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Abstract

The Mn/Ca of carbonate tests of living deep-sea foraminifera (Hoeglundina elegans, Bulimina aculeata, Uvigerina peregrina

and Melonis barleeanus) were determined together with pore water manganese along a bottom water oxygen gradient across
the lower boundary of the Arabian Sea oxygen minimum zone. Although Mn has long been considered an indicator for con-
tamination, new cleaning protocols and high-resolution laser ablation ICP-MS now allow the reliable analyses of
test-associated Mn. Within locations, Mn incorporation between species varies as a function of their in-sediment depth pref-
erences and associated pore water chemistry. Under well-oxygenated bottom water conditions, shallow infaunal species incor-
porate little Mn in their test, whereas the species collected from deeper habitats show elevated Mn concentrations. With
decreasing oxygen contents pore water Mn concentrations and benthic foraminiferal in-sediment distribution change.
Whereas Mn/Ca in shallow infaunal species responds moderately to bottom water oxygenation, Mn/Ca of the infaunal spe-
cies M. barleeanus correlates well to oxygenation. Although high productivity results in a shallower redox cline within the
sediment, pore water Mn is retained as long as the bottom water remains oxygenated. Under reduced bottom water oxygen
conditions, Mn escapes to the overlying water column and test-associated Mn/Ca decreases also in the infaunal species. By
combining pore water chemistry of Mn, calcitic Mn/Ca and foraminiferal ecology, a new conceptual model is presented
(TROXCHEM3) that provides a framework for deconvolving past organic matter input and bottom water oxygenation.
� 2015 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Bottom-water oxygenation is an important parameter in
oceanography since it plays an essential role in regulating
organic carbon cycling and preservation (e.g. Hedges and
Keil, 1995; Hartnett et al., 1998; Dauwe et al., 2001; Koho
et al., 2013) and in controlling structure and biodiversity of
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benthic ecosystems (e.g. Levin, 2003; Levin et al., 2009).
Moreover, large-scale changes in bottom-water oxygenation,
such as expansion or reduction in the extent of oxygen min-
imum zones (OMZs), may have global consequences by
altering atmospheric CO2 content through modification of
nutrient availability by denitrification (Altabet et al., 1995,
2002). Due to the importance of bottom-water oxygenation
for Earth’s climate, a number of proxies have been developed
to reconstruct seawater or pore water oxygen content. Some
of these proxies are relatively robust, but have the disadvan-
tage of recording general state, i.e. oxic versus dysoxic, rather
than resulting in a quantitative estimate (Den Dulk et al.,
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2000; Tribovillard et al., 2006). Quantitative reconstructions
may be based on e.g. uranium stable isotope ratios in Fe–Mn
crusts (e.g. Goto et al., 2014), but yield information of global
oceanic state rather than local conditions.

In foraminiferal research, bottom-water oxygen concen-
trations have traditionally been reconstructed using transfer
functions, which are based on relative abundance of specific
marker species (e.g. Kaiho, 1994, 1999). However, these
reconstructions are problematic as research shows that
there are no distinct marker species for anoxic bottom
waters (Jorissen et al., 2007). In addition, new insights into
ecology of benthic foraminifera indicate that some species
do not rely on aerobic respiration (e.g. Risgaard-Petersen
et al., 2006; Piña-Ochoa et al., 2010; Koho et al., 2011)
and are able to calcify in the absence of oxygen (Nardelli
et al., 2014). Still, extending foraminiferal-based proxies
to include pore-water information shows that the stable
carbon isotopic difference between epi- and infaunal ben-
thic foraminifera provides an indirect measure for bottom
water oxygen (McCorkle and Emerson, 1988; Hoogakker
et al., 2014). Also pore-water Mn-concentrations reflect
bottom-water oxygen and organic carbon flux to the sea
floor (e.g. Froelich et al., 1979; Van Cappellen and Wang,
1996) and reconstructing such profiles in the past would
potentially provide important constraints on past redox
conditions.

When bottom waters are oxygenated, Mn is transported
to the seafloor in the form of (hydr)oxides (MnO2 or
MnOOH) as coatings on sediment particles (e.g. Finney
et al., 1988). Deeper in the sediment, where pore water oxy-
gen is diminished by ongoing organic matter remineraliza-
tion, the Mn-(hydr)oxides are reduced to aqueous Mn2+

(Froelich et al., 1979). In turn, pore water Mn2+ diffuses
upwards, reprecipitating in the oxygenated zone of the sed-
iment (e.g. Burdige and Gieskes, 1983). In this way, contin-
ued cycling of Mn can increase the build-up of pore water
Mn2+. In contrast, in low-oxygen, high productivity set-
tings where Mn (hydr)oxides are oxidized already in the
water column, Mn2+ present in the pore water will escape.
Subsequently, the sedimentary environment and pore
waters in permanently low-oxygen settings, such as oxygen
minimum zones, remain depleted in Mn2+ (Van der
Weijden et al., 1998; Law et al., 2009). Benthic foraminifera
incorporate available Mn2+ and may thus record oxygena-
tion of the pore water. The advantage of foraminiferal test
chemistry (i.e. Mn/Ca ratios) over Mn concentrations from
bulk sediment analyses is that once precipitated, the Mn
concentration remains fixed into the foraminiferal shell
and is not prone to reduction or oxidation, as would be
the case in sedimentary Fe–Mn records (Schenau et al.,
2002).

During calcification foraminifera can incorporate many
(trace/minor) elements, including manganese, present in
seawater or pore water into their calcium carbonate crystal
lattice (e.g. Boyle, 1981; Munsel et al., 2010). However,
incorporation of manganese in foraminiferal tests has not
been studied extensively since post mortem Mn-rich coat-
ings (Boyle, 1983) potentially interfere with traditional
trace metal analyses. Therefore, such coatings need to be
removed prior to dissolving the test using a cleaning
protocol after which Mn (and Fe) are generally monitored
as indicators for contamination (Barker et al., 2003).
Analyses of trace metals in test carbonate obtained with
LA-ICP-MS analysis now allow distinguishing between
trace metals associated with coatings from their concentra-
tions in the test carbonate (e.g. Reichart et al., 2003;
Munsel et al., 2010; Wit et al., 2010).

To date, only few field studies (Reichart et al., 2003;
Glock et al., 2012; Groeneveld and Filipsson, 2013) have
attempted to link Mn/Ca ratios in benthic foraminifera to
ambient seawater Mn-concentrations and hence potentially
bottom-water oxygenation. In addition, two paleoceano-
graphic studies (Klinkhammer et al., 2009; Ni
Fhlaithearta et al., 2010) have applied Mn/Ca ratios in
planktonic and benthic foraminifera to reconstruct terres-
trial input and oxidation–reduction reactions in past envi-
ronments. Previous studies on foraminiferal Mn/Ca
appear promising but a detailed calibration with dissolved
oxygen and soluble Mn concentrations, which is crucial
for accurate reconstructions, is lacking to date.

Here we report Mn/Ca data on multiple species of living
(rose Bengal-stained) benthic foraminifera with variable but
well-known microhabitat preferences. It is commonly
reported that different benthic foraminiferal species prefer
specific in-sediment niches (e.g. Jorissen et al., 1995;
Koho et al., 2008). Infaunal foraminifera like Melonis bar-

leeanus for example, are typically found below the oxygen
penetration depth and associated to the zone of denitrifica-
tion (e.g. Koho et al., 2008). In contrast, shallow infaunal
species like Hoeglundina elegans, prefer oxygenated surface
sediments (Koho et al., 2008). Therefore, the geochemical
gradients present in the microhabitat and foraminiferal cal-
cification environment should be recorded differently in for-
aminiferal test carbonate of species with different depth
habitats.

Here we present results from samples collected along a
depth transect in the Arabian Sea OMZ, in which bottom
water oxygen concentrations are below 2 lM in its core
(e.g. Cowie and Levin, 2009; Koho et al., 2013). The
OMZ is sustained through high, monsoon-driven surface
water primary productivity and relatively weak bottom
water ventilation (Olson et al., 1993). The vertical extent
of the OMZ at the study site reaches approximately from
125 m down to 1350 m water depth (Wyrtki, 1971, 1973).
The depth of the upper boundary of the OMZ varies sea-
sonally, whereas the vertical change in oxygen concentra-
tions marking the OMZ’s lower boundary is minimal and
its depth is thus stable over the year (Cowie and Levin,
2009). Our study transect covers a prominent shift in
bottom-water oxygen content from nearly depleted (less
than 2 lM of O2) to relatively well-oxygenated (77 lM of
O2) bottom waters beyond the direct influence of the
OMZ (Table 1). The incorporation of Mn in foraminiferal
test calcite is evaluated in the context of benthic foraminif-
eral ecology (Caulle et al., 2014) and pore water
Mn-content with associated changes in bottom water oxy-
gen content. The results are summarized in a conceptual
model (TROXCHEM3) providing a framework for decon-
volving past organic matter input and bottom water
oxygenation.
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2. MATERIALS AND METHODS

Sediment samples (for living foraminifera and
pore-water chemistry) were recovered from 10 stations
(Table 1), spanning a depth transect with varying oxygen
concentrations at the Murray Ridge (Fig. 1). Samples were
collected in January 2009 with a MUC 8 + 4 multiple corer
(Oktopus, GmbH), equipped with eight sample tubes with a
diameter of 6 cm and four with a diameter of 10 cm. Using
a multi corer generally allows recovery of less disturbed sed-
iment samples, including the fluffy top layer (if present).
For foraminiferal analyses, the smaller cores with a diame-
ter of 6 cm were used, while pore water was sampled from
sediment retrieved with the larger (diameter of 10 cm)
cores. Cores for foraminiferal and pore water chemical
analyses were always retrieved from the same multicore
cast. A Conductivity-Temperature-Depth (CTD) – profiler
was employed to measure physical properties of the seawa-
ter overlying each station. The CTD was also equipped with
Table 1
Station position, longitude, latitude, water depth, bottom water
oxygen (BWO) content and bottom water temperature (Temp).

Station Longitude Latitude Water depth BWO Temp.
PASOM- (�N) (�E) (m) (lM) (�C)

1B 22�32.90 64�02.40 885 2.1 10.1
2 22�33.90 64�03.80 1013 2.6 8.8
3 22�19.90 63�36.00 1172 5.1 7.9
4 22�18.00 63�36.00 1306 13.8 6.8
5 22�09.30 63�12.80 1379 16.8 6.6
6 22�04.70 63�04.50 1495 26.8 5.6
7 22�18.50 63�24.50 1791 45.2 4.1
8 22�08.70 63�01.10 1970 56.9 3.4
9 22�06.30 62�53.70 2470 66.3 2.1
10 21�55.60 63�10.60 3010 76.9 1.8

Fig. 1. Left: Bathymetric map of Arabian Sea, showing the multicore stati
OMZ makes contact with sediment. On top right, an annex of the Arabi
Right: a typical water column profile of dissolved oxygen in the study area
<21 lM.
an oxygen sensor (Sea-Bird SBE43, accuracy 2%) to obtain
water-column and bottom water oxygen measurements.
Bottom water oxygenation was also measured using
micro-Winkler titrations and cross-calibrated using an
optode oxygen sensor fitted to the multicorer frame.

2.1. Samples for living foraminifera

Two cores were sampled for foraminifera from every
station. Upon retrieval, sediment samples for living forami-
niferal analyses were sliced and subsequently stored in a
solution of rose Bengal in ethanol (1 g/L). Foraminifera
were sampled from the top 10 cm of sediment. The slicing
was done in steps of 0.5 cm for top 2 cm of sediment, and
in steps of 1 cm between 2 and 6 cm. Sediment depths
between 6 and 10 cm were sampled in slices of 2 cm each.
Upon return in the laboratory, samples were washed and
sieved over a 150 lM mesh. Well-stained specimens
(brightly pink, staining complete except last chamber) were
picked and sorted on Chapman slides. Although staining
specimens with rose Bengal has its limitations (e.g.
Bernhard, 1988; Corliss and Emerson, 1990; De Nooijer
et al., 2006), limited transport of sediment and stability of
the OMZ boundary at the sampled stations will not com-
promise the relation between recorded sediment pore water
chemistry and foraminiferal test chemistry.

Species were chosen for element analyses based on their
contrasting habitat preferences and their availability along
the studied transect and included H. elegans, Bulimina acu-

leata, Uvigerina peregrina and M. barleeanus. These species
were sufficiently abundant at all stations and represent dif-
ferent ecological groups: H. elegans (producing aragonite)
and B. aculeata (producing calcite) represent a group that
predominantly lives relatively shallow in the sediment.
This allows resolving a potential difference related to calcite
on locations at Murray Ridge. The gray shading indicates where the
an Sea with the location of Murray Ridge indicated with a square.
. In gray: oxygen minimum zone where bottom water O2 content is



Table 2
Number of laser ablation measurements and number of foramini-
fera used in this study for each taxa. See Section 2.3 for more
details on the measurements.

Species Number of
measurements

Number of
specimens

H. elegans 17 17
B. aculeata 18 16
U. peregrina 60 56
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mineralogy. These species are compared with U. peregrina,
representing a group that lives at shallow to intermediate
depths and M. barleeanus, representing the intermediate
to deep infaunal foraminifera (e.g. Koho et al., 2008).
Prior to analyses, all foraminifera were thoroughly cleaned
in order to remove any sediment contamination (Barker
et al., 2003) by placing in Eppendorf tubes and rinsing 3
times in ultra-pure water (100 ll). This was followed by 3
rinses in methanol (MeOH; 100 ll) and finally with 3 more
rinses in ultra-pure water (100 ll). Between each rinse, spec-
imens were placed in ultra sonic bath for approximately 5 s.
Finally, specimens were dried and stored until (geochemi-
cal) analyses.

2.2. Pore water samples

At every station, the sediment core used for pore water
analyses was immediately capped with a rubber stopper
upon recovery. This core was subsequently transferred to
a N2-purged glovebox, placed in a temperature-controlled
laboratory allowing all sampling to be done at in situ tem-
perature. After sampling the overlying bottom water and
siphoning off the remaining water, sediment was sliced at
0.5–2 cm intervals, resolution decreasing with sediment
depth. However, in some samples it was not possible to
extract sufficient volumes of pore water from a single sedi-
ment slice for the geochemical analyses. In such cases pore
water samples were combined with adjacent shallower ones
prior to analyses.

For each sediment slice, a subsample of the wet sediment
was directly transferred into a 15 ml glass vial and stored in
an air-tight glass jar at �20 �C before further geochemical
analyses. The remaining sediment was transferred into
50 ml plastic centrifuge tubes, which were centrifuged for
20 min at 4500 rpm outside the glovebox. The centrifuge
tubes were then transferred back into the glovebox where
supernatant pore water was filtrated (0.45 lM) and divided
into subsamples for various uses, including elemental anal-
yses. Subsamples for element analyses were acidified with
suprapure HCl and stored at 4 �C until analyses at
Utrecht University, The Netherlands. Seawater element
concentrations were measured with an inductively coupled
plasma-mass spectrometer (ICP-MS, ThermoFisher
Scientific Element2-XR) and inductively coupled
plasma-optical emission spectrometry (ICP-OES, Perkin
Elmer Optima 3000). Replicate analyses indicated that the
relative error for analyses of the pore-water element con-
centrations was generally <10%.

2.3. Laser ablation ICP-MS

Trace metal concentrations were measured on single for-
aminiferal chambers (Table 2) using laser ablation ICP-MS
at Utrecht University. In most cases, a foraminiferal speci-
men was ablated once, preferably the pre-penultimate (F-2)
chamber. All tests were ablated from the outside toward the
inside. In cases where chamber walls were very thin and
hence ablation profiles very short, foraminiferal specimens
were ablated twice.
All ablation was carried out in a He environment with a
deep-ultraviolet wavelength laser (193 nm) using a Lambda
Physik excimer system with GeoLas 200Q optics (Reichart
et al., 2003). Ablation crater diameter was 80 or 120 lM,
pulse repetition rate was 5 Hz and the energy density at
the sample surface approximately 1 J/cm2. In most cases,
ablations took >30 s to penetrate the foraminiferal chamber
wall. Element to calcium ratios were quantified using
counts for 27Al, 24Mg, 26Mg 43Ca, 44Ca and 55Mn and their
relative natural abundances on a sector field-ICP-MS
(Element2, Thermo Scientific). Raw counts were converted
to element concentrations using computer software
(Glitter). Element ratios were based on averaging measured
concentrations during each ablation after selecting the
non-contaminated part of the ablation profile (Fig. 2).
Although all tests were carefully cleaned, test surfaces of
foraminifera can still be contaminated with adhered parti-
cles containing elevated concentrations of Mg, Mn and/or
Al. Therefore care was taken to avoid that such elevated
element concentrations affect the calculated average cham-
ber wall element/Ca (Fig. 2). Calibration was performed
against international NIST SRM 610 glass standard (using
concentrations from Jochum et al., 2000) at a higher energy
density (�5 J/cm2) which was ablated twice every 12 sam-
ples. Calibration of element/calcium ratios in calcium car-
bonate samples using a NIST glass standard has been
demonstrated to be accurate for many elements when using
a 193 nm laser (Hathorne et al., 2008). Switching energy
density between carbonate sample and glass standard has
been shown not to affect the concentration of the relevant
elements (Dueñas-Bohórquez et al., 2011).

Laser ablation analyses of foraminiferal calcite were also
compared against in-house matrix matched calcite standard
(GJR; Wit et al., 2010) and a powder pellet of the JCt-1 car-
bonate reference material (Inoue et al., 2004), ablated at
low energy density every 8–12 foraminiferal samples. The
elemental data for Mn yielded robust measurements with
relative standard error (RSE) for 55Mn in GJR being smal-
ler than 2.

3. RESULTS AND DISCUSSION

3.1. Mn incorporation into foraminiferal test carbonate:

relation to pore water Mn content and bottom water

oxygenation

In general, Mn/Ca ratios in the species H. elegans, which
lives at or close to the sediment–water interface, were rela-
tively low (<5.6 lmol/mol) with slightly elevated
M. barleeanus 60 54
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concentrations (18.6 lmol/mol) in specimens retrieved from
the lower boundary of the OMZ (Fig. 3). Mn/Ca ratios
were also generally low in specimens of the shallow infaunal
species B. aculeata, with again slightly elevated values
(23.8 lmol/mol, n = 1) in Mn/Ca ratios from samples col-
lected from the lower OMZ boundary (Fig. 3). Mn/Ca
ratios of infaunal U. peregrina and M. barleeanus were gen-
erally higher than that of B. aculeata and H. elegans.
Highest Mn/Ca values in U. peregrina
Fig. 2. Laser ablation profile for Al/Ca and Mn/Ca measured in
benthic foraminifera Uvigerina peregrina (Station 8 found at 0.5–
1.0 cm depth in sediment). In addition Mg/Ca profile is shown for
comparison to illustrate the stable elemental composition in the
foraminiferal test calicite. The selected signal for the elemental
composition is indicated with the gray shading. Parts of the profile
with elevated surface ratios, especially Al/Ca, are removed. In
addition, the elevated concentrations, following the ablation
through the foraminiferal test are not included in the averaged
elemental ratios.
(55.0 ± 19.5 lmol/mol, n = 16) were observed at the lower
boundary of the OMZ, at the transition to more ventilated
bottom waters. In the tests of M. barleeanus a general
increase in Mn/Ca values was observed with increasing
water depth and thus bottom water oxygenation
(min = 6.7 ± 1.8 lmol/mol, n = 8; max = 64.4 lmol/-
mol ± 15.0, n = 2) (Fig. 3).

Previous work of Munsel et al. (2010) showed that
increased ambient dissolved Mn results in higher Mn/Ca
ratios in shallow-water benthic foraminiferal tests in a lab-
oratory culture experiment. Along the here studied transect
Mn-availability is tightly coupled to redox chemistry
(Fig. 4). Inside the core of the OMZ bottom water oxygen
content is around, or less than 2 lM. This results in escap-
ing Mn2+ to the water column, resulting in pore waters
depleted in Mn2+ (Van der Weijden et al., 1998; Law
et al., 2009). Hence all foraminifera calcifying in the core
of the OMZ are expected to have low Mn/Ca ratios. In
the lower boundary of the OMZ, in the transition zone to
more oxic conditions, MnO2 accumulates in the most
superficial sediment layers and thus little Mn2+ is found
in the surface pore waters. Here surface dwelling foramini-
fera, like H. elegans and B. aculeata, are therefore expected
to accumulate some Mn in their test. With increasing oxy-
genation more MnO2 accumulates in surface and subsur-
face sediments and recycling of Mn will lead to build up
of Mn2+ in the pore waters (Fig. 4, Appendix A). Under
oxic conditions, only infaunal species will incorporate Mn
in their calcite. In settings where the Mn dynamics are
not in steady state, occurrence of double solid phase
MnO2 peaks have been observed (e.g. Froelich et al.,
1979; Burdige, 1993), leading to release of Mn2+ deeper in
sediment below the active zone of manganese reduction.
Such double peaks may result, for example, from a sudden
change in oxygenation and/or organic matter burial rate
(Froelich et al., 1979). If oxygen concentrations would drop
dramatically over a short time period some Mn2+ may dif-
fuse into the oxic zone. However, pore water profiles of
Mn2+ have been show to reestablish themselves generally
fast, in order of month(s) (Froelich et al., 1979; Van der
Zee et al., 2003). Although this would potentially impact
the distribution of the low Mn concentrations of the shal-
low infaunal species, it does not affect Mn incorporation
in the deep infaunal species. When low Mn concentrations
in the deep infaunal species are observed, such as in the core
of the OMZ, the Mn has escaped to the water column. This
somewhat limits robust application of the here proposed
proxy to low oxygen settings (low Mn in both shallow
and deep infaunal species), whereas application to more
oxygenated settings requires additional information on sta-
bility of redox zonation. In addition the analyses of multi-
ple single specimens potentially could provide insight in
stability of this redox zone, looking at the range in
Mn/Ca between specimens of the same species. In the
Arabian Sea the lower zone of the OMZ does not fluctuate
seasonally (Cowie and Levin, 2009), although the organic
matter flux is known to be seasonal (Kabanova, 1968).
This might explain the observed variability in Mn incorpo-
ration observed for some of the shallow infaunal species
(Figs. 3 and 5).



Fig. 3. Foraminiferal Mn/Ca ratios along the study transect. Black symbols are the average ratios for each site and associated error bars
represent the standard error. Light gray symbols show the individual laser ablation measurements. Mn/Ca data of H. elegans of Reichart et al.

Fig. 4. Examples of pore water profiles of Mn in the oxygen minimum zone (Station 1B; BWO: 2 lmol/l) and outside (Station 8; BWO:
57 lmol/l).
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In our data set the availability of pore water Mn2+ and
its relation to bottom water oxygenation is most clear in the
foraminiferal Mn/Ca ratios of M. barleeanus (Fig. 5). When
comparing pore water [Mn2+]aq concentrations from the
average in-sediment living depth of M. barleeanus (calcu-
lated after Jorissen et al., 1995; also known as the
Average Living Depth, ALD) to Mn/Ca ratios in this spe-
cies, a statistically significant trend is apparent (raw data:
Pearson correlation 0.513, p < 0.01, n = 60; the averaged
Mn/Ca values: Pearson correlation 0.812, p < 0.05, n = 6).
Furthermore, the ratio between foraminiferal and pore
water Mn/Ca is similar to, albeit somewhat lower than
the partitioning coefficient (DMn) calculated by Munsel
et al. (2010). Based on controlled growth experiments they
suggested foraminiferal Mn/Ca to be about 2.6–10 times
elevated with respect to that ratio in seawater. Our results
and those of Munsel et al. (2010) show a partitioning coef-
ficient considerably lower than the DMn of approximately
50 observed in inorganically precipitated carbonate
(Lorens, 1978). Precipitation rate potentially offsets DMn,
with higher precipitation rates resulting in a DMn closer
to 1 (Lorens, 1981; Tesoriero and Pankow, 1996;
Rimstidt et al., 1998). Although growth of a foraminifer
as such may be relatively slow, chamber addition in benthic
species occurs within a few hours (De Nooijer et al., 2009,
2014). The relation between Mn/Ca and ALD [Mn2+]aq

appears to vary somewhat between the different deep-sea
species shown here (Fig. 5). Also for other elements (e.g.
Mg), partitioning coefficients are known to vary between
species (e.g. Toyofuku et al., 2011; Wit et al., 2012). The
somewhat higher DMn for A. tepida (Munsel et al., 2010)
compared to the species studied here might be due to simi-
lar species-specific offsets. The DMn estimated in the study
of Glock et al. (2012) for deep-sea foraminifera, Bolivina

spissa, was close to 1.0 and is thus in line with our results.
Furthermore, the consistent incorporation of pore water



Fig. 5. Foraminiferal Mn/Ca ratios versus bottom water Mn content (bwMn; top row), the manganese content of the average living depth of
foraminifera (ALDMn; middle row) and bottom water oxygen content (BWO2; bottom row). The average living depth of each species for each
site was calculated after Jorissen et al. (1995) and foraminiferal counts are based on the field study of Caulle et al. (2014). The samples used in
this study are included in the study of Caulle et al. (2014). Error bars in our data represent the standard error of measurements for each site
and species. The light gray shading (triangle) in the top rows indicates the window of DMn values reported in Munsel et al. (2010), see main
body of text for more details.
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Mn into test carbonate, suggests that M. barleeanus is
growing and calcifying within a relatively narrow and stable
microhabitat, below the oxygen penetration depth.
Moreover, deeper in the sediment pore water profiles are
less affected by seasonal variability in organic matter flux,
resulting in more stable Mn2+ concentrations.

Although compared to M. barleeanus the other species
studied here showed limited variability in their Mn/Ca,
the observed changes are in line with their ecology and
pore water chemistry. For example, H. elegans and B. acu-

leata recorded low Mn/Ca throughout the studied transect,
corresponding to the low pore water Mn concentrations of
the near surface in-sediment depth habitat where these spe-
cies were found. Only at the lower boundary of the OMZ
where Mn-reduction takes place close to the sediment–wa-
ter interface a moderate increase in Mn-content is recorded
for both H. elegans and B. aculeata. Similarly, large vari-
ability observed in the Mn/Ca of U. peregrina is in line
with the variable microhabitat preference of this species
(Caulle et al., 2014) and the potentially more variable
Mn concentrations closer to the sediment–water interface.
The Mn/Ca in this species is low close to the OMZ and
increases with increasing water depth, where Mn is retained
within the pore water due to elevated bottom water
oxygenation.

The Mn/Ca ratios in the infaunal foraminifera M. bar-

leeanus also shows a very promising, statistically significant
trend with bottom water oxygenation (raw data: Pearson
correlation 0.536, p < 0.01, n = 60; the averaged Mn/Ca
values: Pearson correlation 0.903, p < 0.05, n = 6).
Although M. barleeanus is living deeper in the sediment,
the availability of pore water Mn2+ is directly coupled to
bottom water oxygenation in the OMZ. It seems that the
infaunal lifestyle of this species provides it with best oppor-
tunity to track the reduction of MnO2 to Mn2+ as this typ-
ically takes place in the sediment. For the other species, no
such clear trend is observed. This is likely related to the low
Mn2+ availability in the surface sediments where these shal-
low infaunal species (B. aculeata and H. elegans) live. In our
samples the highest Mn/Ca ratios for infaunal U. peregrina

are recorded where bottom water O2 contents are between
20 and 45 lM. We suggest that at these oxygen
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concentrations relatively more Mn2+ is incorporated into
U. peregrina test calcite as the MnO2 reduction occurs close
to its calcification environment and thus more Mn2+ can
diffuse into the foraminiferal microenvironment. When bot-
tom water (and associated pore water) oxygen content
increases the MnO2 reduction moves deeper into the sedi-
ment outside the common habitat of U. peregrina and hence
calcitic Mn/Ca ratios also decrease.

3.2. Conceptual model: TROXCHEM3

The results outlined above are combined into a concep-
tual model, building upon the existing TROX-models from
Jorissen et al. (1995) and Van der Zwaan et al. (1999):
TROXCHEM3 (three dimensional trophic level, bottom
water oxygenation and pore water chemistry model,
Fig. 6). This provides the first step toward the use of fora-
miniferal Mn/Ca as a function of both food supply and bot-
tom water oxygenation. TROXCHEM3 is based on data
presented here and Mn/Ca in recent deep-sea benthic fora-
minifera in literature (Reichart et al., 2003; Glock et al.,
2012), illustrating the relationships between organic flux,
oxygenation, pore water Mn-content and foraminiferal test
Mn/Ca (Fig. 6), but also sets the stage for including other
redox sensitive elements and elements sensitive to carbon
flux.

In well-ventilated benthic habitats, such as on most con-
tinental margins, oxygen typically penetrates deep into the
sediment and results in increasing dissolved pore water
Mn with sediment depth. In such environments, only inter-
mediate to deep infaunal foraminifera are subject to ele-
vated Mn concentrations, resulting in higher calcitic
Mn/Ca of their tests. In contrast, shallow infaunal forami-
nifera like H. elegans will not incorporate Mn under such
conditions (Reichart et al., 2003). If oxygen penetration
into the sediment reduces due to enhanced remineraliza-
tion, but bottom-waters remain oxic, also shallow infaunal
species (tolerant to low oxygen conditions) are subject to
elevated pore water Mn-concentrations and thereby incor-
porate more Mn into their carbonate skeletons (Reichart
et al., 2003).

In settings permanently depleted from oxygen (like
within the Arabian Sea OMZ and the Peruvian OMZ;
Glock et al., 2012) no or very little Mn is incorporated into
foraminiferal carbonate tests, as pore water Mn2+ escapes
into the water column (Fig. 6). However, as bottom water
oxygenation increases and Mn-(hydr)oxides can form in
surface sediments, leading to their subsequent reduction,
(deep/intermediate) infaunal species show a trend with
low Mn-incorporation under oxygen deprived bottom
water conditions and a higher Mn-incorporation with
increasing bottom water ventilation (Figs. 5 and 6).
Shallow infaunal species seem to rather respond to organic
matter loading, having higher Mn concentrations when the
redox cline moves up and Mn concentrations in the pore
waters near the sediment water increase. In contrast, Mn
concentrations of oxyphillic, epifaunal/shallow infaunal
species show no response to bottom water oxygenation,
as they never calcify in environment where aqueous Mn2+

is present.
A prerequisite for application of the TROXCHEM3

model is that microhabitat preferences of species are con-
strained. The four species studied here represent four
groups with different miro-habitat preferences. The H. ele-

gans and B. aculeate, living in surficial sediments, display
similar Mn/Ca, indicating that the mineralogy does not
affect the amount of Mn incorporated in the shells. For
many species, the microhabitat distribution is well docu-
mented (e.g. Jorissen et al., 1995; Koho et al., 2008). In
addition, experimental studies have also demonstrated that
foraminifera actively migrate and seek for their preferred
microhabitat if their distribution in sediment is disturbed
(Geslin et al., 2004; Koho et al., 2013). These well con-
strained microhabitat distributions, confirmed by patterns
in Mn-incorporation, also allow studying impact of differ-
ences in pore water chemistry of elements suggested to
co-vary with carbonate chemistry.

In future studies, the conceptual TROXCHEM3 model
may be extended by including other redox sensitive ele-
ments, as well as shifts in pore water carbonate chemistry
related to ongoing early diagenesis. For this, however, more
data are needed for especially for shallow infaunal but also
for deeper infaunal species and from more contrasting set-
tings. Particularly elements of which the chemical specia-
tion depends on pore water redox chemistry, or
associated organic matter cycling, (e.g. B, Fe, Mo, U) could
provide a useful extension of the TROXCHEM3 model. If
indeed related to pore water chemistry, the combined mea-
surement of these elements in foraminiferal species with a
well-constrained depth habitat will allow a quantitative
reconstruction of pore water oxygenation levels.

3.3. The proxy value of Mn/Ca rations in benthic

foraminifera and application of TROXCHEM3 in

paleoenvironmental reconstructions

Few studies have attempted to apply Mn/Ca ratios mea-
sured in benthic foraminifera to reconstruct bottom water
oxygenation or redox conditions in past sedimentary envi-
ronments (Klinkhammer et al., 2009; Ni Fhlaithearta
et al., 2010). In the latter of these two studies, Mn/Ca ratios
were measured in the shallow infaunal species H. elegans,
and obtained ratios were used to reconstruct changes in
redox conditions during deposition of the youngest sapro-
pel (S1) in the eastern Mediterranean (10.8–6.1 kyrs B.P.,
De Lange et al., 2008). Mn/Ca ratios in the test carbonate
of H. elegans increased from <2 lmol/mol prior to the
onset of the S1 deposition up to 8.2 lmol/mol during depo-
sition of S1 under suboxic conditions, corresponding to
Mn2+ mobilization from the sediment during the deposition
of S1. The total change in Mn/Ca of H. elegans over this
time period, during which major changes were taking place
in the bottom water oxygenation, however, was relatively
small (D ± 6 lmol/mol). The relatively low sensitivity of
Mn/Ca in H. elegans to sediment redox conditions corre-
sponds well with our observation of Mn/Ca measured for
this taxa in the Arabian Sea OMZ. Furthermore, in line
with the TROXCHEM3 model (Fig. 6), a shallow infaunal
species such as H. elegans occupies niches where oxygen is
present (Koho et al., 2008) and thus rarely inhabits



Fig. 6. A conceptual TROXCHEM3 model illustrates the relationships between organic loading, oxygenation, pore water Mn-content and
their influence on Mn-incorporation into benthic foraminiferal tests. Four two-dimensional model transects are shown to further highlight
how the environmental conditions influence Mn-incorporation into foramaninifera with various microhabitats. See main body of text
(Section 3.2) for further details.
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sediments with high soluble Mn2+ content. At the onset of
S1 bottom water O2 content decreased and the MnO2

reduction front migrated upwards. When bottom waters
became suboxic, some Mn2+ may have entered into the
habitat of H. elegans and was subsequently incorporated
in the test carbonate. Furthermore, in heavily reducing
and/or anoxic sediments, H. elegans is unlikely to be pre-
sent at all, or contribute only marginally to the total assem-
blage (Koho et al., 2008).

Klinkhammer et al. (2009), measured Mn/Ca ratios in
infaunal species U. peregrina from the ODP site 1242 in
order to reconstruct Mn dynamics in the OMZ sediments
of the Eastern Tropical North Pacific (ETNP). The ETNP
OMZ is similar to the Arabian Sea, in that it is also fueled
by upwelling driven high primary productivity, leading to
an extended OMZ (Karstensen et al., 2008). Furthermore,
like the Arabian Sea OMZ, the ETNP OMZ is a relatively
stable paleoceanographic feature, which persisted on geo-
logical times scales.

In the study of the Klinkhammer et al. (2009), Mn/Ca
ratios in U. peregrina were shown to below during the gla-
cial and deglaciation, albeit not entirely in phase with
changes in the water column based on Mn/Ca ratios mea-
sured on N. dutertrei. In turn a peak in Mn/Ca ratios was
noted around 10 ka. The low glacial Mn/Ca ratios in U.

peregrina are consistent with high productivity estimates
of Klinkhammer et al. (2009), implying that the Mn
escaped to the water column, which is in line with the
TROXCHEM3 model. For the same core Martinez and
Robinson (2010) showed that at the time of the peak in
the Mn/Ca ratios measured in U. peregrina (10 ka) sedi-
mentary organic carbon and nitrogen values were lower,
probably due to lower export production. Lower export
production, possibly in combination with changes in the
bottom water circulation, would have retained the Mn
within the sediment and hence increased Mn incorporation
from pore water into the infaunal benthic foraminifera. The
interpretations are consistent with our observations in the
Arabian Sea OMZ, where highest Mn/Ca ratios in U. pere-

grina are associated with the lower boundary of OMZ,
where oxygen was still sufficient to prevent Mn2+ from
escaping the sediments. The lower Mn/Ca ratios at about
15 ka would hence imply that the ETNP OMZ was more
intense and subsequently became slightly more oxygenated
toward values of about 60 lmol, based on our Arabian Sea
calibration, at 10 ka. Other, deeper infaunal species, would
be needed to better constrain the oxygenation history of the
ETNP.

The reconstruction of Mn dynamics and bottom water
oxygenation using foraminiferal Mn uptake depends on
how well the ecology of the foraminiferal species and their
in-sediment depth habitat is known. Our observations in
the Arabian Sea OMZ show that the intermediate to deep
infaunal foraminifera (e.g. M. barleeanus) are the most suit-
able species to base reconstructions on (Fig. 5). Application
of a shallow infaunal species, such as H. elegans in the study
of Ni Fhlaithearta et al. (2010) is possible, although the
change in Mn/Ca is likely to be much smaller than for inter-
mediate or deep infaunal species. Sensitivity of Mn/Ca in
epi to shallow infaunal species as a function of bottom
water oxygenation is much less than that of deeper living
fauna, and small changes in oxygenation may hence go
undetected. In addition, a shallow infaunal species may
not be present in assemblages when oxygen levels decrease
below the critical level for that species.

Reconstruction of Mn dynamics and redox conditions in
sedimentary environments could be further improved using
the TROXCHEM3 model, integrating the microhabitat dis-
tribution of different benthic foraminifera, each with its
own in-sediment depth habitat and thus Mn/Ca response
(Fig. 6). Based on the here presented model (Fig. 6, panel
III), when no Mn is recorded in both shallow and deeper
living infauna, sedimentary conditions must be very reduc-
ing, with bottom water oxygen content close to zero and
Mn2+ escaping into the water column. Instead, if Mn2+ is
incorporated only in deep infauna but not in shallow
infauna, bottom waters must be relatively well oxygenated
(Fig. 6 panel I).

4. CONCLUSIONS

Here we show that Mn-analyses in foraminiferal test
carbonate obtained with LA-ICP-MS analysis produce reli-
able Mn/Ca data. The Mn/Ca ratios can be used to recon-
struct redox changes in sedimentary environments. When
relying on a single species our data suggest that infaunal
foraminifera are best suited for reconstructing BWO. Our
data also set the stage for a new conceptual model:
TROXCHEM3, which combines foraminiferal ecology
and test trace element chemistry with pore water geochem-
istry and sediment carbon loading. Using Mn incorporation
this model explains the observed differences in between spe-
cies with contrasting micro-habitats. Application of the
TROXCHEM3 model provides a first step toward decon-
volving past organic matter input and bottom water oxy-
genation, potentially allowing their independent
quantification in paleosediment records.
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