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Abstract

Marine anaerobic oxidation of ammonium (anammox) plays a central role in the nitrogen
cycle of modern Oxygen Deficient Zones (ODZs). The newly ue ‘eloped bacteriohopanetetrol
sterecisomer (BHT-x) biomarker for anammox, which is largely unaffected by early
diagenesis, allows for the reconstruction of the preser.c and dynamics of past ODZs from the
sedimentary record of continental margins. In this study, e investigate the development and
dynamics of the ODZ in the Gulf of Alask+- (bJA) between 60 and 15 cal ka BP using
records of redox sensitive trace metals (14, and the BHT-x anammox biomarker from IODP
Site U1419 (~700 m water depth). The *omarker record indicates that the ODZ in the GOA
was in concert with global clime.« fluctuations in the late Pleistocene. Anammox was more
pronounced during warmer neiinds and diminished during cooler periods, as indicated by
correlation with the 8'°C .innhu obtained by the North Greenland Ice core Project (NGRIP).
Trace metal enrichmen.. however, do not match the trend in BHT-x. Systematic metal
enrichments in intervals where biomarkers point to more intense water column
deoxygenation are not observed. We suggest that this proxy discrepancy was caused by
environmental factors, other than water column redox conditions, with opposing effects on
the TM and biomarker records. Two of the most widely used redox indicators, Mo and U, are
not significantly enriched throughout the sediment record at Site U1419. Site U1419
experienced some of the highest sedimentation rates (100 — 1000 cm ka™) ever reported for

late Pleistocene continental margin sediments, leading to a continuous and rapid upward



migration of the sediment-water interface. We suggest that despite water column and seafloor
oxygen depletion, significant sedimentary enrichments of these redox sensitive trace metals
were prevented by a limited time for their diffusion across the sediment-water interface and
subsequent enrichment as authigenic phases. Thus, depositional conditions were ideal for
biomarker preservation but prevented significant authigenic trace metal accumulations.
Similar discrepancies between organic and inorganic redox proxies could exist in other high
sedimentation rate environments, potentially putting constraints on paleo-redox

interpretations in such settings if they are based on trace metal 2nrnchments alone.

1. Introduction

Along continental margins, oxygen deficient zones \JD Zs) are established in a water mass
when oxygen demand by organic matter re-rir.eralization exceeds oxygen re-supply by
ventilation or mixing. At present, these c.i\'iticns are common in restricted/stratified basins
or estuaries, but also in western boundary cu. vent upwelling areas (e.g., off the western coasts

of Africa, India, and the Americas; ['a.n.ier and Ruiz-Pino, 2009).

Oxygen limitation can lead tc reauced organic matter remineralization in the water column
followed by the enhanced . 2servation and burial of organic matter in sediments underlying
an ODZ (Hedges anu »“an, 2995; Hartnet et al., 1998). As such, ODZs can play a key role in
the global carbon cycle through the long-term burial of carbon from the ocean-atmosphere
system in sediments (Devol and Hartnett, 2001) and dark carbon fixation (Lengger et al.,

2019).

The increase in sea surface temperature predicted with global climate change will reduce
oceanic oxygen uptake (e.g., Shaffer et al., 2009; Breitburg et al., 2018). Existing ODZs are
also projected to intensify in the future (Oschlies et al., 2008; Pachauri et al., 2014). These

changes are expected to have severe impacts on both humans (e.g., decreased fish stock;



Gilly et al., 2013) and global biogeochemical cycles (e.g., by increasing organic carbon burial;
Devol and Hartnett, 2001). To assess how ODZs might behave under future climatic

conditions, it is essential to understand their response to past climate change.

In addition to their importance in the global carbon cycle, ODZs play an important role in the
global nitrogen (N) cycle. The removal of bioavailable N species has been shown to be
significantly enhanced under low O, conditions (Codispoti et al., 2001; Lam and Kuypers,
2011). Anaerobic ammonium oxidation (anammox) is a proc:ss by which specific bacteria
(i.e. anammox bacteria) use nitrite (NO) to oxidize ammcnium (NH4") to dinitrogen gas
(N2), which is subsequently lost from the ocean to the atm.spl ere (Van de Graaf et al., 1995;
Mulder et al., 1995). The anammox process occurs In >noxic marine sediments and ODZs
(Kuypers et al., 2003; Hamersley et al., 2007; L=m and kuypers, 2011; Pitcher et al., 2011),
and it has been proposed to account for 29 % . f total oceanic N loss (Ward, 2013). Anammox
bacteria are inhibited by the presence ¢¢ oxygen. Dalsgaard et al. (2014) report 50%
inhibition at ~900 nM O, Kalvelage c* ai. {2012) and Bristow et al. (2016) report the O, limit
for anammox at 10-20 pM. Thus, molecular evidence of anammox recorded in marine
sediment cores can be used as a proxy for oxygen depletion to reconstruct past ODZ

dynamics.

The modern Gulf of Al~<«a (GOA) exhibits a seasonal ODZ between 670 and 1060 m water
depth where annually averaged O, concentrations fall below 0.5 ml O, L™ (Figure 1) (Moffitt
et al., 2015). Under current climatic conditions, this ODZ is most pronounced during spring
and autumn, decreases in intensity in winter, and disappears during summer (Paulmier and
Ruiz-Pino, 2009). While the present behavior of the ODZ in the GOA is well-constrained, its
intensity during the last glacial cycle is not fully constrained. For the wider Northeastern
Pacific area, ODZ paleo-records exist back to ~70 ka (e.g. offshore California; Cannariato

and Kennett, 1999; Zheng et al., 2000; Cartapanis et al., 2011). However, north of VVancouver



Island, where the GOA is situated, the oxygen deficiency record is only resolved for the last
17 ka (McKay et al., 2005; Barron et al., 2009; Davies et al., 2011; Addison et al., 2012).
Thus, no data exist for the Last Glacial Maximum (LGM, 33 - 26.5 ka BP, Clark et al., 2009)
nor the preceding interglacial period (Marine Isotope Stage 3, 57-29 ka BP, Lisiecki and

Raymo, 2005).

Earlier studies (Cannariato and Kennett, 1999; Cartapanis et al., 2011) suggest that the North
Pacific ODZ expanded during warmer periods (e.g. Balling-Al’erad (B/A; 13.7 - 12.7 ka BP),
early Holocene (<11.7 ka BP)), and was less intense, less r:xte.>sive, or not present during
cooler periods (e.g. LGM, Younger Dryas (YD; 12.7 - 11.7 ka BP)). It is not yet fully
understood what caused these temporal ODZ flucwacons. Favored mechanisms include
increased upwelling along the California margi~ tiat fueled primary productivity and thus
oxygen consumption, and/or increased water {alumn stratification caused by changing ocean

circulation in the northern North Pacific (1v' *Kay et al., 2005).

Reconstructions of the North Paciic .~d GOA ODZ intensities have been based on the
accumulation of redox sensitive trace metals (TM) (Zheng et al., 2000; Cartapanis et al.,
2014), the abundances of benti,’~ foraminifera (Bernhard and Reimers, 1991; Cannariato and
Kennett, 1999; Ohkushi ~t a), 2013), and the occurrence of laminated sediments (Emery and
Hilsermann, 1961; Or*~ et al., 2004; Davies et al., 2011). TM can either precipitate as
sulfides (or co-precipitate with pyrite) in the presence of H,S in sulfidic waters (i.e. Cu, Mo,
Ni), or form less soluble species in sub- or anoxic waters (i.e. Cr, V and U; review by Calvert
and Pedersen, 2007). However, only one study in the North Pacific ODZ uses biomarker

lipids (stanol to sterol ratios) as redox proxies (Nakakuni et al., 2017).

Ladderane lipids have been identified as diagnostic biomarker lipids for anammox (e.g.,

Sinninghe Damsté et al., 2002; Kuypers et al., 2003; Jaeschke et al., 2009a; Jaeschke et al.,



2009b). However, ladderanes are relatively labile and rarely preserve over long timescales in
the sedimentary record (Rush et al., 2012). Bacteriohopanepolyols (BHP), pentacyclic
triterpenoids that are synthesized by bacteria, have been used as biomarkers (Rohmer et al.,
1984) for specific processes and environmental conditions (e.g., cyanobacterial oxygenic
photosynthesis, Summons et al.,, 1999; general methanotrophy, Talbot et al., 2001,
methanotrophy in peat moss, van Winden et al.,, 2012 and aerobic water column
methanotrophy, Berndmeyer et al., 2013). Recently, anammox bacteria were found to
synthesize bacteriohopanetetrol (BHT-34S) and its stereoisom~r C4HT-x (Rush et al., 2014).
BHT-34S is ubiquitous in marine sediments and is produ.eu by a diverse range of bacterial
genera (Rohmer et al., 1984; Talbot et al., 2007a; Talh~t «nd Farrimond, 2007). However, the
marine anammox genus ‘Candidatus Scalindua’ is the only known source of BHT-x
(Schwarz-Narbonne et al., 2020). BHT-x has 1.2y been used as a biomarker for anammox
in ODZ settings (i.e., Chilean Margin, I‘atvs et al., 2017; Arabian Sea ODZ, Lengger et al.,
2019; Mediterranean sapropels, Rush et al., 2019). The ratio between BHT-x and total BHT
can be used to determine the contr*hui~n of anammox bacteria relative to all BHT-producing
bacteria in marine environme. ts (v8enz et al., 2011). The generally good preservation of
BHPs (Talbot et al., 2016 v~ Dongen et al., 2006) favors the use of BHT-x in deeper/older
sediments, and BH1-x ~ioinarker can be used as an alternative biomarker to ladderanes to

infer the presence of ODZs in the geological past.

This study is the first to combine BHT-x biomarker data with inorganic TM redox and
bioproductivity proxies to establish a record of past ODZ dynamics in the GOA, back to ~60
ka BP. We directly compare different organic and inorganic redox proxies and present a new
BHT-x record to demonstrate the potential of the new biomarker proxy, provide a note of
caution against the uncritical use of certain TM records in very high sedimentation rate

settings, and discuss how oxygen depletion in the GOA was linked to late Pleistocene climate



cycles.
2. Methods

For this study, sediment samples from IODP Expedition 341, Site U1419 in the Gulf of
Alaska (Figure 1) have been used. Site U1419 is located in 721 m water depth on the
continental slope above the Khitrov basin (See Figure 1). Five holes (A-E) were drilled
(average recovery 82 %) yielding a composite core length of 177 m (Jaeger et al., 2014). All
depth information in this paper will be given in mbsf (meters be'w sea floor) on the CCSF-B
depth scale (Composite Coring depth below Sea Floor), a c.mpsite depth scale combining

all drilled holes at the same site and corrected for sediment ;:pansion (Jaeger et al., 2014).
2.1 Age determination

The age model for U1419 between the preser: anu ~54.0 cal ka BP is from Walczak et al. (in
press) and is based on 250 **C dates on Lot benthic and planktic foraminifera; beyond ~54.0
cal ka BP, sedimentation rates are constrained by two tie points derived from [0
correlation to Hulu Dongge at ~%5. ai1d 61.5 cal ka BP. Radiocarbon dates were calibrated
with the IntCall3 curve (Reime: et al., 2013). A variable planktonic reservoir correction (R)
(average 370 a +/- 350 », s used, based on a simple one-dimensional vertical circulation
box model and the mec-ured benthic - planktonic (B-P) differences in the core. Benthic
foraminifera ages were calibrated using a constant benthic [JR of 1200 +/- 600 a reflecting
the root mean square error of the propagated combination of planktic and B-P errors. All
constraints were evaluated using the Bayesian age model program BChron (Haslett and
Parnell, 2008); the resulting age model has an average 1-[] uncertainty of 210 cal a with
maximum uncertainty of ~700 cal a between 55.0 - 60.0 cal ka BP. Further details of the age

model are available in Walczak et al. (in press).

2.2 Sampling strategy



A total of 114 sediment samples were taken (on board and during the post-cruise sampling
party) at an average depth resolution of ~1.3 m. The investigated sediment record spans the
time period between 15 and 60 cal ka BP (6 — 100 m CCSF-B) because the age model for this
segment has been constrained and a continuous sample coverage exists. All samples were

freeze-dried and homogenized using an agate mortar and pestle or an agate ball mill.

All 114 samples were analyzed for Al and trace metals (Cr, Cu, Ni and V), 91 samples were
analyzed for U. A subset of 55 samples was analyzed for BHFs. total organic carbon (TOC)

and 23 out of these 55 samples were analyzed for K, Mg, Mo ana Si.

2.3 Anammox biomarker

2.3.1 Lipid Extraction

Lipids were extracted using a modified Bliga aia Dyer extraction (Bligh and Dyer, 1959;
Cooke et al., 2009). Briefly, ~3 g of frec7:-dried sediment was extracted using 19 ml of a
H.O/MeOHy/chloroform solution (4:10:2: v:viv). This mixture was sonicated for 15 min at
40°C and centrifuged at 12,000 i, ror 15 min. The supernatant was collected and the
extraction procedure was repaa.>q twice. Then, the chloroform and the aqueous phase in the
supernatant were separat~u Yy adding water until a H,O:MeOH ratio of 1:1 (v:v) was reached.
The chloroform phase containing the total lipid extract was removed and this step was

repeated twice. The Bligh-Dyer extract was subsequently dried by rotary evaporation.

A known amount of Sa-pregnane-33,208-diol internal standard was added to the extracts.
They were then acetylated in 0.5 ml of 1:1 (v:v) acetic anhydride and pyridine mixture for 1h
at 50°C, then overnight at room temperature. For liquid chromatography analysis, the lipid

extracts were dissolved in 1ml MeOH/propan-2-ol (60:40 v:v).

2.3.2 Lipid analyses



BHPs were analyzed by high performance liquid chromatography coupled to positive ion
atmospheric pressure chemical ionization mass spectrometry HPLC/APCI-MS" (Talbot et al.,
2007). The coefficient of variation of this method was 20% checked on triplicate analyses of
every 10" sample. However, one triplicate analysis with very low BHT content caused a
coefficient of variation of 42%. A triplicate extraction of one sample yielded a coefficient of

variation of 7%.

To address the possibility of a terrestrial source of organ’c matter, lipid extracts were
screened for soil marker BHPs (Zhu et al., 2011). These con pounds were only found in low
abundance below quantification limit in 4 samples, indiccting the majority of BHPs in these
samples derived from a marine source. It should be rote tnat the HPLC method used in this
study does not separate BHT-x from another sterecisomer of BHT, BHT-34R (Kusch et al.
2018; Schwartz-Narbonne et al., 2020). Hc vever, there are no known marine bacterial
sources of BHT-34R (see Rush et al. 201-° and to the best of our knowledge BHT-34R has
not been detected in a marine settingc ~c this Gulf of Alaska record does not appear to be
influenced by the input of terrestnio! BHPs, we expect the peak of BHT isomer in these
samples to be BHT-x. Neveriheie™s, we cannot discount that it might include BHT-34R. Here
we discuss the abundances  f BHT-34S and BHT-x as a proxy for anammox and the absence

of oxygen in the GOA OL Z from 60 to 15 ka.

Oxygen deficient conditions generally lead to better preservation of OM (Burdige, 2007).
Thus, caution should be taken when applying biomarkers in sediments underlying ODZs
(Jaeschke et al 2009b). To avoid this potential preservation bias, BHT-x and BHT-34S
abundances were normalized to TOC and reported as a ratio of BHT-x to total BHT (BHT-
x/BHTtot). We assume that BHT-34S and BHT-x are affected in the same way by
degradation processes. The ratio between BHT-x and total BHT therefore is a robust proxy

for marine anammox.



2.4 Inorganic geochemistry

Two independent methods for bulk element geochemistry analyses (i.e. wavelength-
dispersive X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry
(ICP-MS)) were applied to our samples. We combined results from both to have a robust
dataset with increased sample resolution. Comparability of the data was established by co-

plotting and comparison of average data.

For 23 samples, wavelength-dispersive XRF (Panalytical Ax: s max, 3 kW) was used to
analyze the contents of Al, Ca, Cr, Cu, K, Mg, Mo, Ni, Si ond v. 700 mg of sample were
mixed with 4200 mg di-lithiumtetraborate, pre-oxidized wiu: 2 g ammonium nitrate at 500 °C,
and fused at 1400 °C to homogenous glass beads. /a0t mean squared error of this method
was <1 % for all major elements and <10 ppn tor all minor elements except Ni (13 ppm).
Precision for the inhouse standard was <3.C re.% for all major and <10 rel% for all minor

elements.

For 91 samples, Al and minor elemer s (Cr, Cu, Ni, U and V) were measured via an Element
2 ICP-MS (Kamenov et al., 20419; i*znkrot et al., 2018a). Analytical uncertainty is better than

+5 9% for all elements.

Where one element was analyzed by both XRF and ICP-MS (Al, Cr, Cu, Ni and V), the
results are combined into one dataset. Comparability of the analysis has been established by

comparing averages and co-plotting results of individual elements.

TOC was analyzed using a Leco combustion analyzer. Reproducibility was better than 5 % as

checked on duplicates of every 10" sample.

XRF, ICP-MS and Leco data are presented as weight percent or weight parts per million of
dry sediment (wt% or ppm) or element/Al ratios (wt%/wt% or ppm/wt%). Also mass

accumulation rates have been calculated for individual trace elements based on the formula:



ARty (Mg cm?ka™) = (TM (Wt%)/100)*(sedimentation rate*dry bulk density). The dry bulk
density for each sample was taken from a linear regression through shipboard dry bulk

density data from Jaeger et al. (2014).
3. Results
3.1 Age model

The core has an age of ~59 cal ka BP at 100 mbsf (Walczak et al., in press). The age model
has been used to calculate sedimentation rates for the investiga=d interval. Sedimentation
rates are around 50 cm ka™ in the top 6 m of the core, reprz.>nuig the last ~17 ka (Figure 2).
The deglacial section exhibits highest sedimentation ru*es exceeding 2500 cm ka™. In the

underlying glacial section, sedimentation rates fluctuate <round 300-400 cm ka™.

3.2 General sediment composition

Sediments mainly consist of dark gre,” or greenish grey mud and diamict. The general
geochemical sediment composition is fairly uniform over the length of the core. Silicon
makes up for about 27 wt% of the ecrent, and Al about 8 wt%. The TOC content (Figure 2)
is on average 0.5 wt% and ran._es between 0.3 wt% and 0.8 wt% over the whole record. The
Si/Al ratio (Figure 3), an ina,>2*or for either coarse-grained sediment components or biogenic
silica, is stable arouna 2 3, slightly above the average shale (AS; Wedepohl, 1971) value of
3.1, indicating no consistent enrichments in opal or quartz. The Ca/Al ratio is on average
around 0.4, higher than average shale, potentially due to a contribution of biogenic carbonate
tests. Average shale does not necessarily provide the most suitable reference composition at
this site. Recent research (Penkrot et al., 2018b) has shown that the Chugach-Prince-William-
Terrane, which is exposed in the Alaskan Coastal Range (Figure 1a), is the major sediment
source to Site U1419. Table 1 shows average element values for the metamorphic rocks of

the Chugach Terrane (CT, Barker et al., 1992) in comparison to average shale (Wedepohl,



1971). The K/Al ratio varies between 0.17 and 0.21, and Mg/Al ranges between 0.2 and 0.3.
Averages in our samples and AS values for these elements are: K: 1.5 and 2.99 and Mg: 2.1
and 1.57, respectively (data not shown). Hence, Mg exceeds AS values, whereas K falls
below AS contents. Values for both elements in our samples are closer to the values of the

CT material (Barker et al., 1992).

3.3 Bacteriohopanetetrol lipids

BHT-34S is present throughout the sediment record and accour.*: for between 0.3 and 3.4 mg
BHT / g TOC. BHT-x ranges from below detection limit to - 4 rag BHT / g TOC. The ratio
between BHT-x and total BHT ranges from 0 to 0.6, wi.h . average of 0.23 (Figure 2). The
highest ratio occurs at 46.0 cal ka BP (83.31 mbsf). Adr.itional peaks in the BHT-x/BHTtot
ratio occur at 40.5 cal ka BP (71.28 mbsf), 35.7 cal ka BP (62.38 mbsf), 28.9 cal ka BP

(36.51 mbsf) and 19.6 cal ka BP (16.83 m's) (1 qure 2).

3.4 Inorganic redox proxies

No long-term trends are observat.ic in «ne TM records (Figure 4). Average contents are 6 wt%
Fe, 172 ppm V, 103 ppm Cr. <5 ppm Cu and 45 ppm Ni and. Iron, Cr and V are slightly
above the AS values (i.e, " & wt% Fe, 130 ppm V, 90 ppm Cr) but Fe and Cr are below the
CT values (i.e., 1 wt% . 63 ppm Cr). Average Cu content in the GOA record is equal to AS
(45 ppm) and Ni is lower than AS (68 ppm). Both Cu and Ni are higher than the CT

background (38 ppm Cu and 33 ppm Ni).

Element/Al ratios (Figure 5) for the above-mentioned TM are (Average, Min, Max) Fe %/%
(0.7, 0.58, 0.82), V ppm/% (19.9, 15.4, 24.3), Cr ppm/% (11.8, 8.7, 14.9), Cu ppm/% (5.2,

3.6, 7.7) and Ni ppm/% (5.2, 3.8, 6.7).

Uranium contents range from 1.5 ppm to 3.1 ppm with an average of 2 ppm. Hence, U lies

below AS (3.7 ppm) in all analyzed samples and is close to the CT background (2.1 ppm).



U/Al ratios are (ppm/%): Average: 0.23; Min: 0.17; Max: 0.35; AS: 0.42 and CT: 0.25

(Figure 4).

Molybdenum contents were only analyzed by XRF and are close to quantification limit
(detection limit: 1 ppm; quantification limit: 2 ppm). This indicates no significant Mo
enrichment in the sediments. Molybdenum ranges from 0 to 3 ppm (Mo/Al —up to 0.4,
Average = 0.1) and results for Mo are in discrete 1 ppm steps due to proximity to the XRF
quantification limit. In most samples, Mo contents lie below /S (1.3 ppm). No Mo contents

are reported from CT (Figure 4).
4. Discussion
4.1 Anammox in the GOA in relation to northern hemis, “ieric paleoclimate

Previous research using anammox in marins Seusments is sparse. Jaeschke et al. (2009b)
inferred that variations in the concenti.tion of ladderane fatty acids in an Arabian Sea
sediment record spanning the last 140 %a was molecular evidence of anammox activity,
which increased with enhanced C .7 nitensity during interglacials. Additionally, Matys et al.
(2017) used the BHT ratio 2s o proxy for anammox and anoxia in the water column and
sediments of the Humbe:ut Current System, Chile, and Rush et al. (2019) used the BHT-x
biomarker to reconstrucu hasin-wide anoxic events in the Mediterranean. Here, the BHT ratio
is used as a biomarker for the presence of anammox bacteria, and positive excursions in the

ratio are interpreted as oxygen depletion due to increased intensity of the ODZ of the GOA.

Praetorious and Mix (2014) showed that late Pleistocene climatic trends in the GOA
generally mirror the climate signals recorded by Greenland ice cores. Therefore, we use
NGRIP "0 to reveal connections between ODZ fluctuations in the GOA and northern
hemispheric climate. Between ~50 and 30 ka BP, northern hemispheric climate, as recorded

by the 5'%0 signal of the NGRIP ice core, followed a gradual cooling trend (Figure 3). This



trend was interrupted by repeated, several hundred- to thousand-year-long warming and
subsequent cooling phases, the Dansgaard/Oeschger Events (D/O Events; Dansgaard et al.,
1983; red peaks in NGRIP 80 record in Figure 3). After ~30 ka BP, global climate warmed
until ~17 ka BP. This warming episode was also interrupted by shorter and less extreme D/O

Events.

Our record of ODZ intensity, inferred from BHT ratio, in the GOA generally follows the
global climate trends as represented by NGRIP (Figure 3). Oy er the investigated period, the
highest BHT ratio occurs during a D/O event between 46./ a 1 43.7 cal ka BP. Further,
smaller peaks of BHT ratio that coincide with warm phcses of the NGRIP record occur at
58.8, 38, 35, 32, 28.8 and 19.5 cal ka BP, (Figure 3) I1.>re are also BHT ratio peaks that do
not correspond to significant peaks in NGRIP §'#N (e.g., at 41 ka BP) and vice versa (e.g., the
NGRIP 50 peaks at 17, 23.3 32.5 and 33.. cal ka BP do not correspond to peaks in the
BHT ratio). The latter may, however, be ;iartly due to the lower sample resolution, which
might not catch narrow peaks of BHT: '1.°e overall picture is that anammox, and thus oxygen
limited conditions, prevailed throug.out the past 60 ka and the degree of oxygen deficiency
in the GOA water column ot Site U1419 was closely aligned with northern hemispheric
climate over the last gla~.1ar neriod, consistent with records for the last deglacial in the GOA
(McKay et al., 2005; Bai on et al., 2009; Addison et al., 2012) and the wider North Pacific

area (Cannariato and Kennett, 1999; Zheng et al., 2000; Cartapanis et al., 2011).

The observed climate-ODZ relationship could have been caused by changes in organic matter
production and deposition, and/or a rearrangement of ocean currents (McKay et al., 2005).
The general TOC content over the record of Site U1419 is consistently below 1 wt% and thus
much lower than TOC contents reported in other ODZ sediments. Jaeschke et al. (2009b) for
example reported 4 - 6 wt% TOC for the ODZ of the Arabian Sea. In the GOA; however,

high sedimentation rates (> 200 cm ka™) caused by high rates of glacial erosion of lithogenic



material might have efficiently diluted the sedimentary TOC content. As TOC content and
TOC/AI ratio do not systematically increase in intervals with higher BHT ratios at Site
U1419 (Figure 3), there is no support for enhanced organic matter deposition or preservation
during intervals with a more intense ODZ (as indicated by the BHT ratio). However, the TOC
record could have been overprinted by early diagenetic degradation of organic matter, so-
called burndown. Due to this bias in the TOC record, we aim to evaluate if warmer climatic
conditions in the GOA could have facilitated higher organic matter deposition. Davies et al.
(2011) and Addison et al. (2012) suggested that organic matt2~ inzut from land to the GOA
increased during warmer conditions of the last deglaciaticn. This combined with an elevated
input of nutrients (i.e. Fe) due to rising sea levels s''hscquently enhanced marine primary
productivity (Davies et al., 2011; Addison et al., 20”.2). However, this process probably did
not have influence during minor sea-level t.'ctJations related to D/O Events, as the
continental margins along the GOA lik:lv .emained fully glaciated (Montelli et al., 2017).
Under D/O conditions, melting glaciei. could have introduced Fe into the GOA, sustaining
marine phytoplankton blooms (R=~*sw ! et al., 2006; Statham et al., 2008). The Fe/Al values
of up to 0.8 at Site U1419 du:.ng tese D/O events support this possibility. Iron is enriched
over AS, and even stronrer >ver the CT, in nearly every sample. Davies et al. (2011) and
Praetorius et al. (2015, suggested that such hypoxic conditions could have led to further
release of Fe** from suboxic surface sediments where the ODZ impinged on the continental
margin. At Site U1419, we find that proxies indicating increased bioproductivity (Si/Al and
Ca/Al, Figure 3) follow some trends in the BHT-x/BHTtot ratio between 40 and 35 cal ka BP
but do not show systematic enrichments. TOC content is not significantly different in the
respective intervals from the rest of the core (Figures 2 and 3). We therefore cannot
determine if oxygen limitation in the GOA was primarily caused by enhanced

remineralization of sinking organic particles produced in surface waters or by limited re-



supply of oxygen to the mid-water masses through stronger thermohaline stratification. The
latter would be consistent with Cartapanis et al. (2011, 2012) who proposed a re-organization
of global ocean circulation and teleconnections, as well as changes in North Pacific
stratification due to freshwater input, during abrupt ice sheet melting/calving events.
Accordingly, the GOA was part of a much wider, potentially global,
perturbation/reorganization of ocean circulation with widespread stratification along

continental margins.
4.2 ODZ behavior recorded by redox sensitive trace metals

To complement our BHT-x record of oxygen deficienc 7 w.%in the GOA water column, we
analyzed a range of TM that are well-established i, aro:inic proxies for ODZ intensity and
bottom water redox conditions (reviews by "sr.msack, 2006; Tribovillard et al., 2006).
However, no good match between the B}« x/CHTtot ratio and any of the TM records, and

consequently between NGRIP 8*°0 and TM, ‘s observed (Figure 4).

Two of the most commonly used TM fo" paleo-redox reconstructions are Mo and U. Uranium
is not significantly enriched c*-er v2 whole record. In fact, with an average of 2 ppm and a
maximum of 3.1 ppm, it is helow AS (3.7 ppm) in all samples studied and below the CT
background (2.1 ppr.i) 1 1.20st samples. The samples in which U exceeds the CT background
do not, in most cases, show a significant peak in the BHT ratio. For comparison of our Mo
and U records with other North Pacific margin sites, McKay et al. (2005) reported
enrichments of up to 5.8 ppm for U in sediments deposited under anoxic conditions off
Vancouver Island. In modern sediments of the ODZ in the Arabian Sea, U enrichments
exceed 12 ppm (Sirocko et al., 2000). Van der Weijden et al. (2006) reported U/AI ratios
exceeding 2 ppm/% from the ODZ in the Arabian Sea, and Acharya et al. (2015) concluded

that average U contents of 4.1 ppm still indicate an oxic depositional environment.



The apparent discrepancy between our biomarker and TM records in terms of water column
redox reconstruction is most likely related to the fundamental processes that lead to TM
enrichments in oxygen-depleted sediments. Uranium exists as U(VI) in oxic seawater and is
reduced to U(IV) in nitrogenous (= suboxic) waters. Uranium(IV) is less soluble than U(V1)
and precipitates from the dissolved into the solid phases. In oxic bottom waters, this reduction
process happens within the nitrogenous (suboxic) parts of the sediment, and U is provided
through diffusion across the sediment-water interface (Klinkhammer and Palmer, 1991).
Under the high sedimentation rates at Site U1419, authigenic ' ac.umulation in the sediment
could have been diluted by the input of large amounts ~r u=trital material. Higher detrital
sedimentation rates can therefore mask authigenic ' ac~umulations so that no significant
sedimentary enrichment is recorded, even below an no.-ic water column (Klinkhammer and

Palmer, 1991; Liu and Algeo, 2020).

Sedimentation rates at Site U1419 are ex:-=ptionally high, nearly constantly exceeding 200
cm ka', and episodically exceedizn 1200 cm ka® (Figure 6), translating into mass
accumulation rates (MAR) between =0 and 3700 g cm™ ka™ for the studied time period. For
comparison, other sites in thc OC7 in the Arabian Sea with higher U contents have an order
of magnitude lower seun.>ntation rates (17 cm ka', Acharya et al., 2015) and mass
accumulation rates (<20 g cm™ ka, van der Weijden et al., 2006). These data support the
conclusion that very high sedimentation rates indeed control the degree of sedimentary TM

accumulations even though they are buried under sub- to anoxic bottom water conditions.

This concept can be further tested by a simple "back-of-the-envelope” calculation. Using
numbers from McManus et al. (2005), who calculated U removal to be 2.0 107 moles cm? &
! for an exemplary environment within the ODZ at the California Margin, we derive that
average mass accumulation rates of ~400 g cm?ka™ at Site U1419 would only allow for an

almost negligible response in sedimentary U contents (estimated at 0.119 ppm), supporting



the notion that sedimentary U accumulation is not significant in high sedimentation rate

settings.

The mass accumulation rate of U also follows the profile of the sedimentation rate at Site
U1419 (Figure 6). This similarity, and the fact that average U contents match the composition
of the CT background, indicates that the bulk U content in the sediments of Site U1419 has a

terrigenous source without any significant authigenic component.

Molybdenum has not been analyzed at a sufficient depth re alution to match its pattern
directly to the anammox record or the NGRIP 50 record. .4ov ever, its content is close to
the XRF quantification limit over the whole record and be.cw AS values (Wedepohl, 1971)
in most samples, implying no significant enrichment Yue .0 water column euxinia. In contrast
to U, Mo is traditionally associated with enric'iment in sediments under sulfidic conditions
where it reacts with H,S to form Mo-S spruics (i lelz et al., 1996; Erickson and Helz, 2000) or
is incorporated into authigenic pyrite (Mcrse and Luther, 1999). These processes are
controlled by the availability of 11,5, "vhich is produced by bacterial sulfate reduction.
Anammox has been observed in >ub- to anoxic but non-sulfidic waters (Jensen et al., 2008).
Therefore, substantial Mo enric"ments due to a sulfidic water column would not be expected
at Site U1419. It shoi'ld ~e n»ted, however, that the influence of H,S on anammox bacteria is
not conclusively constr~*.ied (Dalsgaard et al., 2014; Lipsewers et al., 2016). Michiels et al.
(2019) report anammox activity under H,S concentrations up to 2.5 pM. Recent research has
shown that Mo can also be enriched in marine sediments under nitrogenous conditions,
frequently occurring in ODZs (Scholz et al., 2017, Tessin et al., 2018). In these studies,
enrichment is caused by adsorption onto Fe(oxyhydr)oxides which are precipitated from Fe**
that is diffusing back into the water column and re-oxidized with nitrate as terminal electron
acceptor — a plausible process in the GOA (see discussion on Fe cycling above). In the ODZ

off Peru, significant enrichments of sedimentary Mo have been reported despite non-sulfidic



bottom water conditions (Scholz et al., 2017). Similar to U, at Site U1419, higher
sedimentation rates would also attenuate sedimentary enrichment of Mo because the
enrichment via Fe shuttling will be masked by high detrital deposition rates. Potentially, even
efficient Fe shuttling out of the sediments is prevented by the high background accumulation

rates.

While neither U nor Mo show significant enrichments at Site U1419, the element/Al ratios of
Cr, Cu, Ni and V show some similarities to the BHT ratio (Fig'ire 5). Still, these relationships
are neither systematic nor constant throughout the record. 7he 3HT ratio only matches Cr
and V between 38 and 17 cal ka BP, and Cu and Ni betwe.n 41) and 30 cal ka BP. The overall
inconsistency between TM and the NGRIP 50 reco d vould appear to suggest the persistent

absence of an ODZ at Site U1419 over the studier tine period.

The inhibition of TM accumulation by hir,ii Jeutal sedimentation rates described for Mo and
U should also prevent the accumulation o Cr, Cu, Ni and V that tend to be enriched in
sediments under suboxic to sulfidic >c..!iions (Huerta-Diaz and Morse, 1992; Tribovillard et
al., 2006). However, Cr, Cu an' V contents at U1419 are on average slightly above AS
values (Wedepohl, 1971), anu anly Ni is depleted. In comparison to the CT background
material, Cr at Site 11119 15 lower while Cu and Ni are slightly higher. Furthermore, the
individual accumulatior :ates for these TM follow trends in sediment accumulation rate and
Al content. This indicates that slightly elevated TM contents, as we observe them in our
samples, are unrelated to past redox conditions, but instead have significant detrital
contributions from lithologies with higher TM contents than the AS composition. Differences
in our data from the CT values (Table 1) may arise from sorting processes during transport
and deposition or admixture of secondary source materials (Penkrot et al., 2018b) , e.g., from
the Orca-Valdez Group in the Prince William Terrane where higher metal concentrations

have been reported (Lull and Plafker, 1990). Elevated Mg and lower K contents relative to



AS indicate some mafic contribution to the detrital background (Le Maitre, 1976). Both Mg
and K contents are much closer to CT than to AS, supporting this hypothesis. We conclude
that any redox-related accumulation of Cr, Cu, Ni and V was prevented at U1419 by high
background sedimentation rates (as for Mo and U), but that this background material had
slightly elevated Cr and potentially V contents (V not reported in Barker et al., 1992) that

were imprinted onto the newly deposited sediments.

Copper and Ni, which are both enriched in our sediment samp’es relative to the CT material,
also play a role as micronutrients during primary production ‘80oy'e et al., 1977; Boning et al.,
2015; Steiner et al., 2017) and are removed from the waiar column by organic matter
deposition. Hence, they can also be affected by char ges in bioproductivity (Nameroff et al.,
2002). In our samples, however, Cu and Ni do ne* siiow an observable relationship with TOC.
The Ni depletion relative to AS is another . dicator that deoxygenation was probably not

driven by enhanced TOC export to the sea.' or.

Manganese concentrations are ofter c7i.:ulementary used as a proxy for oxic conditions. Mn-
oxides form in the presence of u."vgen and accumulate above average crustal concentrations
under oxic water columns. 1> oxygen-depleted conditions Mn-oxides are reduced and
dissolved Mn?* diffuses ~ut « f the seafloor (Calvert and Pedersen, 2007). At Site U1419, Mn
concentrations (Table 1} and Mn/Al values (data not shown) are in the range of AS and CT.
They show very low down core variability. This is a further indication that high
sedimentation rates neither allow for significant precipitational enrichment or diffusive

depletion due to redox conditions.

Overall, our data show an apparent discrepancy between BHT-x biomarker and TM records at
Site U1419 in terms of interpreting bottom water redox conditions. The BHT ratio follows

the NGRIP 80 record, and both follow dissolved oxygenation patterns reported by other



studies for the North Pacific and GOA during the last deglaciation (i.e., general warming
leads to an intensification of the ODZ; Cannariato and Kennett, 1999; Cartapanis et al., 2011).
We conclude that the BHT-x biomarker indeed records the intensity of the ODZ at Site
U1419, whereas the redox-sensitive TM records are unreliable at high sedimentation rates.
Settings with high sedimentation rates such as Site U1419, or variations in the geochemical
composition of the detrital input, can lead to TM records that are unreliable for paleo-redox
reconstructions (Tribovillard et al., 2006; Steiner et al., 2017). A recent study (Belanger et al.,
2020) which focuses on the Deglacial and Holocene intervalz (< 22 ka BP) of Site U1419
found co-variations of U/Al and Mo/Al with foraminifera 1cinal assemblages indicative of
suboxic to anoxic conditions. The overall reported T . ncentrations are, however, on the
same order of magnitude as presented in this stucy, .''pporting the assumption that high

sedimentation rates potentially mask the signa’ . reJox sensitive TM accumulation.

With the average removal of U at 2.0 10" aol cm? a™ reported by Klinkhammer and Palmer
(1991), we derive that a U enrichme:=* 0. more than 1 ppm is only possible under sediment

accumulation rates < 50 g cm™ ki(*,

An additional factor affecting ™ concentrations could be the seasonality of the GOA ODZ.
Recently, Bennett anc Cunfield (2020) showed that seasonal ODZs exhibit TM
accumulations closer tc wxic environments than to perennial ODZs. This might be a further
indication, that the BHT ratio is a better suited proxy in environments where redox sensitive

TM fail to provide unequivocal paleo-redox records.
5. Conclusion

We examined sediment samples from Site U1419 in the Gulf of Alaska spanning the period
between ~60 and 15 cal ka BP using the new BHT-x biomarker to reconstruct anammox

activity and ODZ intensity. We compare BHT-x results to redox-sensitive trace metal records.



The anammox biomarker record varied in phase with northern hemispheric climate as
recorded by the NGRIP ice cores, supporting that northern hemispheric climate drove the
extent and/or intensity of the ODZ in the GOA over the past ~60 ka. This is consistent with
previous studies across the North Pacific over the past ~17 ka. The ODZ became more
intense during warmer periods and less intense during colder ones. Unlike the biomarker
records, redox sensitive TMs do not indicate the presence of an ODZ over the study period.
Trace metal accumulation is minor compared to other sites in the North Pacific and in the
Arabian Sea ODZ, and does not follow any clear trend. We =~stu'ate that the exceptionally
high sedimentation rates at Site U1419 (episodically excean.7 ~1000 cm ka™) prevented the
diffusion of U into the sediments and diluted any enrichnicnts of Cu, Mo and Ni in authigenic

phases.
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Figure 1: A) Bathymetric map of area of investigation, CT indicates approximate position of
Chugach Terrane; B) Annually averager, oxygen content (ml L™) in the Gulf of Alaska (GOA)
at 700 m water depth (Site U1 19: 721 m); red line A’-B’ indicates cross section in panel C;
C) Depth position of Site (1119 within the oxygen-deficient zone (ODZ) in the GOA;
annually averaged oxyg=n content (ml L™). (Map created with Ocean Data view; Schlitzer,

2015; O, data from World Ocean Atlas 2005; Garcia et al., 2006).

Figure 2: Concentrations of organic matter and bacteriohopanetetrol at Site U1419: A) TOC
as wt% of dry sediment, B) BHT-34S and C) BHT-x as mg BHT g™ TOC, D) the biomarker

ratio used in this study BHT-x/BHTtot and the E) sedimentation rate in cm ka™.

Figure 3: Organic geochemical data and bioproductivity proxies at Site U1419: A) NGRIP
580 V-SMOW, B) BHT ratio, C) TOC (wt%), D) Si/Al and E) Ca/Al from this study, %0

from NGRIP ice core as reference for northern hemispheric climate from Rasmussen et al.



(2014). Reddish colors indicate warmer periods, bluish/purple colors indicate cooler phases

(colors do not correspond to actual temperatures).

Figure 4: Inorganic geochemical data at Site U1419. A) Contents of Fe (wt%) and B - G)
trace metals (wt ppm). Dashed black lines indicate average shale content (Wedepohl, 1971)
expect for Ni, and U (out of range). Dashed blue lines indicate Chugach Terrane content
(Barker et al., 1992) except for Fe (out of range), V and Mo (data not available). Shaded area
in A) is BHT ratio for comparison. Light blue graph in A) 's NGRIP §*0 V-SMOW for

comparison.

Figure 5: Element/Al ratios at Site U1419. A) Fe (wt%/wtv.) and B - G) TM (wt ppm/wt%),
Dashed black lines indicate average shale content \'Ner.epohl, 1971) expect for Ni/Al and
U/AI (out of range). Dashed blue lines indicate _hucach Terrane content (Barker et al., 1992)
except for Fe/Al, Cr/Al (out of range), V/”u "nu Mo/Al (data not available). Shaded area in A)
is BHT ratio for comparison. Light blue graph in A) is NGRIP §®0 V-SMOW for

comparison.

Figure 6: A) Sedimentation ra*: (¢ ka™*) and B — G) TM mass accumulation rates (mg cm™
ka™) for minor elements at >ite J1419. Shaded area in A) is BHT ratio for comparison. Light

blue graph in A) is NG L 580 V-SMOW for comparison.

Table 1: Average element values for comparison material Average Shale (AS, Wedepohl,

1971; 1991), Chugach Terrane (CT, Barker et al., 1992) and Site U1419.

Element Average AS/AI Chugach CTI/AI Average
Shale Terrane U1419
(x Std. Dev.)

Si 27.53 % 3.11 31.59 % 3.74 26.85 % (+8.8)



Al

Fe

Ca

Mg

Cr
Cu
Mo

Ni

8.84 %

4.83 %

1.57 %
2.99 %
1.57 %
0.09 %
90 ppm
45 ppm
1.3 ppm
68 ppm
3.7 ppm

130 ppm

0.55

0.18

0.34

0.18

0.01

10.18 ppm/%
5.09 ppm/%
0.15 ppm/%
7.69 ppm/%
0.42 ppm/%

14.71 ppm/%

8.45 %

0.97 %

1.45%
1.94 %
1.45%
0.08 %
63 ppm

38 ppm

33 ppm

2.1 ppm

0.11

0.17
0.23
0.17
0.01
7.46 ppm/%

4 ~0 ppm/%

3.91 ppm/%

0.25 ppm/%

8.27 % (£0.2)

6.08 % (0.7)

3.05 % (+0.3)
1.53 % (+0.1)
2.12 % (+0.2)
0.08 % (+0.01)
103 ppm (£1.1)
45 ppm (£5.9)
1.1 ppm (x0.9)
45 ppm (x4.6)
2.0 ppm (£0.3)

172 ppm (£13)
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Highlights

1) Persistent Oxygen Deficient Zone in the Gulf of Alaska since 60 ka BP
2) ODZ intensifies during warmer paleoclimate events

3) ODZ dynamics recorded by novel BHT-x biomarker

4) ODZ dynamics not recorded by redox sensitive trace elements

5) Proxy discrepancy due to dilution by high sedimentation rates
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