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A B S T R A C T   

Benthic foraminiferal surface porosity (the mean percentage of surface area covered by pores; higher porosity: 
lower oxygenation) and iodine to calcium ratio (I/Ca, higher I/Ca: higher oxygenation) are both promising 
paleoceanographic proxies that will advance through testing in down-core studies. Here we report the first down- 
core comparison (~45 kyr) of these proxies for a core from the southern Brazilian margin (26◦40.22′ S, 46◦26.46′

W, 475 m water depth). Both proxies are most sensitive to low-O2 conditions (<50 μmol/kg), and not well- 
constrained at higher O2 concentrations. Porosity values are generally low (<15%) and I/Ca ranges between 
~4 and ~ 6 μmol/mol throughout the core. The two proxies are overall consistent, suggesting that bottom-water 
oxygen concentrations at the site remained above 50 μmol/kg during the last 45 kyr. Several non-O2 factors (e.g., 
iodate reduction rates, water mass mixing, temperature, foraminiferal shell robustness) could influence the 
proxies and require further investigation.   

1. Introduction 

Oceanic oxygen availability significantly influences marine life and 
biogeochemical cycling, with changes in oxygenation associated with a 
range of biological and ecological effects (Breitburg et al., 2018). Re
gions with reduced oceanic oxygen content have been increasing glob
ally in size since 1960 (Stramma et al., 2008; Schmidtko et al., 2017). 
Earth system models can project future oceanic oxygenation changes 
under possible global warming scenarios (e.g., Bopp et al. (2013); Fu 
et al. (2018)), and may be informed by studying the potential driving 
mechanisms of changes in oceanic oxygenation across past periods of 
climate change, including glacial-interglacial cycles (e.g., Galbraith and 
Jaccard (2015); Buchanan et al. (2016); Schmittner and Somes (2016); 
Yamamoto et al. (2019); Cliff et al. (2021)). However, a large uncer
tainty remains in the results of climate models, in part due to the lack of 

reliable, quantitative paleo-O2 data against which to validate model 
results (Yamamoto et al., 2019; Cliff et al., 2021). 

Several (semi-)quantitative paleo‑oxygenation proxies for glacial 
oceans have been proposed and calibrated to modern bottom-water 
oxygen (BWO) values. These proxies can be divided into two cate
gories: (1) biological proxies: benthic foraminiferal species distributions 
and abundances (e.g., Sen Gupta and Machain-Castillo (1993); Bernhard 
and Sen Gupta (1999); Gooday (2003); Jorissen et al. (2007); Gooday 
et al. (2010); Erdem et al. (2020)), and the porosity or surface pore area 
percentages in benthic foraminiferal tests (e.g., Glock et al. (2011); 
Glock et al. (2012); Petersen et al. (2016); Tetard et al. (2017); Rathburn 
et al. (2018); Richirt et al. (2019); Tetard et al. (2021)); (2) geochemical 
proxies: redox-sensitive trace metals in bulk sediments such as V, Mo, U, 
Re, Mn, Fe (e.g., Morford and Emerson, 1999; Tribovillard et al., 2006; 
Bennett and Canfield, 2020); benthic foraminiferal carbon isotope 
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gradients (Δδ13C) between epifaunal (living on or above the seafloor 
surface) (Cibicidoides wuellerstorfi) and deep infaunal (living within 
sediments) species (Globobulimina spp.) (McCorkle and Emerson, 1988; 
Hoogakker et al., 2015; Hoogakker et al., 2018); preserved organic 
compounds (Anderson et al., 2019); and the I/Ca in benthic foraminif
eral tests (Glock et al., 2014; Lu et al., 2020a). 

Each paleo-O2 proxy has its own limitations and oxygen sensitivity 
window. Redox-sensitive trace metals are widely used to infer redox 
thresholds (e.g., oxic vs. anoxic, anoxic vs. euxinic) (Tribovillard et al., 
2006; Bennett and Canfield, 2020). Benthic foraminiferal porosity, I/Ca, 
organic compound preservation, and benthic foraminiferal distribution 
proxies are most sensitive at low O2 ranges (< ~50 μmol/kg), and may 
have larger uncertainties at higher O2 ranges (Rathburn et al., 2018; 
Anderson et al., 2019; Lu et al., 2020a; Erdem et al., 2020). The Δδ13C 
proxy is the only proxy calibrated to a wider O2 range (20–235 μmol/ 
kg), but its application is limited due to the restricted common occur
rence of the deep-infaunal, low-oxygen tolerant Globobulimina spp. (e.g., 
Jorissen et al. (2007)), the potential influence of seasonal phytodetrital 
flux on δ13CC. wuellerstorfi (Mackensen et al., 1993), and the potential 
impact of anaerobic processes (including denitrification and sulfate 
reduction) on δ13CGlobobulimina (McCorkle and Emerson, 1988; Piña- 
Ochoa et al., 2010a; Koho et al., 2013; Jacobel et al., 2020). A multi- 
proxy approach, with independent proxy systematics and differing 
ranges of O2 sensitivity, may provide more reliable paleo-O2 estimates 
for the glacial oceans than a single proxy. Testing the consistency be
tween new proxies in core-top and down-core samples is an important 
step towards quantitative proxy development. In this study, we focus on 
two recently developed proxies: benthic foraminiferal surface porosity 
and I/Ca. 

In modern oceans, epifaunal foraminifera in low-oxygen waters tend 
to have a higher percentage of porosity on the dorsal side of their test 
(side that is exposed to bottom water) (e.g.,>15%) (Rathburn et al., 
2018), likely due to the increased demand for gas exchange (Glock et al., 
2012; Rathburn et al., 2018; Richirt et al., 2019). However, porosity will 
likely have an upper limit in order to sustain test robustness (Richirt 
et al., 2019). In contrast, tests of epifaunal foraminifera living in well- 
oxygenated waters (>200–250 μmol/kg) are likely to have fewer 
pores (e.g., < 5%), and may acquire oxygen mainly through the aperture 
(the primary opening in the test) (Rathburn et al., 2018). To date, the 
porosity in epifaunal foraminifera has not yet been tested as a recorder 
of paleo-oxygenation in down-core studies. 

The I/Ca proxy has been calibrated on modern planktic and benthic 
foraminifera and applied in several studies over glacial-interglacial in
tervals (Lu et al., 2016; Hoogakker et al., 2018; Lu et al., 2019; Lu et al., 
2020a; Lu et al., 2020b). The thermodynamically stable iodine species in 
seawater are mainly iodate (IO3

−, oxidized form) and iodide (I−, 
reduced form), with minor dissolved organic iodine (Wong and Brewer, 
1977; Luther III and Campbell, 1991; Ito and Hirokawa, 2009). Iodate is 
completely reduced to iodide under anoxic conditions (no O2), and io
dide is re-oxidized to iodate when oxygen increases (Rue et al., 1997). 
Only iodate can be incorporated into the calcite structure (Lu et al., 

2010) by replacing the carbonate ion (Podder et al., 2017; Feng and 
Redfern, 2018). Therefore, lower foraminiferal I/Ca values generally 
indicate less-oxygenated conditions. The combination of low epifaunal 
I/Ca values (<~3 μmol/mol) and independent oxygenation proxies has 
been argued to be more reliable to detect low-oxygen waters in glacial 
oceans than the use of a single proxy (Lu et al., 2020a). 

In this study, we apply the epifaunal benthic foraminiferal surface 
porosity proxy and the I/Ca proxy to foraminifera from a core 
(GeoB6201-5) on the southern Brazilian margin. This study presents the 
first application of the porosity proxy in epifaunal fossil foraminifera, 
and we directly compare the porosity with I/Ca values to evaluate proxy 
potentials and limitations. 

2. Samples and methods 

2.1. Study site 

Core GeoB6201–5 (26◦40.22′S, 46◦26.46′W, 475 m water depth; 
247 cm long) was taken on the upper slope of the Brazilian margin, 
below the southward path of the Brazil Current (Schulz et al., 2001), a 
location presently bathed by well-oxygenated waters (BWO of ~225 
μmol/kg) (Schulz et al., 2001; Garcia et al., 2018) (Fig. 1). Anomalously 
negative δ13C values of glacial foraminifera in this core (Portilho-Ramos 
et al., 2018) and the occurrence of authigenic carbonate nodules with 
low δ13C values (down to −30‰) in glacial samples from nearby cores 
(Kowsmann and de Carvalho, 2002; Wirsig et al., 2012) have been 
interpreted as indicating that methane seeps may have been active for 
thousands of years on the southern Brazilian margin. 

2.2. Age model 

The age model follows Portilho-Ramos et al. (2018) and is based on 
(1) six accelerator mass spectrometry (AMS) 14C ages on the planktic 
foraminifer Globigerinoides ruber. Samples were selected at levels 
without anomalously negative δ13C values (except for the basal age of 
235 cm). The age model and associated uncertainty were calculated 
using the BACON model and the IntCal13 calibration curve with a 
reservoir correction of 400 ± 100 years {Blaauw and Christen, 2011 
#72}(Blaauw and Christen, 2011; Reimer et al., 2013); (2) comparison 
of the Cibicidoides spp. δ18O record with that of adjacent, well-dated core 
GeoB2107–3 (27◦10′S, 46◦27′W, 1048 m water depth) (Gu et al., 2017; 
Hendry et al., 2012) and the regional, intermediate-depth South Atlantic 
benthic δ18O stack (Lisiecki and Stern, 2016). (3) comparison of abun
dance changes of the planktic foraminiferal species Globorotalia menardii 
and Globorotalia inflata, indicative of glacial-interglacial biozones 
(Ericson and Wollin, 1968). 

2.3. Foraminiferal surface porosity analyses 

Specimens of the benthic foraminiferal species C. wuellerstorfi and 
Cibicidoides pseudoungerianus were picked from the size fraction >150 

Fig. 1. Location of core GeoB6201–5. A) Modern 
bottom-water oxygen map for the Southwest Atlantic 
region. B). Depth profile (red box in A) showing well- 
oxygenated upper-intermediate waters on the south
ern Brazilian margin today. Figures are produced 
using the Ocean Data View software (Schlitzer, 2020), 
and O2 data is from World Ocean Atlas 2018 (Garcia 
et al., 2018). (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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μm at a sampling resolution of 5 cm. We measured and calculated sur
face porosity of benthic foraminifera following Petersen et al. (2016). 

For each sampling depth, three to four well-preserved specimens of 
each species (i.e., with a whole test without significant dissolution or 
loss, although the last chamber is commonly broken or absent) were 
analyzed, for a total of 275 individuals in 48 samples. Some samples do 
not have three well-preserved specimens, so one or two individuals were 
used. Photomicrographs were made using a Scanning Electron Micro
scope (SEM), Hitachi model TM3000. The dorsal side of each specimen 
was imaged at 300× magnification using the same scale for comparison. 
The SEM images underwent a first correction and editing in Adobe 
Photoshop. ImageJ, a semi-automatic software, was then used to 
calculate the pore areas in the penultimate chamber, based on a gray
scale threshold applied to a specific frame. Frames were manually 
positioned using a macro (Petersen et al., 2016) that allowed us to place 
a frame of a fixed size on the SEM images. Some adjustments were made 
in the macro due to the image magnification (300×) used here, rather 

than the 1000× used by Petersen et al. (2016). 
Five different frame sizes with different proportions were first tested 

to select the frame that best represented the porosity of the chambers. 
The frame sizes were tested initially for top, middle and bottom of the 
core, then afterwards applied to the rest of the core. A non-parametric 
analysis (Kolmogorov-Smirnov-KS) using R-software was carried out 
on the pore area data of five different frames to test the distribution of 
the data, helping to determine which frame would be the most suitable 
for the species used (Table S1). Subsequently, the same fixed frame size 
(Frame 1 with 124 μm × 64 μm) was applied to all 271 microphoto
graphs analyzed. The porosity of each specimen was used to determine 
the average (typically of three individuals) for each sample. Standard 
Deviations (S.D.) of porosity are reported for each sample (Table S2). 

2.4. Foraminiferal I/Ca analyses 

After the porosity measurements were completed, I/Ca analyses 

Fig. 2. Benthic foraminiferal porosity and I/Ca records from core GeoB6201–5 (this study) along with benthic δ18O and δ13C records for the same core (Portilho- 
Ramos et al., 2018). The error bars are 2σ; note that some porosity samples were measured on only one specimen (Table S2) and some error bars in porosity are 
smaller than the symbol sizes. 
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were performed on the same set of specimens, following Lu et al. 
(2020a). About 10 specimens of benthic foraminifera are typically 
required for I/Ca analyses on an ICP-MS in order to reduce analytical 
uncertainty due to small sample size. Around 15 specimens of 
C. pseudoungerianus were used for each sampling depth (5 cm). The 
foraminiferal cleaning method followed the Mg/Ca protocol of Barker 
et al. (2003). The samples were gently crushed using cleaned glass slides 
to open all chambers. Samples were then cleaned by ultrasonication in 
de-ionized water to remove clays, a 10-min boiling-water bath in NaOH- 
buffered 1% H2O2 solutions to remove organic matter, and three addi
tional rinses with de-ionized water. The oxidative cleaning step is 
required because I/Ca in uncleaned specimens can be 10 to 1000 times 
higher than in cleaned samples, due to organic-associated iodine (Glock 
et al., 2016, 2019). The cleaned samples were dissolved in 3% HNO3, 
then diluted to solutions containing ~50 ppm Ca, internal standards (5 
ppb In and Cs), and 0.5% tertiary amine (to stabilize iodine). The 
measurements were performed immediately on a quadrupole ICP-MS 
(Bruker M90) at Syracuse University. Calibration standards were 

freshly made for each batch of samples. The sensitivity of iodine is tuned 
to ~90 kcps for 1 ppb standard, and the standard deviation for three 
blanks in a row is <1 kcps. The precision for 127I is typically better than 
1%. The reference standard JCp-1 was analyzed between each 3 un
known samples (I/Ca raw value of 3.98 ± 0.15 μmol/mol (n = 17) for all 
batches) to monitor long-term accuracy (I/Ca reference value of 4.27 
μmol/mol) (Lu et al., 2010; Lu et al., 2020b). The detection limit of I/Ca 
is on the order of 0.1 μmol/mol. Replicates of selected samples from 
glacial and interglacial intervals yielded a reproducibility ranging from 
±0.004 μmol/mol (2σ) to ±0.98 μmol/mol (2σ) for I/Ca (Table S2). 

2.5. Benthic foraminiferal habitat 

Epifaunal to shallow infaunal foraminifera are thought to record 
bottom-water conditions above the sediment-water interface, in contrast 
to deeper infaunal species, which reflect pore water conditions (e.g., 
McCorkle and Emerson (1988); Mackensen (2008); Hoogakker et al. 
(2015)). Cibicidoides wuellerstorfi is an epifaunal species, commonly 
attached to objects projecting above the sediment-water interface (Lutze 
and Thiel, 1989; Rathburn and Corliss, 1994). This species has been 
found in abundance in well-oxygenated environments, but also in low- 
O2 settings (Burkett et al., 2016; Rathburn et al., 2018; Venturelli et al., 
2018). Cibicidoides pseudoungerianus, also used in this study, is taxo
nomically not as well-defined, morphologically close to Cibicidoides 
pachyderma (Schweizer, 2006), and thought to be a synonym of the 
latter by some authors (e.g., Altenbach et al. (2003); Licari and Mack
ensen (2005)). Cibicidoides pseudoungerianus typically occurs on the deep 
and upper continental slope (< 2000 m), in areas with a broad range of 
organic carbon fluxes and primary productivity (Altenbach et al., 1999, 
2003). It has been described as epifaunal, attached to hard substrates 
such as hydroids (Dobson and Haynes, 1973; Brasier, 1975), and as 
shallow infauna dwelling at between +1 and − 1 cm of the sediment- 
water interface (Schweizer, 2006). 

3. Results 

The porosity down-core values average 5.5% for C. wuellerstorfi (n =
47, S.D. = 1.4%) and 8.5% for C. pseudoungerianus (n = 48, S.D. = 2.0%), 
and the I/Ca values average 4.9 μmol/mol for C. pseudoungerianus (n =
48, S.D. = 0.6 μmol/mol) (Figs. 2 and 3, Supplementary Table S2). 
Average porosity values in each species are similar in sediments 
deposited during the Holocene (0–10 ka, n = 10), deglaciation (10–18 
ka, n = 12) and the last glacial period (18–45 ka, n = 26) (averages 5.9%, 
5.9%, and 5.1% respectively for C. wuellerstorfi; averages 8.2%, 9.2% 
and 8.3% respectively for C. pseudoungerianus) (Fig. 4). The I/Ca values 
average 5.6 μmol/mol during the Holocene, with similar values during 
the deglaciation and the last glacial period (averages 4.8 and 4.6 μmol/ 
mol, respectively) (Fig. 4). 

Fig. 3. SEM images of selected Holocene and glacial benthic foraminifera. A) 
C. wuellerstorfi at 15 cm depth. B) C. pseudoungerianus at 35 cm depth. C). 
C. wuellerstorfi at 120 cm depth. D) C. pseudoungerianus at 210 cm depth. 

Fig. 4. Candlestick plot for porosity and I/Ca from core GeoB6201–5. The red box marks the 25th and 75th percentiles, the red horizontal line inside the box 
indicates the average, and the whiskers show the maximum and minimum values. (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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Core-top benthic foraminiferal porosity and I/Ca values in core 
GeoB6201–5 (ages <5 ka) agree well with the values in the global core- 
top dataset of porosity and I/Ca values (Fig. 5) (Rathburn et al., 2018; Lu 
et al., 2020a). The porosity values in C. pseudoungerianus are generally 
higher than those in C. wuellerstorfi throughout the record, probably 
because C. pseudoungerianus is partly influenced by pore water condi
tions or because there are species-specific differences in oxygen re
quirements or in the calcification process. Most porosity and I/Ca proxy 
records (as represented by the 25th and 75th percentile values) in core 
GeoB6201–5 fall into the data range corresponding to modern BWO in 
the core-top data set, i.e., between 50 and 250 μmol/kg (Fig. 5). 

We used the two-group Mann-Whitney test (a nonparametric test 
that allows two groups to be compared without making the assumption 
that values are normally distributed) to evaluate whether the porosity 
and I/Ca values changed significantly across different climate states 
(Holocene vs. deglaciation vs. last glacial period). Porosity values are 
not significantly different in Holocene vs. deglacial (p = 0.87 for 
C. wuellerstorfi, p = 0.14 for C. pseudoungerianus), or in deglacial vs. 
glacial (p = 0.07 for C. wuellerstorfi, p = 0.29 for C. pseudoungerianus). I/ 
Ca values are significantly different in Holocene vs. deglacial (p < 0.01), 
but not in deglacial vs. glacial (p = 0.19). These variations may not 
necessarily indicate changes in BWO, because modern calibration data 
suggest both I/Ca and porosity proxies are not linearly sensitive to O2 
changes between 50 and 250 μmol/kg (Section 4.2). 

4. Discussion 

4.1. Potential influence of authigenic carbonate 

The presence of high-Mg calcite and elevated Mg and S concentra
tions in some (but not all) glacial samples in core GeoB6201–5 suggest 
overgrowths of post-depositional authigenic carbonate induced by 
anaerobic oxidation of methane, possibly related to the anomalously 
negative δ13C values in some samples (Portilho-Ramos et al., 2018). 
Authigenic carbonate precipitation in marine anoxic pore-waters is ex
pected to lower I/Ca values (Hardisty et al., 2017), because the reduced 
species I− is the only iodine speciation in anoxic pore fluids and will not 
be incorporated into calcite (Lu et al., 2010). We examined the potential 
effects of authigenic carbonate overgrowths on our records by 
comparing the porosity and I/Ca data in glacial samples with high-Mg 
calcite vs. those without high-Mg calcite (between 140 and 235 cm 

core depth) (Fig. 6A, Supplementary Tables S3). We did not find 
consistent or systematic differences in porosity or I/Ca between samples 
with and without high-Mg calcite. Porosity and I/Ca values from glacial 
samples with anomalously negative δ13C values (whether the isotopic 
signal was affected by authigenic overgrowths or not) were similar to 
those from samples without anomalous values (Fig. 6B). This similarity 
in porosity and I/Ca values, together with a lack of evidence of surface 
overgrowths in SEM images of tests examined in this study, indicates 
that authigenic carbonate overgrowths probably did not significantly 
affect the porosity and I/Ca signals. 

4.2. Comparing porosity and I/Ca 

The porosity and I/Ca calibrations were developed using epifaunal 
C. wuellerstorfi. Ideally, down-core applications should use epifaunal 
species to eliminate the potential influence of pore-water conditions. 
However, when epifaunal species are not available in sufficient numbers 
for I/Ca analyses, shallow infaunal Cibicidoides species may provide 
paleo-O2 information. For example, core-top shallow infaunal species (e. 
g., C. pachyderma and C. mundulus) had I/Ca values similar to those in 
C. wuellerstorfi at the same locations (Lu et al., 2020a). As another 
example, in a down-core record from the Eastern Equatorial Pacific, I/Ca 
trends of C. wuellerstorfi and C. pachyderma over the last 45 kyr are 
similar, both ranging between 0 and ~ 6 μmol/mol (Lu et al., 2020a). 
The temporal trends of porosity in both C. pseudoungerianus and 
C. wuellerstorfi are similar (Fig. 2), suggesting that they respond similarly 
to oxygenation changes. Hence, we posit that porosity changes in 
C. pseudoungerianus are not completely due to its potential shallow 
infaunal habitat, and that both Cibicidoides species likely recorded BWO 
trends. 

A combination of low I/Ca (< 3 μmol/mol) and high porosity (>
15%) can indicate low-O2 waters (Lu et al., 2020a). We cannot be certain 
that BWO conditions did not change over the last 45 kyr at the core site 
studied here, because of the large uncertainty in oxygenation values 
derived from the modern calibration (50–250 μmol/kg) (Fig. 5). The I/ 
Ca proxy sensitivity to low-O2 waters is possibly related to modern ocean 
iodine geochemistry: low iodate concentrations (<0.15 μmol/L) are 
found in low-O2 waters only, whereas high iodate concentrations are 
associated with a wide range of O2 concentrations (Lu et al., 2019; 
Hardisty et al., 2021). 

The sensitivity of the porosity proxy is related to poorly known pore 

Fig. 5. Comparison of core-top foraminiferal porosity and I/Ca (ages <5 ka) in core GeoB6201–5 (this study) with global calibration dataset (Rathburn et al., 2018; 
Lu et al., 2020a). The box marks the 25th and 75th percentiles in the GeoB6201–5 down-core record, the horizontal line inside the box indicates the average, and the 
whiskers show the maximum and minimum values. Yellow shaded areas show the low-O2 thresholds as proposed in Lu et al. (2020a). The porosity calibration dataset 
from Rathburn et al. (2018) represents average values of multiple specimens at each location. (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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functions of foraminifera: below the low-O2 threshold, epifaunal fora
minifera will probably need to adjust their pore size and volume (=
porosity) to obtain sufficient oxygen, whereas above this threshold, they 
do not require pores to be used in respiration, and can mainly respire 
through the aperture (Rathburn et al., 2018). The causes of variability in 
porosity and I/Ca at O2 levels between 50 and 250 μmol/kg remain 
unclear. 

We thus suggest that the glacial BWO at the location of core 
GeoB6201–5 was most likely above the threshold of 50 μmol/kg over the 
full time represented in the core. This suggestion agrees with the results 
of modeling studies indicating that O2 values at ~500 m water depths at 
~27oS in the South Atlantic Ocean during the LGM were not signifi
cantly different from those in pre-industrial times (Schmittner and 
Somes, 2016; Yamamoto et al., 2019; Cliff et al., 2021). The mechanisms 
stabilizing BWO may be related to relatively stable oceanographic 
conditions during the last glacial period, or to competing effects of ocean 
stratification (thus ventilation) and productivity (thus O2 utilization) 
during LGM and Heinrich Stadial 1 in the region (Pereira et al., 2018). 

4.3. Potential non-O2 factors 

Both porosity and I/Ca proxies can be used to provide paleo-O2 

information, but other (non-O2) factors may influence these proxies 
(Glock et al., 2012, 2014; Rathburn et al., 2018; Richirt et al., 2019; Lu 
et al., 2020a). Below, we attempt to explore how these potential factors 
may affect the proxies. 

4.3.1. I/Ca proxy 
To better understand the I/Ca proxy systematics, we must establish 

the mechanistic relationship between seawater iodate and O2 before 
making the connection to foraminiferal I/Ca in modern samples. How
ever, the relationship between seawater iodate and O2 is currently not 
well understood, and may vary on regional/temporal scales. No 
seawater iodate data are available in the studied region. The reduction 
of iodate to iodide may occur rapidly in low-O2 waters (Chance et al., 
2014). The O2 threshold for iodate reduction was reported to be ~10 
μmol/kg in the Pacific Ocean (Rue et al., 1997; Huang et al., 2005) and 
Arabian Sea (Farrenkopf and Luther Iii, 2002), but it was higher (<
~70–100 μmol/kg) in the Benguela upwelling region in the Southeast 
Atlantic (Chapman, 1983). Iodate reduction rates may vary spatially, 
possibly driven by the availability of organic carbon, sulfide, and nitrite, 
which may have been involved in iodate reduction processes (Hardisty 
et al., 2021). Other regional processes, such as water mass ages, may also 
cause spatial iodate variability in different marine settings (Hardisty 

Fig. 6. A) Comparison of porosity and I/Ca in glacial samples with and without high-Mg calcite. B) Cross plot of glacial δ13CC. wuellerstorfi vs. porosity and I/Ca. The 
identification of high-Mg calcite is based on bulk sediment mineralogy and Mg contents (Portilho-Ramos et al., 2018). 
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et al., 2021). 
The reverse process (iodide re-oxidation to iodate) may also play a 

role in affecting the seawater iodate concentrations, thus foraminiferal 
I/Ca. The kinetics of iodide re-oxidation have been suggested to be slow, 
ranging from months to decades (Chance et al., 2014). The I/Ca signals 
in samples across the deglaciation in the Eastern Equatorial Pacific may 
have been affected by a slow increase in O2 (recovery from depleted 
glacial values) at some upstream locations (Lu et al., 2020a). However, 
in the studied core we did not find large changes in I/Ca or porosity 
during deglaciation, consistent with the occurrence of relatively con
stant O2 in upstream waters, between the equator and 25oS, during the 
LGM, as seen in model simulations (Schmittner and Somes, 2016; 
Yamamoto et al., 2019; Cliff et al., 2021). The combination of lateral and 
vertical diffusion/advection of low iodate waters from nearby locations 
and slow iodide re-oxidation kinetics could complicate foraminiferal I/ 
Ca records, which thus might not reflect in-situ O2 (Lu et al., 2019; 
Hardisty et al., 2021). The studied region of the southern Brazilian 
margin is currently bathed in well-oxygenated waters without large 
spatial O2 variations being observed (Schulz et al., 2001; Garcia et al., 
2018). Water mass mixing thus probably does not have a major impact 
on benthic I/Ca in this region. 

Trace elemental ratios in foraminifera are commonly thought to be 
impacted by environmental parameters such as temperature and car
bonate ion concentrations. Temperature might have a negative impact 
on the iodine partition coefficient in laboratory synthesized calcite ex
periments: I/Ca may decrease at higher temperatures while other vari
ables remain constant (Zhou et al., 2014). The negative temperature 
impact would have resulted in higher I/Ca values during the LGM, but 
we did not observe this. It is unclear how much effect temperature and 
other environmental factors (e.g., salinity, carbonate saturation states, 
and pH) can have on foraminiferal I/Ca, and this will be the subject of 
ongoing research. 

4.3.2. Porosity proxy 
The functions of dorsal pores on benthic foraminiferal tests are not 

fully understood. It has been suggested that pores can be used in gas 
exchange and taking up dissolved organic materials, but their functions 
may differ between species (Glock et al., 2012). Other than O2 acqui
sition, the pores may also be used to transport respiratory products such 
as CO2, although it remains unclear whether or how this process could 
impact the porosity. Higher porosity can be due to higher pore density 
(number of pores per surface area) and/or greater pore size (Petersen 
et al., 2016), or increasing pore size but simultaneously decreasing pore 
density (Richirt et al., 2019). Pore size and pore density in foraminiferal 
tests are likely interdependent (Richirt et al., 2019), and porosity takes 
both variables into account, thus likely representing the individual 
foraminifer’s oxygen accessibility better than either pore density or pore 
diameter alone (Rathburn et al., 2018). 

Mechanical constraints (shell robustness) may limit foraminiferal 
pore patterns (Richirt et al., 2019). Ammonia, a common cosmopolitan 
intertidal infaunal genus (Hayward et al., 2021), has an upper porosity 
limit of 30%, probably due to mechanical constraints (Richirt et al., 
2019), but living epifaunal C. wuellerstorfi has a porosity up to 50% in 
low-O2 waters (10.7 μmol/kg) at a Northwest Pacific site (Rathburn 
et al., 2018). Thinner-walled tests (thus possibly faster gas exchange) 
may be an alternative way for foraminifera to adapt to O2-depleted 
environments (Bernhard, 1986; Kaiho, 1994), but quantitative mea
surements of test robustness have not been established, and the relations 
between shell robustness and O2 needs further investigation in 
paleoceanographically-important taxa. 

Previous studies linked pore sizes and/or pore density in different 
species of infaunal foraminifera to ambient conditions, i.e., BWO and 
bottom-water nitrate concentrations (e.g., (Glock et al., 2011; Glock 
et al., 2012; Kuhnt et al., 2013; Kuhnt et al., 2014)). Many infaunal 
foraminiferal taxa store and respire nitrate to survive under anoxic 
conditions (Risgaard-Petersen et al., 2006; Piña-Ochoa et al., 2010a; 

Fig. 7. Cross-plot of porosity and benthic I/Ca in living C. wuellerstorfi (Rathburn et al., 2018; Lu et al., 2020a) and GeoB6201–5C. pseudoungerianus. Note that 
porosity and I/Ca were measured on the same set of specimens. Yellow shaded areas show the low-O2 thresholds in Fig. 5. (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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Piña-Ochoa et al., 2010b; Bernhard et al., 2012), and denitrification is 
an important metabolic mechanism that enables some species to survive 
in anoxic conditions (Piña-Ochoa et al., 2010a). The pore density in 
infaunal Bolivina spissa correlates to bottom-water nitrate concentrations 
(Glock et al., 2011), and has been used to reconstruct deglacial nitrogen 
inventory changes in the Peruvian upwelling region (Glock et al., 2018). 

In contrast to these infaunal species, the epifaunal or shallow 
infaunal Cibicidoides spp. typically do not migrate to anoxic waters 
deeper in the sediments, thus probably do not use nitrate for respiration 
(Rathburn et al., 2018). Cibicidoides pachyderma was observed not to use 
nitrate (Piña-Ochoa et al., 2010a). In conclusion, oxygen availability 
influences porosity in epifaunal benthic foraminifera (Rathburn et al., 
2018), but other factors such as respiratory products, shell robustness 
(Richirt et al., 2019) and morphometrics (i.e., major axis and roundness) 
(Tetard et al., 2021) may play a role, and need additional investigation. 

4.4. Study limitations and suggestions for future proxy developments 

We suggest that the benthic foraminiferal porosity proxy and the 
benthic I/Ca proxy are generally consistent in our down-core record. 
The development of both proxies started only recently, thus there is only 
a limited amount of data from living C. wuellerstorfi, insufficient to show 
how well the two proxies relate to each other in the same set of speci
mens (Fig. 7). We explore this relationship by including down-core data 
from core GeoB6201–5, which are not significantly different from those 
of living C. wuellerstorfi, with values clustering in the middle range 
(2–10% for porosity; 4–7 μmol/mol for I/Ca). Living C. wuellerstorfi 
reflect a much wider O2 range, from 2 to 277 μmol/kg, than the 
downcore samples. The overall correlation between I/Ca and porosity is 
not strong when considering all data points. Both proxies appear to show 
threshold behavior with O2 rather than a linear correlation; there are 
limited samples of the two endmember (porosity <5% and > 15%) 
ranges, and only two Cibicidoides spp. were measured. 

For future proxy developments, we recommend three general di
rections: (1) coupled seawater O2, iodate, iodide, foraminiferal I/Ca, 
porosity, shell morphometrics, shell robustness (if possible) measure
ments, ideally combined with pore-water profiles in a range of ocean
ographic regions to better understand the proxy systematics; (2) obtain 
more live-collected or core-top samples with high porosity - low I/Ca to 
better define the low O2 endmember and test correlations; (3) work on 
regional calibrations to better evaluate the potential effect of non-O2 
factors on both proxies under similar O2 conditions. 

5. Conclusions 

The close correspondence between porosity and I/Ca proxies in a 
down-core record from the southern Brazilian margin over the last 45 
kyr builds confidence in the combined use of these proxies to reconstruct 
past changes in oceanic O2. We infer that the BWO at the location of core 
GeoB6201–5 likely remained above ~50 μmol/kg over the last glacial 
period, but a more precise O2 estimate cannot be made due to the un
certainties of both proxies in higher O2 windows. Our current under
standing of both proxies is still incomplete, and more work is required to 
better understand the proxy systematics and potential influencing fac
tors. Both proxies are fundamentally different from other paleo-O2 
proxies (i.e., redox-sensitive trace metals, carbon isotope gradients, 
organic compounds, and foraminiferal assemblages), and are based on 
widely-distributed benthic species, thus may have the potential to be 
applied in broad regions, and provide independent reconstructions of O2 
conditions. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We thank the Bremen Core Repository for curating and providing 
material from core GeoB6201–5. This work is supported by NSF grants 
OCE-1232620, OCE-1736542, and EAR-1349252 (to ZL), OCE 
10–60,992 (to AER), and OCE 1736538 (to ET). CFB thanks Coor
denação de Aperfeiçoamento de Pessoal de Nível Superior – Brazil 
(CAPES) – Finance Code 001. All data are publicly available as sup
porting information to this document, and through doi:https://doi. 
org/10.1594/PANGAEA.914577. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2021.110588. 

References 

Altenbach, A.V., Pflaumann, U., Schiebel, R., Thies, A., Timm, S., Trauth, M., 1999. 
Scaling percentages and distributional patterns of benthic foraminifera with flux 
rates of organic carbon. J. Foraminiferal Res. 29, 173–185. 

Altenbach, A.V., Lutze, G.F., Schiebel, R., Schönfeld, J., 2003. Impact of interrelated and 
interdependent ecological controls on benthic foraminifera: an example from the 
Gulf of Guinea. Palaeogeogr. Palaeoclimatol. Palaeoecol. 197, 213–238. 

Anderson, R.F., Sachs, J.P., Fleisher, M.Q., Allen, K.A., Yu, J., Koutavas, A., Jaccard, S.L., 
2019. Deep-sea oxygen depletion and ocean carbon sequestration during the last ice 
age. Glob. Biogeochem. Cycles 33, 1–17. 

Barker, S., Greaves, M., Elderfield, H., 2003. A study of cleaning procedures used for 
foraminiferal Mg/Ca paleothermometry. Geochem. Geophys. Geosyst. 4 (9). 

Bennett, W.W., Canfield, D.E., 2020. Redox-sensitive trace metals as paleoredox proxies: 
a review and analysis of data from modern sediments. Earth Sci. Rev. 204, 103175. 

Bernhard, J.M., 1986. Characteristic assemblages and morphologies of benthic 
foraminifera from anoxic, organic-rich deposits; Jurassic through Holocene. 
J. Foraminifer. Res. 16 (3), 207–215. 

Bernhard, J.H., Sen Gupta, B.K., 1999. Foraminifera in oxygen-depleted environments. 
In: Gupta, S. (Ed.), Modern Foraminifera. Springer, Dordrecht, pp. 201–216. 

Bernhard, J.M., Casciotti, K.L., McIlvin, M.R., Beaudoin, D.J., Visscher, P.T., Edgcomb, V. 
P., 2012. Potential importance of physiologically diverse benthic foraminifera in 
sedimentary nitrate storage and respiration. J. Geophys. Res. Biogeosci. 117 (G3). 

Blaauw, M., Christen, J.A., 2011. Flexible paleoclimate age-depth models using an 
autoregressive gamma process. Bayesian Anal. 6 (3), 457–474. 

Bopp, L., Resplandy, L., Orr, J.C., Doney, S.C., Dunne, J.P., Gehlen, M., Halloran, P., 
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