘anomalously’ high interglacial Mo accumulation rates in the
paleo-record. Our findings suggest that Fe- and nitrate-dependent Mo shuttling under nitrogenous conditions needs to be con-
sidered a possible reason for sedimentary Mo enrichments during past periods of widespread anoxia in the open ocean.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION
1.1. Scientific rationale

The Peruvian continental margin and associated oxygen
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open-marine redox environments in the contemporary
ocean. Oxygen concentrations in the core of the Peruvian
OMZ (~100-300 m water depth, 10-20 °S) remain below
the detection limit of state-of the art micro-sensors most
of the time (<10 nM O,) (Thamdrup et al., 2012). More-
over, stagnation events, during which hydrogen sulfide
(H»,S) is released from the sediment into the water column,
have been reported in recent studies (Schunck et al., 2013;
Sommer et al., 2016). As a consequence of these unique
characteristics, the Peruvian margin is an excellent locality
to calibrate paleo-redox proxies in the context of open-
marine anoxia.

It could be argued that restricted anoxic basins such as
the Black Sea and Baltic Sea Deeps represent more appro-
priate analogues for extreme anoxia in Earth history than
upwelling regions like the Peruvian margin. This notion is
largely based on chemical arguments such as the more per-
sistent occurrence of sulfidic conditions and higher H,S
concentrations in the water column of these systems com-
pared to modern open ocean settings (Richards, 1965).
However, the enclosed bathymetry, restricted estuarine cir-
culation pattern and long seawater residence time in silled
basins limit the comparability to open-marine systems in
the geological past (e.g., Emerson and Huested, 1991;
Algeo and Lyons, 2006; Scholz et al., 2013, 2014a). This
is particularly true for paleo-systems characterized by com-
plex lateral and vertical redox-structures, as suggested for
several key periods and events in Earth history (e.g.,
Poulton et al., 2010; Hammarlund et al.,, 2012;
Westermann et al., 2014; Goldberg et al., 2016), rather than
uniform and basin-wide anoxia.

Here, we investigate the behavior of molybdenum (Mo)
in the water column and sediments of the Peruvian conti-
nental margin. The main purpose of this study is to gain
a mechanistic understanding of the factors controlling the
concentration and isotope composition of Mo in sediments
that accumulate in an open-marine anoxic environment.
We also evaluate the likelihood that similar mechanisms
operated during past periods of widespread anoxia in the
open ocean.

1.2. The molybdenum proxy

Sedimentary Mo concentrations and isotope composi-
tions are (along with iron (Fe) speciation) the most com-
monly used proxies for the identification of anoxic and
sulfidic (i.e., euxinic) conditions in the water column of
ancient marine systems. Molybdenum has a long residence
time (~440,000 years) (Miller et al., 2011) in oxygenated
seawater and thus a uniform concentration (~110 nM at
a salinity of 35) throughout the global ocean (Bruland,
1983). In the presence of dissolved H,S, molybdate (MoOz
7), the stable Mo species in oxygenated seawater, is con-
verted to sulfur-containing Mo complexes (e.g.,
thiomolybdate (Mo"'0,S3%, 1 <x <4) or Mo polysulfide
(Mo O(S4)S?7) (Helz et al., 1996; Erickson and Helz,
2000; Vorlicek et al., 2004; Dahl et al., 2013a). Thiomolyb-
date or Mo polysulfide (hereafter referred to as Mo-S spe-
cies) are particle reactive and show a strong affinity to Fe
sulfide minerals and sulfur-rich organic matter (Huerta-

Diaz and Morse, 1992; Zheng et al., 2000; Vorlicek and
Helz, 2002; Vorlicek et al., 2004; Tribovillard et al., 2004;
Helz et al., 2011). This leads to an efficient mechanism of
Mo fixation under sulfidic conditions. Therefore, marine
systems in which H,S is present in the shallow sediment
or bottom waters are typically characterized by sedimentary
Mo enrichments. In general, the extent of Mo enrichment
increases from environments where H,S is only present in
the sediment pore water to environments where H,S accu-
mulates in the water column. Based on this observation,
previous studies have proposed that sedimentary Mo con-
centrations >25 pg g~ ' are indicative of at least intermit-
tently euxinic conditions (Scott and Lyons, 2012; Dahl
et al., 2013b). In some cases, sedimentary Mo enrichments
in euxinic settings can be masked by dilution with detrital
material (Scott and Lyons, 2012). Moreover, sustained peri-
ods of Mo fixation in euxinic basins with a long seawater
residence time can lead to a drawdown of the Mo inventory
in the water column (Algeo, 2004; Algeo and Lyons, 2006)
thus impeding significant Mo enrichment (i.e., >25 pg g™}
in the sediment.

The relatively heavy Mo isotope composition of modern
seawater (5°°Mo = 2.3%0) has been attributed to the bal-
ance between the terrigenous input flux supplied via weath-
ering and continental runoff (average 5°Mo of +0.7%0)
(Archer and Vance, 2008) and an isotopically light sink
associated with Mo adsorption onto manganese (Mn) (oxy-
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Fig. 1. Schematic overview of the range of Mo isotope values at
different type localities in the contemporary ocean: Ferroman-
ganese crusts and oxic sediments in the deep-sea (Barling et al.,
2001; Poulson et al., 2006; Poulson Brucker et al., 2009);
manganous, ferruginous and sulfidic sediments at continental
margins (Poulson et al., 2006; Poulson Brucker et al., 2009;
Goldberg et al.,, 2012)); euxinic basins with a short seawater
residence time (~<100 years; Baltic Sea Deeps, Cariaco Basin)
(Arnold et al., 2004; Noordmann et al., 2015); euxinic basin with a
long seawater residence time (hundreds to thousands of years;
Black Sea) (Barling et al., 2001; Arnold et al., 2004). The range of
isotope values observed in the present study as well as the Mo
isotope compositions of Mid-ocean ridge basalt (MORB)
(Freymuth et al., 2015), upper continental crust (UCC) (Voegelin
et al., 2014) and average river water (Archer and Vance, 2008) are
shown for comparison.
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hydr)oxides in oxic deep-sea sediments (Barling et al., 2001;
Siebert et al., 2003) (Fig. 1). Early in the history of Mo iso-
tope geochemical research, it was discovered that sediments
in the euxinic Black Sea have a Mo isotope composition
similar to oxic seawater (Barling et al., 2001; Arnold
et al., 2004) (Fig. 1). Based on the assumption that sedi-
ments underneath euxinic waters generally record the Mo
isotope composition of contemporary seawater, it was
argued that if large parts of the ocean remained euxinic
for a prolonged period of time (theoretically implying
near-quantitative Mo removal with no apparent isotope
fractionation) the isotope composition of seawater would
reach a new steady state value that lies closer to the
8*Mo of the Mo input flux from rivers. Following this con-
cept, black shales with a 8°*Mo below contemporary seawa-
ter and Black Sea sediments (below the chemocline)
combined with independent evidence for euxinic conditions
(e.g., from Fe speciation) have been interpreted as a quan-
titative indicator for more expanded euxinia during the cor-
responding intervals in Earth history (e.g., Arnold et al.,
2004; Wille et al., 2008; Kendall et al., 2009; Dahl et al.,
2011; Goldberg et al., 2016).

It is important to note, however, that the Black Sea is
the only large euxinic basin investigated to date where the
sedimentary Mo isotope signature reflects the §°*Mo of
contemporary seawater. In all other large euxinic basins
investigated so far, 8°*Mo values span the entire range
between the isotopically light oxic sink and modern seawa-
ter (see Fig. 1 and compilation in Goldberg et al. (2016))
thus implying partial removal of a fractionated Mo pool.
In fact, the sedimentary Mo isotope values reported for
most euxinic settings are similar to those observed in set-
tings where H,S is only present in the sediment pore water
(Fig. 1). Such sulfidic continental margin sediments repre-
sent another important sink in the global ocean’s Mo mass
balance (McManus et al., 2006; Poulson Brucker et al.,
2009).

Essentially two different mechanisms have been invoked
to explain the Mo isotopic offset between sediments and
seawater in both euxinic and non-euxinic settings: The first
explanation is related to an incomplete conversion of
molybdate to thiomolybdate species followed by partial
removal of the latter (Neubert et al., 2008; Dahl et al.,
2010; Nagler et al., 2011). The change in aqueous Mo spe-
ciation is expected to be accompanied by isotope fractiona-
tion (Tossell, 2005) and should thus impart an isotopic
offset in the solid phase if one of the species is preferentially
removed. The conversion of molybdate to thiomolybdate is
a function of the H,S concentration (Helz et al., 1996),
which is why incomplete conversion in many euxinic set-
tings could be the result of lower H,S concentrations than
those prevailing in the Black Sea.

The second explanation is related to the deposition of a
particulate phase where Mo is adsorbed to the surfaces of
metal (oxyhydr)oxides (McManus et al., 2002; Poulson
Brucker et al., 2009; Goldberg et al., 2012). Experimental
studies have demonstrated that the light Mo isotopes pref-
erentially adsorb to the surfaces of Mn and Fe (oxyhydr)
oxide minerals. The extent of isotope fractionation
decreases from Mn (A”*MoOguwater-adsorbed = +2.8%o0)

(Siebert et al., 2003; Barling and Anbar, 2004; Wasylenki
et al, 2008) to Fe minerals (A**MoOgeawater-adsorbed =
+0.8 — +2.2%0) and with decreasing crystallinity of the Fe
(oxyhydr)oxides: hematite (AggMoseawater_adsorbed =+2.19
+ 0.54%o0) > goethite (A”*MOeawater-adsorbed = +1.40
+ 0.48%o0) > ferrihydrite  (A**MoOgeawater-adsorbed = +1.11
4+ 0.15%0) (Goldberg et al., 2009). Release of Mo from
Mn and/or Fe (oxyhydr)oxides followed by interaction with
pore water sulfide and precipitation of an authigenic Mo
phase would thus also produce a lighter Mo isotope value
than seawater.

Even though the fundamental processes contributing to
Mo isotope fractionation in marine sedimentary environ-
ments have been identified, the detailed pathway of Mo
transfer from the water column into the sedimentary
paleo-record is still poorly constrained. One reason for this
knowledge gap is that, in most cases, either shallow sedi-
ments or paleo-records (mostly in deep time) are investi-
gated but not both at the same site. Therefore, it is
difficult to link the findings of regional process studies to
paleo-signals and paleo-environmental conditions. More-
over, few Mo data for water column particulate matter
are available. To overcome this situation, we present here
Mo concentration data for water column particulate mat-
ter, shallow sediments and pore waters as well as a late
Quaternary paleo-record. In addition, Mo isotope data
for the shallow sediments and paleo-record are reported.
All samples were taken in close proximity to each other
on the Peruvian continental margin.

2. STUDY AREA AND SAMPLES

Wind-driven upwelling of nutrient-rich intermediate
water off Peru results in high primary and export produc-
tion. Due to low oxygen concentrations in the upwelling
water masses and intense respiration of the downward sink-
ing organic matter, the Peruvian upwelling system is char-
acterized by a pronounced OMZ with essentially anoxic
conditions between 100 and 300 m water depth (Fig. 2A)
(Thamdrup et al., 2012). A permanent nitrate deficit and
the presence of a secondary nitrite maximum in the oxygen
minimum zone indicate that denitrification and anammox
(anaerobic ammonium oxidation) are the dominant biogeo-
chemical processes in the water column (Fig. 2B and C)
(Lam et al., 2009; Dalsgaard et al., 2012). Denitrification,
Fe reduction and bacterial sulfate reduction dominate
organic matter respiration in the underlying surface sedi-
ments (Bohlen et al., 2011). Due to the absence of oxygen
in the bottom water, dissolved ferrous Fe generated in the
sediment diffuses across the sediment-water interface
(Noffke et al., 2012) thus leading to elevated Fe concentra-
tions in the water column (Bruland et al., 2005; Vedamati
et al., 2014). A recent study using the same water column
particulate matter samples as the present study has demon-
strated that long distance transport of dissolved Fe in the
anoxic water column is likely limited by Fe oxidation with
nitrate as a terminal electron acceptor (Scholz et al., 2016).

Long-lasting periods of nitrate-reducing (i.e., nitroge-
nous) conditions in the water column are occasionally inter-
rupted by oxygenation events, which are related to the



F. Scholz et al./ Geochimica et Cosmochimica Acta 213 (2017) 400-417 403

A

Water depth (m)

0 20 40 60 80 100
0, (M) i

E
=
2
Q
T
[
< B
= e —— [
0 10 20 30 40 50 -
NO;™ (uM) i

E
K=
2
[
-]
g
©
=
6 8
NO,™ (M) i
12200~ 71— "7 T 7 T
77.7°W 77.6°W 77.5°W 77.4°W 77.3°W 77.2°W
Longitude

Fig. 2. Water column redox conditions across the Peruvian
continental margin at 12 °S (see Fig. 3 for location map) during
research cruise M92 in January 2013 (data from Scholz et al.,
2016): (A) Oy, (B) nitrate (NO3), (C) nitrite (NO5). The nitrate-
and nitrite-depleted water mass overlying the shelf was character-
ized by elevated dissolved Fe and H,S concentrations (see arrow in
(B)). Circles depict the location of particulate matter samples that
were taken during the cruise.

passage of coastal trapped waves (Gutiérrez et al., 2008).
Such transient oxygenation is most intense during El Nifio
events (e.g., >20 uM O, in bottom waters below 200 m
water depth) (Levin et al., 2002). Sulfidic events, the oppo-
site redox extreme in the water column overlying the Peru-
vian shelf, occur during times of water column stagnation.
Upon complete consumption of nitrate and nitrite in the
bottom water, H,S is released from the sediment into the
water column (Schunck et al., 2013; Dale et al., 2016). Pale-
oceanographic studies have demonstrated that the OMZ off
Peru and Chile was better ventilated during the last glacial
maximum. By contrast, interglacials (Holocene and Eemian
(MIS5e)) were characterized by more reducing conditions
with more intense denitrification (Ganeshram et al., 2000;
Muratli et al., 2010; Scholz et al., 2014b; Salvatteci et al.,
2015).

Samples for this study were collected during three
cruises of research vessel Meteor in November and Decem-
ber 2008 (cruises M77-1 and M77-2) and in January 2013
(M92) (Table 1). Water column particulate matter samples
were collected during cruise M92 along a zonal section at
12°S (Fig. 3). During M92, the water column overlying
the shallow shelf was characterized by weakly sulfidic con-
ditions (ZH,S =H,S+ HS™ 4+ 8>~ =~15uM) and high
dissolved Fe concentrations (dissolved Fe = ~300nM)
(Fig. 2B) (Scholz et al., 2016). Shallow sediment cores were
collected on a transect at 11 °S during cruises M77-1 and
M77-2 (Fig. 3). No hydrogen sulfide was detected in the
water column during these cruises. The piston core from
which the paleo-record investigated in this study was
derived (piston core M77-2-024-5) was retrieved at ~11°
at 210 m water depth, i.e., close to the shorter sediment
cores MUC29 and BIGO-T (Table 1, Fig. 3). The age
model of M77-2-024-5 was established by a combination
of radiocarbon dating on organic matter and stratigraphic
correlation with other records (see Scholz et al., 2014b for
details). With the exception of a hiatus at 423 cm core depth
(~50,000-20,000 yr BP), the age model of M77-2-024-5
covers the last 140,000 yrs. Some of the data used in this
article were published previously (trace metal concentra-
tions in sediments (Scholz et al., 2011, 2014b), pore water
concentration data (Scholz et al., 2011), Fe speciation data
(Scholz et al., 2014c)). All Mo isotope data as well as the
trace metal concentration data for suspended particulate
matter samples are new to this study.

3. METHODS
3.1. Sampling

Water column particulate matter samples were collected
using an array of six PTFE-coated 8§ L GO-FLO bottles
(General Oceanics) individually mounted on a Kevlar wire.
Upon recovery, the GO-FLO bottles were transferred to a
laboratory and pressurized with nitrogen gas. The water
was filtered through polyethersulfone filters (0.2 pm pore
size, 47 mm) (PALL Corporation) in a laminar flow bench.
Prior to use the filters had been leached with 1 M HCI and
rinsed with deionized water. The filters were transferred to
acid-cleaned Petri dishes and stored at —20 °C until further
treatment after the cruise. Shallow sediments (uppermost
15-30 cm) were collected using a multiple corer (MUC)
or benthic landers (Biogeochemical Observatory, BIGO).
Subsampling of the sediment cores was done in an argon-
filled glove bag as described in detail in Scholz et al.
(2011). The pore water was separated from the solid phase
by centrifuging and filtered in a second glove bag through
cellulose acetate membrane filters (0.2 pm pore size). The
pore water aliquots for trace metal analyses were acidified
using concentrated HNO; (purified by sub-boiling distilla-
tion) and stored in acid-cleaned HDPE vials. The residual
sediment in centrifuge tubes was frozen and stored for solid
phase analyses after the cruise. Sediment core M77-2-024-5
was retrieved with a piston corer and sediment samples
were collected with cut syringes at the GEOMAR core
repository.
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Table 1
Geographical coordinates and water depth of all sampling stations.

Cruise Station Code Longitude Latitude Water depth Bottom water
w S (m) oxygen™ ° (uM)

Water column

M92 72 GO-FLOO05 12°13.5 77°10.8 74

M92 212 GO-FLOI1 12°18.9' 77°17.5 144

M92 60 GO-FLO04 12°18.7 77°18.0/ 145

M92 278 GO-FLO12 12°21.5 77°21.7 195

M92 31 GO-FLO03 12°23.0/ 77°24.0/ 244

M92 112 GO-FLO07 12°24.8' 77°26.0/ 298

M92 135 GO-FLO09 12°27.2 77°29.5 407

M92 102 GO-FLO06 12°31.3 77°35.3 774

M92 126 GO-FLO08 12°35.9' 77°41.7 1022

Sediment cores

M77-1 568 BIGOO05 11°00.0' 77°47.7 85 <LD

M77-1 470 MUC29 11°00.0' 77°56.6/ 145 <LD

M77-2 016 BIGO-T 10°59.8' 78°05.9 259 <LD

M77-1 449 MUCI19 11°00.0' 78°10.0/ 319 <LD

M77-1 459 MUC25 11°00.0' 78°25.6/ 697 12.1

Paleo-record

M77-2 M77-2-024-5 11°05.0/ 78°00.91 210

LD: Limit of detection.
# Shallow sediment cores only.

b Bottom waters on the Peruvian shelf can be oxic or sulfidic (Scholz et al., 2011, 2016).

Sediment core
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Fig. 3. Bathymetric map of the Peruvian continental margin
showing the location of all GO-FLO (water column particulate
matter) and sediment core stations.

3.2. Chemical analyses
Suspended particulate matter on filters was digested fol-

lowing the sampling and sample-handling protocols for
GEOTRACES cruises (Cutter et al., 2014). In brief, filters

were cut into halves, placed into PTFE vials and the parti-
cles were digested through refluxing of HNO3; and HF on a
hot plate. After repeated evaporation of the solution and
re-dissolution with concentrated HNOs, the residue was
re-dissolved in 5 M HNO; and stored for further analysis.
Sediment samples from MUCs and BIGOs were digested
on a hotplate with an acid mix consisting of HNO3;, HF
and HCIO,4. Sediment samples from M77-2-024-5 were
digested with a CEM MARS-5 microwave system in an
acid mix consisting of HCl, HNO; and HF (Muratli
et al., 2012). Major element (Fe, aluminum (Al), Mn) con-
centrations were analyzed by inductively coupled plasma
optical emission spectrometry (ICP-OES) and trace element
(vanadium (V), Mo, uranium (U)) concentrations were ana-
lyzed by inductively coupled plasma mass spectrometry
(ICP-MS) (see Scholz et al. (2011, 2014b, 2016) for details).
For quality control, blanks, sample duplicates and the cer-
tified reference materials SDO-1 (Devonian Ohio Shale,
USGS) and MESS-3 (Marine Sediment, Canadian
Research Council) as well as several in-house standards
were included in the whole digestion and analysis proce-
dure. Measured concentrations for certified reference mate-
rials were always within the certified ranges, except for Mo
in MESS-3 following the digestion protocol for suspended
particulate matter where the recovery was consistently
about 20% too low. The digestion procedure for particulate
matter is relatively gentle compared to the more aggressive
protocols for sediment samples (lower acid concentrations
and shorter digestion period) and residual sediment grains,
presumably representing refractory minerals, were present
after the digestion of MESS-3. Therefore, we attribute the
incomplete recovery to the relatively low and crustal-like
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Mo concentration in MESS-3 (2.78 4 0.07 pg g~ '; 2-fold
enrichment over average upper continental crust). By con-
trast, particulate matter from the Peruvian margin is
strongly enriched in Mo compared to crustal material
(10'-10%*fold enrichment over average upper continental
crust) and suspended particulate matter samples did not
reveal residual material after the digestion. We therefore
consider the Mo concentrations obtained for particulate
matter samples as reliable and unaffected by the incomplete
recovery for MESS-3. Dissolved concentrations of Mo in
pore water were also analyzed by ICP-MS. The accuracy
and precision of these analyses was monitored by
repeatedly analyzing certified reference material CASS-5
(Nearshore Seawater, Canadian Research Council) (recom-
mended value: 102 nM; measured value (mean =+ standard
deviation, SD): 95.4 + 1.5, n = §87).

To separate the authigenic from the lithogenic Mo frac-
tion in the solid phase, trace metal concentrations are
expressed as excess concentrations (Eq. (1)) or enrichment
factors (Eq. (2)) relative to the trace metal (TM) to Al ratio
of the regional lithogenic background (Brumsack, 2006;
Tribovillard et al., 2006):

™ background

M ys = TMsample - -4 lsample (1 )

Al background

(TMW,,,/Q>
Alsample
TMEF = (TM/mr/:grnund> (2)
Alpackground
Andesite in the Andean Arc was chosen as the regional
lithogenic background (Fe/Al = 0.47, Mn/Al = 1.23 - 1072,

V/Al=1.39-1073, Mo/Al =0.26 - 1074, U/Al =
0.37 - 10~%) (Boning et al., 2004; Scholz et al., 2011).

3.3. Isotope analyses

Analysis of Mo isotopes in this study was performed at
GEOMAR on a Nu Instruments multi collector ICP-MS
with a DSN-100 Desolvation Nebulizer System utilizing a
double isotope tracer (Mo, 97Mo) for correction of
instrumental and possible laboratory mass fractionation
(Siebert et al., 2001). All samples were spiked with the tra-
cer before chemical separation of Mo from the sample
matrix. Chemical separation was performed in 0.5 M HCl
on 2 mL of Biorad AG50W-X§ cation resin to remove
Fe, followed by separation from the remaining matrix in
4 M HCI on 1 mL Biorad AGI1-X8 anion exchange resin
and elution in 2 M HNO;. Total procedural blanks were
<1 ng of Mo.

During measurements 50 ng of Mo was analyzed result-
ing in an ion beam intensity of approximately 120 V ppm ™'
(excluding double spike signal) using 10'! Q resistors. Each
measurement is the average of 4 blocks of 10 measurement
cycles with 10 s signal integration time each. Mass 99 was
monitored for possible isobaric interferences of ruthenium.
Samples were scanned for Fe before measurements to
exclude possible Fe-argide interferences.

All Mo isotopic variations are presented in delta nota-
tion as the deviation of the **Mo/*Mo ratio in parts per
thousand (%o) relative to a standard:

‘JXMO
95 Mo
sample

(98M0>
9 Mo/ s tan dard

Mo = —1]-1000 (3)

Isotope values in this study are presented relative to Alfa
Aesar Mo plasma standard solution, Specpure #38791 (lot
no. 011895D). This standard is offset from international
interlaboratory reference material NIST SRM 3134 by a
Mo value of —0.1540.03%0 (2 SD) (Greber et al.,
2012; Nagler et al., 2014). Nagler et al. (2014) suggested
open-ocean seawater with a homogenous §°*Mo of +2.34
4+ 0.10%o (relative to NIST SRM 3134) as a secondary ref-
erence standard for Mo isotope measurement. Repeated
analysis of IAPSO seawater standard in this study yielded
a 8”*Mo of +2.25 + 0.09%0 (2 SD; n = 4), which is within
analytical uncertainty of the internationally agreed seawa-
ter reference value. For information purposes, Mo isotope
data are given relative to both the in-house standard and
NIST SRM 3134 in Supplementary Tables S2 and S4.

USGS rock standard reference material SDO-1 (black
shale) was processed through column chemistry and mea-
sured with each sample run. The long-term external repro-
ducibility of SDO-1 is 0.09%c (2 SD, average 8°*Mo is
+0.99%0). Therefore, a uniform analytical error of £0.1%o
is plotted in the figures. With the exception of a few samples
from sediment core M77-2-024-5 (see Supplementary
Table S4) sample duplicates are generally within this error
range. The long-term external reproducibility of the Spec-
pure standard solution is 0.07%0 (2 SD).

Analogous to Eq. (1) and assuming two-component-
mixing of crustal Mo and authigenic Mo phases (Moxs),
the isotope composition of Moxs is calculated according
to the following mass balance equation:

(6" Mowumpie = (1= 5225 ) - 6" Mo

Mosample
() @
Mosampie

Published estimates for the Phanerozoic average upper
continental crust range from +0.3%0 to +0.4%0 (e.g.,
Malinovsky et al., 2007 Voegelin et al., 2014). In agreement
with this range and following Goldberg et al. (2012) we
chose to adopt 40.3%o for 8°*Mogus:. Lithogenic contribu-
tions to the sedimentary Mo isotope signal observed in this
study are generally low (<1% within the OMZ to 36%
below the OMZ) so that using slightly higher or lower
57 Mo,y values would not affect the data interpretation.

598M0Xs =

4. RESULTS
4.1. Water column

Particulate metal concentrations in the water column are
presented as a function of water depth and redox state
(Fig. 4). Oxic samples are from the surface ocean and below
the OMZ, nitrogenous samples were taken within the OMZ
and sulfidic samples were taken at the shallowest station
within the sulfidic plume overlying the shelf sediments
(Fig. 2).

Enrichment factors of Mo in suspended particulate mat-
ter are reported together with enrichment factors of other



406

Ver
0 200 400 600 0

F. Scholz et al./ Geochimica et Cosmochimica Acta 213 (2017) 400-417

Mo,
4000

u

EF
800020000 O 400 800 1200

03

o)

® ® ]
e

o

. & ©0g

>

°--g0e@

100 1
l

%‘q‘w‘ =O»~
o

o

Nos

o
Q

.‘.“‘6“0‘
@

® - -

Moy /U,
10

100

— O
— o

g o
Lo

B
0 ©
o
[

¢}

8 e Oxic
Nitrogenous
Sulfidic

Andesite in the
Andean Arc

Seawater

(@]

o L]

o

Fe/Al
10 15 20

o — O
o ‘,
o X
o® 05000

6
o

o ©°

11
e®® e © MOO®

®eg-0 o

Fig. 4. Distribution of particulate metals in the water column: (A)
Fe/Al). Samples are plotted against water depth and subdivided
dashed lines depict the regional lithogenic background (andesite i
shown in this figure are contained in Supplementary Table S1.

metals that are known to be enriched in anoxic marine
sediments. Trace metal enrichment factors decrease in the
following order: oxic samples from the surface ocean >
nitrogenous samples > sulfidic samples = oxic samples
from below the OMZ (Fig. 4A-C). Enrichment factor
ratios (Mogg/Ver, Mogp/Ugg) are greater than one and
exceed the seawater ratios in most samples
(Fig. 4D and E). This observation indicates that Mo has
the strongest affinity for suspended particulate matter
among the trace metals investigated.

o

%o °

o

G

Vg, (B) Mogg, (C) Ugr, (D) Mogg/Ver, (E) Mogg/Ugg, (F) Mn/Al, (G)
according to their redox state in oxic, nitrogenous and sulfidic. Vertical
n the Andean Arc) or seawater (dissolved) Mo/V and Mo/U). The data

Particulate Mn and Fe concentrations are reported as
Mn to Al and Fe to Al ratios which are compared to
the Mn/Al and Fe/Al of the regional lithogenic back-
ground. In contrast to Mn and Fe, Al is not involved in
redox-driven mineral dissolution or precipitation pro-
cesses. Mn/Al and Fe/Al above or below the regional
lithogenic background are thus indicative of in-situ precip-
itation or dissolution of Mn and Fe minerals. Suspended
particulate matter in the well-oxygenated zone at the sea
surface is enriched in Mn relative to the regional litho-
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genic background (Fig. 4F). In contrast, sulfidic and
nitrogenous samples as well as oxic samples from below
the OMZ are Mn-depleted. Analogous to Mn, oxic sam-
ples from the surface ocean are enriched in Fe
(Fig. 4G). However, nitrogenous samples from within
the OMZ are characterized by even more pronounced
Fe enrichments. Sulfidic samples and oxic samples from
below the OMZ are characterized by Fe/Al similar to
the lithogenic background.

4.2. Shallow sediment core transect

The highest Moxs concentrations (<100 pgg™') are
observed in sediments between ~100 and ~400 m water
depth (Fig. 5A) where bottom waters are nitrogenous most
of the time. Sediments on the shallow shelf (<100 m water
depth), where bottom waters can be oxic or sulfidic, and
sediments below the OMZ (>500 m water depth) are char-
acterized by lower Moxg concentrations. Enrichment factor
ratios (Mogr/Ver, Mogp/Ugg) increase with decreasing
water depth and reach the highest values at 145 m water
depth (Fig. 5B and C) where they are broadly consistent
with the enrichment factor ratios of particulate matter in
the overlying water column (Fig. 4F and G).
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Fig. 5. Distribution of trace metals in shallow sediments: (A)
Moxs, (B) Mogg/Ver, (C) Mogg/Ugg. Horizontal dashed lines
depict the dissolved Mo/V and Mo/U of seawater. The star above
the x-axis depicts the water depth of M77-2-024-5. The data shown
in this figure are contained in Supplementary Table S2.

4.3. Solid phase and pore water molybdenum profiles in
shallow sediments

The downcore distribution of pore water Mo, Moxg and
5”®Moxs is compared to the distribution of dissolved Fe
and H,S as well as solid phase Fe speciation for selected
cores (Fig. 6, Table 1). The cores shown in Fig. 6 were cho-
sen because they cover the transition from Fe-rich (ferrug-
inous) to sulfidic pore water (the two other cores listed in
Table 1 and plotted in Fig. 5 are shorter).

All three cores display elevated dissolved Mo concentra-
tions in the topmost pore water sample compared to seawa-
ter and bottom water. This pore water concentration
pattern indicates a flux of Mo from the sediment into the
bottom water. In the shallower two cores with nitrogenous
bottom water (145 m and 319 m water depth), the increase
in pore water Mo coincides with increasing concentrations
of dissolved Fe (Fig. 6A and B). Below a maximum at or
close to the sediment surface, pore water Mo concentra-
tions decrease and the lowest concentrations are observed
at the depth where H,S accumulates in the pore water.
Higher dissolved Mo concentrations persist to greater sed-
iment depth than dissolved Fe concentrations. The transi-
tion from Mo-enriched and ferruginous pore water to
Mo-depleted and sulfidic pore water is accompanied by
decreasing Fe (oxyhydr)oxide and increasing pyrite concen-
trations (Fig. 6A and B). The sediments are characterized
by significant Mo enrichments throughout the cored depth
interval (Moxs > 20 pg g~!) and 8°*Moxs values fall into a
relatively narrow range between +1.25%0 and +1.52%o.

At the deepest site (697 m water depth), where weakly
oxic bottom waters prevail both dissolved (Mo <1100
nM) and solid phase (Moxs <20 pugg~") Mo concentra-
tions increase towards the base of the core, coincident with
decreasing Fe (oxyhydr)oxide and increasing pyrite concen-
trations (Fig. 6C). No H,S was detected in this core. The
5”®Moxs consistently decrease from +1.55%0 at the sedi-
ment surface to +1.04%o0 at the lower end of the core.

4.4. Paleo-record

The trace metal and Mo isotope variability in core M77-
2-024-5 is compared with previously published nitrogen iso-
tope data for the same record (Fig. 7). Reduction of nitrate
to nitrite in the water column coupled to reduction of nitrite
to N, by denitrification and anammox leaves the remaining
nitrate enriched in '>N. If the enriched nitrate is incorpo-
rated into phytoplankton biomass and subsequently pre-
served in the sediments a paleoceanographic record is
created (Altabet et al., 2002). High 8'°N signatures during
the late Holocene, the last deglaciation (BA) and the
Eemian (Marine MISS5e), thus indicate more intense water
column denitrification and anammox. In contrast, lower
3'°N values during MIS2 (last glacial), MIS3 and MIS5a
through MIS5d indicate less intense denitrification and
anammox (Fig. 7A). The temporal variability of Moxg is
largely synchronous with the 8'°N record, i.e., higher Moxs
is observed during the Holocene, MIS3 and MIS5e (Moxs
up to 88 pg g~ ') whereas lower Moxg is observed during
MIS2, MIS4 and MIS5a though MIS5d (Moxs as low as
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Fig. 6. Downcore profiles for (A) shelf sediments with predominantly nitrogenous bottom water, (B) slope sediments with nitrogenous
bottom water, (C) slope sediments with weakly oxic bottom water: (left column) dissolved Fe, hydrogen sulfide and Mo in pore water (vertical
dashed lines indicate seawater Mo concentration) (data from Scholz et al. (2011)): (central column) Fe (oxyhydr)oxide minerals (Feox)
leached with sodium dithionite and pyrite Fe (Fepy) leached with HNO; after removal of the remaining Fe phases with HCl and HF (data
from Scholz et al. (2014c), see there for methodological details); (right column) Moxs and 8°*Moxs. Note the different scales of the x-axes in
(A), (B) and (C). The data shown in this figure are contained in the Supplementary Tables S2 and S3.

6pugg') (Fig. 7B). The 3®Moxs values range from
+1.07%0 to +1.95%0 and do not significantly correlate with
Moxs (Fig. 7C). The records of Mogg/Ver and Mogg/Ugg
display systematic variations that are synchronous with

Moxs. The higher Mogr/Ver and Mogg/Ugp values are
also consistent with the composition of particulate matter
from the nitrogenous water column and surface sediments
at the same water depth.
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5. DISCUSSION

Sedimentary Moxs concentrations on the Peruvian shelf
and through much of the paleo-record (Figs. SA and 6B) by
far exceed the threshold value for euxinic conditions of
25 ug g~ ! (Scott and Lyons, 2012; Dahl et al., 2013b). Dis-
solved nitrogen species in the water column (Fig. 2B and C)
as well as the nitrogen isotope record (Fig. 7A) indicate
nitrogenous conditions at the same time. In general, H,S
does not accumulate in the water column unless nitrate
and nitrite are quantitatively consumed, thus implying
low or negligible enrichment of organic nitrogen in '°N
due to denitrification and anammox. Therefore, the pres-
ence of nitrate/nitrite in the water column along with the
nitrogen isotope record presents a situation that is clearly
inconsistent with euxinic conditions.

A: Diffusive Mo delivery  B: Particulate Mo delivery

Bottom [Mo]
water Mo depleton
Dept Mo release
Sediment/ rgfn'\c/l,\?m
pore water Mo removal

Fig. 8. Generalized representation of pore water Mo profiles being
consistent with different mechanisms of Mo accumulation: (A)
Accumulation through diffusion from the bottom water to the
depth of Mo removal (extent of Mo depletion refers to the
concentration difference between bottom water and the depth of
Mo removal); (B) Mo release from a solid carrier phase followed by
upward diffusion across the sediment water interface and down-
ward diffusion to the depth of Mo removal. The solid phase Mo
mass accumulation rate in (B) is higher because of the steeper
concentration-depth gradient above the depth of Mo removal.

The Mo isotope data in the paleo-record presented here
cover a 5 *Moxs range of almost 1%o with the heaviest val-
ues being close to the Mo isotope composition of contem-
porary seawater. Surprisingly, the highest 5°*Moxs values
are observed during intervals with low Moxs and 315N
(MIS2 and MIS4), i.e., during intervals with presumably
less reducing conditions.

These observations raise key-questions for the use and
interpretation of Mo concentrations and Mo isotopes as
paleo-redox proxies in open ocean settings, which will be
discussed in detail below:

(1) What is the mechanism of intense Mo delivery and
accumulation at the Peruvian continental margin?

(2) How do Mo isotopes in the sediment respond to this
mechanism?

(3) How relevant are the underlying processes for the
interpretation of Mo concentrations and isotope
ratios in the paleo-record?

5.1. Diffusive versus particulate molybdenum delivery

Previous studies have argued that Mo accumulation in
sediments of productive upwelling regions is mediated
through diffusion of Mo from the bottom water into the
sulfidic zone of the sediment (Boning et al., 2004;
Brumsack, 2006). The pore water profiles discussed in this
study reveal an upward concentration gradient across the
sediment-water interface (Fig. 6, left column), which is
inconsistent with sedimentary Mo accumulation through
diffusion. However, pore water profiles underlie a strong
temporal variability and can only provide snapshot evi-
dence for the mechanisms driving Mo accumulation. There-
fore, a more general evaluation of diffusion-driven Mo mass
accumulation rates is required to assess whether diffusion
from bottom waters can explain the high Mo concentra-
tions observed in Peru margin sediments.
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According to Fick’s First Law, the accumulation rate of
an element (Mo in the present case) through molecular dif-
fusion at steady state depends on the ratio between the
extent of element depletion and the depth over which ele-
ment removal takes place (Fig. 8A). In addition, sediment
diffusion is also affected by porosity and ambient tempera-
ture via the diffusion coefficient. We calculated diffusive
fluxes of Mo into the sediment (hence Mo mass accumula-
tion rates) for three end member scenarios of porosity and
ambient temperature (Fig. 9). The three scenarios cover the
full range of porosities and temperatures that may have pre-
vailed at the coring location of M77-2-024-5 over the time
span covered by the paleo-record. If Mo accumulated
through diffusion, the time-integrated Mo mass accumula-
tion rate would have to be consistent with the
concentration-depth gradients implied by these scenarios.

The actual Moxg mass accumulation rates during the
late Holocene, last glacial and Eemian were estimated by
multiplying sedimentation rates, dry bulk densities and
Moxs during the corresponding intervals (Table 2). Plotting
these mass accumulation rates as continuous lines in Fig. 9
reveals that the high Moxg concentrations in sediments of
the late Holocene and Eemian require complete Mo-
depletion at very shallow depth (<0.1-2 cm). Such a shal-
low Mo depletion is not only inconsistent with the pore
water profiles presented here (Fig. 6) but, to our best
knowledge, with any pore water Mo profile in organic
matter-rich sediments published to date (e.g., Zheng
et al., 2000; Morford et al., 2005; Scholz et al., 2013). We
therefore conclude that diffusion alone is an unrealistic
mechanism of Mo accumulation in these sediments.
Instead, a particulate Mo source forming in the water col-
umn has to be invoked to explain the extremely high Moxg
concentrations in Peru margin sediments.

5.2. Molybdenum cycling in the water column

Considering the repeated detection of H,S plumes dur-
ing recent research cruises to the Peruvian margin

wl Lyl ;- |

(Schunck et al., 2013; Sommer et al., 2016), it could be
argued that interactions between Mo and H,S in the water
column are responsible for high Mo concentrations in shelf
sediments (e.g., Dahl et al., 2013b). According to the tradi-
tional model, Mo removal from sulfidic waters requires the
conversion of molybdate to thiomolybdate, which is possi-
ble at an aqueous H,S (#ZH,S) concentration of >11 uM
(Erickson and Helz, 2000). In a more recent study, Helz
et al. (2011) pointed out that Mo might be removed from
sulfidic waters as a nanoparticulate Fe-Mo-S mineral,
which requires oversaturation with respect to amorphous
Fe monosulfide. Concentrations of ZH,S in recently sam-
pled sulfidic plumes overlying the Peruvian shelf did not
exceed 15 puM (Schunck et al., 2013; Scholz et al., 2016)
and, considering the typical pH range of seawater, the
majority of this H,S was likely present as HS™. Moreover,
these weakly sulfidic waters were highly undersaturated
with respect to Fe monosulfide (Scholz et al., 2016). From
a thermodynamic point of view, water column Mo scaveng-
ing as aqueous Mo-S species or Fe-Mo-S nanoparticle is
unlikely to take place under these conditions. Consistent
with this notion, suspended particulate matter in sulfidic
samples is least enriched in Mo compared to oxic and
nitrogenous samples (Fig. 4B).

As an alternative to scavenging as Mo-S species or
nanoparticulate Fe-Mo-S, Mo may be delivered to the sed-
iment surface in association with Mn and Fe (oxyhydr)ox-
ide minerals. Such a Mn and Fe shuttle mechanism has
been postulated in an earlier study (Scholz et al., 2011)
based on Mo-U covariation in the sediments (Algeo and
Tribovillard, 2009). To evaluate the viability and elucidate
the detailed mechanism of this supply pathway, we compare
the distribution of particulate Mo with the distribution of
other trace metals that are known to have some affinity
for adsorption to metal (oxyhydr)oxides (i.e., V and U)
(e.g., Chan and Riley, 1966; Wehrli and Stumm, 1989;
Waite et al., 1994; Wang et al., 2012) as well as the distribu-
tion of particulate Mn and Fe carrier phases. All investi-
gated trace metals show particulate enrichments in oxic
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Fig. 9. Interpolated Mo mass accumulation rates calculated according to Fick’s 1st Law as a function of the extent of Mo depletion (y-axis;
0% equals 110 nM) and the depth of Mo removal (x-axis; note log scale). The three panels represent three different scenarios of porosity and
ambient temperature covering the range of values that may have prevailed in shelf sediments off Peru during the time span covered by the
samples presented in this article. See Scholz et al. (2011) for details on the calculation. Solid lines depict the Mo mass accumulation rates
observed during the late Holocene (black, only visible in the scenario with the highest temperature and porosity) last glacial (white) and the
penultimate interglacial (red) (see also Table 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)



Table 2

Mo mass accumulation rates (MAR) during different time intervals in M77-2-024-5.

(nmol ecm 2 yr ™1

18.44
0.34
3.17

SD

Moxs-MAR
(nmol ecm 2 yr 1)

SD
(ngg™)
19.3

29

(nggh
522

MOXS

Mass accumulation rate (MAR)

(gem 2 yr )

Dry bulk density®

(gem )

1.35
1.35
1.35

Sedimentation rate®

(emyr™)

Depth interval

(cm)

Time interval

49.9

9.17E-02

0.0679
0.0085
0.0138

% Mean sedimentation rate during the interval from Scholz et al.

0-200
400-420

Late Holocene
Last glacial

F.

1.6

11.1

13.2

1.15E-02
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16.3

57.3

1.86E—02

1100-1400

Eemian (MIS5e)

(2014b).

® Dry bulk density of sediments from the same time interval at ODP Site 680 which is located at a similar water depth and in close vicinity to M77-2-024-5 (Shipboard Scientific Party, 1988).

surface waters (Fig. 4A—C), coincident with a pronounced
maximum in particulate Mn/Al (Fig. 4F). This observation
indicates that Mo is scavenged by Mn (oxyhydr)oxides in
the surface ocean. Adsorption of Mo to organic matter
(Wasylenki et al., 2007) could also be important in the pro-
ductive surface waters of the Peruvian upwelling.

Manganese to Al ratios drop abruptly below the oxy-
cline and, in contrast to Mo, particles within the nitroge-
nous zone are depleted in Mn relative to the regional
lithogenic background. A similar trend of Mn depletion
has been observed in other water column studies on the
Peruvian margin (Hawco et al., 2016) and surface sedi-
ments are also strongly depleted in Mn relative to the litho-
genic background (Boning et al., 2004; Scholz et al., 2011).
According to these previous studies, most of the particulate
Mn (oxyhydr)oxides present at the sea surface are reduc-
tively dissolved during sinking through the oxygen-
depleted water mass. Consequently, any trace metals scav-
enged in the surface ocean by Mn (oxyhydr)oxides will not
reach the sediment surface and particulate trace metal
enrichments in the nitrogenous zone must be associated
with another carrier phase.

Nitrogenous samples are characterized by elevated Fe/
Al compared to both most of the oxic samples and the
lithogenic background. Recently published X-ray absorp-
tion spectroscopy and other geochemical as well as metage-
nomic data for the same sample material suggest that these
particulate Fe enrichments are formed through re-
oxidation of sediment-derived dissolved Fe®" with nitrate
as terminal electron acceptor (Scholz et al., 2016).
Nitrate-dependent Fe oxidation is relatively inefficient in
demobilizing dissolved Fe compared to Fe oxidation in
well-oxygenated surface sediments and bottom waters.
Therefore, pore water Fe?" can escape the sediment and
be oxidized in the water column. We suggest that Fe is con-
tinually cycled between the sediments and overlying water
through oxidation, deposition and dissolution until a frac-
tion of it is retained and buried in the sediment. Repeated
precipitation of Fe-rich particles in the water column by
nitrate-dependent Fe oxidation and re-dissolution in the
sediment provides an efficient transport mechanism for
particle-reactive trace metals to the sediment surface. In
agreement with this hypothesis, surface sediments in the
nitrogenous OMZ display Mogg/Vgr and Mogg/Ugg sim-
ilar to the particulate matter in the overlying water column
(Fig. 5).

Further support for Mo deposition with Fe (oxyhydr)
oxides is provided by the Mo isotope composition of the
surface sediments. The average 5" Moxs = 1 SD observed
in shallow sediment cores is +1.35 & 0.13%o, which is in
good agreement with the experimentally derived isotope
composition of seawater Mo adsorbed to the Fe (oxy-
hydr)oxide minerals ferrihydrite (5°*Mo =+1.2 +0.15)
and goethite (5°*Mo = +0.9 + 0.48) (at pH 7.7; a smaller
isotopic offset from seawater is to be expected at lower
pH) (Goldberg et al., 2009). Both minerals have been
shown to be abundant in the particulate matter in the
nitrogenous zone of the Peruvian OMZ (Scholz et al.,
2016). Other minerals that could play an important role
in delivering Mo to the sediment surface in the nitrogenous
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OMZ are mixed ferrous-ferric Fe minerals such as green
rust (Heller et al., 2017). This type of mineral is known to
form by anoxic Fe oxidation (Kappler and Newman,
2004; Pantke et al., 2012) and has a high adsorption capac-
ity for particle-reactive trace metals (Zegeye et al., 2012).
However, the isotopic effect associated with Mo adsorption
to green rust has yet to be determined.

5.3. Early diagenesis of molybdenum

Pore water profiles of both dissolved Fe and Mo for the
two shallow sediment cores from the nitrogenous OMZ dis-
play an increase from the bottom water into the surface sed-
iment (Fig. 6a and b, left column). This observation is
consistent with the scenario outlined in Fig. 8B, that is,
Mo liberation upon reductive dissolution of Fe (oxyhydr)
oxide minerals driving an upward-directed diffusive Fe
and Mo flux across the sediment-bottom water interface.
Below the dissolved Fe and Mo maxima, pore water Fe
and Mo profiles are decoupled with near-complete Mo
depletion occurring at greater sediment depth than Fe
depletion. Fe removal is controlled by H,S production
through bacterial sulfate reduction. Since any H,S pro-
duced immediately reacts with dissolved Fe in pore water
and reactive Fe (oxyhydr)oxide minerals, H,S does not
accumulate in the pore water until the highly reactive Fe
has been completely converted to sulfide minerals
(Canfield et al., 1992). Efficient Mo removal from pore
water as Mo-S-species requires the accumulation of H,S
in the pore water (Helz et al., 1996). Therefore, near-
quantitative Mo scavenging from pore water occurs at
greater sediment depth than Fe removal. However, even
in the uppermost cm of the sediment, where no H,S was
detectable, Moxs concentrations range from 20 to
50 ug g~ (Fig. 6A and B, right column). Mo accumulation
at this shallow depth could be related to co-precipitation
with Fe monosulfide minerals or pyrite (Zheng et al.,
2000), which are both present at this depth (Fig. 6A, central
column and Fig. 2C and D in Scholz et al., 2014c), or to
precipitation as nanoparticulate Fe-Mo-S (Helz et al.,
2011). The importance of pyrite as a host phase for Mo
in Peru margin sediments is highlighted by the coincident

5% Moy (%o)

R?=0.83

increase of Moxs and pyrite concentrations despite the
absence of dissolved H,S in sediments below the OMZ
(Fig. 6C).

All surface sediment samples display a negative correla-
tion between 8°*Moyxs and Moxg concentration (Fig. 6,
right column, Fig. 10A). Part of this shift towards lighter
Mo isotope compositions with depth and increasing Mo
content may be related to the isotope fractionation associ-
ated with the conversion of molybdate to thiomolybdate
species (Tossell, 2005) at the transition from ferruginous
to sulfidic conditions in pore water. Alternatively or in
addition, the isotopic shift may be related to the progressive
scavenging of isotopically light dissolved Mo in pore water
originating from the dissolution of Fe (oxyhydr)oxide min-
erals (the light Mo isotope composition was originally
acquired during adsorption in the water column).

Sediments associated with nitrogenous bottom waters
(Fig. 6A and B) and sediments with weakly oxic bottom
waters (Fig. 6C) plot on separate correlation trends, with
the latter being characterized by lighter 8°*Moxg at lower
Moxs concentrations (Fig. 10A). Given that sediments
and pore waters from all sites are uniformly depleted in
Mn (Scholz et al., 2011), Mo delivery with Mn (oxyhydr)
oxides is an unlikely explanation for the light Mo isotope
composition of sediments at the site with weakly oxic bot-
tom water. However, these sediments at the lower boundary
of the OMZ are characterized by a higher content of crys-
talline Fe (oxyhydr)oxides (i.e., goethite and hematite)
(Scholz et al., 2014c) and a higher concentration of Fe (oxy-
hydr)oxide minerals in general (Fig. 6C, central column).
As Mo adsorbed to crystalline Fe (oxyhydr)oxides has a rel-
atively light isotope composition (Goldberg et al., 2009),
the differing slope of the correlation trends in Fig. 10A
could be assigned to the difference in concentration and
mineralogy of Fe (oxyhydr)oxide minerals.

To evaluate the fate of Mo and reactive Fe upon transi-
tion from ferruginous to sulfidic conditions during early
diagenesis, we examine the Mo isotope composition as a
function of the extent to which reactive Fe has been con-
verted to pyrite (extent of pyritization, Fepy/(Feox + -
Fepy)) (Fig. 11A). In this diagram, the separate
correlation trends between sediments with nitrogenous
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Fig. 10. Plot of 8*®Moxg versus Moxg for (A) shallow sediment core samples and (B) samples from the paleo-record (M77-2-024-5). The
correlation trends displayed by sediments with nitrogenous and oxic bottom waters in (A) are also plotted in (B) for comparison.
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and oxic bottom water in Fig. 10A form one unique corre-
lation. For comparison, no such correlation exists between
5”®Moxs and pyrite concentration (Fig. 11B). This observa-
tion indicates that not only the isotope composition of the
Mo source (different Fe (oxyhydr)oxide minerals) and sink
(presumably pyrite) phases but also the actual process of
pyrite formation is important for the §**Moxg recorded
in the geological record. Future work on the Mo isotope
composition of sedimentary Fe pools combined with
transport-reaction modeling may help to fully constrain
the mechanisms driving Mo isotope fractionation during
early sediment diagenesis.

5.4. Reconstruction of molybdenum cycling over the last
140,000 years

In the paleo-record, the highest Moxs concentrations
coincide with high 8'°N values during the Eemian and late
Holocene (Fig. 7A and B). Previous studies have demon-
strated that these periods were (and still are in case of the
late Holocene) characterized by strong oxygen-depletion
in the bottom water and intense water column denitrifica-
tion (Ganeshram et al., 2000; Scholz et al., 2014b;
Salvatteci et al., 2015). Such conditions are conducive to
sedimentary Fe release and re-precipitation of Fe (oxy-
hydr)oxide minerals in the nitrogenous water column
through nitrate-dependent Fe oxidation (Scholz et al.,
2014a, 2016). Taking into account our new findings on
Mo cycling in the present-day water column and surface
sediments, this nitrate-dependent Fe shuttle for Mo is likely
responsible for the high Mo mass accumulation rates
observed during the Eemian and late Holocene. This inter-
pretation is supported by trace metal co-variation patterns
revealing that the highest Moxg concentrations are accom-
panied by Mogg/Ver and Mogg/Ugr higher than seawater
(Fig. 7D and E) and are thus similar to those of suspended
particulate matter and modern surface sediments in the
nitrogenous OMZ (Figs. 4D, E and 5B, C).

Most of the 8”*Moxs signatures in core M77-2-024-5 are
relatively uniform (Fig. 7C) and plot on the nitrogenous
and weakly oxic correlation trends defined by modern sur-
face sediments (compare Fig. 10A and B). A similar suite of
processes, i.e., Mo delivery with variable Fe (oxyhydr)oxide

minerals, liberation into the pore water upon Fe reduction
and re-precipitation with Fe sulfide minerals, has likely con-
tributed to the Mo isotope composition of these sediments.
However, there are a few samples with relatively high
3®Moxs values (8”®Moxs up to +1.95%c), which are
isotopically heavier than any Mo isotope composition
associated with metal oxides observed to date. Adsorption
of seawater Mo is thus unlikely to be the reason for the
sedimentary Mo isotope composition of these samples. All
processes known to fractionate Mo isotopes in the marine
environment produce lighter 3°*Mo values in the solid
phase relative to the dissolved phase (Siebert et al., 2003;
Barling and Anbar, 2004; Tossell, 2005; Wasylenki et al.,
2008; Goldberg et al., 2009). Therefore, essentially unal-
tered seawater (3°°Mo = +2.3%o) is the only conceivable
Mo source that can explain the relatively heavy 5°*Moxs
values observed in certain intervals of M77-2-024-5.
Samples with the heaviest 8**Moxs values correspond to
sediments that were deposited during the glacial intervals
MIS2 and MIS4 (Fig. 7C). These intervals are characterized
by low 5'°N values, low Moxs as well as Mogg/Ver and
Mogg/Ugp lower than seawater (Fig. 7). This combination
of proxy signals indicates less reducing conditions with little
or no water column denitrification and, therefore, a lack of
accelerated Mo delivery due to repeated dissolution of Fe
(oxyhydr)oxide minerals in the sediment and nitrate-
dependent re-oxidation of dissolved Fe in the water col-
umn. Samples with a high §**Moxg are characterized by
low total Fe to Al (Fet/Al) ratios compared to the regional
lithogenic background (Fig. 12), which is indicative of a
diminished delivery or net retention of reactive Fe minerals
(Raiswell and Canfield, 2012) on the Peruvian continental
margin under glacial conditions (Scholz et al., 2014b).
Under conditions where little reactive Fe is present in the
sediments and, by inference, little Mo is released from Fe
(oxyhydr)oxide minerals into the pore water, a direct
concentration-depth gradient from the bottom water into
the sediment can ensue. Such a scenario of diffusive Mo
delivery (Fig. 8A) is generally consistent with the low Mo
mass accumulation rates during glacial intervals, which
can be explained with a reasonable depth of Mo depletion
of 5-10 cm (Fig. 9) (see, e.g., Zheng et al. (2000) and
Scholz et al. (2013) for comparable pore water profiles).
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Moreover, glacial sediments in core M77-2-024-5 display
moderately high organic carbon (~0.9 wt.%) and total sul-
fur (~0.8 wt.%) concentrations (see Supplementary
Table S4) indicating that hydrogen sulfide production was
high enough to enable Mo fixation under sulfidic conditions
at some depth below the sediment-water interface. In
diffusion-dominated sedimentary systems, the expressed
isotope fractionation factor decreases with the diffusive
length-scale between the bottom water source and the depth
of Mo fixation in the sediment (Clark and Johnson, 2008).
Therefore, Mo fixation within the sediment coupled to a
direct diffusive Mo flux from the bottom water is a viable
explanation for the relatively heavy, seawater-like 8**Moxg
observed during glacial intervals.

6. SUMMARY AND IMPLICATIONS FOR THE USE
OF MOLYBDENUM ISOTOPES AS A PALEO-REDOX
PROXY

Sediments in the Peruvian OMZ are strongly enriched in
Mo with interglacial Moxg concentrations being similar to
those observed in restricted basins with sulfidic conditions
in the water column. The water column of the Peruvian
margin occasionally experiences sulfidic events. However,
the water column particulate matter sampled in a sulfidic
plume is depleted rather than enriched in Mo relative to
oxic or anoxic-nitrogenous samples. Therefore, Mo scav-
enging under sulfidic conditions is ruled out as a major
mechanism of Mo delivery to the sediment surface. Like-
wise, the mass accumulation rates observed during periods
of peak Mo accumulation are too high as to be explained by
diffusion of dissolved Mo from the bottom water into the
sulfidic zone of the sediments.

Mn- and Fe-rich particles at the sea surface as well as
Fe-rich particles in the OMZ are characterized by pro-
nounced Mo enrichments. Mn (oxyhydr)oxides are effi-
ciently dissolved during gravitational sinking through the
anoxic water column. In contrast, Fe (oxyhydr)oxide-rich
particles are preserved and the majority of Fe-rich particles
form in the anoxic water column itself due to re-oxidation
of sediment-derived dissolved Fe with nitrate as the termi-
nal electron acceptor. Repeated recycling of reactive Fe
between the sediment and the nitrogenous water column
provides an efficient shuttle for particulate Mo to the sedi-
ment surface.

Some of the Mo that is released from Fe (oxyhydr)oxide
minerals in the surface sediment is recycled into the bottom
water by diffusion. The remaining Mo is co-precipitated
with Fe sulfide minerals thus leading to high Mo burial
rates. The Mo isotope composition of surface sediments
and most samples from the paleo-record are consistent with
Mo delivery adsorbed to Fe (oxyhydr)oxides and conver-
sion to authigenic Mo-S phases during early diagenesis. A
few samples from the paleo-record are characterized by
exceptionally heavy isotope values close to the Mo isotope
composition of modern seawater. Coeval proxy signals for
reduced Mo delivery with Fe (oxyhydr)oxide minerals sug-
gest that these heavy Mo isotope values can be explained by
diffusion of bottom water Mo into a sulfidic reaction zone
deeper in the sediment.

Our scenario of particulate Mo delivery and fixation in
sulfidic sediments of the Peruvian OMZ is broadly consis-
tent with the so-called particulate shuttle that has been pro-
posed to explain high Mo mass accumulation rates in
restricted euxinic basins with a short seawater residence
time (Algeo and Tribovillard, 2009). These authors intro-
duced sedimentary Mogg/Ugp greater than seawater as
the diagnostic proxy signal for this mode of Mo cycling.
Peru margin sediments are characterized by similar Mogg/
Ukgr as sediments from the euxinic Cariaco Basin and the
Baltic Sea Deeps (see Figs. 5C and 7E as well as plots of
Mozgg versus Ugg in Scholz et al. (2011, 2013)). However,
unlike implied by the original proxy rationale, the Peruvian
continental margin is neither restricted nor euxinic and the
generation of Fe- and Mo-rich particles is related to reduc-
tive processes in the nitrogen cycle rather than interactions
with sulfide below or oxygen above the chemocline. We
argue that a particulate shuttle for Mo is likely to operate
in any anoxic marine environment with short seawater res-
idence time, ranging from nitrogenous to euxinic. Impor-
tantly, as long as the reactive Fe present is repeatedly
recycled between sediments and water column, accelerated
delivery of Mo with Fe (oxyhydr)oxides does not require
that the supply of reactive Fe is elevated overall (e.g., as
indicated by elevated Fer/Al or highly reactive Fe over
total Fe, Feyr/Fer) (Fig. 12).

Our findings demonstrate that a particulate shuttle for
Mo generates a sedimentary Mo isotope value intermediate
between seawater and riverine Mo input. Similar isotope
values have been found in other anoxic, marine systems
regardless if these are euxinic or not (Fig. 1) (e.g., Arnold
et al., 2004; Poulson et al., 2006; Poulson Brucker et al.,
2009). Any paleo-approach attempting to identify a glob-
ally reduced Mo inventory from a shift to lighter Mo iso-
tope values in Black Shales needs to assess if particulate
Mo delivery with Fe (or Mn) (oxyhydr)oxides can be ruled
out. Otherwise, the Mo isotope fractionation associated
with this shuttle needs to be taken into account in mass bal-
ance calculations.
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