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Abstract Magnesium/calcium paleothermometry is an established tool for reconstructing past surface and
deep-sea temperatures. However, our understanding of nonthermal environmental controls on the uptake of
Mg into the calcitic lattice of foraminiferal tests remains limited. Here we present a combined analysis of multiple trace element/calcium ratios and stable isotope (d18O and d13C) geochemistry on the subpolar planktonic
foraminifera Neogloboquadrina incompta to assess the validity of Mg/Ca as a proxy for surface ocean temperature. We identify small size-speciﬁc offsets in Mg/Ca and d18Oc values for N. incompta that are consistent with
depth habitat migration patterns throughout the life cycle of this species. Additionally, an assessment of nonthermal controls on Mg/Ca values reveals that (1) the presence of volcanic ash, (2) the addition of high-Mg abiotic overgrowths, and (3) ambient seawater carbonate chemistry can have a signiﬁcant impact on the Mg/Cato-temperature relationship. For carbonate-ion concentrations of values > 200 lmol kg21, we ﬁnd that temperature exerts the dominant control on Mg/Ca values, while at values < 200 lmol kg21 the carbonate-ion concentration of seawater increases the uptake of Mg, thereby resulting in higher-than-expected Mg/Ca values at
low temperatures. We propose two independent correction schemes to remove the effects of volcanic ash and
carbonate-ion concentration on Mg/Ca values in N. incompta within the calibration data set. Applying the corrections improves the ﬁdelity of past ocean temperature reconstructions.

1. Introduction
Magnesium-to-calcium (Mg/Ca) thermometry is a paleoceanographic proxy used on various geological time
scales (Barker et al., 2005; Lea et al., 2002; Lear et al., 2000). For the planktonic foraminifera Neogloboquadrina incompta, the sensitivity of Mg/Ca to temperature was previously determined by laboratory culturing
experiments (von Langen et al., 2005), core-top sediments (Elderﬁeld & Ganssen, 2000), and sediment trap
time series (Pak et al., 2004). However, current Mg/Ca calibration equations do not include oceanic temperatures below 108C, thereby introducing uncertainties to reconstructions of colder-than-present environments. The limited data at low ocean temperatures originate from the fact that core-top Mg/Catemperature calibrations from the North Atlantic seldom incorporate sample sites north of 608N (Elderﬁeld
& Ganssen, 2000). Sites north of 608N may have been avoided for two reasons: (1) magnesium contamination from volcanic rich sediments near Iceland can compromise the accuracy and precision of Mg/Ca-paleothermometry and (2) several earlier investigations involving sites within the cold temperature habitats of
both N. incompta and Neogloboquadrina pachyderma (sinistral) identiﬁed a departure of the Mg/Ca-temperature relationship in the low temperature range (Hendry et al., 2009; Kozdon et al., 2009; Meland et al.,
2006). Furthermore, it has been hypothesized that in addition to temperature, carbonate-ion concentrations
may exert a strong secondary effect on Mg/Ca, mainly at low concentrations associated with cold sea surface temperatures (Evans et al., 2016; Kisak€
urek et al., 2008; Lea et al., 1999; Russell et al., 2004).
Here we present combined Mg/Ca and stable oxygen isotope (d18O) measurements for N. incompta from a
new data set collected from the subpolar North Atlantic, Icelandic Shelf, and Norwegian Basin, with the aim
of extending the existing Mg/Ca-temperature calibration to explicitly include core-top samples in the low
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temperature range (<108C; Figure 1). The calciﬁcation conditions of most planktonic foraminifera are not
representative of a discrete depth but rather represent the depth range over which calcite is precipitated
during their ontogeny. For this reason, we use a paired geochemical approach to calibrate Mg/Ca of N.
incompta to calciﬁcation temperatures based on d18O measurements from the same samples. While limitations using this approach arise at high northern latitudes, where the d18O values of seawater (d18Osw) are
highly variable in the surface ocean, we can reduce the uncertainty by assuming a discrete calciﬁcation
depth (e.g., hydrographic temperature) as both geochemical proxies imprint the same ocean temperature
into their foraminiferal test geochemistry. The strength of a core-top calibration study is that samples are

Figure 1. (Map) Map showing the locations of core sites used in this study as well as previously published core-top
records for N. incompta by (Elderﬁeld & Ganssen, 2000; EG) and (Yu et al., 2007; YU). Norwegian Basin (KN177-1; green
upward triangles), Denmark Strait (blue diamonds), subpolar North Atlantic (KN158-4; red circles), Iceland Sea (downward
orange triangles; 64PE341, LCD), and EG and YU (black crosses). Also shown are the two transect lines, (a) centered at
63.58N going from west to east and (b) centered at 258W going from south to north, shown in Figure 5. Map produced
with Ocean Data View (Schlitzer, 2002).
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representative of the dynamic conditions present in the open ocean settings and have undergone similar
depositional processes to those occurring in paleoceanographic down-core records. In contrast, culturebased calibration studies (von Langen et al., 2005) afford the opportunity to isolate the inﬂuence of a single
environmental variable (e.g., temperature), which is more challenging with core-top-based calibrations.

2. Materials and Methods
2.1. Neogloboquadrina incompta Ecology
Darling et al. (2006) show that the right-coiling form of N. pachyderma (dextral) is a genetically distinct species,
with a different ecology and biogeographic distribution from its sinistral-coiling counterpart. We therefore follow
their nomenclature suggestion and adopt the species name N. incompta to refer to the dextral coiling species
for the remainder of this manuscript. N. incompta is a nonspinose species that consists of a macroperforate test
texture with a notable outer crust (Srinivasan & Kennett, 1974). In some species, the formation of an outer crust
is related to gametogenesis, while in others it is thought that outer crust formation is linked to colder temperatures deeper in the water column (Kohfeld et al., 1996; Srinivasan & Kennett, 1974). For N. incompta, it remains
unclear which of the two processes is responsible for the formation of the outer crust. Currently, N. incompta is
present in temperate, subpolar, and transitional water masses of the North Atlantic including the Norwegian
Sea, Denmark Strait, and North Atlantic Current, while a second genotype variety occurs in the North Paciﬁc
(eastern North Paciﬁc and Santa Barbara Channel; Darling et al., 2006). In the North Atlantic, the optimum temperature range for N. incompta is 8.5–21.48C and is further extended to 5.8–23.68C in areas with high carbon

export production rates (Zarić
et al., 2005). According to a sediment trap study from 49811.200 N, 12849.180 W, N.
incompta blooms twice a year at midlatitudes, ﬁrst in early summer (May/June) and again (the main bloom)
between July and September. At higher latitudes, the two peaks merge into one late summer bloom (July–
September) where summer sea surface temperatures (SST) are colder than 13–168C (Chapman, 2010).
Previously, it was suggested that the preferred depth habitat for Neogloboquadrinids is bound to discrete isopycnal surfaces (Kozdon et al., 2009; Simstich et al., 2003). For N. pachyderma (s.), for example, Kozdon et al.
(2009) identiﬁed a narrow isopycnal surface of rt 5 27.7–27.8 as the preferred habitat for this species, suggesting that the density-driven water mass stratiﬁcation is a strong factor in controlling depth habitat. Similarly,
Simstich et al. (2003) demonstrated that the d18Oc values for N. pachyderma (s.) off Norway reﬂect water
depths near and below the pycnocline in the northeastern North Atlantic. When compared to N. pachyderma
(s.), N. incompta has been shown to be more abundant above the pycnocline, preferring shallower and
warmer surface waters (Simstich et al., 2003). N. incompta also exhibits a strong preference for maximum chlorophyll a concentrations in the water column (Kuroyanagi & Kawahata, 2004). The latter observations are in
line with an earlier study linking foraminiferal depth habitat preferences to maximum chlorophyll a concentrations in the North Atlantic water column (Fairbanks & Wiebe, 1980). Maximum chlorophyll concentrations are
generally conﬁned to the top 50 m of the water column north of 408N latitude in the North Atlantic Ocean
(O’Brien et al., 2002; Pattiaratchi et al., 1989), which agrees well with observations of N. incompta favoring
warm stratiﬁed surface waters (Sautter & Thunell, 1989) and high-nutrient environments (Ortiz et al., 1995;
Sautter & Sancetta, 1992). Later in the growing season (September–October), depth habitats of N. incompta
may occasionally extend to 100 m depth due to the onset of wind-induced turbulent mixing of stratiﬁed surface waters and the entrainment of nitrate and chlorophyll into the mixed layer (Schiebel et al., 2001).
2.2. Sample Locations
Norwegian Basin. We selected ﬁve core-top sample sites collected using a multicorer during the KN177-1
(RV Knorr) cruise in 2004. The samples span depths from 967 to 3873 m and provide a depth transect down
the Norwegian continental slope and into the Norwegian Basin (Table 1 and Figure 1). Surface waters at
these sites are controlled by the Norwegian Current. At core sites deeper than 1,300 m planktonic foraminifera are abundant in the sediment (>30% calcium carbonate CaCO3 content), while at sites shallower than
1,300 m the terrigenous component is greater and the CaCO3 content may be as low as 15%. Signiﬁcant
downslope reworking is not observed below 500 m (Mackensen et al., 1985) and modern regional sedimentation rates are generally low (2–6 cm per thousand years; Simstich et al., 2003 and references therein).
Icelandic Shelf and Denmark Strait. Six core-top sample sites were collected from the Icelandic Shelf and Denmark Strait using a multicorer. Four sites are located east of the Reykjanes Ridges and were collected during the
RV Pelagia cruise 64PE341 in 2011, while two core tops west of the ridge on the southern ﬂank of the Denmark
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Table 1
Geographic Locations, Ocean Depths at Core Location, and Sediment Depths Sampled

Lat (8N)

Long
(8W)

Depth
(m)

MC05
MC36
MC56
MC45
MC54
MC48
MC60

60.5
52.4
58.7
53.0
57.0
54.7
60.3

23.5
22.1
25.4
19.8
17.5
18.7
26.6

1,800
4,056
2,765
2,739
1,330
1,095
1,866

MC78
MC83

64.7
63.4

28.6
31.0

64PE341 (2011)

LCD-S1
LCD-S3
LCD-S6
LCD-S7

62.5
63.5
63.5
61.5

16.5
15.5
22.5
24.5

KN177-1 (2004)

MC16B
MC21B
MC24C
MC27B
MC31B

62.5
63.5
64.5
64.5
64.5

21.5
1.5
2.5
3.5
4.5

Cruise

Core

KN158-4 (July 1998)

Sample
depth
(cm)

150–255
(mm)

255–355
(mm)

No. of replica:
Mg/Ca

Subpolar North Atlantic
0–0.5
2
0.5–1.0
3
0.5–1.0
3
0.5–1.0
3
1.0–2.0
3
0.5–1.0
3
0.5–1.0
2
Denmark Strait
1,236
0.5–1.0
3
2,486
0.5–1.0
3
Icelandic Shelf
2,250
0–0.5
4
186
0–0.5
8
316
0–0.5
1
1,628
0–0.5
3
Norwegian Basin
967
0–1.0
1
2,640
0–1.0
1
3,036
0–1.0
1
3,341
0–1.0
1
3,873
0–1.0
3

150–255
(mm)

250–355
(mm)

No. of replica:
d18Oc

0
3
3
3
3
3
0

1
1
1
1
1
1
1

1
1
1
1
1
1
1

3
3

1
1

1
1

1
9
1
4

1
2
1
2

1
2
1
2

1
1
1
1
2

1
1
1
1
1

1
1
1
1
2

Note: Also shown are numbers of replicates analyzed for Mg/Ca and d18Oc, respectively, for each size fraction,
150–255 and 255–355 lm.

Strait were collected during RV Knorr cruise KN158-4 in 1998. All Icelandic Shelf sites are inﬂuenced by the
Irminger Current, which transports North Atlantic water (temperature > 58C, salinities > 34.5&) to the northwest.
Samples located in the Denmark Strait may further be inﬂuenced by the East Greenland Current, which transports colder Arctic waters (temperature 0–28C, salinity 34.9–35&) southward (Hopkins, 1991; Krauss, 1995).
Subpolar and Subtropical North Atlantic. An additional six core-top sites were collected during the 1998 RV
Knorr cruise KN158-4 from sites within the subpolar North Atlantic, and together form a north-south transect from 608N to 52.58N. We also augmented our data set with 35 previously published samples collected
from 62.408N to as far south as 37.108N along the Mid-Atlantic Ridge (Elderﬁeld & Ganssen, 2000; Yu et al.,
2008). In terms of surface water characteristics, the majority of our core locations are inﬂuenced by subtropical and subpolar surface waters supplied by the North Atlantic Current, Irminger Current, and Norwegian
Current (Krauss, 1986, 1995). Notable exceptions are our sites in the Denmark Strait (MC78 and MC83),
which are in close proximity to Arctic water masses passing through the East Greenland Current, and the
westernmost site in the Norwegian Basin (MC31), which may be inﬂuenced by recirculating Arctic water
masses supplied by the East Icelandic Current (Figure 1 and Table 1).
2.3. Sample Preparation
Between 40 and 200 N. incompta individuals were picked from the 255–355 mm test size fraction, along
with 55–400 picked from the 150–255 mm fraction. Test weights were measured using a Mettler Toledo
microbalance with 65 lg accuracy. To determine individual test weights, the total number of individuals
(at least 40) measured was divided by the ﬁnal weight per sample. Foraminifera tests were gently crushed
between two glass plates to facilitate chemical cleaning. Subsequently, fragments were gently mixed with a
000 brush to homogenize the sample, after which three aliquots with approximately 400 mg of CaCO3 were
transferred to acid-leached centrifuge vials. To constrain the variability within a sample set, we included a
high specimen count and took replicates whenever possible. A detailed account of measured replicates is
given in Table 1.
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2.4. Analytical Methods: Paired Mg/Ca-d18O Measurements
Foraminiferal tests were chemically treated following the protocol of Boyle and Keigwin (1985) to remove
clays, organic matter, and metal oxides. The cleaning procedure was further modiﬁed by removing metal
oxides before organic matter, according to Rosenthal et al. (1997). After clay removal (rinsing with Milli-Q
water and glass distilled methanol), one 50–100 lg aliquot for each size fraction was used for stable oxygen
and carbon isotope analysis, generally resulting in at least one isotopic measurement for three replicate
Mg/Ca measurements (see Table 1 for details on replicate analysis for both Mg/Ca and isotopes). The
remaining sample went through the above mentioned cleaning protocols for trace metal analysis. A ﬁnal
dilute-acid (0.001 N HNO3) leach was completed, before samples were dissolved in 100 mL of 0.065 N
(OPTIMAV) HNO3 and diluted with 300 lL 0.5 N (OPTIMAV) HNO3 to obtain a target Ca concentration of
4 6 1 mmol L21.
R

R

Trace elements (Mg, Al, Fe, Sr, U, Mn, B, and Ca) were analyzed at the Department of Marine and Coastal Sciences at Rutgers University using a Thermo Finnigan Element XR Sector Field Inductively Coupled Plasma Mass
Spectrometer (SF-ICP-MS), operated in low resolution (m/Dm 5 300) and medium resolution (m/Dm 5 4,300)
following the methods outlined in Rosenthal et al. (1999) and modiﬁed later for Boron analysis by Babila et al.
(2014). Element-to-calcium (El/Ca) ratios were corrected for the effects of variable sample [Ca] concentrations
by analyzing a suite of six solutions, prepared by diluting an in-house-spiked gravimetric standard (SGS) with
0.5 mM HNO3, to obtain Ca concentrations spanning 1.5–8 mmol L21. This range covers the expected distribution of [Ca] concentrations in our samples. Ultimately, these solutions allow us to quantify and correct for the
effects of variable sample [Ca] concentrations on the accuracy of Mg/Ca measurements (so-called matrix
effect; Rosenthal et al., 1999). Matrix corrections are typically < 0.1 mmol mol21 Mg/Ca, which represents
approximately 5–10% of Mg/Ca values. Analytical precision was determined by repeated analysis of three consistency standards over the course of this study. The long-term precision of Mg/Ca at 1.10, 2.40, and 6.10
mmol mol21 concentrations were 61.5% (RSD), 61.5%, and 61.2%, respectively.
Stable isotope analysis was carried out at the Department of Earth and Planetary Sciences, Rutgers University. Using a common bath introduction system attached to a Micromass Optima mass spectrometer, samples were reacted for 15 min in 908C phosphoric acid. Stable isotope values of calcite are reported in VPDB.
The 1r precision of the NBS 19 standard analyzed during automated runs is 60.05& for d13C and 60.07&
for d18O.

3. Description of Previously Published Geochemical Data
Previously published geochemical data incorporated into our data set were originally reported by Elderﬁeld
and Ganssen (2000) and later supplemented by Yu et al. (2008), who from hereon will be referred to as EG
and YU, respectively. EG made paired measurements of test stable oxygen isotopes (d18Oc) and Mg/Ca values
for 21 core-top samples along a 37.108N–62.408N (transect samples south of 378N were not included in this
study), using approximately 20 N. incompta individuals of 250–355 lm size per sample. Using 60–120 individuals of the same species (size fraction 250–300 lm), YU repeated Mg/Ca measurements for 19 of these core
tops and provided an additional 14 samples that can be paired to the d18Oc values reported by EG. Together,
the EG and YU studies constitute a total of 35 core-top samples from the North Atlantic, and since 19 of the
33 core tops were used in both studies, duplicate Mg/Ca measurements are available for those sites.
A comparison of both the EG and YU data sets reveals that three pairs (out of 19) have signiﬁcantly offset
Mg/Ca ratios, with differences of 0.44, 0.47, and 0.38 mmol mol21 respectively. Consequently, we excluded
these pairs from further calculations. To account for the different foraminifera cleaning protocols employed
by EG (Mg-cleaning; Barker et al., 2003) and YU (Cd-cleaning; Boyle & Keigwin, 1985; Rosenthal et al., 1997),
we reduced Mg/Ca values from the EG data set by 21.5% to obtain the best ﬁt (r2 5 0.65, n 5 51, p 5 0.01)
between the EG and YU Mg/Ca values, with respect to apparent calciﬁcation temperatures (see section 4.1
and supporting information Figure S2). The resultant compiled linear regression between EG and YU Mg/Ca
values has an intercept of 0.02 (60.29) and slope of 0.098 (60.12). Previous reports of offsets due to different cleaning protocols generally range between 10% and 15% when comparing oxidative and combined
oxidative and reductive treatments (Barker et al., 2003; Johnstone et al., 2016; Rosenthal et al., 2004). Furthermore, reduction of Mg/Ca values may occur due to repeated weak acid leach treatments (Barker et al.,
2003), which could account for the observed 21.5% offset.
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In the original publications of EG and YU, apparent calciﬁcation temperatures (ACD) were derived by comparing the measured foraminiferal d18Oc to the predicted d18Oc, assuming equilibrium with seawater d18O
(d18Osw). Surface ocean d18Osw values used by EG and YU were measured during the Actuomicropaleontology Paleoceanography North Atlantic Project II (APNAP) expedition on R/V Tyro (10 April to 1 May 1988).
However, a consistent offset identiﬁed by LeGrande and Schmidt (2006) between d18Osw values collected
during the 1998 APNAP II expedition and other cruise data led to the exclusion of the former from the
Global gridded data set of the oxygen isotopic composition in seawater (LeGrande & Schmidt, 2006). Therefore, we used the LeGrande and Schmidt data set to recalculate ACDs
for YU and EG.

4. Results
4.1. Estimation of Apparent Calcification Depth (ACD) and
Temperature (ACT)
While measured d18Oc values range from 0.99& to 1.96&, we note
that values are consistently lower for larger (255–355 lm) test sizes
than for smaller (150–255 lm) specimens, the average difference
being 0.14 (60.072&; Figure 2). We estimated ACT for all N. incompta
samples (this study, EG, and YU) by comparing the measured foraminiferal d18Oc values to the expected equilibrium values of calcite
(d18Oc) precipitated from seawater. Water-column data needed to calculate d18Oc include temperature, salinity, and d18Osw. We selected
temperature and salinity water-column data from the seasonal June–
July–August (JJA) WOA09 0.58 gridded data set (Antonov et al., 2010;
Locarnini et al., 2010). Speciﬁcally, we employed data from both the
station closest to the core site and from within a 0.58 (longitude and
latitude) radius to more accurately gauge locally averaged temperature and salinity values. The seasonal hydrographic data set was preferred over the annually averaged data set as it is more representative
of the environmental conditions during the growing season of N.
incompta at mid-to-high latitudes. Each site used in this study (including YU and EG) exhibit summer SST values < 158C, indicating that the
geochemical signatures (i.e., Mg/Ca, d18O) recorded in core-top samples should fall in the single late-summer bloom (July–September) as
suggested by Chapman (2010).

Figure 2. Plot depicting the difference in d18Oc ACT, and d13C values between
different size classes. Blue circles represent average values for size fractions
150–255 lm (s, small) and red squares represent average values for size fraction 255–355 lm (l, large). White circles (150–255 lm) and white squares (255–
355 lm) show replica measurements for each site. The shaded areas illustrate
the uncertainty associated with respective measurements (d18Oc5 60.07&;
ACT 5 0.458C; d13C 5 60.05&). The 18 sites are grouped according to region
and then by increasing latitude.

MORLEY ET AL.

To obtain d18Osw depth proﬁles, we used modeled water-column data
from LeGrande and Schmidt (2006). As with WOA09, we retrieved
data from both the closest station to each core site and within a 0.58
radius to provide locally averaged d18Osw values. We then calculated
site-speciﬁc d18Osw-salinity (annual) linear relationships for each core.
For our study, this approach is preferable to using a single North
Atlantic Ocean relationship owing to the often-sharp hydrographic
changes that occur close to mid-to-high-latitude frontal systems. Since
only annual d18Osw data are available, we used the d18Osw-salinity
(annual) linear relationships, along with seasonal WOA09 salinity values, to estimate seasonal (JJA) d18Osw values for each site. This
approach accounts for the importance of using seasonally averaged
data rather than point measured (CTD) or annually derived data to
estimate d18Oc values for core-top samples.
In order to assess which paleotemperature equation is most suitable
for calculating estimated d18Oc values, we evaluated four commonly
used equations, including that developed by Kim and O’Neil (1997)
for inorganic calcite:
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T516:124:64 d18 Oc 2d18 Osw 10:09 d18 Oc 2d18 Osw

(1)

the equation developed by von Langen (2001) for N. incompta via culturing experiments at 9–208C
temperature:


(2)
T517:2ð60:4Þ26:16ð60:6Þ d18 Oc 2d18 Osw
the benthic foraminifera equation developed by Shackleton (1974; modiﬁed after O’Neil et al., 1969):



2
T516:9024:38 d18 Oc 2d18 Osw 10:1 d18 Oc 2d18 Osw

(3)

and the equation developed by Bemis et al. (2002) for low-light conditions in Globigerina bulloides:


T513:424:48 d18 Oc 2d18 Osw

(4)

Using these d18O paleotemperature equations, we determined expected d18Oc depth proﬁles (0–400 m) based on
seasonal (July–September) temperature, salinity, and d18Osw data. Calculations were completed by subtracting
0.27& in order to compare measured d18O values of CO2 produced through the reaction of calcite with H3PO4 to
those of CO2 equilibrated with water (Friedman & O’Neil, 1977). The depth at which the expected equilibrium
d18Oc values matched the measured foraminiferal d18Oc values (determined by linear interpolation) is the apparent calciﬁcation depth (ACD), and the apparent calciﬁcation temperature (ACT) was determined based on temperatures recorded at the ACD. The error associated with ACT depends on uncertainties in the seasonal d18Osw values
(derived from hydrographic data using the LeGrande and Schmidt (2006) WOA09 model set) and the instrumental
precision of d18Oc measurements. As discussed above, N. incompta calciﬁes at or above the pycnocline. At all sites
included in our study, the base of the pycnocline is found above 150 m. The maximal d18Osw change over the
upper 150 m water column is 0.1&, resulting in a maximal error (1r) of 60.48C for isotopic temperatures obtained
over this depth range. The 1r standard deviation from replicate standard measurements (minimum of eight
standards during each run) is routinely 0.07& for d18Oc. Taking each of these uncertainties into account, the upper
error estimate (1r) associated with ACT is 60.458C. The combined maximum error on ACD is 210 m and 116 m,
respectively (see supporting information Figure S1). The slightly larger uncertainties for our upper estimates originate from the fact that the variability in d18Osw increases with proximity to the surface.
Of the four equations tested, only (1) and (2) produce plausible values for ACD and ACT. Equations (3) and
(4) were unable to match the measured and calculated d18Oc for many site and routinely produced ACTs

Figure 3. Sensitivity test for d18O paleotemperature equations. N. incompta d18O (&) values are plotted against (left) ACT
(8C) and (right) ACD (m) for data produced in this study and published previously (Elderﬁeld & Ganssen 2000; Yu et al.,
2008). Orange square symbols show ACT and ACD values using the equation from von Langen (2001) developed for N.
incompta, while blue circles show ACT and ACD values obtained using the equation developed by Kim and O’Neil (1997).
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that are warmer than surface values, which resulted in negative ACD
values. In many cases, ACD values calculated using equation (2) are
unrealistically deep (below the seasonal thermocline), while equation
(1) produces the most consistent ACD for all sites (average
ACD 5 44 6 18 m; Figure 3). The Mg/Ca-temperature sensitivity is
dependent on which d18O paleotemperature equation is selected.
This is especially signiﬁcant at lower temperatures (<128C), where the
measured d18Oc-temperature relationship deviates between equations (1) and (2) (Figure 3). Although equation (2) was developed for
N. incompta, we decided to proceed with equation (1) since calculated
ACDs are more consistent for all sites included in this study. We suggest this result is due to equation (2) having been developed for
Paciﬁc N. incompta in a high temperature range (9–208C), where (1)
and (2) are not statistically different.
4.2. ACDs and ACTs
Assuming that d18Oc corresponds primarily to hydrographic parameFigure 4. Isotopic temperature versus hydrographic temperature at the base of
ters, rather than biologically induced vital effects, we record an averthe seasonal thermocline for all sites. Isotopic temperatures were derived from all
age ACD of 41 6 17 m (average 6 SD) for large and 44 6 16 m for
d18Oc values (including replicates; see Table 1). Sites from the Norwegian Basin
are marked by green upward triangles, sites from the Denmark Strait in blue diasmall specimens. For all samples, the resulting ACTs range between
monds, sites from the subpolar North Atlantic in red circles, and sites from the Ice8.2 and 15.7 6 0.458C. When comparing ACT to the temperature at
land Shelf in downward orange triangles. Samples previously measured by EG
the base of the seasonal thermocline, we note that N. incompta tends
and YU are shown in black crosses. Fractions 150–255 lm are white while size
to calcify just above the base of the seasonal thermocline. However,
fraction 255–355 lm is colored.
with increasing latitude, ACDs appear to decouple from the base of
the seasonal thermocline toward shallower depths (Figure 4). The total range of isopycnal surfaces observed
for all stations and replicate analyses spans rt 5 26.2–27.2 (Figure 5). Therefore, compared to values
reported for N. pachyderma (s.) (e.g., rt 27.7–27.8; Kozdon et al., 2009), N. incompta appears to be somewhat
less partial to a distinct isopycnal surface, instead following latitudinal temperature distributions of the
upper surface waters.

Figure 5. (Hydrography) Hydrographic sections produced with ODV (Schlitzer, 2002) using the WOA 09 (Antonov et al., 2010; Locarnini et al., 2010) seasonal data
set for July to September. (a, c) Centered at 63.58N and integrate seasonal data over a mean width of 750 km and (b, d) use a mean integration window of
1,500 km. Figures 5a and 5b show seasonal temperature distributions for their respective sections over the upper 300 m of surface waters, while Figures 5c and 5d
show neutral density surfaces over same depths range. Black diamonds in all sections represent estimated calciﬁcation depths for each sample (including
replicates) inferred from measured stable oxygen isotopes (see also section 4.1).

MORLEY ET AL.

Mg/Ca-PALEOTHERMOMETRY IN N. incompta

4283

Geochemistry, Geophysics, Geosystems

10.1002/2017GC007111

4.3. Trace Element-to-Calcium Ratios
Mg/Ca values range between 0.89 and 2.55 mmol mol21. In keeping
with an earlier study by Friedrich et al. (2012), we ﬁnd that Mg/Ca values for N. incompta decrease with increasing test size so that consistently lower values are recorded in the smaller size fraction, with an
average offset of 0.11 mmol mol21 (60.071; Figure 6). The relationship
between Mg/Ca and calciﬁcation temperatures for our data set is
shown in Figure 7 alongside previously published data from EG and
YU and von Langen et al. (2005). There is considerable scatter
throughout the data set. Notably, we observe large variations in values for samples collected from the Icelandic Shelf, Denmark Strait,
Norwegian Basin, and MC 48, whereas all values from lower latitudes
fall within the ranges observed previously by EG and YU. For values
below 108C, we observe a distinct departure from the typical Mg/Catemperature relationship, with increasing Mg/Ca values at lower temperatures. This effect is most pronounced in samples from the Denmark Strait region (e.g., MC78 and MC83) and from the Norwegian
Basin (e.g., KN177-1). We also note that Mg/Ca values of samples from
the vicinity of the Icelandic Shelf and from site MC48 are signiﬁcantly
higher than expected given their calciﬁcation temperatures.
To assess possible contamination of Mg/Ca values from clay or clay
derivatives, we routinely measured Al and Fe. A regional analysis of
Mg/Ca, Al/Ca, and Fe/Ca ratios for all sites reveals a signiﬁcant relationship among these three elements for samples collected on or near
the Icelandic Shelf, suggesting the possibility of volcanogenic silicate
contamination in those samples. The slopes of the relationships are
0.43 (60.06) for Mg/Ca versus Al/Ca and 0.40 (6 0.08) for Mg/Ca versus Fe/Ca, with both correlations having the same intercept within
95% CIs (regressions were calculated using values in mmol mol21,
and a graph showing these relationships is provided in supporting
information Figure S3). For the Denmark Strait and Norwegian Basin
sites, Al/Ca and Fe/Ca values are relatively high (i.e., >100
lmol mol21), yet there is no consistent relationship with Mg/Ca, suggesting minimal Mg addition through postdepositional processes. Furthermore, we found no positive relationship between Al and Fe at
these sites, conﬁrming that these elements are derived from clay sources rather than fresh volcanic material (i.e., ash).

Figure 6. This plot shows an assessment of size differences on Mg/Ca, Sr/Ca,
and test weight. Blue circles represent average values for size fractions 150–
255 lm (s, small) and red squares represent average values for size fraction
255–355 lm (l, large). White circles (150–255 lm) and white squares (255–355
lm) show replica measurements for each site. The shaded areas illustrate the
uncertainty associated with respective measurements (Mg/Ca 5 60.02
mmol mol21; Sr/Ca 5 60.015 mmol mol21). For sites from the Icelandic Shelf,
ash-corrected values for Mg/Ca are shown (see Figure 4 for uncorrected values).
The 18 sites are grouped according to region and then by increasing latitude.
The mean weights for size fractions 150–255 and 255–355 lm is 5.47 and 8.75
lg, respectively.

5. Discussion
In the following section, we evaluate the biological and environmental
controls on the Mg/Ca-temperature relationship for N. incompta. First,
we brieﬂy discuss the observed differences in d18Oc and Mg/Ca values
between two different test size fractions, 150–255 and 255–350 lm.
We then provide a detailed assessment of the Mg/Ca-temperature
relationship, which takes into account possible sources of Mg contamination (ash) and the effect of postdepositional dissolution, diagenesis,
and, ﬁnally, the impact of seawater carbonate chemistry on the Mg/Ca
signature.

5.1. Age of Samples
Care was taken to select foraminifera from the topmost sediments in multicores for geochemical analysis.
While we cannot exclude the effects of bioturbation in areas of low sedimentation, we assume that this
approach affords late Holocene foraminifera that can be paired with modern hydrographic data. This
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assumption is supported by other core-top studies that generally
yielded late Holocene calibrated AMS 14C radiocarbon ages for the
top centimeter of multicore tops (e.g., Marchitto et al., 2007; Simstich
et al., 2003 and references therein). If, however, tests grew during signiﬁcantly warmer (e.g., Holocene Thermal Maximum; 10,000–5,000
years ago) times, then we would expect this to be mirrored in oxygen
isotopes values that were used to determine calciﬁcation temperatures. A key strength of the paired geochemical approach is that the
thermal history is embedded similarly in different temperature proxies
(Mg/Ca and d18Oc), thereby resulting in a calibration that reﬂects the
calciﬁcation conditions. The consistent ACDs of 41 6 17 and
44 6 16 m for large and small samples, respectively, and the tendency
for ACTs to follow modern hydrographic proﬁles and latitudinal temperature distributions (Figures 3 and 5), both support the use of this
approach.
5.2. Differences in d18Oc and Mg/Ca Values Between Two Size
Classes
Mg/Ca = 0.66 × e(0.06T)
The difference in d18Oc values between larger and smaller test sizes
n = 171; r 2 = 0.34
translates into overall calciﬁcation temperatures that are 0.43 6 0.358C
warmer for larger specimens. This being said, the observed offset in
d18Oc between the 150–255 and 255–355 lm size fractions is small
but signiﬁcant, as they exceed the measurement errors associated
with d18Oc measurements (i.e., the offsets are larger than 60.072&).
Figure 7. Plot showing uncorrected Mg/Ca values (including all replicates for
However, when considering the errors derived for ACD and ACT (e.g.,
all 18 sites and all size fractions) together with previously published data sets
616 m and 60.458C), the offset is no longer signiﬁcant. In the literafrom EG, YU and von Langen et al. (2005) versus apparent calciﬁcation temperture, possible origins for a size-dependent offset have been proposed
atures derived using d18Oc values. The resultant exponential Mg/Ca-tempera(0.06T)
and explained in relation to environmental factors (e.g., calciﬁcation
ture relationship including all data is weak and follows Mg/Ca 5 0.66 3 e
2
depth) or biologically mediated processes, generally termed ‘‘vital
(n 5 171; r 5 0.34).
effects’’ (Billups & Spero, 1995; Ezard et al., 2015). For nonphotosymbiont-bearing species like N. incompta, vital effects may include the formation of an outer crust,
growth (calciﬁcation) rate, and respiration (Simstich et al., 2003; Spero & Lea, 1996; Srinivasan & Kennett,
1974; Stangeew, 2001).
During gametogenesis, many planktonic foraminifera including non-symbiont-bearing species add an additional layer of calcite to their test as they sink through the water column prior to reproduction (Arikawa,
1983; Be, 1980; Berberich, 1996; Hemleben et al., 1989). This additional calcite or crust is thought to introduce bias to the stable-isotopic signature, toward higher d18O and lower d13C values as this crust is precipitated in deeper, cooler, and nutrient-rich waters (Hemleben et al., 1989; Lohmann, 1995; Schiebel &
Hemleben, 2005). However, Stangeew (2001) reported no correlation between temperature and the formation of an outer crust for N. pachyderma (s), while Sautter (1998) found no correlation between temperature
and encrustation for species of the genus Neogloboquadrina. The absence of either a size effect in d13C (Figure 2) or a size-related relationship between d18Oc and d13C values in this study suggests that, for N. incompta, the formation of a secondary crust does not signiﬁcantly inﬂuence either d18Oc or d13C values. These
observations also reduce the likelihood that changes in calciﬁcation rate (through ontogeny; Berger et al.,
1978; Ravelo & Fairbanks, 1995; Spero & Lea, 1996) or respiration (McConnaughey, 1989) inﬂuence the
recorded isotopic values. The minimal response of the N. incompta growth rate to increasing temperatures
relative to other planktonic foraminifera, and the fact that larger N. pachyderma (s) tests calcify more slowly
with increasing temperatures (Lombard et al., 2009), provides additional support for our interpretation.
Nonetheless, we acknowledge that there is a limited consensus about the inﬂuence of an outer crust on
d18Oc, d13C, and temperature for species of the genus Neogloboquadrina and even less for N. incompta
speciﬁcally.
Thus, in light of the available evidence, we favor the interpretation that larger specimens calcify in slightly
warmer surface waters and smaller specimen in cooler upper thermocline waters, similar to reconstructions
of habitat migration patterns for Neogloboquadrina dutertrei (Eggins et al., 2003). This interpretation also
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aligns with known water-column distributions of most planktonic foraminifera, which stipulate that
larger foraminifera tend to occupy warmer surface waters compared to smaller test sizes (e.g., Schiebel
et al., 2001). We acknowledge that our analysis considers only two size fractions of large range, which
makes it difﬁcult to identify a signiﬁcant size effect for ACD and ACT. Furthermore, the absence of a discernible size effect for d13C may also be due to the small gradient in d13C observed in the surface ocean.
Nevertheless, our interpretation is consistent with observations of cultured N. incompta that record no
signiﬁcant relationship between d18Oc and d13C values (von Langen, 2001). For paleoceanographic
applications, we would thus recommend the use of a narrow size fraction to reduce any size-related variability in ACTs.
Elderﬁeld et al. (2002) hypothesized that increasing test size for both symbiont-bearing and non-symbiontbearing species may be associated with increasing d13C and Mg/Ca but decreasing in Sr/Ca, due to variations in the distribution coefﬁcients of Mg versus Sr at higher calciﬁcation rates. However, Friedrich et al.
(2012) refute this hypothesis as they were unable to reproduce the relationship between Mg/Ca and d13C
for symbiont-bearing or non-symbiont-bearing (e.g., G. bulloides and N. incompta) species. In addition, they
argue that Mg/Ca-derived and d18Oc-derived temperatures follow a 1:1 relationship and show a near proportionate temperature difference for small and large size classes. Similarly, we cannot identify a relationship between Mg/Ca and d13C for each size class, nor do we observe one between Sr/Ca and d13C (Figures 2
and 6).
The average difference in Mg/Ca values between larger and smaller test sizes is 0.065 mmol mol21. Using
a Mg/Ca-temperature sensitivity of 10% per 8C (see equation (5)), this offset translates into an overall temperature increase of 0.5–0.88C for larger specimens (for temperatures of 8–138C). This temperature differential agrees with ACT d18Oc-based estimates, thereby supporting our interpretation that the size-speciﬁc
offsets in Mg/Ca and d18Oc values reﬂect preferred depth habitats rather than biologically induced vital
effects.
5.3. Sediment Contamination: Volcanic Ash
An analysis of Mg/Ca, Al/Ca, and Fe/Ca ratios for all sites reveals a signiﬁcant relationship among these
three elements for the Icelandic Shelf region (e.g., LCD-S1, LCD-S3, LCD-S6, and LCD-S7; Figure 8). Here
volcanic ash/shards are the most likely contaminant since distinct brown and colorless glass shards and
fragments of basaltic rock are present in these core-top samples (Figure 9). The positive correlation
between Fe/Ca and Al/Ca suggests that both Fe and Al in the test reﬂect silicate contamination. The constancy of the molar Fe/Al value 0.89 (60.07) suggests that the composition of the Al-silicate contaminant
is uniform for all core tops (Figure 8). The uniform slopes and intercepts of the correlations between Al/
Ca, Fe/Ca, and Mg/Ca are also consistent with a contaminant characterized by near-constant ratios of
Al:Fe:Mg, such as volcanic Al-silicate debris. The positive Al/Ca intercept of 182 6 41 further suggests that
a small fraction of the Al might be associated with another secondary phase. Finally, the slope of the FeAl relationship is equivalent to an Al2O3-FeO weight ratio of 5:4, which is consistent with the composition of volcanic rocks from southern Iceland (Lackschewitz & Wallrabe-Adams, 1997; Oelkers & Gislason,
2001). We conclude, therefore, that the strong correlation of Mg to Fe and Al indicates that some of the
observed Mg variability is not associated with primary test Mg, but instead reﬂects postdepositional contamination by volcanic phases.
Following Lea et al. (2005), we propose a correction scheme for our Icelandic Shelf samples. This approach
assumes that not all of the Al in the samples, and the accompanying Mg, is test bound and therefore can
be removed by subtraction. To test the validity of this approach, we analyzed multiple 400 mg aliquots/
splits for both size fractions in core tops from three sites on the Icelandic Shelf. Depending on availability
of N. incompta, we were then able to replicate the analysis between 3 and 9 times (Figure 8). If the correction scheme is valid, all repeated samples should end up with the same Mg/Ca value regardless of the
level of contamination. Indeed, the correction scheme produces highly consistent results regardless of Al
or Fe values. The 2r standard deviation for corrected splits is low for all sites and size fractions analyzed,
and the resultant temperatures are within the error of isotopic ACTs (see Figure 8 and Table 2). It is noteworthy that this range in variability is comparable to the natural variability observed in noncontaminated
samples from the North Atlantic data set. We also note that the correction scheme produces similar values for both size fractions. A further advantage of this correction scheme is that it can be applied to
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Figure 8. Assessment of ash correction scheme. (top row) Uncorrected samples from the Icelandic Shelf (downward
orange triangles) together with (red circles) and (top left) E&G (black crosses) versus ACT. In the central Icelandic Shelf,
samples are corrected for ash contamination and the top right graph illustrates the relationship between Fe/Ca and Al/Ca
for samples analyzed. (middle row) All uncorrected Mg/Ca values and their respective temperatures for each of the three
sites (LCD-S1, -S3, and -S7). Also shown are the 2r standard deviations for each measurement. Pink crosses represent replicate samples from the 150–255 lm size fraction and blue squares represent replicate samples from the 255–355 lm size
fraction. (bottom row) We applied the proposed correction scheme to the same samples and the 2r standard deviations
for each sample highlights the reproducibility of the approach.

paleoceanographic down-core reconstructions, since Al and Fe are often routinely measured alongside
Mg in foraminifera tests.
5.4. Postdepositional Dissolution
21
Previous investigations show that calcite dissolution occurring in undersaturated (DCO2–
3 > 0 lmol kg ,
X > 1) bottom waters causes the Mg/Ca ratios of foraminiferal tests to decrease (Brown & Elderﬁeld, 1996;
Dekens et al., 2002; Johnstone et al., 2011; Regenberg et al., 2006). Dissolution of calcite can occur within
the water column, at the water-sediment interface, and within the sediments. To investigate the possible
effects of postdepositional dissolution on N. incompta in the current data set, we plotted bottom water tem2–
perature (WOA09) against bottom water DCO2–
3 for all sites (Figure 10). Calculation of DCO3 for each core
2–
site was accomplished by subtracting the carbonate-ion concentration [CO3 ] at saturation (Jansen et al.,
2–
2002) from in situ [CO2–
3 ] measurements. For computing in situ [CO3 ] values, we used the program
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Figure 9. Images of crushed foraminifera showing dark specks (left) of ash in and around test wall and (right) of ash particles from Iceland samples.

CO2sys.xls (Pelletier et al., 2007), with K1 and K2 reﬁtted by Dickson and Millero (1987) and KSO4 after Dickson (1990).
Only one site falls below the critical threshold of 21.3 6 6.6 lmol kg21, identiﬁed by Regenberg et al. (2014)
as the value at which Mg/Ca is signiﬁcantly inﬂuenced by dissolution (KN177-1 MC31; 5.54 lmol kg21). Mg/
Ca ratios from MC31 are, however, higher than expected based on the calciﬁcation temperature. To further
2–
assess the potential impact of bottom water DCO2–
3 on foraminiferal Mg/Ca, we plotted DCO3 against test
weight (Figure 10; De Villiers, 2005; Rosenthal et al., 2000; Rosenthal & Lohmann, 2002). While we acknowledge that the method used to determine test weights is limited by the accuracy of the scale, we ﬁnd no
relationship between decreasing test weight and decreasing DCO2–
3 for either size fraction (150–255 and
255–355 lm), suggesting that bottom water dissolution is unlikely to have altered the Mg content of tests
used in this study.
5.5. Carbonate Overgrowths/Diagenesis
Differences in pore water chemistry associated with variable sedimentation rates and background lithology,
in particular calcium carbonate content, can inﬂuence foraminiferal Mg/Ca ratios through sediment diagenetic processes. For example, lower bottom water oxygen levels could potentially lead to remobilization of
free metals and postdepositional recrystallization of manganese-rich carbonate phases, which might explain
higher-than-expected Mg/Ca values (Boyle, 1983). If low-oxygen conditions prevailed in sediments, we
would predict a higher concentration of redox-sensitive elements, such as manganese, leading to higher
Mn/Ca values recorded in foraminifera. Therefore, if overgrowths were an issue for any of the core sites, we
would expect lower bottom water oxygen levels to correlate with higher Mg/Ca and Mn/Ca values. For all
sites in our study, bottom water oxygen levels range from 4.44 to 7.04 mL L21 and all Mn/Ca values fall
below 100 lmol mol21. We note that, for oxygen levels below 5.5 mL L21, Mn/Ca values increase with
decreasing bottom water oxygen content, especially at site MC45. Nonetheless, Mg/Ca values for this site
fall within the expected spectrum. Therefore, we assume that Mg/Ca values at MC45 are unaffected by

Table 2
Summary of Ash Correction Scheme (See Also Figure 8)
Mg/Ca(Av)

Site

Size (mm)

No. of
splits

LCD-S1

255–355
150–255
255–355
150–255
255–355
150–255

4
1
9
8
4
3

LCD-S3
LCD-S7

MORLEY ET AL.

2r
Mg/Ca(Av)
(mmol mol21)

Uncorrected
1.29
1.06
1.29
1.51
1.26
1.16

0.13
na
0.23
0.27
0.14
0.41

2r

Corrected
1.15
1.03
1.04
1.05
1.07
0.97
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0.10
na
0.11
0.06
0.06
0.09

Temp(Av)

2r

Temp(Av)
(8C)

Uncorrected
13.00
10.84
13.00
14.71
12.74
11.69

1.12
na
1.92
2.01
1.23
3.79

2r

Corrected
11.69
10.46
10.62
10.74
10.97
9.81

0.96
na
1.18
0.63
0.47
0.97

ACT(iso)
10.75
10.30
10.50
10.28
10.36
9.83
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Figure 10. Assessment of bottom water D carbonate-ion concentration on foraminiferal test weight. (a) Delta carbonateion concentration against bottom water temperatures (WOA 09) for all water-column proﬁles for all stations (gray dots).
We further highlighted bottom water values for the Norwegian Basin (green upward triangles), Denmark Strait (blue diamonds), North Atlantic (red circles), Icelandic Shelf (downward orange triangles), and for the EG and YU data set (black
crosses). (b) We plotted DCO2–
3 against test weight for each sample. The colored symbols represent weights for the 255–
355 lm size fractions and the empty symbols represent weights for the 150–255 lm size fraction. Finally, we inserted the
critical threshold of 21.3 6 0.6 lmol kg21 (hashed area) identiﬁed by Regenberg et al. (2014) below which Mg/Ca values
may be signiﬁcantly inﬂuenced by dissolution.

manganese contamination, as no apparent relationship between Mn/Ca versus Mg/Ca or Mg/Ca versus bottom water oxygen exists (Figure 11).
Foraminiferal tests collected from calcareous sediments of carbonate mounts might be contaminated with
high-Mg abiotic overgrowths acquired on the seaﬂoor. Inorganic calcite precipitated in laboratory studies
contains about an order of magnitude more Mg than planktonic foraminiferal calcite (Baker et al., 1982;
Katz, 1973; Mucci, 1987; Mucci & Morse, 1983). Thus, only a limited amount of overgrowth remaining after
Mg-cleaning procedures would be sufﬁcient to raise Mg/Ca values. Recent investigations in the Mediterranean Sea, using trace metal analysis in conjunction with SEM, suggest that high-Mg overgrowths on foraminifera collected from supersaturated bottom waters may be responsible for elevated Mg/Ca values
(Boussetta et al., 2011; Hoogakker et al., 2009; Reuning et al., 2005; van Raden et al., 2011). Although not all
diagenetic inorganic calcite contains high Mg as the chemical signature is largely a function of the calcium
carbonate type within the sediment column. MC 48 from this study was collected from a carbonate mount
(Rockall Bank) and we record elevated Mg/Ca values (average 36.5%) for both size fractions from this site.

Figure 11. Assessment of (a) Mn/Ca values against Mg/Ca, (b) Mn/Ca against bottom water oxygen, and (c) Mg/Ca against bottom water oxygen. Samples from
the Norwegian Basin are shown as green upward triangles, from the Denmark Strait as blue diamonds, from the North Atlantic as red circles, from the Icelandic
Shelf (uncorrected for ash contamination) as orange downward triangles, and the EG and YU data set is shown as black crosses. Bottom water oxygen content was
obtained from World Ocean Atlas 2009 (Garcia et al., 2010).
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Figure 12. Assessment of inorganic overgrowth on MC48. SEM images of N. incompta. (left) Control image from MC36 (open ocean). (middle and right) MC48
collected in vicinity of a carbonate mount.

Sr/Ca values cannot be used as an indicator for carbonate overgrowth as previously suggested (e.g., Regenberg et al., 2007) because the Rockall Bank site is characterized by hardgrounds, where the porewater Sr/Ca
cannot build up sufﬁciently to form diagenetic calcite with high Sr/Ca values. Accordingly, Sr/Ca values for
MC48 are no different than for other sites included in this study (1.2–1.7 mmol mol21). To investigate the
potential of diagenesis in samples taken from MC48, we prepared several individuals for SEM analyses. The
images (Figure 12) provide evidence for the addition of inorganically precipitated calcite rhombohedrons
on the exterior test walls of specimens. More detailed sampling techniques should be used to validate the
presence of inorganic calcite and whether this translates to variable Mg/Ca phase. Consequently, we
exclude MC 48 from the remainder of the discussion, as Mg/Ca are likely biased by high-Mg overgrowth carbonate phases.
5.6. Seawater Carbonate Chemistry
Planktonic foraminifera culturing experiments reveal a signiﬁcant relationship between carbonate chemistry
(pH and [CO2–
3 ]) and Mg/Ca in several species, resulting in a general increase of Mg/Ca values with decreasing [CO2–
urek et al., 2008; Lea et al., 1999; Russell et al., 2004). This pattern
3 ] values (Evans et al., 2016; Kisak€
implies that absolute Mg/Ca-derived temperatures may be systematically biased to higher values when
ocean pH or [CO2–
3 ] was signiﬁcantly lower than typical modern seawater values. While a carbonate-ion concentration correction is routinely applied to some benthic foraminifera species (Lear et al., 2010; Sosdian &
Rosenthal, 2009; Yu et al., 2010), there remains uncertainty on how (or if) such a correction should be
applied to planktonic foraminifera.
In N. pachyderma (s.), the potential effect of low [CO2–
3 ] on Mg/Ca values was previously hypothesized (Meland et al., 2006) and further discussed in Hendry et al. (2009). In the latter study, authors used B/Ca-derived
[CO2–
3 ] values applying equations developed in Yu et al. (2007) for Globorotalia inﬂata to estimate the impact
2–
of [CO2–
3 ] on N. pachyderma (s) Mg/Ca values. Since [CO3 ] and temperature covary in Margarite Bay, Antarctica, they were not able to isolate the impact of changing [CO2–
3 ] on Mg/Ca as is possible in culturing studies
(Evans et al., 2016; Kisak€
urek et al., 2008; Lea et al., 1999; Russell et al., 2004). As shown in a recent compilation study by Evans et al. (2016), this change in sensitivity is most adequately expressed by a power rather
than a linear function and appears to be valid for multiple planktonic foraminifera species. In practice, this
means that when [CO2–
3 ] and temperature covary, the inﬂuence of carbonate-ion concentration is negligible
at high [CO2–
]
values
(or values > 200 lmol kg21) and temperature dominates Mg/Ca ratios. However, at
3
2–
low [CO3 ] values (e.g., <200 lmol kg21), the inﬂuence of temperature on Mg/Ca is compromised by a
strong carbonate-ion concentration effect.
To estimate the inﬂuence of seawater [CO2–
3 ] on Mg/Ca values for our calibration data set, we propose to
2–
isolate the contribution of [CO3 ] on measured Mg/Ca values. Unfortunately, explicit culture experiments
evaluating the role of [CO2–
3 ] on Mg/Ca in N. incompta have yet to be performed. Therefore, we propose to
derive the Mg/Ca sensitivity to [CO2–
3 ] using water-column data for temperature and carbonate-ion concentration, following a similar approach as described by Evans et al. (2016). First, we normalized measured Mg/
Ca values against predicted Mg/Ca values (e.g., Mg/Ca[T]) by deriving a Mg/Ca-temperature equation for all
21
samples included in this study with [CO2–
3 ] values exceeding 200 lmol kg , as we consider this subset to
2–
be negligibly inﬂuenced by [CO3 ] (see Evans et al. (2016)). This affords the following equation:
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Figure 13. Assessment of the carbonate-ion concentration effect on Mg/Ca values measured on N. incompta. All new samples from this study are shown in blue
diamonds (MC48 in cyan) and the EG and YU data set is shown as black crosses. (a) The distribution of measured Mg/Ca values against ACT. (b) The normalized
21
2–
Mg/Ca values against water-column [CO2–
as this subset is likely to be inﬂuenced
3 ] values. The power function shown applies to [CO3 ] values below 200 lmol kg
2–
by [CO2–
]
(see
Evans
et
al.,
2016).
(c)
The
relationship
between
temperature
and
[CO
]
in
the
water
column
at
apparent
calciﬁcation
depth.
3
3


Mg=Ca½T 50:4eð0:09ACTÞ n5127; r2 50:72

(5)

Similar to Evans et al. (2016), we then derived the relationship between Mg/Ca ratios (Mg/Ca[meas]/Mg/
Ca[pred]) and water-column carbonate-ion concentrations (Figure 13), which provided us with the following
21
relationship for sites where [CO2–
3 ] < 200 lmol kg :


21:433
Mg=Ca½CO3  51837:3 CO22
n5101; r 2 50:54
(6)
3
Finally, we corrected our data set by dividing Mg/Ca[meas] by equation (6) to yield the following correction
equation for the calibration data set (Figure 14):
Mg=Ca½meas 5Mg=Ca½T  3Mg=Ca½CO3


21:433
5 0:4eð0:09ACT Þ 1837:3 CO22
3

(7)

The ﬁnal calibration equation, which includes all corrected values and the culture data set from von Langen
(2006), is

Mg=Ca50:40eð0:09ACT Þ ; n5173; r 2 50:77
(8)
We note that equation (6) is steeper than equations presented in Evans et al. (2016) and propose that the
discrepancy between equations can be explained as a nonlinear response of [CO2–
3 ] on Mg incorporation at
various ambient temperatures. We would predict that at lower temperatures the [CO2–
3 ] ion effect would be
greater than at higher temperatures. This hypothesis needs to be tested in culturing studies, however several lines of evidence support this interpretation. First, a signiﬁcant carbonate-ion concentration effect for
polar and subpolar foraminifera that calcify at low temperatures has previously been hypothesised, and is
evident in several core-top-based calibration data sets (e.g., Hendry et al., 2009; Meland et al., 2006). Second,
to our knowledge none of the core-top-based Mg/Ca calibrations for tropical and subtropical foraminifera
indicate the presence of an [CO2–
3 ] effect on Mg/Ca values at their low temperature range (Anand et al.,
2003; Cleroux et al., 2008; Dekens et al., 2002; Elderﬁeld & Ganssen, 2000; Regenberg et al., 2009). This may
be because the [CO2–
3 ] effect is smaller at higher temperatures in the tropics and subtropics, and that at
these latitudes, temperature exerts the dominant control on Mg/Ca even at low [CO2–
3 ] values. The combination of low temperatures and low [CO2–
]
at
subpolar
latitudes
may
therefore
result
in a much stronger
3
response to low [CO2–
]
values,
which
would
be
evident
by
a
steeper
slope.
Furthermore
such low [CO2–
3
3 ]
simulated in the lab do not exist within the preferred habitat of common tropical species. This limits our
ability to quantify the [CO2–
3 ] ion effect on Mg/Ca from core-top sediments of those genera. To estimate the
uncertainties for derived temperatures associated with this correction scheme, we combined errors
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Figure 14. Mg/Ca values corrected for seawater carbonate-ion concentration. (a) The uncorrected data set and (b) the
corrected values and the calibration equation applied to all samples used in this study and the culture set from von Langen et al. (2005).

21
associated with equation (6), linking Mg/Ca and [CO2–
(1r SD)) to uncertainties asso3 ] (60.118 mmol mol
21
ciated with our calibration equation (5) (60.138 mmol mol (1r SD)), and uncertainties associated with
estimating calciﬁcation temperatures (60.458C (1r SD)). Since all uncertainties are independent from each
other, we applied simple additive error propagation calculations for a ﬁnal estimate of uncertainties associated with predicted temperatures using the proposed correction scheme: 62.788C (1r SD). We stress that
these large uncertainties may originate from the limited data available to estimate the relationship between
Mg=Ca½CO3  for values < 200 lmol kg21, and that future additions to this data set and/or species-speciﬁc
relationships for N. incompta will undoubtedly reduce the uncertainties with this approach.

5.7. Paleoceanographic Implications
The implication of the [CO2–
3 ] control on Mg/Ca values is that the community may have underestimated
cooling episodes during past glacial periods, and possibly also during interglacial cold events (e.g., during
present and penultimate interglacials), using Mg/Ca-derived paleotemperature reconstructions. This under21
estimation is potentially greatest at high latitudes, where [CO2–
3 ] values are often below 200 lmol kg . To
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demonstrate the impact of [CO2–
3 ] on Mg/Ca for records spanning Pleistocene glacial-interglacial time scales,
and to test the validity of our correction scheme, we applied our approach to published down-core data
2–
sets. In order to account for seawater [CO2–
3 ] changes, an independent [CO3 ] proxy is required. A similar
multiproxy approach is employed to disentangle bottom water ocean temperature and [CO2–
3 ] in benthic
foraminifera using B/Ca (Yu & Elderﬁeld, 2008) and Li/Ca (Lear et al., 2010) to estimate past [CO2–
3 ]. Boron/
calcium (B/Ca) in planktonic foraminifera is proposed to reﬂect ambient seawater carbonate chemistry
€nisch, 2012; Howes et al., 2017) and can be routinely measured alongside Mg/Ca, making it an
(Allen & Ho
ideal proxy to evaluate the inﬂuence of past seawater [CO2–
3 ] changes. A fundamental understanding of
noncarbonate controls (e.g., salinity, phosphate, and Bsw) inﬂuencing the B/Ca proxy continues to evolve
and should also be considered when applying this correction scheme. Despite these uncertainties core-top
calibration studies determined similar B/Ca-[CO2–
3 ] sensitivity in the Atlantic Ocean with N. pachyderma (s)
(Yu et al., 2013) and, more recently, in the Paciﬁc Ocean with N. incompta (Krupinski et al., 2017). However,
to our knowledge, there are no paired Mg/Ca and B/Ca paleoceanographic reconstructions currently available for N. incompta with which to test our proposed correction scheme. Instead, we apply our correction to
two previously published records that discussed Mg/Ca-derived temperatures and B/Ca measured on N.
pachyderma (s) (Irvalı et al., 2012; Yu et al., 2013). Considering that the impact of carbonate-ion concentration on Mg/Ca at low temperatures appears to be valid for multiple planktonic foraminifera species (Evans
et al., 2016), we argue that this approach is appropriate. Furthermore, consistent [CO2–
3 ] sensitivities on B/Ca
are observed in both species (Krupinski et al., 2017; Yu et al., 2013). However, the magnitude of change
resulting from the correction needs to be conﬁrmed with species-speciﬁc measurements in culture
experiments.
The ﬁrst down-core application is from the South Iceland Rise (Yu et al., 2013) and covers approximately
7,000 (ka), from 11 to 18 ka, during the last deglaciation. The chronology for the core was provided by Thornalley et al. (2010). For trace metal analysis, approximately 100–200 N. pachyderma (s) tests were picked
from the 150–250 lm size fraction and cleaned according to the Mg-cleaning protocol (Barker et al., 2003).
The data set for the second application was collected from the Eirik Drift, South Greenland (Irvalı et al.,
2012). The record covers 20 ka, from 120 to 140 ka, and spans Termination II into the last interglacial
period. For trace metal analysis, 40 N. pachyderma (s) were selected from the 150–250 lm size fraction
and measured at the Department of Marine and Coastal Sciences, Rutgers University, using a Thermo Finnigan Element XR (SF-ICP-MS) and the same protocols employed in this study.

Figure 15. Down-core applications of carbonate-ion concentration correction scheme showing corrected Mg/Ca values
for sea water carbonate ion. (a) Data published in Yu et al. (2013) and (b) data published in Irvalı et al. (2012).
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We calculate past [CO2–
3 ] values using paired B/Ca values, following relationships established by Yu et al.
(2013) for N. pachyderma (s), and then applied our correction scheme as described above. The results are
shown in Figure 15. Both records show that estimated cooling for abrupt cold events during MIS 5e and the
Younger Dryas may have been underestimated by over 28C. Moreover, the magnitude of SST change over
glacial-deglacial transitions may also have been underestimated due to the sensitivity of Mg/Ca to low
[CO2–
3 ]. Likewise, both the trend and high-frequency variability in subpolar North Atlantic SSTs may have
been underestimated by as much as 2 and 48C, respectively, during the last interglacial. The latter is particularly signiﬁcant as the corrected data document rapid interglacial climate change, for example, at 125.24 ka,
when SSTs dropped by >58C within 100 years and remained low for a millennium. The short centennial
duration of these events, combined with the confounding inﬂuence of [CO2–
3 ] on Mg/Ca-temperature reconstructions, may have reduced our ability to identify the true magnitude of interglacial climate changes.
Applying corrected proxy calibrations in ultra-high sedimentation rate settings, where bioturbative smoothing is minimized, hints that the view of interglacial climate as ‘‘stable’’ may still be presumptuous. Ultimately,
species-speciﬁc equations for N. incompta are needed in order to provide more quantiﬁable estimates of
the effect of [CO2–
3 ] on Mg/Ca for the glacial ocean with acceptable error envelopes.

6. Conclusions
We show that a careful analysis of multiple trace elements and stable isotope geochemistry can provide
valuable new tools to assess the validity of Mg/Ca as a proxy for surface ocean temperature. The multidimensional assessment of the data set presented here provides a means not only to constrain and identify
biological, environmental, and external processes affecting the Mg/Ca signature of planktonic foraminifera,
but also to correct for them. Our results highlight the importance for multiple trace element-to-calcium
ratios including, Al, Fe, Mn, U, Sr, and B/Ca to estimate paleotemperatures more accurately. Our assessment
of the environmental controls on Mg/Ca in N. incompta reveals the following:
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1. Size-speciﬁc offsets in Mg/Ca and d18Oc values are consistent with habitat migration patterns throughout
the life cycle of N. incompta and indicate that larger specimens calcify in warmer surface waters relative
to smaller specimens, which appear to favor the upper thermocline. The observed offset between size
fractions is 0.43 6 0.358C for calciﬁcation temperatures reconstructed from d18Oc values and between 0.5
and 0.88C for calciﬁcation temperatures reconstructed from Mg/Ca values.
2. The contamination of volcanic ash within the test lattice can be effectively removed by subtraction following the method outlined by Lea et al. (2005). The 2r standard deviation for ash-corrected samples is
less than 60.1 mmol mol21.
3. The addition of high-Mg abiotic overgrowths leads to higher-than-expected Mg/Ca values. We identiﬁed
evidence for the addition of inorganically precipitated euhedral calcite on the exterior test walls of specimens collected from MC48, a site located close to a carbonate mount near the Rockall Bank. To differentiate inorganic overgrowth from ontogenetic calcite phases, microsampling techniques could be used to
investigate the chemical composition and structure of these sample specimen further (Eggins et al.,
2003; Jonkers et al., 2016; Sadekov et al., 2005).
4. The seawater carbonate chemistry at calciﬁcation depth proves to have a signiﬁcant impact on the Mg/
Ca-temperature relationship. For values > 200 lmol kg21, we ﬁnd that temperature exerts the dominant
control on Mg/Ca values, while at values < 200 lmol kg21, the carbonate-ion concentration of seawater
increases the uptake of Mg into the test lattice, thereby resulting in higher-than-expected Mg/Ca values
at low temperatures. Our proposed correction scheme successfully removes the carbonate-ion concentration effect from the calibration data set and affords new possibilities to reconstruct the full magnitude
of past ocean cooling.
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