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Abstract

Bering Sea sediments represent exceptional archives, offering the potential to study past climates and biogeochemistry at a
high resolution. However, abundant hydrocarbons of microbial origin, especially along the eastern Bering Sea continental
margin, can hinder the applicability of palaeoceanographic proxies based on calcareous foraminifera, due to the formation
of authigenic carbonates. Nonetheless, authigenic carbonates may also bear unique opportunities to reconstruct changes in
the sedimentary redox environment.

Here we use a suite of visual and geochemical evidence from single-specimens of the shallow infaunal benthic foraminiferal
species Elphidium batialis Saidova (1961), recovered from International Ocean Discovery Program (IODP) Site U1343 in the
eastern Bering Sea, to investigate the influence of authigenic carbonates on the foraminiferal trace metal composition. Our
results demonstrate that foraminiferal calcite tests act as a nucleation template for secondary carbonate precipitation, altering
their geochemistry where organoclastic sulphate reduction and anaerobic oxidation of methane cause the formation of low-
and high-Mg calcite, respectively. The authigenic carbonates can occur as encrusting on the outside and/or inside of forami-
niferal tests, in the form of recrystallization of the test wall, or as banding along natural laminations within the foraminiferal
test walls. In addition to Mg, authigenic carbonates are enriched in U/Ca, Mn/Ca, Fe/Ca, and Sr/Ca, depending on the redox
environment that they were formed in. Our results demonstrate that site-specific U/Ca thresholds are a promising tool to dis-
tinguish between diagenetically altered and pristine foraminiferal samples, important for palaeoceanographic reconstructions
utilising the primary foraminiferal geochemistry. Consistent with previous studies, U/Mn ratios of foraminifera at IODP Site
U1343 increase according to their degree of diagenetic alteration, suggesting a potential response of authigenic U/Mn to the
microbial activity in turn linked to the sedimentary redox environment.
� 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Keywords: Foraminifera; Diagenesis; Foraminiferal trace metals; Continental margins; Methane; Laser inductively coupled plasma mass
spectrometry; Electron probe microanalysis; Scanning electron microscopy
https://doi.org/10.1016/j.gca.2019.09.025

0016-7037/� 2019 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abbreviations: IODP, international ocean discovery program; HNLC, high nutrient low chlorophyll; OMZ, oxygen minimum zone; BWT,
bottom water temperature; mbsf, meters below seafloor; LMC, low-Mg calcite; HMC, high-Mg calcite; CCSF-A, core composite depth below
seafloor; MR, medium resolution; LR, low resolution; LOD, limit of detection; CI, confidence interval; s.d., standard deviation.
⇑ Corresponding author at: Department of Geoscience, Aarhus University, Høegh-Guldbergs Gade 2, 8000 Aarhus C, Denmark.
E-mail address: henrieka.detlef@geo.au.dk (H. Detlef).

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.gca.2019.09.025
http://creativecommons.org/licenses/by/4.0/
mailto:henrieka.detlef@geo.au.dk
https://doi.org/10.1016/j.gca.2019.09.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2019.09.025&domain=pdf


2 H. Detlef et al. /Geochimica et Cosmochimica Acta 268 (2020) 1–21
1. INTRODUCTION

As part of the International Ocean Discovery Program
(IODP) Expedition 323 several locations were cored along
the eastern Bering Sea continental margin, with high silici-
clastic and organoclastic sedimentation rates indicating the
opportunity to study Quaternary climates at a sub-orbital
resolution. Available palaeoceanographic reconstructions
at IODP Site U1343 (Kim et al., 2014; Asahi et al., 2016;
Detlef et al., 2018; Kender et al., 2018) (57�33.40N, 176�
49.00W; 1953 m water depth) (Fig. 1) demonstrate its poten-
tial to provide millennial scale climate and biogeochemical
archives. Thus, the elemental and isotopic composition of
planktonic and benthic foraminifera at IODP Site U1343
could provide an unrivalled record of climate variability
in a region from which there is currently a dearth of infor-
mation (Kender et al., 2018). However, the report of co-
occurrence of discoloured foraminiferal tests with authi-
genic carbonate crystals within the sediments of IODP Site
U1343 (Expedition 323 Scientists, 2010), indicates the
necessity to examine the potential influence of sedimentary
diagenesis on foraminiferal geochemistry before this
archive is fully utilised.

Previous work on planktonic and benthic foraminifera
in pelagic and hemi-pelagic settings has shown that post-
mortem interactions of foraminiferal calcite with the sea
and/or pore water can alter or reset the foraminiferal geo-
chemistry, depending on the sediment-pore water system
and the sedimentary redox chemistry (McCorkle et al.,
1995; Brown and Elderfield, 1996; Pena et al., 2005; Millo
et al., 2005; Sexton et al., 2006; Sexton and Wilson, 2009;
Edgar et al., 2013; Edgar et al., 2015; Hasenfratz et al.,
2017a). While, traditional elemental proxies, such as
Fig. 1. Map of the Bering Sea showing the core location of IODP Site U1
cyclonic surface circulation (dark blue arrows). Main currents are also
Current (BSC) and the East Kamchatka Current (EKC). Along the easter
surface leading to high rates of primary productivity in this region, also c
the references to colour in this figure legend, the reader is referred to the
Mg/Ca of benthic foraminifera for bottom water tempera-
ture (BWT) (e.g. Rosenthal et al., 1997; Lear et al., 2002;
Elderfield et al., 2006; Lear et al., 2010), rely on the geo-
chemistry of primary foraminiferal calcite, newly developed
proxies utilise the elemental composition (i.e. U/Mn) of
authigenic foraminiferal coatings that form within the sed-
iments and could serve as a recorder of changes in the sed-
imentary redox environment (Gottschalk et al., 2016; Chen
et al., 2017). Thus, an in-depth understanding of sedimen-
tary diagenesis in continental margin sediments and its
influence on the foraminiferal geochemistry provides an
opportunity to ascertain the chemical processes involved,
important for the interpretation of both primary and authi-
genic foraminiferal elemental proxies in these settings.

Today, vast areas of the North Pacific and the Bering
Sea are considered high nutrient low chlorophyll (HNLC)
regions, with iron representing the limiting micronutrient
(Moore et al., 2001; Lam and Bishop, 2008). The hydro-
graphic conditions along the eastern Bering Sea continental
margin (Walsh et al., 1989; Springer et al., 1996; Mizobata
et al., 2002; Mizobata and Saitoh, 2004; Mizobata et al.,
2008; Expedition 323 Scientists, 2010; Hurst et al., 2010;
Tanaka et al., 2012; Ladd et al., 2012), however, provide
important nutrients to sustain one of the most productive
ecosystems in the world’s ocean, the so-called ‘Green Belt’
(Springer et al., 1996). Enhanced rates of primary produc-
tivity are reflected in an oxygen minimum zone (OMZ) per-
vasive in mid-depth waters (600–1000 m; (Whitledge and
Luchin, 1999; Expedition 323 Scientists, 2010)) and sedi-
mentary organic carbon (Corg) burial rates of 171–
251 mmol Corg m

�2 y�1 (Wehrmann et al., 2011), compared
to <8 mmol Corg m

�2 y�1 in typical deep sea sediments
(Cartapanis et al., 2016). Thus, sub-seafloor sediments are
343 (57�33.40N, 176�49.00W; 1953 m water depth) (red star) and the
indicated: Aleutian North Slope Current (ANSC), Bering Slope
n Bering Sea slope eddies transport nutrient rich deep waters to the
alled the ‘Green Belt’ (Springer et al., 1996). (For interpretation of
web version of this article.)
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characterized by an active microbial community driving
Corg remineralisation and causing the accumulation of
hydrocarbons, such as methane, in deeper lying sediments
(Wehrmann et al., 2011; Pierre et al., 2016).

The microbial communities driving sub-seafloor carbon
cycling and Corg remineralisation along the eastern Bering
Sea slope exploit different metabolic pathways, leading to
a partitioning of reactions in the sediment column accord-
ing to their metabolic efficiency (Froelich et al., 1979).
Along the eastern Bering Sea slope oxic respiration occurs
in the upper few centimetres of the sediment column, with
an oxygen penetration depth of 10–30 cm at 1105 m and
2249 m water depth respectively (Lehmann et al., 2005).
In the sub-oxic zone, nitrate (NO3�) and manganese
(Mn3+) are reduced, followed by iron (Fe3+) and sulphate
(SO4

2�) reduction (D’Hondt et al., 2002; Hong et al.,
2013) (Eq. (1)). When all energetically more favourable ter-
minal electron acceptors have been depleted, organic car-
bon is remineralised via methanogenesis (Eq. (2)) and
fermentation (Berner, 1980). A distinct Sulphate-Methane
Transition Zone (SMTZ) forms in sediments along the Ber-
ing Sea continental margin where the upward diffusive flux
of biogenic methane meets the zone of sulphate reduction
Fig. 2. Pore water profiles of (A) dissolved Ca, (B) Mg, (C) d13C of diss
(orange) and methane (purple) (dissolved Ca, Mg, CH4, and SO4

2� data fro
(1953 m water depth). (E) Shows the benthic d18O record (grey) at Site U
et al., 2018). Note that between 150 and 400 mbsf the d18O record represen
the individual samples utilized in this study, with the black triangles on th
shaded areas mark the two depth intervals for this study, while the orang
horizontal bar indicates the SMTZ as seen from the sulphate and methan
scales. Pore water profiles are recorded against depth in mbsf and oxygen
water constituent data from LIMS (http://web.iodp.tamu.edu/LORE/). (
the reader is referred to the web version of this article.)
(Fig. 2) and anaerobic oxidation of methane (AOM) occurs
(Eq. (3)) (Boetius et al., 2000; Wehrmann et al., 2011).
Along the eastern Bering Sea slope the depth of the SMTZ
varies between �6 and 8 m below sea floor (mbsf) in
response to bottom water oxygenation and the availability
of labile organic matter for methanogenesis in deeper lying
sediments (Wehrmann et al., 2011).

CH2O + 1/2SO4
2� ! 1/2H2S + HCO3

� ð1Þ
C6H12O6 ! 3CH4 + 3CO2 ð2Þ
CH4 + SO4

2� ! HCO3
� + HS� + H2O ð3Þ

Both organoclastic sulphate reduction and AOM form
bicarbonate ions (HCO3

�), increasing the alkalinity of ambi-
ent pore waters, facilitating authigenic carbonate formation.
Calcareous foraminifera tests can act as a template for authi-
genic carbonate precipitation (Panieri et al., 2017; Schneider
et al., 2017), altering their geochemistry. To date, most stud-
ies investigating the influence of authigenic carbonate precip-
itation on foraminiferal geochemistry in areas of high
methane flux or even methane seepage at the seafloor have
focused on the stable carbon isotopic composition (d13C)
(Hill et al., 2003; Hill et al., 2004; Millo et al., 2005; Martin
olved inorganic carbon (Wehrmann et al., 2011), and (D) sulphate
m LIMS (hhtp://web.iodp.tamu.edu/LORE/)) at IODP Site U1343
1343 across the analysed depth intervals (Asahi et al., 2016; Kender
ts the 5-point running mean. The dark blue diamonds (E) represent
e left additionally indicating the respective sample depths. The blue
e shaded areas characterize the DCZ-I and DCZ-II and the yellow
e pore water profiles (D). Note that the axes for Mg have different
isotopes are recorded against depth in m CCSF-A. Dissolved pore
For interpretation of the references to colour in this figure legend,

http://hhtp%3a//web.iodp.tamu.edu/LORE/
http://web.iodp.tamu.edu/LORE/
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et al., 2007; Cook et al., 2011; Panieri et al., 2014; Consolaro
et al., 2015; Panieri et al., 2016; Panieri et al., 2017; Schneider
et al., 2017;Wan et al., 2018). Compared to foraminiferal cal-
cite, methane-related authigenic carbonates have widely
varying carbon isotopic signatures, ranging from �60‰ to
+26‰ (e.g. Roberts and Aharon, 1994; Hill et al., 2003;
Hill et al., 2004; Naehr et al., 2007; Pierre and Fouquet,
2007; Pierre et al., 2016). In addition to the carbon isotopic
signature, elevatedMg/Ca ratios have been noticed for fora-
minifera influenced by SMTZ-related authigenic carbonate
precipitation (Panieri et al., 2017; Schneider et al., 2017;
Wan et al., 2018). This is in line with authigenic carbonate
crystals related to SMTZ precipitation, which are typically
enriched in Mg (Aloisi et al., 2000; Aloisi et al., 2002;
Crémière et al., 2012; Teichert et al., 2014). Nonetheless, a
comprehensive understanding of the influence of early and
late diagenetic processes on the elemental composition of for-
aminifera awaits the analysis of a full suite of elemental
ratios.

Here we present the elemental composition (Mg/Ca, Sr/
Ca, Mn/Ca, Fe/Ca, U/Ca, and Al/Ca) of shallow infaunal
foraminiferal species Elphidium batialis Saidova (1961) at
IODP Site U1343 (Fig. 1). We use a suite of single-
specimen visual and geochemical evidence, including
reflected light microscopy, scanning electron microscope
imaging, laser ablation inductively coupled plasma mass
spectrometry, and electron probe microanalysis elemental
mapping, to ascertain the sedimentary diagenetic processes
at play resulting in the elemental composition of both pri-
mary foraminiferal calcite and foraminiferal authigenic
carbonates.

2. MATERIALS AND METHODS

2.1. Sedimentary and diagenetic setting at IODP Site U1343

Sediments at IODP Site U1343 (57�33.40N, 176�49.00W;
1953 m water depth) are primarily composed of dark/very
dark green-grey to dark/very dark grey silt (Expedition
323 Scientists, 2010). Visually lighter and more yellow
authigenic carbonate crystals can be identified in all holes
at IODP Site U1343 (A–E) below �35 mbsf (Expedition
323 Scientists, 2010). Compared to other Sites in the Bering
Sea, carbonate concretions at Site U1343 are less pro-
nounced (Expedition 323 Scientists, 2010). This likely sug-
gests that the high rates of sediment accumulation along
the eastern Bering Sea slope (21–58 cm ka�1) (Expedition
323 Scientists, 2010) did not allow the SMTZ to persist at
a given sediment depth long enough for distinct authigenic
carbonate nodules to form (on timescales of centuries
(Ussler and Paull, 2008)) (Expedition 323 Scientists,
2010). The present day SMTZ, at Site U1343, is located
at �8 mbsf, clearly seen in pore water profiles of dissolved
sulphate and methane (Fig. 2) (Wehrmann et al., 2011).

Authigenic carbonate crystals occur in the form of
rhombs, acicular, and globular crystals of 4–10 mm length,
identified in smear slides (Expedition 323 Scientists, 2010),
and are comprised of low-Mg calcite (LMC), high-Mg cal-
cite (HMC), Fe-rich carbonates, and dolomite (Pierre et al.,
2016). Based on geochemical analysis, Pierre et al. (2016)
conclude that authigenic carbonates at Site U1343 form
as a result of multiple diagenetic processes, including sul-
phate reduction, AOM, and silicate weathering. There are
two distinctive formation zones, hereafter referred to as
Diagenetic Carbonate Zone I (<�8 mbsf) and II
(�260 mbsf) (DCZ-I, DCZ-II) (Fig. 2), reflected in the
d13C signature of authigenic carbonates between +10‰
and �20‰ (Pierre et al., 2016). Early diagenetic carbonates
formed in the DCZ-I are associated with low d13C values
(Pierre et al., 2016), as a result of bicarbonate formation
during sulphate reduction (d13C: �22‰ to �26‰) and
AOM (d13C: �50‰ to �90‰) (Schrag et al., 2013)
(Fig. 2). These are primarily composed of LMC and
HMC, supported by a drawdown of dissolved Ca and Mg
in the upper meters of the sediment column with a mini-
mum in pore water concentrations at the SMTZ (Fig. 2)
(Wehrmann et al., 2011; Pierre et al., 2016). On the other
hand, authigenic carbonates formed in the DCZ-II, have
higher d 13C values (Fig. 2), characteristic of bicarbonate
formed during silicate weathering within the sediments
due to CO2 formation during methanogenesis (Pierre
et al., 2016). Here, Fe-rich carbonates and dolomite are
more common compared to LMC and HMC in the upper
diagenetic zone (Pierre et al., 2016). In addition to carbon-
ates, other authigenic minerals in sediments along the east-
ern Bering Sea slope are barite and pyrite, typically
precipitated during organoclastic sulphate reduction and
AOM (Pierre et al., 2016).

2.2. Sampling strategy

This study focuses on two narrow depth intervals of
Holocene (number of samples (n) = 4) to Pleistocene
(n = 12) age between 0.33–8.99 m core composite depth
below seafloor (CCSF-A) and 172.02–305.63 m CCSF-A,
respectively (Fig. 2) at IODP Site U1343. An overview of
the samples including the applied methodologies is given
in Table 1. The two depth intervals cover the DCZ-I, com-
prising organoclastic sulphate reduction and AOM above
and within the SMTZ, and the DCZ-II related to silicate
weathering (Pierre et al., 2016), providing a comprehensive
understanding of the influence of both early and late diage-
netic processes on foraminiferal geochemistry. Further, the
samples are derived from both glacial and interglacial inter-
vals (Fig. 2), which likely impacts on the nature and magni-
tude of authigenic carbonate formation as bottom water
conditions and primary productivity in the eastern Bering
Sea vary on these timescales (Kim et al., 2014; Asahi
et al., 2016; Kender et al., 2018).

Common infaunal benthic foraminiferal species at
IODP Site U1343 include Elphidium batialis Saidova
(1961), Uvigerina spp., and Islandiella norcrossi

(Cushman, 1933). Based on the abundance and continuous
occurrence, however, this study is exclusively based on E.

batialis specimens. E. batialis, a shallow infaunal benthic
foraminifera, forms a hyaline LMC test. In the neighbour-
ing Sea of Okhotsk, E. batialis has a habitat depth in the
sediment column of 0.5–1.7 cm (Bubenshchikova et al.,
2008). E. batialis precipitates a test of medium size that is
involute planispiral with nine to twelve chambers in the



Table 1
Overview of all samples used in this study, including the depth, age, size fraction, and analytical techniques for each sample.

Sample ID Depth
(m CCSF-A)

Age
(ka)

Size fraction
(mm)

Degree of diagenetic
alteration

Methodology

SEM EPMA LA-ICP-MS

U1343C-1H-1 (32.0–34.0 cm) 0.3 8.5 >250 Minor alteration X X
U1343C-1H-4 (19.0–21.0 cm) 4.7 20.8 >250 Minor alteration X X
U1343E-1H-3 (50.0–52.0 cm) 7.0 30.1 >250 Minor alteration X X
U1343E-1H-4 (100.0–102.0 cm) 9.0 38.3 >250 Major alteration X X
U1343A-17H-5 (84.0–86.0 cm) 172.0 634.6 150–250,

>250
Moderate alteration X

U1343E-25H-2 (132.0–134.0 cm) 229.4 877.5 150–250,
>250

Moderate alteration X

U1343C-24H-7 (109.0–111.0 cm) 241.5 925.6 >250 Moderate alteration X X
U1343C-25H-5 (37.0–39.0 cm) 248.2 942.6 >250 Moderate alteration X X
U1343C-25H-5 (126.0–128.0 cm) 249.1 944.9 >250 Major alteration X X X
U1343C-25H-6 (46.0–48.0 cm) 249.8 946.7 >250 Major alteration X X
U1343E-27H-2 W, 8.0–10.0 cm 252.6 953.9 >250 Major alteration X
U1343E-27H-2 W, 46.0–48.0 cm 253.0 954.9 >250 Minor alteration X X
U1343C-26H-5 W, 86.0–88.0 cm 259.1 969.9 >250 Moderate alteration X X
U1343C-26H-5 (126.0–128.0 cm) 259.5 970.9 >250 Minor alteration X X
U1343E-32H-2 (42.0–44.0 cm) 299.6 1070.1 150–250,

>250
Moderate alteration X

U1343E-32H-6 (142.0–144.0 cm) 305.6 1086.0 150–250,
>250

Moderate alteration X
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final whorl (Fig. 3). The wall is finely perforate and the
aperture appears as an arch of small holes. It has a rounded
to lobulated outline and the chambers increase gradually in
size (Fig. 3). The most distinct feature are the depressed
sutures with slightly backwards curved sutural bridges
(Fig. 3) (see supplement for original description). The spec-
imens for this study were picked from the two size fractions
150–250 mm and > 250 mm. Specimens > 250 mm from Site
U1343 have been previously utilized for palaeoclimate
reconstructions (Asahi et al., 2016; Kender et al., 2018),
however, overall benthic foraminiferal abundance is greater
in the size fraction 150–250 mm.

2.3. Visual identification of foraminiferal alteration

Foraminiferal samples from IODP Site U1343 were
grouped into three classes of minor, moderate, and major
alteration, based on the predominant alteration state of
E. batialis specimens using reflected light microscopy, fol-
lowing the approach outlined by Schneider et al. (2017).
The classification includes the test colour, ranging from
white to orange/brown, the translucency of the test, with
increasing opaqueness indicating more alteration, and fea-
tures such as a ‘sugary’ texture, indicating crystal growth
on the outside of the foraminiferal tests, obscuring the orig-
inal test structure. Little or no discolouration, translucent
test walls, and prominent morphological features, such as
sutural bridges for E. batialis, characterize minor diagenetic
alteration (Fig. 4). Specimens with moderate diagenetic
alteration usually have a yellow test with both translucent
and opaque areas (Fig. 4), whereas discoloured orange/
brown specimens with an opaque test wall, a ‘sugary’ tex-
ture, and obscured morphological features are classified
as having major diagenetic alteration (Fig. 4).
2.4. Scanning electron microscope imaging

Scanning Electron Microscope (SEM) imaging was con-
ducted on 12 representative E. batialis specimens (Table 1),
exhibiting different degrees of diagenetic alteration, as
determined by reflected light microscope inspection. This
serves to identify the diagenetic features and microstruc-
tural changes of E. batialis specimens in response to car-
bonate diagenesis at Site U1343 and their relation to the
appearances of foraminifera tests under the reflected light
microscope. The samples are from above and below the
SMTZ (0.3–8.9 m CCSF-A) and from around 250 ± 10 m
CCSF-A. For each sample both, a whole specimen and
crushed fragments were imaged. Prior to imaging all sam-
ples were ultrasonicated in UHQ water for �10 s to remove
clay minerals and other particles loosely stuck to the fora-
miniferal tests. Subsequently, the specimens and fragments
were mounted on SEM stubs using carbon adhesive tape
and gold/palladium coated. All samples were imaged on a
FEI XL30 Field Emission Gun Environmental SEM at
Cardiff University in high vacuum mode, with a beam volt-
age of 10–20 kV using a Secondary Electron Detector.

2.5. Geochemical analyses

2.5.1. Elemental analysis of foraminifera using LA-ICP-MS

Laser inductively coupled plasma mass spectrometer
(LA-ICP-MS) analyses were performed at Cardiff Univer-
sity using an ArF excimer 193 nm laser ablation system
with dual volume laser ablation cell (RESOlution S-155
ASI) coupled to a Thermo ScientificTM ELEMENT XRTM

magnetic sector field ICP-MS. In total 13 samples (Table 1),
were analysed with six specimens per sample and six laser
spots per specimen on consecutive chambers. Based on pre-
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vious investigations (Nairn, 2019) and as demonstrated in
in other studies (Rathmann et al., 2004), this was found
to yield statistically good results when averaging over the
natural heterogeneity of foraminiferal tests. Two samples
only contain two and five E. batialis specimens, respec-
tively, due to low abundance. LA-ICP-MS operating condi-
tions varied based on the size fraction of E. batialis

specimens (Table 2) and all samples were analysed for the
isotopes 25Mg, 26Mg, 27Al, 43Ca, 48Ca, 55Mn, 87Sr, 88Sr,
238U. Additionally, 56Fe was measured on four samples
from the >250 mm size fraction, with two samples above
and two samples below the DCZ-II at �260 mbsf (Pierre
et al., 2016). Because of spectral interference with ArO
(May and Wiedmeyer, 1998), 56Fe has to be measured in
medium resolution (MR) mode of the ICP-MS, in compar-
ison to all remaining isotopes that were measured in low
resolution (LR) mode. Thus, the four samples for Fe anal-
ysis were ablated in LR mode first and re-ablated in MR
mode on the same chambers. This allows direct comparison
of 56Fe with all other isotopes. 48Ca showed spectral inter-
ference with 48Ti for both glass standards NIST SRM 610
and NIST SRM 612 (see below), hampering its
quantification.

The NIST SRM 612 and NIST SRM 610 silicate glass
standards were used as consistency and quantification stan-
dards, respectively. NIST SRM 612 was acquired at the
beginning and end of every sequence and calibrated using
NIST SRM 610 for external reproducibility (Table 3).
NIST SRM 612 was also used to tune the magnetic sector
field ICP-MS to minimize oxide formation and elemental
fractionation (ThO/Th < 0.3%, Th/U � 1). NIST SRM
610 was measured every six laser ablation spots and used
for sample calibration. Reference values for elemental con-
centrations in NIST SRM 610 and 612 are from Jochum
et al. (2011). Samples were calibrated using R Studio (R
Studio Team, 2015) following the method outlined in
Longerich et al. (1996), with 43Ca as the internal standard,
assuming 40 wt% for CaCO3. Prior to sample calibration
the limit of detection was calculated (LOD = mean gas
blank + 3.3 * s.d., s.d. = standard deviation on the gas
blank) for each isotope and spot and all values below the
LOD were removed (Petersen et al., 2018). The high gas
blank for 55Mn, resulting from polyatomic interference
with 40Ar15N (Evans and Müller, 2018), causes a relatively
high LOD for 55Mn measurements. Thus, 55Mn could only
be quantified for 22 out of 91 specimens. Additionally, sig-
nal sections classified as ‘instrumental’, as determined by
the 48Ca/43Ca ratio, were removed. Sample calibration
includes a gas blank and drift correction of reference mate-
Fig. 3. Scanning Electron Microscope images of one E. batialis specimen
batialis Saidova (1961) specimen with minor diagenetic alterations fro
represents 100 mm. (B) Primary foraminiferal calcite wall with an authige
CCSF-A). (C) Authigenic carbonate crust on the outside of the foramini
with an authigenic carbonate crust (249.07 m CCSF-A). (E) Partially recr
in a suture of an E. batialis specimen. (G) Pyrite framboid inside a recrysta
E. batialis test (252.59 m CCSF-A). (I) Lattice-like test wall structure in
CCSF-A). Scale bars for wall cross sections (white) indicate 10 mm.

3

rials, sample gas blank correction, and sample data reduc-
tion. Subsequently an outlier correction was performed
using the Hampel identifier (Davies and Gather, 1993).
Typical LA-ICP-MS profiles of foraminiferal test with
minor, moderate, and major diagenetic alteration are
shown in Supplementary Figs. 1–3. Lastly, the average
and standard deviation was calculated of all laser profiles
per specimen. 27Al was used to screen for silicate contami-
nation and most profiles show an initial peak of Al/Ca,
interpreted to represent contamination on the outside of
the foraminiferal test. Specimen means are integrated only
for signal sections with Al/Ca below the LOD and for pro-
files with >10 data points of Al/Ca below the LOD, to min-
imize the risk of silica contribution to the sample signal.
The standard deviation for single specimen means is based
on the variance of the elemental ratio across the average of
all laser profiles taken per specimen.

2.5.2. EPMA elemental mapping of Mg/Ca and Fe/Ca

Electron Probe Microanalysis (EPMA) elemental map-
ping was used to study the spatial cross-sectional distribu-
tion of Mg/Ca and Fe/Ca in three E. batialis specimens,
representing minor, moderate, and major diagenetic alter-
ation, respectively (Table 1). The analytical set up of the
EPMA allowed only the measurement of three elements
simultaneously. Mg/Ca provides an overview of authigenic
carbonate distribution in the foraminiferal tests, while Fe/
Ca maps offer a chance to investigate the incorporation of
Fe into authigenic carbonates without potential bias due
to pyrite framboids (as for LA-ICP-MS). Foraminiferal
cross sections were prepared at the British Geological Sur-
vey in Keyworth, mounting the foraminiferal tests on sepa-
rate glass slides and embedding them in epoxy (RT154). To
expose the foraminiferal cross sections small amounts of
resin were taken off at a time using a Logitech LP50 pol-
isher with 10 mm Al-oxide powder. Subsequently the slides
were polished using a sequence of 6 mm, 3 mm, 1 mm, and
0.25 mm polycrystalline diamond paste on Logitech CL50
polisher units for 30 minutes each.

The elemental maps were acquired on a JEOL 8530F
field-emission EPMA equipped with 5 wavelength disper-
sive spectrometers at the University of Bristol. All samples
and standards were silver coated, to ensure carbonate sta-
bility and to mitigate thermally driven beam damage on
the sample (Smith, 1986; Kearns et al., 2014). Calcium car-
bonate (CaCO3) was used as a standard for Ca, Diopside
(MgCaSi2O6) was used for Mg, and Fe-rich Olivine
((Mg2+, Fe2+)2SiO4) was used for Fe. Ca was measured
for 10 ms on one (PETL crystal) spectrometer, whereas
and wall cross sections of E. batialis from IODP Site U1343. (A) E.
m IODP Site U1343 (252.97 m CCSF-A). The scale bar (white)
nic carbonate crust on the inside of the foraminiferal test (252.97 m
feral test (252.59 m CCSF-A). (D) Recrystallized wall cross section
ystallized test wall (252.59 m CCSF-A). (F) Pyrite framboids found
llized test wall (252.59 m CCSF-A). (H) Etched inner surface for an
dicating dissolution with an authigenic carbonate crust (241.52 m



Fig. 4. Reflected light microscope images of E. batialis specimens with (A) minor, (B), moderate, and (C) major diagenetic alteration.

Table 2
LA-ICP-MS analytical settings for foraminiferal specimens between 150 and 250 mm, >250 mm, and the NIST 610/612 silicate glass reference
standards.

150–250 mm >250 mm Silicate glass reference standards NIST SRM 610 and 612

Mode Spot analysis Spot analysis Raster analysis
Spot size (mm) 20 30 64
Laser fluence (J cm�2) 2.5 3.5 4.5
Laser pulse repetition rate (Hz) 2 4 4
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Mg and Fe were measured for 300 ms each on three (two
TAP crystals and one TAPH crystal) and one (LIFH/
PETH crystal) spectrometers, respectively. The maps were
acquired at an accelerating voltage of 15 kV, a beam cur-
rent of 40 nA, and a step size of 0.5 mm. The analytical res-
olution, the area over which 75% of the X-rays are emitted,
however, is 0.9 mm (Jonkers et al., 2016), indicating that the
measured intensity for features <0.9 mm (�2 pixels) is a
convolution of the actual intensity and the intensity of
surrounding material. The detection limit for an average
of 4 pixels is 97 ppm, 650 ppm, and 355 ppm for Mg, Ca,
and Fe, respectively. Raw data were reduced to wt%
according to the Armstrong/Love-Scott matrix correction
(Armstrong, 1988). As the maps were acquired on pre-
defined rectangular areas of the foraminiferal cross section,
not only shell material, but also parts of the resin and other
minerals were measured. Following the method outlined in
Jonkers et al. (2016) Ca values under 35 wt% were masked,
with the same mask applied to the Mg and Fe concentra-
tion maps, before creating the Mg/Ca and Fe/Ca maps,
thus only elemental values associated with the carbonate
phases are displayed in the EPMA maps. Negative Mg
and Fe values were replaced with half the minimum positive
value (Jonkers et al., 2016). All ratio maps were created and
plotted in RStudio (R Studio Team, 2015).

2.6. Statistical analyses

Correlations of foraminiferal trace metal ratios mea-
sured by LA-ICP-MS were calculated using non-
parametric bootstrapping where R2 is based on random
sampling (n = 10,000) of each elemental ratio within their
respective uncertainties as represented by normal distribu-
tions. The 95% confidence intervals (CI) reported for the
bootstrapped R2 values represent bias-corrected accelerated
bootstrap CIs. To test for a significant difference in the vari-
ance (p < 0.05) of two datasets a Wilcoxon-Mann-Whitney
test or a two-sample t-test was performed for non-normally
and normally distributed data, respectively. The Shapiro-
Wilk test was used to test for normality. All statistical anal-
yses conducted as part of this study were performed in R
Studio (R Studio Team, 2015).

3. RESULTS

3.1. Foraminiferal alteration at Site U1343

Reflected light microscopy was used to group the sam-
ples into three groups of minor, moderate, and major dia-
genetic alterations (Fig. 4). There is a step change in the
diagenetic alteration state from minor to moderate/major
alteration associated with the SMTZ at the bottom of
DCZ-I (Fig. 5). However, no significant change in alter-
ation is observed at the DCZ-II (Fig. 5). Further, reflected
light microscopy shows inter-sample heterogeneity within
the species. The diagenetic alteration state for individual
samples is thus based on the predominant alteration state
of E. batialis specimens. Additionally, there are inter-
species differences in diagenetic alteration, with E. batialis

usually displaying stronger discolouration compared to
other abundant infaunal benthic foraminiferal species at
Site U1343, such as Uvigerina spp. and Islandiella norcrossi.
This either indicates the importance of species-specific mor-
phological features for post-mortem diagenetic alteration
and/or different ecological preferences, which cause them
to occur at times of varying organic carbon fluxes and



Table 3
Absolute elemental values and external reproducibility for the duration of this study (relative standard deviation (r.s.d.)) of NIST 612 silicate
glass reference standard in LR and MR mode in comparison to absolute values from Jochum et al. (2011). 48Ca concentrations in this study
are influenced by spectral interference with 48Ti.

NIST SRM 612 – LR NIST SRM 612 – MR

Isotope This study (ppm) External
reproducibility (r.s.d.)

Jochum et al.
(2011) (ppm)

This study (ppm) External
reproducibility (r.s.d.)

Jochum et al.
(2011) (ppm)

25Mg 56 3.1 68 ± 5 59 8.1 68 ± 5
26Mg 58 2.0 68 ± 5 58 1.7 68 ± 5
27Al 12,961 1.4 10,743 ± 212 12,983 0.5 10,743 ± 211
43Ca Internal Standard 85,060 ± 715 Internal Standard 85,060 ± 715
48Ca 37,148 2.3 85,060 ± 715 33,817 2.9 85,060 ± 715
55Mn 39 5.2 39 ± 1 39 0.9 39 ± 1
57Fe n.a. n.a. 51 ± 2 55 1.7 51 ± 2
87Sr 51 1.7 78 ± 0.2 50 1.5 78 ± 0.2
88Sr 83 3.5 78 ± 0.2 82 2.0 78 ± 0.2
238U 41 4.5 37 ± 0.08 38 0.8 37 ± 0.08
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microbial activity. The latter, however, requires rapid post-
mortem formation of diagenetic features and subsequent
mixing of different communities by bioturbation.

In support of light microscopy results, SEM imaging
reveals abundant authigenic carbonates and other authi-
genic minerals, such as pyrite, in correlation with the degree
of alteration. This is consistent with observations made
during IODP Expedition 323, indicating the co-
occurrence of discoloured foraminiferal tests with sedimen-
tary authigenic carbonate crystals at Site U1343
(Expedition 323 Scientists, 2010). Authigenic carbonates
can occur encrusting on the outside and/or inside of the for-
aminiferal tests or as partial or full recrystallization of the
test walls (Fig. 3). Compared to the dense primary forami-
niferal calcite layers, authigenic carbonates are charac-
terised by stacks of tabular crystals with cavities between
individual stacks (Fig. 3). Furthermore, authigenic carbon-
ate crystals are typically larger compared to primary
foraminiferal calcite, which has been previously observed
in recrystallized planktonic foraminifera (Edgar et al.,
2015). Both primary and authigenic calcite can be the sub-
ject of dissolution, obscuring the original features, hamper-
ing unambiguous identification (Fig. 3). Dissolution
features include broken chambers, etched surfaces, and
lattice-like calcite structures inside the test walls (Fig. 3).
Authigenic pyrite framboids can be found inside test cham-
bers, sutures, and even within recrystallized test walls
(Fig. 3). Reflected light microscopy reveals that increased
levels of pyrite typically occur in foraminiferal tests display-
ing a higher degree of diagenetic alteration.

3.2. LA-ICP-MS geochemical analyses

LA-ICP-MS analyses are utilised to record the elemental
composition of individual E. batialis specimens. Table 4
documents the overall range in elemental ratios of Mg/
Ca, Mn/Ca, U/Ca, Sr/Ca, and Fe/Ca.

Mg concentrations for E. batialis varied between 0.04
± 0.025 wt% (s.d.) and 3.08 ± 0.39 wt% (s.d.). There is a
significant increase in the Mg concentration from minor
to moderate and moderate to major diagenetic alteration
(p < 0.05) (Fig. 5), indicating that Mg is increasingly incor-
porated into authigenic carbonates according to the degree
of diagenetic alteration. This is further supported by a sig-
nificant difference in the population median (p < 0.05) of
Mg/Ca between minor/moderate and moderate/major dia-
genetic alteration, respectively (Table 5).

Further, LA-ICP-MS results show that U and Sr are
increased in authigenic carbonates alongside Mg. This is
supported by a significant difference in the population med-
ian (p < 0.05) of both Sr/Ca and U/Ca between minor/-
moderate and moderate/major diagenetic alteration,
respectively (Table 4). In addition, both U/Ca and Sr/Ca
are significantly correlated with Mg/Ca (R2 = 0.58 [0.32;
0.63], n = 91 and R2 = 0.53 [0.33; 0.72], n = 91, respec-
tively) (Fig. 7).

LA-ICP-MS results also suggest Mn incorporation into
authigenic carbonates, as there is a significant correlation of
Mn/Ca with Mg/Ca (R2 = 0.64 [0.17; 0.83], n = 21) (Fig. 7)
if a single data point with anomalously high Mn/Ca
(�9000 mmol mol�1) is excluded. Furthermore, a significant
difference in the population median (p < 0.05) is observed in
Mn/Ca ratios of foraminifera with moderate and major dia-
genetic alterations (Table 5) (Fig. 6). The latter is also
observed for Fe/Ca, however, there is no significant corre-
lation with Mg/Ca (Figs. 6 and 7), likely a result of either
the low numbers of Fe/Ca measurements and/or pyrite
contamination.

3.3. EPMA elemental mapping of Mg/Ca and Fe/Ca

EPMA maps of E. batialis cross sections serve to inves-
tigate the spatial variability of Mg/Ca and Fe/Ca in tests
exhibiting minor, moderate, and major diagenetic alter-
ations (Fig. 8). SEM images of the test with minor diage-
netic alterations show a thin crust of authigenic
carbonates on the inside of the chamber walls, characterised
by Mg/Ca ratios up to �210 mmol mol�1 and Fe/Ca ratios
up to �80,000 mmol mol�1 as seen in the EPMA maps
(Fig. 8). The moderately altered sample, on the other hand,
demonstrates Mg/Ca ratios only up to �37 mmol mol�1

(Fig. 8). Compared to the sample with minor alteration,



Fig. 5. Mg concentrations (wt%) in E. batialis specimens at IODP Site U1343 measured by LA-ICP-MS versus depth in core. The samples are
coded according to the predominant diagenetic alteration state of E. batialis specimens: Minor diagenetic alterations (white circles), moderate
diagenetic alterations (light grey triangles), major diagenetic alterations (dark grey diamonds). Error bars represent one standard deviation.
The orange bars represent DCZ-I and DCZ-II and the yellow bar represents the SMTZ. Boundaries for low-Mg, intermediate-Mg, and high-
Mg calcite are from Rucker and Carver (1969). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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however, increased Mg/Ca values are found throughout the
entire test wall, indicative of recrystallization (Fig. 8). This
is also supported by Fe/Ca ratios, reaching up to
�65,000 mmol mol�1 (Fig. 8), with increased values occur-
ring consistently throughout the test wall. SEM images of
the same sample reveal isolated authigenic carbonate crys-
tals and dissolution features within the test wall cross-
section (Fig. 8). The test with major diagenetic alteration
demonstrates the highest Mg/Ca and Fe/Ca ratios of up
to �270 mmol mol�1 and �160,000 mmol mol�1, respec-
tively (Fig. 8). Both Mg/Ca and Fe/Ca show banding
throughout the test wall cross-section co-occurring with
lines of dissolution, marked by cavities within the test wall
(Fig. 8). The banding is most likely related to natural lam-
inations within the foraminiferal tests (Erez, 2003), repre-
senting lines of weakness where pore waters can enter and
alter the foraminiferal calcite.

4. DISCUSSION

4.1. Multi-element composition of foraminiferal-bound

authigenic carbonates at Site U1343

Morphological evidence and geochemical analyses of
shallow infaunal benthic foraminiferal species E. batialis

at IODP Site U1343 reveal visually altered tests in conjunc-
tion with prominent changes to the trace elemental compo-
sition. E. batialis forms a hyaline test, characterized by
layered, perforate walls made of interlocking LMC micro-
crystals. Hence, increased Mg concentrations, observed in
foraminifera from Site U1343, likely result from contami-
nation with authigenic carbonates containing greater
amounts of Mg. This is consistent with presence of the
authigenic carbonate crystal assemblage found at Site
U1343 composed of LMC to HMC, Fe-rich calcite, and
dolomite (Pierre et al., 2016).

In order to identify the most likely authigenic carbon-
ate mineral contaminating foraminiferal tests along the
eastern Bering Sea slope, we consider the different charac-
teristics of LMC to HMC, Fe-rich calcite, and dolomite.
Dolomite usually has Mg concentrations of �12.6 wt%
(Lingling and Min, 2005), higher than the observed Mg
concentrations in diagenetically altered E. batialis tests
from Site U1343 (<3.08 ± 0.39 wt% (s.d.)) (Fig. 5). If the
foraminiferal tests fall along a mixing line of primary
LMC and dolomite and we assume �0.5 wt% Mg for pri-
mary foraminiferal calcite, this would require a contribu-
tion of �20.5% dolomite in order to explain the
observed Mg-concentrations. SEM images of tests with
major diagenetic alteration, however, show almost com-
plete replacement of the original foraminiferal calcite with
authigenic carbonate (Fig. 3), indicating that contributions
>20.5% are indeed likely. Additionally, Pierre et al. (2016)
demonstrate that dolomite crystals are primarily associ-
ated with authigenic carbonate formation in the DCZ-II
at �260 mbsf. Only two samples in our study are from
depth >260 mbsf and they show no significant increase
in Mg concentrations and Mg/Ca ratios (Figs. 5 and 9),
strongly suggesting that dolomite is unlikely to be the pre-
dominant authigenic carbonate in foraminiferal tests at
IODP Site U1343.

In comparison to calcite, aragonite has a higher parti-
tion coefficient of Sr, reflected in Sr/Ca ratios around
30 mmol mol�1 (Bayon et al., 2007), while hyaline forami-



Fig. 6. Boxplots of Mg/Ca, Sr/Ca, U/Ca, Mn/Ca, and Fe/Ca (top left to bottom right) of E. batialis specimens measured by LA-ICP-MS and
separated according to the respective degree of diagenetic alteration. The diagenetic alteration was determined using a reflected light
microscope (see text) and the categories comprise minor (white), moderate (light grey), and major (dark grey) diagenetic alteration (see text).
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nifera typically have Sr/Ca values of 0.75–1.25 mmol mol�1

(Gussone et al., 2016). Sr/Ca values of foraminiferal tests at
IODP Site U1343 vary between 1.2 and 1.8 mmol mol�1,
with one sample (�250 m CCSF-A) showing higher Sr/Ca
values between 1.8 and 2.2 mmol mol�1 (Fig. 9). During
carbonate diagenesis aragonite is replaced with more stable
carbonate species (Pierre et al., 2016). Thus, increased Sr/
Ca ratios above typical values for hyaline tests are either
a relic of aragonite formation during early diagenesis or
related to changes in the crystal lattice due to increased
Mg incorporation into authigenic carbonates. The latter is
supported by a positive correlation of Mg/Ca and Sr/Ca
(R2 = 0.53 [0.33; 0.72], n = 91) (Fig. 7). Enhanced incorpo-
ration of Mg2+ results in a distortion of the calcite crystal
lattice, leaving more space for the relatively large Sr2+
cations (Mucci and Morse, 1983). Thus, by exclusion
elemental data of authigenic carbonates in foraminifera at
IODP Site U1343 suggest that LMC to HMC is the most
likely contaminant phase.

In addition to Sr/Ca, U/Ca is positively correlated with
Mg/Ca (R2 = 0.58 [0.32; 0.63], n = 91) (Fig. 7), indicating
incorporation of U into authigenic calcite. Uranium in oxy-
genated seawater exists in form of uranyl (U6+) and uranyl
carbonate complexes (Klinkhammer and Palmer, 1991)
with a low partition coefficient into marine calcite, as a
result of its large ionic radius (Zhao et al., 2016). The lar-
gest sink for uranium in the oceans is the diffusion across
the sediment-water interface and removal of soluble ura-
nium by reduction to U4+ and subsequent precipitation in
suboxic to anoxic environments (Klinkhammer and
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Palmer, 1991; Zhao et al., 2016). As the ionic radius of U4+

is similar to that of Ca2+ cations, U4+ can be readily incor-
porated into carbonates forming within the sediment
(Sturchio et al., 1998; Zhao et al., 2016). Typical U/Ca val-
ues of primary foraminiferal calcite range from 3-
23 nmol mol�1 (Russell et al., 2004; Raitzsch et al., 2011;
Boiteau et al., 2012; Chen et al., 2017). Foraminiferal U/
Ca ratios at Site U1343 vary between 299
± 111 nmol mol�1 to 29,098 ± 13,826 nmol mol�1 (s.d.),
supporting U incorporation in authigenic carbonates dur-
ing foraminiferal diagenesis.

Similar to U, Mn/Ca and Mg/Ca are significantly corre-
lated if one data point with anomalously high Mn/Ca is
excluded (R2 = 0.64 [0.17; 0.83], n = 21) (Fig. 7). As sug-
gested in previous studies, this indicates Mn2+ incorpora-
tion into authigenic carbonates formed within the
sediments (Pena et al., 2005; Torres et al., 2010;
Groeneveld and Filipsson, 2013; Hasenfratz et al., 2017a).
In addition to authigenic carbonate phases Mn can also
be incorporated into Mn-Fe-oxides coatings on foraminif-
eral tests (Pena et al., 2005; Pena et al., 2008). Mn-Fe-
oxides form within the sediments above the oxygen penetra-
tion depth and Mn can be re-mobilized and dissolved into
pore waters as Mn2+ under reducing conditions (Froelich
et al., 1979). If all the foraminiferal Mn contamination at
IODP Site U1343 was derived from Mn-Fe-oxides, a Mg/
Mn ratio close to that of global Mn-Fe-oxide crusts/nod-
ules of 0.2 mol mol�1 (de Lange et al., 1992; Pattan, 1993)
would be expected. However, all specimens have a Mg/
Mn ratio higher (2.47–26.10 mol mol�1) than that of global
Mn-Fe-oxide crusts/nodules (2.47–26.10 mol mol�1). This
suggests that Mn-Fe-oxides are not the predominant con-
taminant phase in foraminifera along the eastern Bering
Sea slope, even though the possibility of Mn-Fe-oxide con-
tribution cannot be fully eliminated. In particular, high
Mn/Ca ratios (�8500 mmol mol�1) at low Mg/Ca in one
specimen, in conjunction with relatively high Fe/Ca of
�35,000 mmol mol�1 (Fig. 7), could result from contribu-
tion of Mn-Fe-oxides. Previous studies have suggested that
Fe-Mn-oxides crusts on foraminiferal tests get covered by
authigenic carbonates deeper in the sediment column, ham-
pering the dissolution and resumption of Mn into pore
waters under reducing conditions (Pena et al., 2005).

Fe/Ca values were measured in 4 samples (20 speci-
mens), primarily to test the influence of authigenic Fe-rich
carbonate and dolomite formation in the DCZ-II
(�260 mbsf (Pierre et al., 2016)) on foraminifera at IODP
Site U1343. LA-ICP-MS results show no significant corre-
lation of Fe/Ca with Mg/Ca and no significant change
across the DCZ-II (Figs. 7 and 9). However, Fe-Mn-oxide
and especially pyrite (FeS2) contamination in foraminiferal
tests could bias LA-ICP-MS analyses of Fe/Ca. Fe/Ca
ratios of EPMA maps, on the other hand, cannot be asso-
ciated with pyrite or Mn-Fe-oxides, as areas with Ca con-
centrations <35 wt% have been masked in order to
display the carbonate phases only. Fe/Ca values in EPMA
maps of foraminiferal cross sections are elevated in areas
displaying increased Mg/Ca ratios (Fig. 8), suggesting that
Fe, alongside Mg, Sr, U, and Mn is incorporated into the
authigenic carbonates.
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Our geochemical analyses of E. batialis specimens at
IODP Site U1343 therefore demonstrate abundant LMC
to HMC contamination, in line with increased Mg concen-
trations in methane-related foraminiferal authigenic car-
bonates from the western Svalbard margin (Panieri et al.,
2017; Schneider et al., 2017). In addition to Mg, authigenic
carbonates at IODP Site U1343 are enriched in Sr, U, Mn,
and Fe compared to the primary foraminiferal calcite, indi-
cating important implications for palaeoenvironmental
reconstructions based on these elements.

4.2. The origin of foraminiferal-bound authigenic calcite

within the sediment-pore water system

Across the SMTZ there is a significant increase in Mg/
Ca and U/Ca (p < 0.05), observed in single specimen LA-
ICP-MS measurements (Fig. 9). Additionally, Mn/Ca
ratios of E. batialis are above the LOD just below the pre-
sent day SMTZ, in contrast to samples from above the
SMTZ (Fig. 9), suggesting that foraminiferal Mn/Ca also
increases across this redox horizon. The increase in diage-
netic alteration across the SMTZ is supported by reflected
light microscope results, indicating minor foraminiferal
alterations above the SMTZ and moderate/major alter-
ations below (Table 1). Thus, foraminiferal tests are signif-
icantly altered during early diagenesis across the SMTZ,
where AOM causes the formation of bicarbonate ions,
increasing the alkalinity of pore waters and causing the pre-
cipitation of authigenic calcite. This is consistent with pre-
vious studies of benthic foraminiferal diagenesis in areas
influenced by methane seeps (Millo et al., 2005; Martin
et al., 2007; Cook et al., 2011; Panieri et al., 2014;
Consolaro et al., 2015; Panieri et al., 2016; Panieri et al.,
2017; Schneider et al., 2017), suggesting high-Mg authigenic
carbonate formation within the SMTZ (Panieri et al., 2017;
Schneider et al., 2017). Additionally, Mg and Ca pore water
profiles at Site U1343 decrease towards the SMTZ, indicat-
ing precipitation of Mg-calcite (Fig. 2) (Wehrmann et al.,
2011).

SEM images of three foraminiferal specimens from sam-
ples above the present day SMTZ show primarily dissolu-
tion of the original calcite tests, but also provide some
evidence for authigenic carbonate precipitation (Fig. 10).
There are two possible mechanisms that could cause the
presence of authigenic carbonates above the present day
SMTZ: (1) past migration of the SMTZ in relation to
changes in the sedimentary redox chemistry and (2) authi-
genic carbonate precipitation as a result of organoclastic
sulphate reduction. LA-ICP-MS results demonstrate signif-
icant differences in the chemical composition of authigenic
Table 5
Statistical results of Mann-Whitney and 2 sample t-tests for elemental ra

p-Value for minor/moderate

Mg/Ca 4.56E�08
Sr/Ca 0.02
U/Ca 3.03E�09
Fe/Ca n.a.
Mn/Ca n.a.
carbonates above and below the present day SMTZ
(Fig. 9), characterised by a significant increase in Mg/Ca
and U/Ca ratios (Fig. 9). Dissolved sulphate in pore waters
above the SMTZ effectively complexes Mg2+ cations
(Walter, 1986), making it unavailable for incorporation
into authigenic carbonates. The significantly lower Mg/Ca
ratios of foraminifera above the SMTZ (Fig. 9), thus sug-
gest authigenic carbonate precipitation in response to bicar-
bonate formation (Eq. (1)) during organoclastic sulphate
reduction rather than migration of the SMTZ.

Previous studies of methane-related carbonate pave-
ments on the seafloor suggest aragonite precipitation in
sulphate-rich environments (Aloisi et al., 2002; Bayon
et al., 2009). There is no significant difference in the Sr/
Ca ratios of E. batialis specimens above and below the
SMTZ at Site U1343 (Fig. 9), contradicting aragonite for-
mation in the zone of organoclastic sulphate reduction.
Hence, geochemical evidence suggests that LMC formation
may be favoured above the present day SMTZ at IODP
Site U1343, while intermediate Mg-calcite (IMC) to HMC
precipitation occurs within the SMTZ.

Reflected light microscopy and SEM images of foramini-
fera from both above and below the SMTZ at Site U1343
demonstrate the presence of pyrite framboids within the for-
aminiferal tests (Figs. 3 and 10). Abundant pyrite formation
within the sediments typically occurs in the zone of organ-
oclastic sulphate reduction, producing H2S (Berner, 1984;
Peckmann et al., 2001; Lin et al., 2016), and in the SMTZ,
where AOM leads to the formation of HS� (Lin et al.,
2016). Notably, some foraminifera even show pyrite fram-
boids within recrystallized test walls (Fig. 3), suggesting
co-precipitation of authigenic carbonates and pyrite fram-
boids, supporting a primarily early diagenetic origin of
foraminiferal-bound authigenic carbonates.

Across the DCZ-II (�260 mbsf), as proposed by Pierre
et al. (2016), there is no significant change in the foraminif-
eral geochemistry (Fig. 9). This strongly suggests that early
diagenetic alterations linked to organoclastic sulphate
reduction and AOM are the primary causes of changes in
foraminiferal geochemistry in methane-bearing continental
margin sediments.

4.3. Palaeoceanographic implications

The Mg/Ca of benthic foraminifera is a widely applied
and accepted proxy in palaeoceanography to reconstruct
changes in BWT through time (e.g. Rosenthal et al., 1997;
Martin et al., 2002; Lear et al., 2002). In conjunction with
benthic foraminiferal oxygen isotopes this allows determi-
nation of the seawater oxygen isotope composition, a proxy
tios according to their degree of diagenetic alteration.

p-value for moderate/major Statistical analysis

7.37E�08 Mann-Whitney test
0.03 2 sample t-test
6.100E�05 Mann-Whitney test
0.0002 Mann-Whitney test
0.02 Mann-Whitney test



Fig. 7. Correlations of various mean single specimen LA-ICP-MS foraminiferal trace metal ratios. Error bars represent one standard
deviation. The samples are coded according to the predominant diagenetic alteration state of E. batialis specimens: Minor diagenetic
alterations (white circles), moderate diagenetic alterations (light grey triangles), major diagenetic alterations (dark grey diamonds).
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for continental ice volume important to understand climate
sensitivity in the past. Such climate reconstructions rely on
the geochemical integrity of foraminiferal tests. Common
hyaline LMC benthic foraminiferal species in the arctic to
subarctic realm, such as Cassidulina neoteretris, Nonionella

labradorica, Elphidium clavatum, Uvigerina spp., and Mel-

onis barleeanum have Mg/Ca ratios ranging from �0.5 to
1.5 mmol mol�1 (Lear et al., 2002; Elderfield et al., 2006;
Kristjánsdóttir et al., 2007; Skirbekk et al., 2016;
Hasenfratz et al., 2017b; Barrientos et al., 2018). At IODP
Site U1343 E. batialis LA-ICP-MS Mg/Ca ratios vary from
�1 to 116 mmol mol�1 (Fig. 7), as a result of authigenic cal-
cite contamination, yielding highly unrealistic BWT values
if a similar Mg/Ca BWT sensitivity as E. clavatum is
assumed (Mg/Ca = 0.816 ± 0.06 + 0.125 ± 0.05 * BWT)
(Barrientos et al., 2018).

Typically, studies of foraminiferal Mg/Ca include rigor-
ous chemical cleaning procedures, including a clay removal
step, oxidative treatment to remove remnant organic mat-
ter, reductive treatment to remove Mn-Fe-oxides, and a
weak acid leach to remove adsorbed contaminants on the
foraminiferal fragments (Boyle, 1983; Barker et al., 2003).
Although some authigenic carbonate contamination may
be removed during reductive cleaning (Pena et al., 2005),
methane-related authigenic carbonates have been shown
to be tightly intergrown with primary foraminiferal calcite
(Panieri et al., 2017; Schneider et al., 2017) making their
removal more difficult. Furthermore, Yu et al. (2007)
showed that the reductive step can cause partial dissolution
of the primary foraminiferal calcite reducing the primary
foraminiferal Mg/Ca ratio. It is therefore crucial to deter-
mine the composition and nature of authigenic foraminif-
eral contamination phases prior to palaeoenvironmental
reconstructions and to conduct a detailed cleaning study
in order to adjust the methodology accordingly.

EPMA analyses of E. batialis specimens from Site
U1343 reveal the spatial variability of authigenic carbon-
ates within the foraminiferal test walls. Tests with moder-
ate/major diagenetic alteration are characterised by
increased Mg/Ca values throughout the test wall. This
can be either due to recrystallization or result from dissolu-
tion of the primary calcite and precipitation of authigenic
IMC to HMC along natural laminations within the test
walls (Fig. 8). Tests with minor diagenetic alteration on
the other hand show a thin authigenic carbonate crust on
the inside of the test wall (Fig. 8). Paleoenvironmental
reconstructions based on foraminifera with minor diage-
netic alteration are possible if the authigenic carbonate
crust can be accounted for or removed during chemical
cleaning (i.e. reductive treatment (Boyle, 1983)). Another
approach would be to use LA-ICP-MS single specimen
analyses to distinguish between primary foraminiferal and
authigenic calcite. Trace metal ratios of foraminifera with
moderate and major alterations on the other hand, need
to be treated with additional caution (e.g. detailed visual
and chemical single-specimen analyses and screening for
contaminants during analysis), to ensure that the resulting
proxy reconstructions are meaningful.

Previous approaches to mathematically account for
authigenic Mg contribution include regression of Mg/Ca
and a trace metal primarily associated with the contamina-
tion phase (Lea et al., 2005) or determination of the Mg/
metal ratios in the contaminant (Hasenfratz et al., 2017a).
Both methods, however, assume a constant Mg/metal ratio



Fig. 8. SEM images of foraminiferal wall cross sections and EPMA maps of Mg/Ca and Fe/Ca of the same samples for three specimens of E.
batialis representative of minor, moderate, and major diagenetic alteration (Table 1). Mg/Ca and Fe/Ca maps have been capped at
50 mmol mol�1 and 30,000 lmol mol�1, respectively, to ensure good visual representation of the authigenic carbonate phases. Histograms
below the maps, however, demonstrate the full range of elemental ratios.

H. Detlef et al. /Geochimica et Cosmochimica Acta 268 (2020) 1–21 15



Fig. 9. Sulphate (dark red) and methane (purple) pore water profiles at IODP Site U1343 together with LA-ICP-MS Mg/Ca, Sr/Ca, U/Ca,
Mn/Ca, and Fe/Ca ratios of E. batialis versus depth. The samples are coded according to the predominant diagenetic alteration state of E.
batialis specimens: Minor diagenetic alterations (white circles), moderate diagenetic alterations (light grey triangles), major diagenetic
alterations (dark grey diamonds). Error bars represent one standard deviation. The orange horizontal bars represent the DCZ-I and DCZ-II
and the yellow horizontal bars shows the depth of the SMTZ. Pore water profiles are recorded against depth in mbsf while LA-ICP-MS results
are recorded against depth in m CCSF-A. Dissolved pore water constituent data from LIMS (http://web.iodp.tamu.edu/LORE/). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the contamination phase (Lea et al., 2005; Hasenfratz
et al., 2017a). At Site U1343, Mg/metal ratios, such as
Mg/Mn or Mg/U are highly variable, likely because of
changes to the sedimentary redox-chemistry, affecting the
distribution coefficients of trace metals between the solid
and the liquid phase. This highlights that further research
is needed to fully understand the mechanisms controlling
Mg, U, and Mn incorporation into authigenic carbonates
in methane-bearing sediments, before a mathematical cor-
rection of foraminiferal Mg/Ca ratios becomes possible at
these sites.

We thus propose to conduct detailed cleaning studies
using an element primarily associated with the authigenic
calcite to screen for contamination. Geochemical results
of E. batialis at Site U1343 suggest that U/Ca is a valuable
tracer to determine methane-related authigenic carbonate
contamination in continental margin settings. Typical U/
Ca ratios of primary foraminiferal calcite are very small
compared to measured U/Ca ratios at Site U1343, suggest-
ing disproportionately enhanced uranium incorporation
into authigenic carbonates. Furthermore, U/Ca ratios are
increased in both LMC and IMC to HMC authigenic car-
bonates formed above and within the SMTZ. The U/Ca
ratios are also unlikely to be influenced by additional authi-
genic minerals, such as Mn-Fe-oxides and pyrite, identify-
ing U/Ca as a universal tracer of authigenic carbonate
contamination across varying redox regimes. A U/Ca
threshold for authigenic carbonate contamination, how-
ever, is likely to vary between investigations, depending
on the study site and the chemical cleaning procedures
applied.

In addition to primary foraminiferal trace metal ratios,
recent studies suggest authigenic foraminiferal U/Mn as a
proxy for sedimentary redox conditions (e.g. Gottschalk
et al., 2016; Chen et al., 2017). At IODP Site U1343 an
increase in U/Ca and Mn/Ca ratios can be observed in for-
aminifera with a higher degree of diagenetic alteration
(Fig. 11). Even though both U/Ca and Mn/Ca correlate
with the degree of diagenetic alteration, the increase in U/
Ca is proportionally larger (Fig. 11), possibly reflecting
more reducing conditions in the sediments and changes in
the sedimentary redox chemistry through time. However,
the large increase in U/Ca and Mn/Ca associated with the
SMTZ (Fig. 9) could also reflect concentration of these ele-
ments within this redox horizon, potentially complicating
the use of authigenic foraminiferal trace metals as proxy
indicators, at least for samples from below the SMTZ, high-
lighting the need for additional research in this area.

http://web.iodp.tamu.edu/LORE/


Fig. 10. Scanning Electron Microscope images of E. batialis specimens across the upper 9 m CCSF-A, spanning the present day SMTZ
(yellow bar) (Wehrmann et al., 2011) together with the sulphate (dark red) and methane (purple) pore water profiles and the Mg/Ca ratios.
Scale bars (white) represent 10 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 11. U/Ca versus Mn/Ca of mean single specimen LA-ICP-MS
analyses of E. batialis at IODP Site U1343. The samples are coded
according to the predominant diagenetic alteration state of E.

batialis specimens as determined from reflected light microscopy:
Moderate diagenetic alterations (light grey triangles) and major
diagenetic alterations (dark grey diamonds).
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5. CONCLUSIONS

Visual and geochemical evidence of the benthic forami-
niferal species E. batialis at IODP Site U1343, underlying
the high productivity region of the ‘Green Belt’ in the east-
ern Bering Sea, demonstrates the presence of authigenic cal-
cite and authigenic pyrite framboids. Foraminiferal
authigenic calcite is of early diagenetic origin and forms
within the zones of organoclastic sulphate reduction and
AOM above and within the SMTZ, respectively. Authi-
genic calcite formed within the SMTZ is characterised by
a higher Mg concentration compared to authigenic calcite
formed above this redox horizon, likely as a result of the
inhibiting effect of pore water sulphate concentrations on
Mg incorporation into inorganically precipitated
carbonates.

In addition to increased Mg concentrations, authigenic
calcite is characterised by increased U/Ca, Mn/Ca, Fe/Ca,
and Sr/Ca ratios compared to primary foraminiferal calcite.
While the incorporation of U, Mn, and Fe into authigenic
carbonates is likely controlled by the sedimentary redox
chemistry, indicating precipitation under suboxic condi-
tions, increased Sr/Ca ratios most likely result from distor-
tion of the calcite crystal lattice caused by higher Mg
concentrations.

EPMAmaps of Mg/Ca and Fe/Ca in foraminiferal cross
sections reveal the spatial distribution of authigenic calcite
and other diagenetic features in foraminifera with different
degrees of diagenetic alterations. The observed features
include, authigenic calcite crusts, dissolution and recrystal-
lization of primary foraminiferal calcite, and authigenic cal-
cite banding along biologically defined laminations within
the test wall. Detailed cleaning studies and contamination
thresholds need to be applied when using foraminifera from
methane-bearing continental margin sediment in paleoenvi-
ronmental reconstructions. Alternatively, foraminiferal
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trace metals can be measured by LA-ICP-MS, able to dis-
tinguish between primary foraminiferal and authigenic
calcite.

At Site U1343 U/Ca ratios appear to be a promising tra-
cer of authigenic carbonate contamination. Uranium incor-
poration into authigenic carbonates is disproportionately
enhanced compared to primary foraminiferal calcite and
is observed in carbonates formed during organoclastic sul-
phate reduction and AOM. Furthermore, U/Ca ratios are
only marginally influenced by additional authigenic mineral
phases, such as Mn-Fe-oxides and pyrite, altering the authi-
genic Mn/Ca and Fe/Ca values. The individual U/Ca
thresholds however are likely to vary between studies based
on the study location and the analytical procedures.

On the other hand, authigenic carbonates also offer
exciting new opportunities to study sedimentary redox
chemistry through time. Both U/Ca and Mn/Ca ratios of
foraminifera at IODP Site U1343 increase with a higher
degree of diagenetic alteration, while the increase in U/Ca
is proportionally larger compared to Mn/Ca possibly
reflecting changes of sedimentary redox chemistry through
time. However, further research is needed regarding the
influence of SMTZ processes on redox sensitive trace met-
als, to ultimately determine the mechanisms responsible
for trace metal incorporation into authigenic carbonates
formed within this redox horizon.

Thus, although authigenic carbonates complicate the
applicability of established palaeoclimate proxies such as
Mg/Ca for BWT, after careful visual and geochemical
investigation, including a cleaning test, this study demon-
strates that foraminifera from methane-bearing continental
margin sediments can still be utilised for palaeoenviron-
mental reconstructions. Additional research is necessary
to fully elucidate the mechanisms controlling trace metal
incorporation into authigenic carbonates. This will aid to
account for authigenic carbonate contamination in climate
reconstructions, but also provide information with respect
to microbial processes and sedimentary redox chemistry,
linked to primary productivity and bottom water oxygena-
tion, important players in the marine carbon cycle.
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