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To explore relationships between water column hydrography and foraminiferal geochemistry in the 
Eastern Tropical North Pacific, we present δ18O and Mg/Ca records from three species of planktonic 
foraminifera, Globigerinoides ruber, Globigerina bulloides, and Globorotalia menardii, collected from a 
sediment trap mooring maintained in the Gulf of Tehuantepec from 2006–2012. Differences in δ18O
between mixed-layer species G. ruber and G. bulloides and thermocline-dweller G. menardii track seasonal 
changes in upwelling. The records suggest an increase in upwelling during the peak positive phase 
of El Niño, and an overall reduction in stratification over the six-year period. For all three species, 
Mg/Ca ratios are higher than what has been reported in previous studies, and show poor correlations 
to calcification temperature. We suggest that low pH (7.6–8.0) and [CO3

2−] values (∼70–120 μmol/kg) 
in the mixed layer contribute to an overall trend of higher Mg/Ca ratios in this region. Laser Ablation 
Inductively Coupled Mass Spectrometry analyses of G. bulloides with high Mg/Ca ratios (>9 mmol/mol) 
reveal the presence of a secondary coating of inorganic calcite that has Mg/Ca and Mn/Ca ratios up to 
an order of magnitude higher than these elemental ratios in the primary calcite, along with elevated 
Sr/Ca and Ba/Ca ratios. Some of the samples with abnormally high Mg/Ca are found during periods of 
high primary productivity, suggesting the alteration may be related to changes in carbonate saturation 
resulting from remineralization of organic matter in oxygen-poor waters in the water column. Although 
similar shell layering has been observed on fossil foraminifera, this is the first time such alteration has 
been studied in shells collected from the water column. Our results suggest a role for seawater carbonate 
chemistry in influencing foraminiferal calcite trace element:calcium ratios prior to deposition on the 
seafloor, particularly in high-productivity, low-oxygen environments.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Production in the Eastern Tropical Pacific (ETP) accounts for 10% 
of total global primary productivity (Pennington et al., 2006). As 
such, the region plays an important role in the global carbon cy-
cle. In the Eastern Pacific Warm Pool (EPWP), changes in sea level 
pressure (SLP) gradients between the Atlantic and Pacific Ocean 
basins lead to wind-driven upwelling of nutrient-rich subsurface 

* Corresponding author at: University of South Carolina, School of the Earth, 
Ocean and Environment, 701 Sumter St EWS 617, Columbia, SC, 29208, USA.

E-mail address: kgibson@geol.sc.edu (K.A. Gibson).
http://dx.doi.org/10.1016/j.epsl.2016.07.039
0012-821X/© 2016 Elsevier B.V. All rights reserved.
waters that support locally high primary productivity (Pennington 
et al., 2006). The impacts of future warming on SLP gradients 
and wind-driven upwelling are uncertain, with conflicting reports 
from different coastal systems (Garcia-Reyes et al., 2015). Con-
tinued warming will almost certainly influence productivity and 
ocean-atmosphere CO2 fluxes in these regions. Reconstructions of 
water column hydrography can be used to assess SLP gradient-
driven changes in upwelling in the past. These changes are key to 
understanding how warming trends will impact productivity and 
changes in the carbon cycle in this region in the future.

Foraminiferal Mg/Ca ratios are a widely used tool for recon-
structing changes in water column temperature. Samples used in 
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Fig. 1. Regional setting for the GoT sediment trap mooring. (A) January 2005 chlorophyll concentrations (http :/ /oceancolor.gsfc .nasa .gov /cms/) associated with a “Tehuanos” 
wind event, with the location of the sediment trap mooring (white triangle). (B) Variation in salinity (WOA 13) throughout the year over the upper 100 m of the water 
column. (C) Biweekly precipitation totals for the study period from the TRMM satellite (Huffman et al., 2007).
the development and calibration of this proxy have come from lab-
oratory culture, sediment traps, plankton tows and core-tops, and 
nearly all regions of the world’s oceans. Consistent throughout all 
of these calibration studies is an exponential Mg/Ca ratio:temper-
ature sensitivity of 8–10% change in ratio per ◦C (Anand et al., 
2003; Bolton et al., 2011; Dekens et al., 2002; Lea et al., 1999;
Martínez-Botí et al., 2011; Mashiotta et al., 1999; McConnell and 
Thunell, 2005; Regenberg et al., 2009). The influences of secondary 
factors such as salinity and carbonate chemistry are still being 
evaluated, and in many cases appear to be species – and/or region-
specific (Arbuszewski et al., 2010; Dekens et al., 2002; Evans et 
al., 2016; Hertzberg and Schmidt, 2013; Hönisch et al., 2013;
Kısakürek et al., 2008; Russell et al., 2004).

In this study we investigate the relationship between water col-
umn hydrography and the δ18O and Mg/Ca signatures of three 
species of planktonic foraminifera, Globigerinoides ruber, Globige-
rina bulloides, and Globorotalia menardii, collected between 2006 
and 2012 from a sediment trap moored in the Gulf of Tehuan-
tepec (GoT), located in the EPWP (Fig. 1). The goal is to estab-
lish the utility of using these species to reconstruct water column 
hydrography and changes in upwelling in this region. Globigeri-
noides ruber records mixed-layer temperatures (Fairbanks et al., 
1982) and is typically found in relatively low numbers through-
out the year in the GoT, only dominating the assemblage during 
El Niño conditions (Machain Castillo, pers. comm.). Globigerina bul-
loides is the most abundant species of foraminifera in GoT surface 
sediments (Machain-Castillo et al., 2008), and is present through-
out the year in sediment trap samples. Therefore, this species 
was selected to provide the most complete temporal coverage for 
this study, despite the fact G. bulloides often displays seasonal 

http://oceancolor.gsfc.nasa.gov/cms/


92 K.A. Gibson et al. / Earth and Planetary Science Letters 452 (2016) 90–103
variability in abundance or depth habitat, migrating between the 
mixed layer and upper thermocline (McConnell and Thunell, 2005;
Wejnert et al., 2010). Globorotalia menardii typically resides be-
tween the mixed-layer and thermocline (Niebler et al., 1999). 
When shell geochemistry is compared among these species, insight 
may be gained into changes in the surface to thermocline temper-
ature gradient during periods of mixing and stratification.

2. Regional setting

In boreal summer, when the Intertropical Convergence Zone 
(ITCZ) is in its northernmost position, the GoT is characterized 
by warm (sea surface temperatures of 29–32 ◦C) and wet condi-
tions. More than 93% of annual precipitation falls between May 
and October, resulting in a decrease in surface salinity of up to 1.5 
units. The Costa Rica Coastal Current (CRCC), which gets its low 
salinity waters from the Equatorial Counter Current, flows north 
along the coast and influences the GoT, contributing to reduced 
summer salinities. In boreal winter, the ITCZ shifts southward and 
northeasterly trade winds prevent the CRCC from reaching the GoT. 
Instead, the California Current moves southward along the coast, 
to the western end of the GoT (Molina-Cruz and Martinez-López, 
1994) and regional conditions are cool and dry.

The most variable feature of winter climate in the GoT is 
“Tehuanos” wind events. These short-lived (several days) but in-
tense (∼15–20 m s−1) events occur with a roughly ten-day peri-
odicity, and lead to turbulent mixing and upwelling of subsurface 
waters, with sea surface temperatures (SST) under the wind jet 
as much as 8 ◦C cooler than surrounding waters (Stumpf, 1975). 
The dominant control on Tehuanos strength and occurrence is the 
wintertime SLP difference between the Gulf of Mexico and the 
Eastern Tropical North Pacific (ETNP). Tehuanos cause shear turbu-
lent mixing-driven increases in productivity and complex patterns 
of cyclonic and anticyclonic circulation within the GoT (Fig. 1a) 
(Liang et al., 2009; Müller-Karger and Fuentes-Yaco, 2000).

Rates of primary production in the GoT are on the order of 
350 g C m−2 yr−1 (Antoine et al., 1996), higher than might oth-
erwise be expected for the oligotrophic EPWP, whose warm sur-
face waters are influenced by neither the Northern Hemisphere 
nor Southern Hemisphere subtropical gyre circulations (Pennington 
et al., 2006). This physical isolation from the major gyre circula-
tion results in poor water column ventilation that, combined with 
high rates of primary production and remineralization of sinking 
organic matter, results in a well-defined oxygen-minimum zone 
(OMZ) between 200–800 m water depth. Reduced oxygen concen-
trations occur at depths of 25–40 m in the GoT, and concentrations 
<0.5 ml/L are observed above 75 m water depth (Perez-Cruz and 
Machain-Castillo, 1990).

3. Materials and methods

3.1. Sediment trap sample δ18O and Mg/Ca analyses

Between February 2006 and May 2012, a sediment trap moor-
ing was maintained by the Universidad Nacional Autónoma de 
México (UNAM) and the University of South Carolina (USC) in the 
GoT (15.6◦N, 95.3◦W). Two sediment traps, at 450 and 550 m 
water depth, collected samples at weekly to biweekly intervals. 
Sediment trap turnaround cruises were limited by ship availability, 
resulting in missed sampling during the summer and data gaps 
within the time series (July 2007, 2008, and 2010, and August 
2006–2009). Sediment trap cups were prepared with a 3% forma-
lin solution and buffered with sodium borate to a pH of 8.0–8.5 
to prevent oxidation of organic matter and associated pH changes. 
The collection periods of the top and bottom traps were staggered, 
and samples from overlapping collection periods are treated as 
replicates.

For samples with ample material, G. bulloides (>150 μm, aver-
age of 85 individuals picked per sample), G. ruber (250–355 μm, 
average of 35 individuals picked per sample), and G. menardii
(300–400 μm, average of 21 individuals picked per sample) were 
picked to yield ∼80–100 μg of material for δ18O analysis and 
∼80–100 μg of material for Mg/Ca analysis. For G. ruber, both G. ru-
ber sensu stricto (ss) and G. ruber sensu lato (sl) were combined 
for analysis, due to low abundance in most samples throughout 
the study period. Variations in both δ18O and Mg/Ca between the 
two morphotypes have been reported (Steinke et al., 2005; Wang, 
2000), although a recent sediment trap study suggests that δ18O
values between the two morphotypes are statistically indistin-
guishable (Thirumalai et al., 2014). Nonetheless, we acknowledge 
combining the morphotypes may contribute to variability in the 
G. ruber analyses.

Prior to δ18O analyses, samples were briefly (30 s) sonicated 
in methanol and dried at 40 ◦C. Samples were run on a GV Iso-
Prime Isotope Ratio Mass Spectrometer equipped with a Multicarb 
sample preparation system, corrected to NBS-19 or an in-house 
Carrera Marble standard, and reported relative to Vienna Pee Dee 
Belemnite (V-PDB). Long-term instrument precision is ±0.06� for 
δ18O (±1σ) and sample reproducibility, based on duplicate anal-
ysis of sample splits is ±0.25� for G. bulloides (n = 87), ±0.25�
for G. ruber (n = 20), and, ±0.21� for G. menardii (n = 31).

Sample preparation for Mg/Ca analysis followed the cleaning 
method of Barker et al. (2003), without inclusion of the reduc-
tive step. Clean samples were dissolved in an appropriate volume 
of 5% HNO3

− to achieve [Ca] ∼80 ppm, and run on a Jobin Yvon 
Ultima Inductively Coupled Plasma-Atomic Emission Spectropho-
tometer. The majority of samples were analyzed for Ca and Mg, 
with Mn and Fe added to later runs to monitor for contamina-
tion. Two samples had Mn/Ca ratios >0.100 μmol/mol, above the 
accepted threshold for contamination, and were not included in 
the final time series. Samples were corrected to an internal stan-
dard (SCP-19) run between every sample, and the interlaboratory 
standard ECRM 752-1 was analyzed for run validation. Instru-
ment precision is ±0.04 mmol/mol for Mg/Ca, ±0.01 for Fe/Ca and 
±0.02 mmol/mol for Mn/Ca. Sample reproducibility based on du-
plicate analysis of sample splits is ±0.4 mmol/mol for G. bulloides
(n = 67) ±0.6 mmol/mol for G. ruber (n = 11), and ±0.7 mmol/mol 
for G. menardii (n = 19).

3.2. Scanning electron microscopy and LA-ICPMS analysis

Several specimens of G. bulloides from samples with high 
Mg/Ca ratios (>9 mmol/mol) appeared more thickly calcified 
when viewed under a dissecting microscope. A selection of in-
dividuals from samples with high (>9 mmol/mol), intermediate 
(6–8 mmol/mol), and low (<6 mmol/mol) Mg/Ca ratios were 
examined using scanning electron microscopy (SEM) to investi-
gate variability in calcification and/or morphotype. Samples were 
mounted on carbon tape on SEM stubs, coated in gold, and ana-
lyzed with a Tescan Vega-3 SEM at the USC Electron Microscopy 
Center. Several individuals from each sample were analyzed for 
intrashell element variability at UC Davis using Laser Ablation In-
ductively Coupled Mass Spectrometry (LA-ICPMS).

Prior to LA-ICPMS analysis, individual G. bulloides were cleaned 
in a 1:1 solution of 30% H2O2 and 0.1N NaOH for 10 min at ∼65 ◦C 
to remove remnant organics (Mashiotta et al., 1999), rinsed re-
peatedly in Milli-Q H2O and placed on double-sided carbon tape 
on glass slides with the aperture side up. Trace element pro-
files were obtained using a Teledyne Photon Machines Analyte G2 
193 nm excimer laser with a HelEx dual-volume laser ablation cell 
coupled to an Agilent 7700× quadrupole-ICP-MS. Isotopes (24Mg, 
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Table 1
Equations used to determine calcification depth for G. bulloides, G. ruber, and G. menardii.

Equation Species T
(◦C) =

Calibration temp 
(◦C)

δ18Osw correction 
(VSMOW to VPDB)

Reference

2 N/A 16.9–4.38(δ18Oc–δ18Osw)

+ 0.10(δ18Oc–δ18Osw)2
−0.20� O’Neil et al. (1969)

3 G. ruber (O. universa HL) 14.9–4.80(δ18Oc–δ18Osw) 15–25 −0.27� Bemis et al. (1998)
4 G. ruber 14.2–4.44(δ18Oc–δ18Osw) 16–31 −0.27� Mulitza et al. (2003)
5 G. bulloides 13.2–4.89(δ18Oc–δ18Osw) 15–25 −0.27� Bemis et al. (1998)
6 G. bulloides 14.62–4.70(δ18Oc–δ18Osw) 2–25 −0.27� Mulitza et al. (2003)
7 G. menardii 14.6–5.03(δ18Oc–δ18Osw) 22–29 −0.20� Bouvier-Soumagnac and Duplessy (1985)
8 G. menardii 14.9–5.13(δ18Oc–δ18Osw) −0.27� Spero et al. (2003)
25Mg, 27Al, 43Ca, 44Ca, 55Mn, 88Sr, and 138Ba) were measured us-
ing a rapid peak hopping procedure, and element/Ca ratios for the 
foraminifera were calculated offline in MS Excel, following estab-
lished data reduction protocols (Longerich et al., 1996) that in-
cludes screening for outliers, drift correcting by bracketing samples 
with NIST SRM 610 analyses, and subtracting average background 
counts (calculated with the laser off) from each data point. In ad-
dition to sample analysis, a fossil Orbulina universa was analyzed 
to assess depth profile reproducibility (Fehrenbacher et al., 2015). 
Reproducibility of the mean Mg/Ca ratio of repeat measurements 
of G. bulloides is ∼0.3 mmol/mol and %RSD of repeat measure-
ments is ∼5%. Long-term reproducibility of the mean Mg/Ca ratio 
of repeat analyses of the UCD O. universa (UCD-Ou4) laboratory 
standard is ∼8%. Results from SEM and LA-ICPMS analysis are pre-
sented for representative samples with “low,” “intermediate,” and 
“high” Mg/Ca. These samples were chosen to demonstrate potential 
end members and range of solution Mg/Ca values, shell calcifica-
tion, and geochemical variability.

3.3. Hydrographic datasets

We utilized several datasets representing physical and chem-
ical water column properties. For SST we used Level 3 data 
from the AQUA-MODIS satellite (OBPG, 2002) at a 1 km2 – 
resolution, centered on 15◦38.8′N, 95◦16.9′W (X. Nava, pers. 
comm.). Data are averaged biweekly to match the predomi-
nant trap collection interval. For sea surface salinity (SSS) be-
tween 2011–2012, we used the Aquarius Satellite (PO.DAAC; 
ftp://podaac.jpl.nasa.gov/allData/aquarius/) Level 3 data, at 1◦ res-
olution, centered on 15◦N and 95◦W, averaged biweekly. For 
data prior to 2011, average monthly salinity was calculated from 
World Ocean Atlas (WOA) 05 at 1◦ resolution, centered on 15.5◦N, 
95.5◦W (Antonov et al., 2006), from WOA 13 (Zweng et al., 2013)
at 0.25◦ resolution centered on 15.625◦N, 95.375◦W, and Aquar-
ius SSS. For depth profiles, we used temperature and salinity data 
at 10 m intervals between 0–100 m in the water column from the 
WOA 13 database. Finally, we calculated one year’s worth of sea-
sonal (DJF, MAM, JJA, SON) regional [CO3

2−] and pH values for the 
upper 100 m of the water column with carbon (TCO2 and total al-
kalinity) and nutrient (Goyet et al., 2000) and hydrographic (WOA 
13) data at 15.5◦N 95.5◦W using the CO2SYS program (Pelletier 
et al., 2005), with constants from Mehrbach et al. (1973) modi-
fied by Dickson and Millero (1987) and pH on the Seawater scale 
(mol kg−1 SW).

3.4. Calculating habitat depth and calcification temperatures

To determine calcification depth for each species, we first cal-
culated δ18Osw for water depths between 0–100 m at 10 m inter-
vals, using WOA 13 salinity. Seawater δ18O was calculated using a 
SSS:δ18Osw relationship from the Panama Bight (Benway and Mix, 
2004):

δ18Osw = 0.253 ∗ S − 8.52 (1)
The resultant δ18Osw values agree within an average of ±0.04�
with δ18Osw from the gridded global seawater δ18O database 
(LeGrande and Schmidt, 2006). The δ18Osw:salinity relationship 
should be valid for the mixed layer; however, there is consider-
able variability in salinity in the upper 50 m of the water column 
in the GoT (Fig. 1b), which may introduce some error to our cal-
culations. We then determined predicted equilibrium δ18Ocalcite at 
each depth using several equations that relate calcification temper-
ature to δ18Ocalcite (Table 1). We subtract 0.20–0.27� from δ18Osw
(SMOW) in the temperature:δ18Ocalcite relationship to account for 
differences between the V-SMOW and V-PDB scales for these pa-
leotemperature equations (Bemis et al., 1998).

4. Results

4.1. Foraminiferal δ18O and Mg/Ca

The seasonal range in δ18O is 3.37� (−3.52� to −0.15) for 
G. bulloides, 2.22� for G. ruber (−3.72� to −1.50�), and 2.22�
for G. menardii (−2.59� to −0.37�). The G. bulloides and G. ruber
records generally follow the seasonal pattern of SST, particularly 
at the lower range of δ18O values (Fig. 2a). The lowest δ18O val-
ues for G. ruber and G. bulloides occur between August–October of 
each year, coincident with or just following peak SSTs and precipi-
tation. Highest values are observed in November–December and/or 
February–March of each year, corresponding to the beginning and 
end of the upwelling season. The δ18O values for G. menardii are 
on average, 1.28� higher than the δ18O of the two mixed-layer 
dwellers. Seasonal variability is also observed in the G. menardii
record, with lower values during the summer/fall, and higher val-
ues during the winter/spring.

The Mg/Ca ratios range from 4.32 to 11.08 mmol/mol (aver-
age 6.29 mmol/mol) for G. bulloides, 4.80 to 10.43 mmol/mol for 
G. ruber (average 6.73 mmol/mol), and 2.62–5.01 mmol/mol for 
G. menardii (average 3.42 mmol/mol) (Fig. 2b). As with the δ18O
records, the Mg/Ca records for G. bulloides and G. ruber track each 
other well and display clear seasonal variations, although data 
from the summer months is scarce. The patchy nature of the 
G. menardii Mg/Ca record makes it difficult to comment on sea-
sonal variability, but in general, the amplitude of variation is much 
less for the mixed-layer dwellers.

4.2. SEM images

The photomicrographs of the high (>9 mmol/mol) and inter-
mediate (<6 mmol/mol) Mg/Ca specimens reveal the presence of 
a calcite precipitate on the test surface (Fig. 4b, c). Based on the 
crystal structure, the calcite overgrowth appears to be inorganic 
(Bolton et al., 2011; Hathorne et al., 2009) and is thicker than the 
chamber calcite. This secondary layer is not present in the G. bul-
loides specimen with low Mg/Ca (Fig. 4a). Additional samples with 
Mg/Ca values >6 mmol/mol (not shown) were examined under 
SEM and displayed secondary calcification of varying extent and 

ftp://podaac.jpl.nasa.gov/allData/aquarius/
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Fig. 2. (A) SST (AQUA-MODIS), (B) δ18O for G. ruber (red), G. bulloides (blue), and 
G. menardii (green) with SST in gray, and (C) Mg/Ca for G. ruber (red), G. bulloides
(bulloides), and G. menardii (green) with SST in gray for the full time series. (D) Shell 
weight for G. bulloides (purple) and surface-thermocline δ18O gradient between 
G. ruber/G. bulloides and G. menardii (orange). Higher numbers indicate increased 
stratification. Trend lines are linear regressions. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this arti-
cle.)

thickness, suggesting that secondary alteration of foraminiferal cal-
cite may be pervasive in the GoT.

4.3. LA-ICPMS

The G. bulloides shells analyzed with LA-ICPMS display large 
interchamber element/Ca variability (Fig. 5). Within each shell, 
Mg/Ca ratios generally decrease in subsequent chambers, consis-
tent with previous studies (Anand and Elderfield, 2005; Bolton et 
al., 2011). There is an average 31% reduction in Mg/Ca observed be-
tween the penultimate and final chamber, nearly identical to what 
is seen in G. bulloides tests from the southwest Pacific Ocean (Marr 
et al., 2011). Within each sample, substantial variability (average 
%RSD = 52%) is observed among single-specimen Mg/Ca ratios 
(taken as the average of chambers f through f-2). When the indi-
viduals from a sample are averaged together (n = 3), however, the 
ratios agree very well (average %RSD = 8%) with the ratios from 
samples analyzed via solution based ICP-AES, which each consisted 
of 40–50 dissolved G. bulloides specimens (average %RSD = 7%).

In unaltered samples, Mg/Ca ratios increase toward the inside 
of the chamber, while Sr/Ca, Ba/Ca, and Mn/Ca ratios are low and 
relatively unvarying (Figs. 5a–5d). For altered shells, the inorganic 
precipitate is characterized by Mg/Ca, Mn/Ca, and Ba/Ca values 
that are highly variable and up to an order of magnitude higher 
than ratios in the primary ontogenetic calcite (Figs. 5e–5l). Altered 
shells also display intrashell variability in the Sr/Ca ratios, which 
is atypical for foraminiferal calcite. While the single spot average 
ratios for Mn/Ca in altered foraminifera (0.02–0.05 μmol/mol) are 
higher than those without (0.01–0.03 μmol/mol), they are well be-
low the Mn/Ca threshold for contamination (100 μmol/mol) (Sup-
plementary Content). The Ba/Ca ratios, on the other hand, are 
clearly elevated in the foraminifera with the secondary precipi-
tate relative to those without, and much higher than predicted for 
G. bulloides calcified in open ocean seawater conditions (Hönisch et 
al., 2011).

5. Discussion

5.1. Foraminiferal habitat depths and calcification temperatures in the 
GoT

The ranges in depth habitats based on calculated δ18Osw and 
predicted equilibrium δ18Ocalcite for each species are illustrated in 
Fig. 3. Based on the combined range in values and differences in 
results from equations listed in Table 1, for G. bulloides, we find 
an average calcification depth of ∼30 m and a range of 0–50 m, 
for G. ruber, an average calcification depth of ∼15 m with a range 
of 0–35 m, and an average calcification depth of ∼40 m for 
G. menardii with a range of 15–75 m. These depths put G. ruber
in the mixed layer, G. bulloides in the mixed layer/upper thermo-
cline, and G. menardii in the thermocline, in agreement with ac-
cepted depth preferences for each species (Fairbanks et al., 1982;
Wejnert et al., 2010). As within similar settings characterized by 
seasonal upwelling, G. bulloides appears to migrate slightly deeper 
in the summer (Wejnert et al., 2010). The average calcification 
depth of 40 m for G. menardii is within the thermocline and the 
chlorophyll maximum in the GoT, consistent with the observations 
of Fairbanks et al. (1982).

None of the published relationships between Mg/Ca and calci-
fication temperature used here yield temperatures that correspond 
to predicted calcification depth for any of the species (Supple-
mentary Content, Fig. S1). The raw Mg/Ca ratios for both G. bul-
loides and G. ruber in the GoT are somewhat higher than re-
ported in other studies (Anand et al., 2003; Cléroux et al., 2008;
Dekens et al., 2002; Elderfield and Ganssen, 2000). Consequently, 
depending on the calibration used, for G. ruber, Mg/Ca tempera-
tures overestimate SST by an average of 0.2◦–6.5 ◦C (maximum of 
14 ◦C), while the regressions for G. bulloides display a wide variabil-
ity of temperature ranges (Supplementary Content, Fig. S1). The fit 
between Mg/Ca-based temperatures and surface/mixed layer tem-
peratures for all of the existing equations is poor (r2 = 0.07 for 
G. ruber and r2 = 0.15–0.17 for G. bulloides).

Only one study has generated a species-specific equation for 
G. menardii (Eq. (22), Regenberg et al., 2009). The other two are 
from multi-species equations. Equation (22) (Regenberg et al., 
2009) and eq. (24) (Anand et al., 2003) result in temperatures that 
agree well with one another, but not with temperature at 40 m. 
Equation (23) (Elderfield and Ganssen, 2000), on the other hand, 
more closely tracks temperature at 40 m. The fit between Mg/Ca-
derived temperatures and temperatures at 40 m for all equations 
is, as with the other two species, poor (r2 = 0.008).

A simple comparison of the δ18O and Mg/Ca data reveals scat-
ter in the relationship between the two, particularly for samples 
with Mg/Ca >7 mmol/mol (Supplementary Content, Fig. S2). This 
scatter could be due to a number of factors, including secondary 
alteration of one or both of the geochemical proxies, and/or a 
strong secondary influence by an environmental factor on either 
δ18O or Mg/Ca in the GoT. In the following sections, we explore 
these scenarios and attempt to resolve the controls on planktonic 
foraminiferal geochemistry in this region.
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Fig. 3. Average habitat depth for G. bulloides, G. ruber, and G. menardii based on δ18Ocalcite:temperature relationships found in Table 2. Gray contour lines indicate predicted 
equilibrium δ18Ocalcite at 10 m-intervals based on temperature and calculated d18Osw for each depth interval (depths top and bottom isopleth indicated). Black dashed lines 
represent average δ18Ocalcite per month for each species over the full time series, while error bars indicate the range of δ18Ocalcite within each month over the full length of 
the time series. Sources for each temperature:δ18Ocalcite relationship is indicated. Note the change in y-axes for the O’Neil et al. (1969) regressions.
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Fig. 4. Test textures of G. bulloides with low (<6 mmol/mol), intermediate (6–9 mmol/mol) and high (>9 mmol/mol) Mg/Ca ratios. Specimens with lower Mg/Ca ratios (A) 
are noticeably thinner and do not have a secondary precipitate. Specimens with very elevated Mg/Ca ratios (C) are characterized by the presence of a secondary calcite 
precipitate. The individual with an intermediate Mg/Ca ratio has a thin layer of secondary precipitate on the inner surface of its test (B) (indicated by white arrows), with 
a similar, although finer texture to the precipitate found in (C). Additional SEM results of individuals from samples with low, medium, and high Mg/Ca ratios (not shown) 
confirm variation in the thickness and spatial extent of the secondary calcification, suggesting a range of alteration that may influence much of the Mg/Ca data we present 
here. Note the change in scale in image A.
5.2. Influences on foraminiferal δ18O in the GoT

5.2.1. Seasonal upwelling and δ18Osw variability
The GoT experiences turbulent mixing and upwelling of subsur-

face waters. Nevertheless, we use a single relationship to calculate 
δ18Osw from salinity (Fairbanks et al., 1982), which does not con-
sider differences in SSS vs δ18Osw between water sources. For in-
stance, water masses in the upper water column of the GoT are 
Equatorial Surface Water (ESW) and Subtropical Subsurface Water 
(SSW) (Machain-Castillo et al., 2008), the latter of which originates 
in the South Pacific and is characterized by a salinity maximum 
and different freshwater end member. In the GoT, ESW is typically 
found in the upper 55–70 m of the water column although during 
the winter and spring, ESW shoals to 35–50 m (Machain-Castillo 
et al., 2008).

To evaluate the potential impact of seasonal upwelling of SSW 
on our depth habitat calculations, we use a δ18Osw:salinity re-
lationship for subsurface waters (40–400 m) from the Panama 
Bight (1–10◦N; 75–90◦W) (Benway and Mix, 2004), and compute 
equilibrium δ18Ocalcite for the winter months with a SSW δ18Osw. 
Benway and Mix (2004) report that this water mass upwells in the 
eastern equatorial Pacific and Costa Rica Dome, so it may be ap-
propriate for calculating SSW δ18Osw here.

δ18Osw = 0.424 ∗ S − 16.5 (25)
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Fig. 5. LA-ICPMS Mg/Ca, Sr/Ca, Ba/Ca, and Mn/Ca results for G. bulloides specimens from samples with high, intermediate and low solution Mg/Ca ratios. A, B, C, and D: 
Chamber profiles (f-2 and f-3) for a sample with low solution Mg/Ca ratios and no evidence of secondary calcite. E, F, G, and H. Chamber profiles (f, f-1, and f-2) for an 
individual from a sample with an intermediate solution Mg/Ca ratio and evidence of secondary calcite precipitate. The TE/Ca ratios generally increase with chamber depth, 
and decrease in subsequent chambers. I, J, K, and H. Chamber profiles (f, f-1, and f-2) for an individual from a sample with a high solution Mg/Ca ratio and extensive 
secondary calcite precipitate. Note the scale for the y-axes differs for each plot. The TE/Ca ratios in the altered foraminifera are up to an order of magnitude higher within 
the secondary calcite compared to the primary calcite. Arrows at the top of each panel indicate direction of laser analysis, from the outside to inside of the shell.
Using Eq. (25) to calculate δ18Ocalcite for the upwelling months 
(December–March) results in very little change to calcification 
depths for all three species. Between the surface and 50 m, the 
predicted δ18Ocalcite values decrease by 0.1–0.3�, while below 
50 m water depth, the values change by 0.01–0.02�. These slight 
changes in δ18O have no appreciable influence on calcification 
depth, shifting wintertime habitats by ∼5 m.

5.2.2. pH/[CO3
2−]

Our calculated mixed layer (0–30 m) [CO3
2−] values range from 

∼73–118 μmol/kg, with lower values (73–83 μmol/kg) during the 
winter/spring and higher values (100–118 μmol/kg) during the 
summer/fall. The corresponding pH values are ∼7.6 for the win-
ter/spring, and 7.7–8.0 for the summer/fall. While low compared 
to ambient seawater pH (8.1), these values agree reasonably well 
with recently measured pH values in the GoT (Chapa-Balcorta et 
al., 2015), especially during mixing/upwelling conditions. Between 
50–100 m, [CO3

2−] values are more consistent throughout the year 
and range from ∼54–72 μmol/kg (pH of 7.5–7.6). These results 
are broadly representative of general carbonate chemistry during 
upwelling and non-upwelling seasons, but are unfortunately not 
available in a resolution that allows for comparison with the geo-
chemical data over the full time series.
Studies have noted that as pH/[CO3
2−] decreases, δ18O in sev-

eral species of planktonic foraminifera also decreases (Spero et 
al., 1997; Russell and Spero, 2000). Spero et al. (1997) observe, 
however, that between [CO3

2−] values of 41–100 μmol/kg, there 
is no change in δ13C and δ18O values of their cultured O. uni-
versa. The mixed layer [CO3

2−] concentrations in the summer/fall 
(100–118 μmol/kg) in the GoT are at the low end of the range 
concentrations that are shown to have an influence on δ18O. The 
lowest δ18O values in the GoT time series are found in the sum-
mer/fall months, suggesting perhaps an influence of low [CO3

2−] 
on the δ18O signatures; however, these are the periods of time 
with warmest SSTs and highest precipitation. It is therefore diffi-
cult to decisively determine the influence of pH on δ18O in these 
months. The [CO3

2−] values for the remainder of the year, and in 
subsurface waters, are <100 μmol/kg, the range in which no clear 
relationship between [CO3

2−] and δ18O is observed.

5.3. Influences on foraminiferal Mg/Ca in the GoT

5.3.1. Temperature
Because temperatures derived using published Mg/Ca calibra-

tions do not agree with our calculated habitat temperatures, we at-
tempted to generate site-specific Mg/Ca:temperature relationships 
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Fig. 6. Relationships between Mg/Ca and average calcification temperature for each species in the Gulf of Tehuantepec. Note the change in scales among plots. Calcification 
temperature for each species are based on their average calcification depth, calculated in Section 3.4. Because subsurface hydrographic data are only available as one data 
point per month, the Mg/Ca data for each species were averaged to one data point per month (D–F). The range in Mg/Ca variability for each month is represented by error 
bars. Relationships between Mg/Ca and temperature for all plots were generated using an exponential fit. (A) All G. ruber Mg/Ca and SST (MODIS AQUA). (B) All G. bulloides
Mg/Ca and temperature at 30 m water depth (WOA 13). (C) All G. menardii Mg/Ca and temperature at 40 m water depth (WOA 13). (D) Average Mg/Ca data for G. ruber and 
average SST data per month. (E) Average Mg/Ca data for G. bulloides and average temperature data at 30 m per month. (F) Average Mg/Ca data for G. menardii and average 
SST data at 40 m per month. Goodness of fit, preexponential, and exponential constants for each species improve relative to published values with the average values.
(Fig. 6). For each species, we compared Mg/Ca ratios to tempera-
ture data at their average δ18O-based calcification depths. While 
the SST record is at biweekly resolution, our subsurface hydro-
graphic data is only available at monthly resolution. We there-
fore average all hydrographic data to monthly resolution for ease 
of comparison, although this predictably smooths out any higher 
resolution variability. Several CTD casts were taken during sedi-
ment trap turnaround cruises; however, the cruises were restricted 
mostly to the summer months (August 2008, 2011; September 
2006, 2009, 2010), with one winter cast (February 2006).

The agreement between WOA 13 and the CTD data is reason-
able for the summer months: (±0.3 ◦C to ±1.3 ◦C over the upper 
40 m). For February, the CTD data are 2–4 ◦C higher than the WOA 
13 data. With only one winter CTD cast during the six-year span 
of the sediment trap deployment, it is difficult to reconcile this 
mismatch, but additional subsurface temperature data would un-
doubtedly improve our calibration efforts. In order to make our 
geochemical records comparable to the subsurface temperature 
data, we averaged the Mg/Ca data to a monthly resolution, with 
the range in Mg/Ca variability in each month represented by er-
ror bars (Fig. 6d–f). For comparison, the fits between temperature 
and unaveraged Mg/Ca data for each species are also plotted in 
Fig. 6 (a–c). Averaging the Mg/Ca data improves r2 values for the 
relationships, but does not strongly influence pre-exponential and 
exponential constants for each regression (Fig. 6).

Our regressions between Mg/Ca and temperature for all three 
species are poor. For G. ruber, our relationships suggest a tem-
perature dependence of ∼3% (Fig. 6a, d), much lower than the 
canonical 8–10%. The relatively poor fit between SST and G. ru-
ber Mg/Ca (r2 = 0.07–0.17) is not improved by plotting the Mg/Ca 
data with temperatures at depth.

The relationship between Mg/Ca and G. bulloides at its average 
habitat depth of 30 m (Fig. 6b, e) is somewhat better (r2 = 0.27), 
particularly for the averaged data (r2 = 0.67). Both preexponen-
tial (0.89 and 1.19) and exponential (0.07) constants are in better 
agreement with other studies (Table 2). For the averaged data, the 
best fit is observed at 40 m water depth (r2 = 0.79). Temperatures 
in the upper 30 m of the water column exceed 29 ◦C in the GoT, 
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Table 2
Equations used to estimate calcification temperature from Mg/Ca for G. ruber, G. bulloides, and G. menardii.

Mg/Ca = B exp(AT)

Eq. number Species Source Size fraction B A Max Temp. 
(◦C)

Min Temp. 
(◦C)

Avg offset 
(◦C)

Reference

9 G. ruber Sed Trap (NE Pac) 212–355 μm 0.69 0.068 40.9 28.6 5.0 McConnell and Thunell (2005)
10 G. ruber Core Top (SCS) 250–350 μm 0.38 0.089 37.9 32.2 3.8 Hastings et al. (2001)
11 G. ruber Core Top (Trop Pac) 250–350 μm 0.30 0.089 40.6 34.8 6.5 Lea et al. (2000)
12 G. ruber Core Top (N Atl) 250–350 μm 0.38 0.090 37.5 31.8 6.1 Dekens et al. (2002)
13 G. ruber Core Top (Trop Atl) 355–400 μm 0.40 0.940 35.4 29.9 7.4 Regenberg et al. (2009)
14 G. ruber Culture >500 μm 0.50 0.080 38.8 32.4 4.0 Kısakürek et al. (2008)
15 G. ruber Sed Trap (N Atl) 250–350 μm 0.34 0.102 33.5 28.62 6.3 Anand et al. (2003)
16 G. bulloides Culture – 0.510 0.104 29.8 20.6 3.0 Lea et al. (1999)
17 G. bulloides Culture + Core Top (Ind/Pac) 250–350 μm 0.470 0.108 29.5 20.7 3.0 Mashiotta et al. (1999)
18 G. bulloides Core Top (N Atl) 250–350 μm 0.780 0.082 32.4 20.1 1.8 Cléroux et al. (2008)
19 G. bulloides Core Top (N Atl) 300–500 μm 0.810 0.081 32.3 20.1 2.0 Elderfield and Ganssen (2000)
20 G. bulloides Sed Trap (NE Pac) 212–355 μm 1.200 0.570 39.0 22.5 1.7 McConnell and Thunell (2005)
21 G. bulloides Sed Trap (NE Pac) 300–450 μm 0.690 0.090 36.4 22.8 0.9 Pak et al. (2004)
22 G. menardii Core Top (Trop Atl) 355–400 μm 0.36 0.910 28.9 21.8 2.9 Regenberg et al. (2009)
23 G. menardii Core Top (N Atl) – 0.65 0.085 22.7 16.2 2.6 Elderfield and Ganssen (2000)
24 G. menardii Sed Trap (N Atl) 350–500 μm 0.38 0.090 28.7 21.4 2.9 Anand et al. (2003)

SST 32.1 22.1 MODIS AQUA
Temp. at 30 m 29.3 25.3 WOA 13
Temp. at 40 m 27.3 18.9 WOA 13
a range at which scatter in the Mg/Ca:temperature relationship in 
G. bulloides has been observed in previous studies (Elderfield and 
Ganssen, 2000). McConnell and Thunell (2005), however, found the 
relationship between Mg/Ca and temperature in G. bulloides to re-
main robust at that temperature range (>29 ◦C).

Finally, we observe no correlation between G. menardii Mg/Ca 
and temperature at 40 m water depth (r2 = 0.01) (Fig. 6c, f). The 
fit is not improved when calcification depth is shifted up or down 
by as much as 30 m. Based on the δ18O data, G. menardii appears 
to maintain a fairly constant depth throughout the year (40 m), 
and so would be exposed to an annual temperature range of 9 ◦C 
(18.3–27.3 ◦C).

5.3.2. Salinity
The influence of salinity on foraminiferal Mg/Ca has been an 

actively debated topic in the field in recent years. Most culture 
studies have shown that Mg/Ca increases by 4–8% per salinity unit 
(Hönisch et al., 2013; Kısakürek et al., 2008; Lea et al., 1999). 
Although results from some field-based studies have suggested a 
much larger influence (15–57% increase per salinity unit) of salin-
ity on shell Mg/Ca (Arbuszewski et al., 2010; Ferguson et al., 2008), 
reexamination of study sites, samples, and/or methods has resulted 
in alternate explanations for elevated Mg/Ca ratios (Hönisch et al., 
2013). These include variable calcite preservation within a single 
ocean basin (Hertzberg and Schmidt, 2013), and changes in seawa-
ter carbonate chemistry (van Raden et al., 2011).

To evaluate the potential influence of salinity on Mg/Ca in 
the GoT, we calculated “excess Mg/Ca” – the difference between 
measured Mg/Ca and expected Mg/Ca based on calcification tem-
perature. To calculate calcification temperature, we used eq. (4) 
(Mulitza et al., 2003), eq. (6) (Mulitza et al., 2003), and eq. (8) 
(Spero et al., 2003) for G. ruber, G. bulloides, and G. menardii, re-
spectively, and Eq. (1) for calculating δ18Osw. To calculate expected 
Mg/Ca, we used Eq. (24) (Anand et al., 2003) for all three species.

Relationships between excess Mg/Ca and salinity in the GoT 
are inconsistent (Supplementary Content, Fig. S3). For G. ruber and 
G. menardii, we do not observe any relationship between Mg/Ca 
and salinity although, for G. bulloides there is a negative relation-
ship, which is strongest at 20 m water depth (r2 = 0.51). This 
reflects the fact that the highest excess Mg/Ca for G. bulloides oc-
curs during the warmest/wettest months (July–August) in the GoT. 
If salinity and excess Mg/Ca are positively correlated, our data sug-
gest that, at least during the summer, temperature and not salinity 
is the overriding control on Mg/Ca. Negative relationships between 
Mg/Ca and salinity exist for all three species here. Again, this most 
likely reflects the fact that the highest Mg/Ca ratios occur during 
the warmest, wettest months, and precludes salinity as an expla-
nation for the misfit between Mg/Ca and temperature in the GoT.

5.3.3. Seawater carbonate chemistry
Some of the G. bulloides samples with Mg/Ca ratios >9

mmol/mol are from the transition periods into and out of elevated 
productivity, as evidenced by pronounced chlorophyll maxima 
(Fig. 7). These periods occur at the beginning (November) and end 
(March/April) of the upwelling season and contain samples with 
exceptionally high δ18Ocalcite values. If both proxies were recording 
temperature, the Mg/Ca ratios during these intervals would suggest 
temperatures that are 8–11 ◦C higher than typical winter condi-
tions, while the δ18O values would suggest precisely the opposite 
(7–16 ◦C lower). This contradiction indicates the changes in the 
shell geochemistry are not driven by temperature. The salinity dif-
ference between subsurface and surface waters during March/April 
and November is minor (<0.5 units) (Fig. 1b) and is not a likely 
explanation for the elevated δ18O values. Additionally, there is no 
clear relationship between salinity and Mg/Ca in the GoT.

Secondary precipitates (Fig. 4) found on the inner shell surfaces 
of intermediate and high-Mg/Ca specimens of G. bulloides have 
Mg/Ca, Mn/Ca, and Ba/Ca ratios up to an order of magnitude higher 
than element/Ca ratios in the primary calcite (Fig. 5). Similar lay-
ers have been observed in fossil foraminifera, with Mg/Ca and 
Mn/Ca ratios elevated relative to primary calcite (Pena et al., 2005;
Regenberg et al., 2007; van Raden et al., 2011). One explana-
tion for these layers on fossil shells is increased carbonate sat-
uration state in bottom and/or pore waters. In euxinic pore wa-
ters of organic-rich sediments, precipitation of inorganic calcite 
is associated with anaerobic remineralization of organic matter, 
which increases porewater alkalinity and facilitates the precipi-
tation of CaCO3 (Reimers et al., 1996). In the Caribbean, coat-
ings on foraminifera that had undergone shallow burial were 
found to have Mg/Ca signatures that were elevated by up to 4–6 
times higher than those of the primary calcite (Regenberg et al., 
2007), attributed to carbonate dissolution and reprecipitation. In 
the Panama Basin, Mn-rich inorganic calcite coatings were found 
on fossil foraminifera that are the result of Mn2+-rich, low oxygen 
conditions, and remineralization of a high organic carbon flux to 
the seafloor (Pena et al., 2005).
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Fig. 7. Mg/Ca, δ18O and Chl-a for G. bulloides for the full GoT time series. Periods of 
peak productivity, indicated by spikes in Chl-a, are often accompanied by samples 
with elevated Mg/Ca and δ18O values, indicated by yellow boxes. Note that the data 
presented in these time periods do not always reflect corresponding Mg/Ca-δ18O
pairs, due to limitations with sample size, but do suggest that multiple samples 
from within each period of high productivity have anomalously high values. The 
representative high, intermediate, and low-Mg/Ca samples from which SEM and LA-
ICPMS data are shown are indicated by light blue diamonds on the top panel. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

Given the low pH and [CO3
2−] in surface and subsurface wa-

ters in the GoT, it at first seems difficult to explain precipitation 
of inorganic calcite. The GoT is characterized by seasonally high 
productivity and remineralization of sinking organic matter that 
leads to suboxic and anoxic conditions in the water column. Al-
though the OMZ is well developed below 200 m in this region, 
oxygen levels begin to decrease as shallow as 25 m water depth, 
which is within the range of habitat depths for all three species 
studied here. During intense mixing events, low oxygen levels 
may occur at even shallower depths. Importantly, such reduced 
oxygen levels are unlikely to affect the survival of these plank-
tonic species (Kuroyanagi et al., 2013). Interestingly, these condi-
tions in the water column parallel those found in the sediment 
column that have been called upon to explain similar alteration 
in fossil foraminifera (Pena et al., 2005; Regenberg et al., 2007;
van Raden et al., 2011). Thus, the high productivity during mix-
ing events may lead to conditions that favor the precipitation of 
TE/Ca-enriched secondary calcite.

The presence of altered foraminifera in samples from the top 
and bottom traps that were collected simultaneously indicates that 
the secondary precipitate we have observed is not an artifact of 
unusual conditions in a single trap cup, although it is possible that 
extended storage in the cups prior to recovery may have helped 
facilitate their precipitation. Measurements of pH in sediment trap 
cups that were buffered with an identical formalin-sodium borate 
solution are routinely carried out on samples from the Cariaco 
Basin, a continental margin site with high rates of primary pro-
ductivity and an anoxic water column. No changes in pH were 
observed for collection periods marked by high fluxes of organic 
carbon flux (Tappa, pers. comm.), suggesting the buffered formalin 
is generally effective in fixing organic matter and preventing large 
swings in carbonate chemistry within trap cups.

The LA-ICPMS and SEM results presented here are not an ex-
haustive representation of altered samples and environmental con-
ditions within this time series. The geochemical signature of the 
high-Mg/Ca specimen is clearly altered by the secondary calcite, 
but not every sample with Mg/Ca >9 mmol/mol occurs during 
a peak in productivity (Fig. 7). Thus, while these periods of high 
productivity may lead to extremes in water chemistry, it is not 
clear that they are necessary to facilitate secondary calcite precipi-
tation. Additionally, although it is thinner, the geochemistry of the 
secondary calcite layer on the specimen with intermediate Mg/Ca 
(Fig. 4 and 5), likely also influences the bulk TE/Ca ratios of the 
sample. Given that ∼40% of our samples have solution Mg/Ca ra-
tios 6–9 mmol/mol, these results imply that nearly half the time 
series could be subject to secondary alteration of some degree. 
Such pervasive alteration could contribute considerably to the mis-
fit between Mg/Ca:calcification temperature in the GoT.

Culture studies have found that decreases in pH and [CO3
2−] 

influence primary foraminiferal shell element/Ca (Lea et al., 1999;
Kısakürek et al., 2008; Russell et al., 2004). For example, Russell et 
al. (2004) found that below 200 μmol/kg [CO3

2−], Mg/Ca in G. bul-
loides increases as [CO3

2−] decreases, while for G. ruber, Kısakürek 
et al. (2008) observe an ∼80% increase in shell Mg/Ca when car-
bonate ion concentration decreases from 200 to 140 μmol/kg.

Russell et al. (2004) found a 16% increase in G. bulloides’ Mg/Ca 
with every 0.1-unit decrease in pH below 8.2. Substituting our cal-
culated pH values (7.6–8.0) into their relationship produces Mg/Ca 
ratios of ∼9 mmol/mol. A recent study by Evans et al. (2016)
confirms the trend of increasing Mg/Ca with decreasing pH for 
multiple species of foraminifera. Using their linear relationship be-
tween pH and excess Mg/Ca (Evans et al., 2016) indicates that up 
to 1.4 mmol/mol of “excess Mg/Ca” in our samples can be ex-
plained by the influence of pH. In the GoT, average excess Mg/Ca 
is 1.09–2.04 for G. ruber and 0.61–1.00 for G. bulloides.

During periods of high productivity, we have cited increased 
carbonate saturation state as an explanation for the Mg-enriched 
secondary precipitate formation. Paradoxically, it seems that low 
pH and low [CO3

2−] in the surface waters could contribute to the 
elevated Mg/Ca ratios that occur outside of periods of high primary 
productivity. Without a more systematic evaluation of the extent 
and nature of the secondary calcite, it is difficult to separate the 
relative impact of the two apparently contradictory mechanisms, 
but it is reasonable to conclude that seawater carbonate chemistry 
significantly influences planktonic foraminiferal Mg/Ca in the GoT.

5.3.4. Secondary calcification and the δ18O signal
If secondary calcification influences the TE/Ca ratios of the 

foraminiferal calcite, it stands to reason the primary δ18O signa-
tures could be altered as well, reducing the reliability of using this 
proxy to reconstruct depth habitats and/or temperatures. Depth 
(and therefore temperature) and carbonate chemistry of the wa-
ter column could influence the δ18O of the secondary precipitate. 
That the precipitate appears to be inorganic should not influence 
the fractionation of δ18O between the calcite and seawater (O’Neil 
et al., 1969).

If the secondary calcite were precipitated under elevated 
[CO3

2−], its δ18O composition could be lower than that of the pri-
mary calcite. Based on the relationships determined by Spero et al.
(1997), an increase of [CO3

2−] from 100 μmol/kg to 200 μmol/kg 
would result in a ∼0.22� decrease in δ18O. This is an ∼1 ◦C 
change in temperature, and is unlikely to substantially alter our 
estimates of calcification depth. As previously noted, there was 
no observed change in foraminiferal δ18O with [CO3

2−] below 
100 μmol/kg.
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Alternatively, if the alteration is occurring at colder tempera-
tures deeper in the water column, the secondary precipitate could 
have a higher δ18O than the primary calcite. There are several 
samples with unusually high δ18O (Fig. 7), but if the isotopic en-
richment is due to temperature, the secondary calcite would have 
formed between 5–10 ◦C, which is lower than WOA 13 tempera-
tures from the upper 100 m of the water column. Given the good 
agreement between habitat depths calculated here and in other 
studies, and the minor (∼1 ◦C) influence that carbonate chemistry 
would have on the secondary δ18O signature, we believe the δ18O
data are fairly robust, with the exception of select outliers during 
periods of high primary productivity.

5.4. Regional and broader implications

The difference between the δ18O values of mixed layer and 
thermocline-dwellers (�18Osfc-thermo) has been used to examine 
changes in water column stratification (Niebler et al., 1999). The 
data for the summer months in the GoT are limited, but the ex-
isting data show that �18Osfc-thermo increases during the summer 
months (Fig. 2d) when the water column is stratified. The gradient 
decreases to as low as zero during the winter months (December 
to February) when the water column is well mixed, suggesting that 
this proxy can be used to detect changes in water column stratifi-
cation in this region.

During El Niño years, there is an increase in average monthly 
wind speed and frequency/strength of Tehuanos events in the 
GoT (Romero-Centeno et al., 2003), which results in a higher fre-
quency and/or duration of mixing events. One strong El Niño event 
(2009/10) occurred during our study period. In our record, the low-
est �18Osfc-thermo is observed during peak El Niño conditions (Feb–
April 2010; Fig. 2d) in agreement with a well-mixed water col-
umn at this time. Interestingly, SSTs are warmer in winter/spring 
of 2010 than in the other winters (Fig. 2) during our study and 
productivity is lower (Fig. 7), in apparent contradiction to typical 
upwelling conditions. During El Niño conditions the relaxation of 
zonal winds results in a deepening of the thermocline in the east-
ern Pacific. This deepening means that even if there is shallow 
wind-driven upwelling in the GoT during El Niño conditions, the 
warmer, nutrient-poor waters from above the thermocline would 
not support high levels of primary production.

Over the duration of the full time series, there appears to be 
a decrease in water column stratification as indicated by a de-
crease in �18Osfc-thermo (r2 = 0.17) (Fig. 2d). To confirm this trend 
is not due to a lack of data from the well-stratified summer 
months in the latter portion of the record, we plotted the change 
in �18Osfc-thermo for each calendar month from 2006–2102 (Sup-
plementary Content, Fig. S4). Over the six-year period, for January–
June and September–November, a decrease in �18Osfc-thermo is ob-
served (r2 = 0.18–0.95). This decrease is particularly evident at the 
start (Oct–Nov) and end (Feb–Apr) of the winter upwelling season. 
While no data exist for July, August is marked by an increase in 
�18Osfc-thermo (r2 = 0.98, n = 3), suggesting an increase in strat-
ification during the middle of the rainy season during the study 
period.

This decreasing trend in stratification is also supported by com-
mensurate decreases in planktonic foraminiferal shell weight for 
G. bulloides, which has been shown to have a positive relationship 
with ambient [CO3

2−] (Russell et al., 2004) (Fig. 2d). A recent study 
has shown that the GoT is a source of CO2 to the atmosphere, with 
a larger ocean-to-atmosphere flux of CO2 during well-mixed condi-
tions (Chapa-Balcorta et al., 2015). The trends in shell weight and 
�18Osfc-thermo suggest increased upward mixing of subsurface wa-
ter, which are higher in DIC and lower in pH than surface waters 
(Chapa-Balcorta et al., 2015), would increase the role of the GoT as 
a source of CO2 to the atmosphere as well as influence seawater 
carbonate chemistry.

6. Summary

In the Gulf of Tehuantepec, G. ruber and G. bulloides record 
mixed layer conditions, and G. menardii calcifies within the ther-
mocline. Differences in δ18O between mixed-layer and thermocline 
dwelling species suggests that turbulent mixing increases during 
El Niño conditions in the GoT, although basin-wide deepening of 
the thermocline results in upward mixing of warm, nutrient-poor 
waters that do not support high primary production. An overall 
decrease in water column stratification combined with a decrease 
in foraminiferal shell weight throughout the study period suggests 
that surface and subsurface [CO3

2−] are decreasing, and the GoT 
may increasingly act as a source of CO2 to the atmosphere if re-
cent trends continue.

In the GoT, we observe poor relationships between plank-
tonic foraminiferal Mg/Ca and calcification temperature. We spec-
ulate that carbonate chemistry exerts an influence on foraminiferal 
TE/Ca in the GoT. First, the low pH and [CO3

2−] concentrations 
in the surface waters of the GoT may exert an influence on pri-
mary calcite Mg/Ca, resulting in a trend of higher Mg/Ca ratios 
for all three species studied here. Additionally, the presence of 
an inorganic layer of abiogenically precipitated calcite, enriched 
in Mg/Ca by up to an order of magnitude relative to the pri-
mary foraminiferal calcite, is found on shells, some of which were 
collected during periods of high productivity. The precipitation 
of this inorganic calcite is similar to what has been observed 
on the seafloor or in sediments, associated with waters that are 
supersaturated with respect to calcium carbonate, often in high-
productivity, low-oxygen environments. The presence of this layer 
in sediment trap samples suggests that the similar precipitate 
found seafloor samples could form in the water column prior to 
deposition on the seafloor.

As seawater carbonate chemistry changes in response to warm-
ing trends, the influence of changing [CO3

2−] on geochemical prox-
ies in foraminifera may become an increasingly important factor to 
consider in paleoreconstructions. This study highlights the poten-
tial for empty foraminiferal shells to be influenced by changes in 
the carbonate saturation state of the water column prior to depo-
sition on the seafloor.
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