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Abstract

The oxygen and carbon isotopic compositions of benthic foraminiferal tests were measured
on sedimentary sequences retrieved on the Magdalena Margin, off southern Baja California, Mexico. We
reconstruct the hydrographic changes along the water column that occurred in the northeastern tropical
Paciﬁc since the Last Glacial Maximum (LGM) and compare those changes to the ones that occurred in the
northwest Paciﬁc (NWP, i.e., off Japan and Russia), in the northeast Paciﬁc along the Californian Margin,
as well as in the southeast Paciﬁc (off Chile). The foraminiferal δ18O depth proﬁles across the North and
southeast Paciﬁc show similar trends between the LGM and the Holocene, indicating that changes in the
oceanographic conditions between ~400 and 2000 m depth were very similar. Changes in the isotopic
composition of dissolved inorganic carbon (δ13CDIC) in the Baja California Margin since the Last Glacial
Maximum were reconstructed using the δ13C of shallow endobenthic foraminifers U. peregrina and the
epibenthic Cibicides mckannai. The most striking result is a marked shift toward more positive δ13C values
below 1200 m depth in the northeast Paciﬁc (NEP) during the Holocene (relative to the LGM). This observation
suggests that a nutrient-rich water mass ventilated the NEP during the LGM. At a basin scale, the δ13C values
of NEP waters at intermediate depths were more negative relative to the NWP and southeast Paciﬁc during
the LGM, suggesting that the nutrient-rich water column along the NEP (i.e., Baja California Margin) was
conﬁned in that area as observed today.

1. Introduction
The dramatic decrease of atmospheric radiocarbon content that occurred during the last deglaciation led
paleoceanographers to suggest that a large volume of abyssal waters remained isolated from the sea
surface for millennia until the end of the Last Glacial Maximum (LGM) [Denton et al., 2006]. The ventilation of
these abyssal waters, that likely occurred in tandem with other climatic and oceanographic processes
[Broecker, 2009; Hain et al., 2014], had a massive impact on the distribution of oxygen and nutrients on the global
ocean [Jaccard and Galbraith, 2012]. The Paciﬁc is the largest potential abyssal reservoir for glacial nutrient-rich,
radiocarbon, and oxygen-depleted waters. Several studies have reported episodes of deepwater formation in
the North Paciﬁc during the deglaciation [see, e.g., Duplessy et al., 1988; Lynch-Stieglitz and Fairbanks, 1994;
Okazaki et al., 2010; Rae et al., 2014], suggesting that large reorganizations of intermediate and deepwater
masses occurred between the LGM and the Holocene, in association with a transfer of nutrients from the abyss
to the upper 2 km of the Paciﬁc Ocean [Jaccard and Galbraith, 2012].
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Unlike the modern deep Paciﬁc that is relatively chemically uniform, the upper 2000 m host different water
masses, some of which are being impacted by dysoxia and anoxia (Figure 1). In the modern ocean, the oldest
waters are found at ~2000 m depth in the North Paciﬁc, north of 20°N [Matsumoto, 2007; Galbraith et al.,
2007]. These oldest waters are situated just underneath oxygen-depleted, nutrient-rich waters that bath
the entire North Paciﬁc at ~1000 to 1500 m water depth [Kroopnick, 1985; Helly and Levin, 2004] (Figure 1).
While poor ocean ventilation of high-latitude sourced water mass is mainly responsible for oxygen depletion
at those depths in the North Paciﬁc, high primary productivity along the eastern tropical Paciﬁc largely
contributes to the anoxic conditions found along the northwestern America margin in the so-called oxygen
minimum zone (OMZ) [Helly and Levin, 2004; van Geen et al., 2003; Ortiz et al., 2004; Cartapanis et al., 2011].
Such modern oxygen distribution in the Paciﬁc Ocean is faithfully mirrored in the distribution of dissolved
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Figure 1. NW-SE Paciﬁc transection of δ C and oxygen concentration in the Paciﬁc at intermediate depth. The colored stars indicate the location of the key sites on
the map along the transects. Data are from Schmittner et al. [2013].

inorganic carbon δ13C (δ13CDIC) [Kroopnick, 1985], one parameter that tracks changes in oxygen and nutrient
concentrations in the ocean [Kroopnick, 1985] (Figure 1).
In this study we focus on the glacial distribution of δ13CDIC at intermediate depth in the Paciﬁc by reconstructing its distribution along four stations in the Paciﬁc. The δ13CDIC in the ocean is mainly controlled by the balance between the preferential biological uptake of 12C relative to 13C, ocean-atmosphere CO2 exchange at
sea surface, and the decomposition of organic matter in the water column, as well as by large-scale oceanic
circulation at depth [Broecker and Peng, 1982; Schmittner et al., 2013]. Since certain epibenthic foraminifera
such as Cibicidoides and Cibicides species calcify their tests close to the δ13C of the bottom water where they
live [Woodruff et al., 1980; Belanger et al., 1981; Graham et al., 1981; Zahn et al., 1986], their carbon isotopic
composition has been successfully used to reconstruct past ocean circulation [e.g., Duplessy et al., 1984;
Keigwin, 1987; Curry et al., 1988; Duplessy et al., 1988; Oppo et al., 1990; van Geen et al., 1996; Keigwin, 1998;
Stott et al., 1999; Lund and Mix, 1998; Matsumoto and Lynch-Stiegliz, 1999; Matsumoto et al., 2001, 2002;
Curry and Oppo, 2005; Hill et al., 2006; Herguera et al., 2010].
Regional hydrographic reconstructions based on epibenthic foraminifera in the northwest Paciﬁc (NWP)
provided evidence for the existence of a distinct hydrographic boundary at 2000 m depth during the Last
Glacial Maximum (LGM) that separated an upper layer of nutrient-poor (higher δ13C) waters from deeper
nutrient-rich (lower δ13C) waters [Keigwin, 1998; Herguera et al., 1992; Matsumoto and Lynch-Stiegliz, 1999;
Matsumoto et al., 2001, 2002; Herguera et al., 2010]. Because certain environmental conditions such as high
organic matter ﬂux to the seaﬂoor and/or low oxygen concentration preclude the existence of epibenthic
species [e.g., Jorissen et al., 1995], several authors have opted to use endobenthic species (e.g., species of
Uvigerina, Bolivina, and Epistominella among others) to characterize past oceanic circulation after applying
a habitat-dependent isotopic correction factor to the carbon and oxygen isotopic measurements
[Shackleton, 1974; Duplessy et al., 1984; Mix et al., 1991; Lund and Mix, 1998; Kwiek and Ravelo, 1999;
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Anderson et al., 2001; Hall et al., 2001; Katz et al., 2003; Ohkushi et al., 2003]. Generally, pore water δ13CDIC
values rapidly decrease with increasing depth in the sediment within the top centimeter [McCorkle et al.,
1985]. Calcitic tests of infaunal species are therefore expected to generally display lower δ13C values as
compared to epibenthic species [McCorkle et al., 1990] and may alter the integrity of endobenthic
foraminifera δ13C values to reconstruct that of oceanic δ13CDIC.
Using exclusively epibenthic species will however eventually lead to the undersampling of those oceanic
regions where dysoxic conditions are unfavorable to the subsistence of epibenthic species. Yet these oceanic
zones are critical to the understanding of the Paciﬁc OMZ variability, so that further approaches and
application efforts to combine multiple species having contrasting tolerance with respect to bottom water
oxygen content are warranted. In this study we calibrate and carefully use epibenthic and shallow
endobenthic foraminifera stable isotopes to estimate glacial values of δ13CDIC, to visualize the distribution
of glacial Paciﬁc Ocean δ13CDIC. We present new stable isotope records at four sites spanning the
400–~1300 m water depth range along the western margin of southern Baja California, from an area
hereafter referred to as the Magdalena Margin [Ortiz et al., 2004]. The intensity of the OMZ in that area is
particularly pronounced, inhibiting bioturbation over the past ~10 kyr in the depth range of 500–1200 m
[van Geen et al., 2003]. The new stable isotopic records from the OMZ-depth range where U. peregrina and
C. mackannai were present allow us to constrain the oceanographic changes that occurred between the
LGM and the Holocene and to compare it with distant Paciﬁc sites to envision the oxygen and/or nutrient
redistribution that occurred during the last deglaciation in the Paciﬁc Ocean at intermediate depth.

2. Hydrographic Setting
The cores studied here consist of a set of gravity, piston, and multicores that were collected along the western
margin of Baja California in 1999 [van Geen and Scientiﬁc Party R/V Melville, 2001; van Geen et al., 2003], as well
as surface sediments collected in 2006 with a Smith-McIntyre grab sampler. The four coring sites of this study
are located on the open margin (Figure 2) and are presently under the inﬂuence of two water masses. The
North Paciﬁc Intermediate Water (NPIW) is formed today in the Oyashio Front [Talley, 1993], in the Sea of
Okhotsk [Talley, 1991], and the Alaska Gyre [Van Scoy et al., 1991]. At formation site, the NPIW is characterized
by a salinity minimum, elevated oxygen concentration, and a density range of σ Θ = 26.7–26.9 [Reid, 1965].
This density surface is centered on a depth of about 400 m on the Magdalena Margin [van Geen et al.,
2006]. Here the signature of NPIW is eroded from below by mixing with a more saline, oxygen-depleted water
mass of subtropical origin [Schmitz, 1995], the Equatorial Subsurface Water (ESSW), that has been observed to
occur even at 1500 m depth in the ENP [Tsuchiya, 1981]. This water mass ﬂows eastward along the equator
across the Paciﬁc to later veer poleward as an undercurrent in both hemispheres. Although the initial oxygen
content of ESSW is high, much of it is consumed by the time it reaches the Mexican and Peruvian Margins,
mainly by remineralization of organic matter generated in the productive overlying waters [Wyrtki, 1967].
Below ~1200 m depth, the deep Paciﬁc Ocean consists of a water mass of southern origin, the Antarctic
Bottom Water, whose density declines along its northward path as a result of heat diffusion from above,
and geothermal heating from below, that later ﬂows backward as Paciﬁc Deep Water (PDW) before upwelling
at the Antarctic divergence [Emile-Geay et al., 2007]. Around the southern end of Baja California, PDW is
characterized by lower nutrient concentrations than those found at intermediate waters [Bustos-Serrano
and Castro-Valdez, 2006].

3. Methods
3.1. Site Description
Whereas modern salinity is relatively constant (34.52 ± 0.02) within the 400–1300 depth range of the core
sampling sites, the temperature and oxygen content of the water column vary signiﬁcantly with water depth
(Table 1). The water column is suboxic at the two sites where cores MV99-GC31/PC08 and MV99-GC32/PC10
were collected (1 and 2 μmol/kg dissolved oxygen, respectively), whereas oxygen concentration is signiﬁcantly higher at the two deeper sites (11 and 32 μmol/kg and MV99-GC37 and MV99-GC38, respectively).
Laminations are clearly visible in the upper ~3 m of cores GC32 and GC31 (the MV99 cruise label will be
hereon omitted), whereas the sediments in cores GC37 and GC38 are generally homogeneous with some
occasional burrows [van Geen et al., 2003]. Radiocarbon dating indicates that the upper laminated sediments
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Figure 2. Study area with coring sites (white circles) used to reconstruct the hydrography and circulation of the (a) northeastern Paciﬁc. Other sites used in this paper
are also depicted as white squares: (b) northwest Paciﬁc, (c) southeast Paciﬁc, and (d) northeast Paciﬁc, respectively. Surface sediments are marked with black circles
and ID, and core sediments are marked with yellow circles and ID.

in GC32 and GC31 are Holocene in age; sediments in these localities were deposited at an average rate of 22
and 30 cm/kyr, respectively [van Geen et al., 2003]. Radiocarbon dates of the gravity core/piston pairs
GC31-PC08, GC32-PC10, and GC38-PC09 were published in van Geen et al. [2003] and Marchitto et al.
[2007]. By 14C dating of the core tops of GC31, GC32, and GC38, the absolute ages obtained were 0.7 ka,
1.4 ka, and 8.3 ka, respectively. The age model of core GC37 was developed by isotopic stratigraphy by
aligning the δ18O changes recorded in benthic foraminifera from this core with that from the other three
cores where radiocarbon dates are available. Five tie points were used to develop the age model. This

Table 1. Locations, Hydrographic Data, and Sediment Type in Holocene for Magdalena Margin, Baja California
Sur, Mexico
Core Site
GC32, PC10
GC31, PC08
GC37
GC38

CARRIQUIRY ET AL.

Latitude (°N)

Longitude (°W)

Depth (m)

T (°C)

Salinity

Oxygen μmol/kg

Sediment Type

23.61
23.47
23.33
23.22

111.56
111.6
111.02
111.08

433
686
978
1269

8.7
6
4.6
3.5

34.5
34.5
34.4
34.6

1.3
2.3
11.4
32

Laminations
Laminations
Burrows
Homogeneous
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enabled to deﬁne the Holocene/Last Glacial Period boundary (LGP, 10.7 ka) at 90 cm, the LGP/marine isotope
stage (MIS) 3 transition (24.9 ka) at 292 cm, the MIS 3/4 transition (57.3 ka) at 672 0cm, and the MIS 4/5
transition (70.9 ka) at 834 cm. The Last Glacial Maximum (LGM) occurring at 19.2–18.8 ka was identiﬁed at
190–195 cm and exhibits the latest heaviest oxygen isotope event (4.13–4.16‰). We dated the core top
assuming that the upper portion of the core was affected by a sedimentation rate similar than that calculated
during the deglaciation. The extrapolation provides an age of 5.6 ka for the top of GC37.
The surface sediments collected in the depth range of 70–400 m (see Table 1) have not been dated. Previous
analysis conﬁrmed that the grab samples were undisturbed, and only the top 2 cm were collected from the
center of the grab sampler. Assuming that sedimentation rate is 22 cm/kyr (as seen in cores GC32/PC10,
collected at 430 m depth), the extrapolated age for the top 2 cm of the grab samples represents an integrated
period of the last 50 to 100 years.
3.2. Stable Isotope Measurements
Sediment samples were washed and wet sieved at 250, 125, and 63 μm. Foraminifera were picked manually
under a stereoscopic microscope, oven dried, and stored in vials. Before analyses, foraminifera samples were
heated at 350°C in order to eliminate potential organic traces. Between 5 and 11 foraminifera tests within the
125–250 μm size fraction were used for each isotopic analysis.
The δ18O and δ13C of Uvigerina peregrina and Cibicides mckannai (reported in ‰ versus Pee Dee belemnite
(PDB)) were measured using an isotope ratio mass spectrometer (OPTIMA) interfaced with an automated
common acid bath (ISOCARB) at the Instituto de Investigaciones Oceanológicas of the Universidad
Autónoma de Baja California, Ensenada, Mexico. The external precision of the isotopic measurements was
<0.04‰ for both δ18O and δ13C. The isotopic measurements were calibrated against NBS-19 (National
Bureau of Standards) and an in-house working standard (M-IIO). The δ18O and δ13C of U. peregrina, C. mckannai,
and C. wuellerstorﬁ of the surface sediments were measured using a Finnigan Deltaplus V isotope ratio mass
spectrometer coupled to a Gas Bench II, at the Centro Interdisciplinario de Ciencias Marinas’s Stable Isotope
Laboratory of the Instituto Politecnico Nacional (IPN) of Mexico. The precisions of the measurements were
better than 0.05‰ for δ18O and δ13C and were calibrated against a NBS-19 standard.
3.3. Selection of Additional Sites
We built a database of stable isotopic records for 18 sites selected from the NWP (off Japan and Russia), 44 sites
from the northeast Paciﬁc (NEP) (off California, Baja California, and Mazatlan), and 6 sites from the southeast Paciﬁc
(SEP) (off Chile) (Figure 2). The selection of those sites was based on the presence of U. peregrina, C. wuellerstorﬁ, or
C. mckannai and on the existence of radiocarbon dates and oxygen isotope analysis to ensure the sampling of the
Holocene (11 to 0 ka) and Last Glacial Maximum (22 to 18 ka) periods. The resulting compilation has previously
been reported to adequately capture the large-scale variation of the modern hydrography in the NEP as seen in
the spatial distribution of δ13CDIC [e.g., Kroopnick, 1985; Kwiek and Ravelo, 1999; Stott et al., 1999]. Thirteen of the
selected sites are located north of 30°N and range between 950 and 2100 m in depth (with the exception of
core 893A from Santa Barbara Basin). The 28 remaining sites south of 30°N span the 70–2100 m depth range.
There are only three isotopic records consisting of carbon and oxygen isotope records collected from depths
shallower than 1300 m reliable for studying past water mass changes, namely, the Ocean Drilling Program
(ODP) site 893, ODP site 1017, and ODP site 1014. Of these, only ODP site 1014 and ODP site 893A consist in
published carbon and oxygen isotopes for the key period of interest (i.e., Holocene to LGM), while published
isotopic results at ODP site 1017 consist in oxygen isotopes but not of carbon (Table 2).

4. Results
4.1. Interspecies Calibration on the Magdalena Margin
The two species C. wuellerstorﬁ and C. mckannai that are widely believed to form their shells close to oxygen
and carbon isotopic equilibrium with the surrounding environment [Kim and O’Niel, 1997; Stott et al., 1999]
are essentially restricted to bioturbated intervals in the Magdalena Margin cores. U. peregrina was present
throughout the entire length of the cores studied. Cores GC31 and GC32 (Figures 3a, 3b, 3e, and 3f) contain
almost complete Holocene sequences, while cores GC37 and GC38 record only the early part of Holocene
(Figures 3c, 3d, 3g, and 3h). The LGM is recorded in cores PC08, GC37, and GC38 either by U. peregrina and
C. mckannai.
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Table 2. Oxygen and Carbon Stable Isotopes in the Cores of the Magdalena Margin, Southwestern Baja California, Mexico
Core ID
GC32-2-0
GC32-2-20
GC32-2-40
GC32-2-60
GC32-2-70
GC32-2-100
GC32-2-120
GC32-2-140
GC32-1-0
GC32-1-20
GC32-1-65
GC32-1-100
PC10-10-20
PC10-10-60
PC10-9-20
PC10-9-50
GC31-3-10
GC31-3-30
GC31-3-70
GC31-3-90
GC31-3-110
GC31-3-130
GC31-3-150
GC31-2-20
GC31-2-40
GC31-2-60
GC31-2-80
GC31-2-140
GC31-1-20
GC31-1-40
GC31-2-60
GC31-2-80
GC31-2-140
GC31-1-20
GC31-1-40
GC31-2-60
GC31-2-80
GC31-2-140
GC31-1-20
GC31-1-40
GC31-2-60
GC31-2-80
PC8-8-80
PC8-8-100
PC8-8-120
PC8-7-10
PC8-7-30
PC8-7-50
PC8-7-80
PC8-7-100
PC8-7-120
PC8-7-140
GC37-2-0
GC37-2-15
GC37-2-20
GC37-2-30
GC37-2-55
GC37-2-75
GC37-2-95
GC37-2-130
GC37-2-145
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Depth (m)

Age (ka)

δ C

13

δ C

0.26
0.45
0.65
0.85
0.95
1.25
1.45
1.65
1.76
1.95
2.35
2.7
1.84
2.24
2.77
3.07
0.350
0.550
0.950
1.150
1.350
1.550
1.750
1.950
2.150
2.350
2.550
3.150
3.370
3.570
2.350
2.550
3.150
3.370
3.570
2.350
2.550
3.150
3.370
3.570
2.350
2.550
5.12
5.32
5.52
5.91
6.11
6.31
6.61
6.81
7.01
7.21
0.260
0.400
0.450
0.550
0.800
1.000
1.200
1.550
1.700

0.142
0.868
1.909
2.929
3.431
4.905
5.861
6.796
7.301
8.158
9.899
11.353
8.985
10.936
13.521
14.985
0.779
1.464
2.836
3.522
4.207
4.893
5.579
6.264
6.950
7.636
8.321
10.378
11.133
11.818
7.636
8.321
10.378
11.133
11.818
7.636
8.321
10.378
11.133
11.818
7.636
8.321
17.132
17.818
18.504
19.841
20.526
21.212
22.241
22.926
23.612
24.298
5.608
6.738
7.142
7.949
9.966
11.580
13.194
16.019
17.229

0.903
0.771
0.409
0.688
0.834
0.672
0.643
0.622
0.779
0.805
1.042
1.076
1.074
1.318
1.325
1.354
0.095
0.335
0.135
0.285
0.345
0.145
0.125
0.185
0.875
0.635
0.725
1.075
1.295
1.355
0.635
0.725
1.075
1.295
1.355
0.635
0.725
1.075
1.295
1.355
0.635
0.725
0.849
0.658
1.051
1.309
0.942
0.794
0.975
0.940
0.876
0.915
0.534
0.474
0.478
0.565
0.577
0.808
0.806
1.144
0.729

1.860
1.843
1.943
1.913
1.980
2.032
2.035
1.984
2.160
2.284
2.378
2.717
3.061
3.141
3.587
3.641
2.200
2.110
2.100
2.040
2.070
2.070
2.070
2.120
2.210
2.200
2.390
2.450
2.480
2.910
2.200
2.390
2.450
2.480
2.910
2.200
2.390
2.450
2.480
2.910
2.200
2.390
3.591
3.574
3.736
3.826
3.552
3.751
3.785
3.512
3.588
3.746
2.651
2.549
2.521
3.005
3.109
2.946
3.876
3.986
4.131
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Table 2. (continued)
Core ID
GC37-1-5
GC37-1-20
GC37-1-30
GC37-1-50
GC37-1-70
GC38-2-0
GC38-2-20
GC38-2-40
GC38-2-60
GC38-2-80
GC38-2-100
GC38-2-120
GC38-2-140
GC38-1-0
GC38-1-20
GC38-1-40
GC38-1-60

Depth (m)

Age (ka)

δ C

13

δ C

18

1.800
1.950
2.050
2.250
2.450
0.250
0.450
0.650
0.850
1.050
1.250
1.450
1.650
1.760
1.960
2.160
2.360

17.633
19.247
20.054
21.668
23.282
8.379
9.885
11.390
12.896
14.402
15.907
17.413
18.918
19.747
21.252
22.758
24.263

0.636
0.707
1.167
0.855
0.762
0.742
0.791
0.726
0.886
1.072
1.056
0.964
0.815
1.139
1.033
1.141
1.122

4.114
4.161
4.079
4.066
3.983
3.278
3.419
3.651
4.353
3.993
3.892
3.852
3.750
3.988
3.805
3.718
3.816

Contrasting oxygen and carbon isotopic values are commonly found between cooccurring Uvigerina and
Cibicides species and are thought to be linked to a combination of vital and microhabitat effects. A constant
offset of 0.64‰ reported in Shackleton and Opdyke [1973] is a robust feature of interspeciﬁc δ18O difference
between both species. Although this value has recently been suggested by Marchitto et al. [2014] to be lower
(0.47‰) in core top measurements from the Florida Straits and the Arctic Ocean, high-resolution δ18O
records derived from both species from the same sequence have proven the historical value of 0.64‰ to
be remarkably reproducible in the eastern tropical Paciﬁc at intermediate depth [see, e.g., Leduc et al., 2007].
The δ13C offset is not constant between the species, however, and several parameters have been suggested to
alter the interspeciﬁc δ13C offset. In very high primary productivity environments such as the Southern Ocean,
intense ﬂuxes of particulate organic carbon to the sediment can lead to the development of an organic-rich
phytodetritus “ﬂuffy layer” situated just above the sediment-water interface, where epibenthic foraminifera live
[Mackensen et al., 1993]. This layer hosts intense decomposition of organic matter that artiﬁcially lowers the
δ13CDIC of the bottom seawater, leading the epibenthic foraminifera to capture a δ13C from ambient water
anomalously low because of that artifact—the so-called “Mackensen effect” [Mackensen et al., 1993]. This
Mackensen effect has the potential to lower the difference between the δ13C values of C. wuellerstorﬁ and that
of U. peregrina (hereafter referred to as Δδ13Cwuell-pereg) by up to 0.3‰ below the 0.9‰ value initially suggested
by Duplessy et al. [1984]. The Mackensen effect is however generally thought to occur mainly in the South
Atlantic and circum-Antarctic Oceans [Mackensen et al., 2001; Bickert and Mackensen, 2004].
In other regions where high primary productivity prevails, intense decomposition of organic matter within
the sediment can lead to the formation of anomalously 13C-depleted pore water, subsequently lowering
the δ13C signature of endobenthic foraminifera relative to the epibenthic foraminifera [Zahn et al., 1986].
This effect has hence the potential to increase the Δδ13Cwuell-pereg values to up to 1.5‰, i.e., to values higher
by ~0.6‰ higher than those suggested by Duplessy et al. [1984].
More generally, the burial of partially degraded organic matter into the sedimentary column appears to be
the main parameter controlling the composition and the vertical distribution of benthic foraminiferal faunas
below the sediment-water interface [Fontanier et al., 2002]. This effect should also be reﬂected as an increase
in the δ13C gradient between the epibenthic and endobenthic foraminifera if the so-called “microhabitat
effect” was at play at our study site [Fontanier et al., 2006].
Those above-mentioned parameters point to the general difﬁculty to interpret δ13C of U. peregrina that can at
least partly be attributed to the U. peregrina ecology. Pore water δ13CDIC measurements indicate that the
steepest pore water δ13CDIC gradient is always found in the upper 2 cm of sediment [McCorkle et al., 1985],
i.e., within the habitat depth interval of U. peregrina [McCorkle et al., 1997]. Thus, the δ13C of U. peregrina
may be highly sensitive to minor shifts in the vertical δ13CDIC gradient of pore waters that may evolve in
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Figure 3. The δ O and δ C proﬁles of Uvigerina peregrina (corrected, see text, gray and black circles) and Cibicides mckannai (white circles) from the Magdalena
margin. (a and e) Core GC32 and PC10 from 430 m depth. (b and f) Core GC31 and PC08 from 705 m depth. (c and g) Core GC38 from 1200 m depth. (d and h)
14
Core GC37 from 970 m depth. The black triangles in cores GC32 and PC10, GC31 and PC08, and GC38 denote the depth in cores where C dating was performed
18
[from van Geen et al., 2003]. The age model of core GC37 was obtained by comparing the δ O signal with the other cores from the Magdalena Margin.

parallel with changes in organic matter ﬂuxes to the seaﬂoor. In sedimentary environments where oxygen
and food is not limiting, however, U. peregrina can migrate to adapt to the sedimentary environment that ﬁts
best to its optimal environmental conditions in terms of food [Loubere et al., 1995] and oxygen levels [Geslin
et al., 2004]. As an example, a 10 month temporal survey revealed that the δ13C of U. peregrina variations were
related to core and subcore variability rather than to seasonal changes in phytodetritus ﬂuxes to the seaﬂoor
[Corliss et al., 2002]. It then appears that when food is always abundant enough such as along the Magdalena
Margin and when strictly anoxic conditions are not reached, then using the δ13C of U. peregrina as a proxy for
δ13CDIC can lead to valid results.
Comparison of oxygen and carbon isotope data for Uvigerina and Cibicides species in our cores and in
surface sediments, when both species cooccur, indicates a remarkably constant offset of 0.6 ± 0.2‰ for
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Δδ18Owuell-pereg and +0.9 ± 0.1‰ for
Δδ13Cwuell-pereg, respectively (blue inverted triangle, Figure 4). These values
are perfectly in line with the offsets
reported in the literature for those two
species that were initially reported from
oceans oxygenated more than the NEP
[Shackleton and Opdyke, 1973; Duplessy
et al., 1984]. It suggests that those values
can be used to infer past changes in
the water column δ13CDIC along the
Magdalena Margin through applying
those species-speciﬁc isotopic offsets
to account for vital and/or microhabitat
effects. For instance, the correlation
between these species is statistically signiﬁcant for oxygen (r = 0.96; F1,129,
α = 0.05 = 1114.0; P < 0.0001; Figure 4a)
and for carbon (r = 0.73; F1,149,
α = 0.05 = 114.5; P < 0.001; Figure 4b),
with a δ13C offset ranging from 0.70
to 1.2‰ for all the oceans.
As compared to the interspecies offset
seen in the Δδ18Owuell-pereg, which
aligns along a 1:1 line with near perfection, the spread of the Δδ13Cwuell-pereg
of benthic foraminifera is clearly
affected by processes that vary from site
to site. The compilation done in Figure 4
encompasses a multitude of oceanic
environments that can explain the
spread of the Δδ13Cwuell-pereg, original
publications from which the Δδ13Cwuellpereg assembled in Figure 4b report a
large array of processes likely affecting
the interspecies δ13C offset. In some
places, multiple factors may be responsible for the δ13C offset, which make it
difﬁcult to attribute the respective
contribution of those entangled paraFigure 4. Stable isotopic relationship of (a) oxygen and (b) carbon between
meters. For example, in the Gulf of
cooccurring endobenthic foraminifera (U. curticosta and U. peregrina) and
epibenthic foraminifera (Cibicidoides spp., C. wuellerstorﬁ, C. mckannai,
California and Namibia upwelling sysPlanulina arimensis, and P. wuellerstorﬁ). The slopes (m, color lines) correspond tem, both changes in lateral water mass
13
to δ C values of both types of foram species measured simultaneously at the
advection and in exported productivity
18
same core levels. The slope values for δ O for the same species are not
shown because they are very similar for the sites where both species were can occur [Anderson et al., 2001;
Keigwin, 2002]. Also, in Tanner Basin,
measured. The black dashed lines represent the regression line of all the
isotopic values of oxygen and carbon where both foraminifera types were
both exported productivity and the
simultaneously measured at the same core levels, including the intercept
mixing of different morphotypes may
18
13
(m) and r values (δ O, m = 0.77, and r = 0.96; δ C, m = 0.93, and r = 0.74).
be responsible for the spreading of the
δ13C offset [Kwiek and Ravelo, 1999].
13
Bioturbation has also been suggested to alter the δ C offset in Shatsky Rise, where very low sedimentation
rates occur [Ohkushi et al., 2003]. All of those factors listed above may be at work, though, so it is virtually
impossible to precisely disentangle how much one mechanism in particular contributes to obscure the
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original water isotopic signature. More generally, however, exported productivity and its associated organic
matter decay within the sediment is probably the ﬁrst-order parameter affecting the spreading of the interspecies δ13C offset. It has been reported to be the case in the northwest Paciﬁc [Keigwin, 1998], the North
Atlantic [Osterman et al., 2000], the Gulf of California [Keigwin, 2002], the Bay of Biscay [Fontanier et al.,
2006], the northeastern Atlantic [Tachikawa and Elderﬁeld, 2002], and off central California [van Geen et al.,
1996]. We hence hypothesize that differences in regional primary productivity make the Δδ13Cwuell-pereg
being site dependent, as it is found to vary from 0.6 ± 0.1 at Shatsky Rise in oligotrophic environments
[Ohkushi et al., 2003] to less than 1 along the productive Iberian Margin [Shackleton et al., 2000], the
Benguela upwelling system [Anderson et al., 2001], and the California upwelling system [van Geen et al., 1996].
In order to determine how biological productivity and oxygenation of the water column relate to the
Δδ13Cwueller-pereg in our study area, we conducted a principal component analysis to a set of exported productivity proxies previously published for the Magdalena Margin by Dean et al. [2006] and Carriquiry and
Sanchez [2014b]. Factor 1, which accounts for 41% of the variability, characterizes a strong relationship
(not shown) between Cd and opal content, with no appreciable relation with Δδ13Cwueller-pereg. The low sensitivity of Δδ13Cwueller-pereg simply reﬂects the fact that, in our case, Δδ13Cwueller-pereg remained mostly constant through time. Yet Δδ13Cwueller-pereg is expressed in factor 3, which explains only 20% of the
variability, and is inversely related to total organic carbon sedimentary content (TOC). If TOC were the primary
driver of Δδ13Cwueller-pereg through its overprint on pore water δ13C, we would expect Δδ13Cwueller-pereg and
TOC to be positively related with each other since higher TOC may be indicative of higher potential for
organic matter decay within the sediment. We hence hypothesize that differences in regional primary productivity make the Δδ13Cwuell-pereg being site dependent, as it is found to vary from 0.6 ± 0.1 at Shatsky
Rise in oligotrophic environments [Ohkushi et al., 2003] to more than 1 along the productive Iberian
Margin [Shackleton et al., 2000], the Benguela upwelling system [Anderson et al., 2001], and the California
upwelling system [van Geen et al., 1996].
4.2. Bottom Water and Isotopic Composition of Foraminifera Today
4.2.1. Oxygen Isotopes
The δ18O values of calcite in isotopic equilibrium with bottom water at different latitudes were calculated
using the temperature data of Levitus and Boyer [1994] and the equation of Bemis et al. [1998]. Equation (1)
is a function of temperature and isotopic composition of the seawater (in SMOW) [Epstein et al., 1953],
converted to the PDB scale by subtracting 0.27‰ [Hut, 1987]:

T ðo CÞ ¼ 16:5  4:8 δ18 Oc  δ18 Osw
(1)
Parameter δ18Osw was calculated from salinity data [Levitus et al., 1994] and from the relation of δ18Osw versus
salinity (s) in the North Paciﬁc [Keigwin, 1998].
δ18 Osw ¼ 0:364  12:646

(2)

Comparison of these predictions with the actual δ18O values measured for U. peregrina (corrected) and
C. mckannai shows good agreement at all Magdalena Margin sites (Figure 5a, Table 3).
4.2.2. Carbon Isotopes
The carbon isotopic compositions of U. peregrina analyzed in four core tops and three surﬁcial sediments in
the depth range of 70 to 1270 m are consistent with the isotopic composition of Geochemical Ocean Sections
Study (GEOSECS) stations from the region once the correction of 0.9‰ is applied (Figure 5b, Table 3), even
though the two shallower cores are laminated and the two deeper cores and surﬁcial sediments are not.
4.3. Downcore Isotope Records
Three out of four U. peregrina oxygen isotope records display the expected transition from heavy to lighter
values over the course of deglaciation (Figures 3a–3d). At the 700 m water depth site (GC31/PC08), there is
a particularly sharp δ18O increase of 0.91‰ around 11–12 ka that coincides with the onset of laminations.
At the shallower site of 400 m depth (GC32/PC10, Figure 3a) the shift in δ18O is smoother, but again straddles the onset of laminations, which occurs slightly earlier (~13 ka) at this depth. Unfortunately, the
GC32/PC10 record does not extend to the LGM because of a hiatus found at sections older than ~15 ka
[Dean et al., 2006].
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Figure 5. (a) Parameter δ O of northeast Paciﬁc benthic forams (U. peregrina (corrected), C. mckannai, and C. wuellerstorﬁ)
18
as a function of depth during the Holocene. The lines represent the calculated δ O of the calcite in isotopic equilibrium
13
with seawater at different latitudes. (b) Parameter δ C of northeast Paciﬁc benthic forams (U. peregrina (corrected),
13
C. mckannai, and C. wuellerstorﬁ) as a function of depth during the Holocene. The lines represent the δ CDIC from which
13
forams are supposed to precipitate their shells (δ CDIC are taken from GEOSECS stations A201, A347, and A343 situated
nearby the core collection sites; see insert map) see also Table 3.

The available records indicate a LGM to Holocene shift in δ18O of 1.59‰ and 1.45‰ at 700 and 980 m,
respectively (Figures 3b and 3c). At 400 m depth, the shift in δ18O is 1.03‰ between the Holocene and
15 ka (Figure 3a). The change of 0.53‰ in the δ18O at 1270 m is considerably smaller (Figure 3d), implying
compensating changes in the water mass temperature and/or salinity at this depth.
In general, there is a LGM to Holocene trend toward more positive δ13C values at the four Magdalena Margin
core sites (Figures 3e–3h). Also, the records from 700 and 980 m depth, and perhaps 1270 m depth, exhibit
signiﬁcant ﬂuctuations in δ13C over the course of the deglaciation. The average δ13C change for the LGM
and the Holocene is 0.43 and 0.45‰ at 700 and 980 m, respectively (Figures 3f–3g). At 400 m, the increase
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Table 3. Stable Isotope Data From Different the Cores Used in This Study

Core Site

Depth Interval (m)

18

13

δ O

Radiocarbon Age (ka)

δ C

Latitude
(°N)

Longitude
(°W)

Depth
(m)

Holocene

LGM

Holocene

LGM

Holocene

LGM

Holocene

LGM

24.51
25.29
24.30
22.07
23.61
34.29
23.47
34.53
23.33
22.39
32.83
23.22
32.80
37.22
32.28
32.28
32.48
31.67
22.52
31.28
31.25

112.08
113.02
112.23
106.48
111.56
120.03
111.60
121.10
111.02
107.08
119.98
111.08
118.80
123.24
118.40
118.38
118.13
118.18
106.52
117.18
117.58

70.00
323.00
344.00
420
433
577
686
956
978
1018
1177
1269
1442
1605
1759
1783
1818
1915
2025
2033
2042

0–0.02
0–0.02
0–0.02
0.05–1.84
0.26–2.4
0.35–3.01
0.05–2.20
0.26–0.80
0.04–0.94
0.15–1.15
0.25–0.45
0.02–0.70
0.00–0.62
0.02–0.72
0.15–1.15
0.02–0.56
0.04–0.79
0.04–0.44
0.10–0.40

ND
ND
ND
23.9–25.0
5.5–6.3
3.99–4.79
1.95–2.25
2.14–3.19
2.25–2.65
1.65–1.96
1.37–1.59
1.52–1.84
2.65–2.95
1.26–1.42
1.87–2.30
1.1–1.5
0.60–0.70

SS
SS
SS
1.1–9.8
0.4–9.9
0.05–10.0
0.80–9.9
0.1–10.0
5.6–9.9
1.6–9.5
1.0–9.8
8.3–9.9
0.4–9.5
0.00–9.7
1.5–9.2
1.2–9.9
2.2–9.6
3.4–9.5
3.4–9.7
2.1–9.4
1.9–8.8

ND
ND
ND
18.0–21.6
18.4–21.9
18.5–21.2
19.1–21.9
19.2–21.7
18.0–21.9
18.2–21.4
18.9–21.5
18.4–21.4
18.2–21.8
18.1–21.8
19.2–21.4
18.3–21.8
18.0–21.5
19.7–21.7
18.4–20.6

0.37
1.51
1.20
1.28
2.11
1.90
2.25
2.44
2.77
2.02
2.12
3.35
2.69
2.43
2.33
2.65
2.46
2.56
2.70
2.58
2.57

ND
ND
ND
2.41
ND
3.37
3.72
3.82
4.10
3.37
3.73
3.85
3.67
3.82
3.78
4.13
ND
3.97
3.99
4.12
3.99

0.73
0.69
0.31
ND
0.85
ND
0.58
ND
0.53
ND
0.20
0.77
0.10
ND
0.31
0.09
0.26
0.26
ND
0.09
0.20

ND
ND
ND
ND
ND
ND
1.02
ND
1.01
ND
0.30
0.99
0.25
0.49
0.17
0.19
0.20
0.31
ND
0.31
0.52

b

E20
b
E26
b
E16
c
NH15P
b
GC32 + PC10
d
893-A
b
GC31 + PC08
h
Site 1017
b
GC37
c
NH8P
11
Site 1014
b
GC38
f
EW9504-08
g
F8-90-G21
f
EW9504-04
e
Site 1012B
f
EW9504-05
f
AHF16832
c
NH22P
e
Site 1011
f
EW9504-02

a
Holocene (0–10 ka), Last Glacial Maximum (18–22 ka), ND: no data, and SS: surﬁcial sediments. The isotopic data are average values for each period considered.
b
This study.
c
Ganeshram and Pedersen [1998].
d
Kennett and Ingram [1995].
e
Andreasen et al. [2000].
f
Stott et al. [2000].
g
van Geen et al. [1996].
h

Kennett et al. [2000].

in δ13C from ~15 ka to the Holocene is only 0.2‰ (Figure 3e). At 1270 m, the shift in δ13C of 0.40‰ in the transition to Holocene conditions (Figure 3h) is not very different from the average δ13C for the 700 and 980 m
water depth cores.

5. Discussion
5.1. Hydrography of the Magdalena Margin During the LGM
The sediment cores collected in the Magdalena Margin at a depth interval corresponding to the permanent
thermocline allow us to study the role of water mass circulation shift that occurred at subsurﬁcial and intermediate depths during the last deglaciation. The new isotopic records from the Magdalena Margin, in combination with the data by Herguera et al. [2010], are now used to reﬁne the water mass geometry in the
eastern tropical North Paciﬁc (ETNP), off Baja California, during the LGM.
The oxygen isotopic proﬁles for the Holocene and LGM show a similar trend that rapidly increase toward heavier isotopic values at depth, as the water column temperature decreases (Figure 6a). When the oxygen isotopic proﬁle of the LGM is corrected by subtracting the +1.0‰ value used to correct for ice-cap growth
[Schrag and De Paolo, 1993; Matsumoto et al., 2001], the oxygen isotopic gradient is ~0.11 ± 0.02‰ in the
2000 to 1000 m depth range between the Holocene and the LGM (Figure 6a). This translates into a glacial
ocean having a temperature colder than nowadays by ~0.5°C, if any, in the depth range of 2000 to 1000 m
if only temperature accounted for such a change, which contrasts with a surface ocean during the LGM that
was likely approximately 4°C colder than during the Holocene in this region [Herbert et al., 2001]. It indicates
that the temperature and/or salinity (i.e., seawater δ18O) along the Eastern Paciﬁc have not changed signiﬁcantly in the 2000 to 1000 m depth range within the water column, regardless the fact that the glacial North
Paciﬁc above 1000 m depth consisted of a water mass that was colder.
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The δ13C of U. peregrina, C. wuellerstorﬁ,
C. mckannai, and Planulina sp. are shown
in Figure 6b (See also Table 3). For
the Holocene, their δ13C signatures are
depleted in the depth range of 500 to
1000 m with respect to near-surface
conditions, but slightly enriched below
this depth range, reproducing the
modern-day distribution of the δ13CDIC
inferred from in situ modern measurements (Figure 5). For the LGM, the
δ13C values are comparable to those
recorded during the Holocene in the
depth range of 1000 to 300 m, but are
depleted below 1000 m with respect to
Holocene, as previously observed by
Herguera et al. [2010].
5.2. The δ13C Proﬁles From
Northeastern Paciﬁc During the LGM

18

Figure 6. (a) Parameter δ O of benthic forams as a function of depth during
the Holocene (U. peregrina, green square, corrected; Cibicides spp., and
Planulina spp., green circle) and the LGM (U. peregrina, blue square, corrected;
Cibicides spp., and Planulina spp, blue circle) for the northeast Paciﬁc
18
(California and Baja California Margins). LGM δ O of foraminifera is also
shown with a correction of 1.0‰ due to the effect of polar ice growth
13
during the Last Glacial (dashed blue line). (b) Parameter δ C of benthic
forams as a function of depth during the Holocene (U. peregrina, corrected
was corrected by a factor of +0.91‰), green square; Cibicides spp. and
Planulina spp., green circle), and LGM (U. peregrina, blue square, corrected;
Cibicides spp., and Planulina spp., blue circle). Line ﬁts through the data were
produced using a spline function.

Similarly to the Magdalena Margin,
the Holocene δ13C proﬁles display a
very different pattern relative those
observed during the LGM (Figure 7). As
compared to the Magdalena Margin
the 2000 to 1000 m depth range at the
Californian sites (shown in Figure 2)
points to LGM δ13C values lower by
about 0.2‰ (Figure 7). This difference
suggests that the Californian Margin
was systematically bathed in waters
with lower δ13C values than the Baja
California Margin at this depth during
the LGM, probably reﬂecting less ventilated waters along the California
Margin and/or higher organic matter
remineralization.

The new data of this study, in conjunction with data available from Herguera
et al. [2010], allow us for the ﬁrst time
discussing the existence of a signiﬁcant
isotopic difference of about 0.2‰
between these two regions in the
1000–2000 m water depth range during
the LGM. One explanation for the
observed LGM δ13C gradient involves
organic matter remineralization in the
water column that could have occurred along the water mass path between the Magdalena Margin
and the Californian Margin. Such a scenario suggests a southern origin of intermediate to deep waters
along the northwestern coast of North America during the LGM at those depths, as it also probably occurred
during the last deglaciation [Marchitto et al., 2007] and the interstadials of the Last Glacial Period [Hendy and
Kennett, 2002].
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The mechanism responsible for the 12C
enrichment of water masses at deep
and intermediate depths in the North
Paciﬁc during the deglaciation is still
unresolved [Keigwin, 1998; Matsumoto
et al., 2001, 2002] but probably implies
a profound rearrangement of deep
and bottom water circulation which
eventually brought to intermediate
depths nutrient-rich, oxygen-depleted
water initially trapped into the abyssal
ocean through tropical oceanic tunneling [Marchitto et al., 2007; De Pol-Holz
et al., 2010; Stott and Timmermann,
2011; Jaccard and Galbraith, 2012;
Jaccard and Galbraith, 2013]. A shift
from deep to intermediate water formation in the North Atlantic during
the LGM drastically changed the water
13
mass distribution at intermediate
Figure 7. Parameter δ C of benthic forams in the Holocene (green symbols)
depths in the Atlantic but resulted
and LGM (blue symbols) as a function of depth from several regions of
the northeast Paciﬁc (California and Baja California Margins). Holocene:
in increasing the contribution of
U. peregrina, green square, corrected (+0.91‰); Cibicides spp. and Planulina Antarctic-sourced waters at deep and
spp., green circle from Baja California Margin, and Cibicides spp., green star
abyssal depth in all the oceans
from California Margin. LGM: U. peregrina, blue circle, corrected; Cibicides
[Adkins et al., 2002]. At intermediate
spp. and Planulina spp., blue triangle from Baja California Margin, and
depths, it has been proposed that the
Cibicides spp., dark blue triangle from California Margin. Lines ﬁts through
the data were produced using a spline function.
northeast Paciﬁc was dominated by
the presence of a water mass of
Antarctic origin during the Last Glacial Period interstadials [Hendy and Kennett, 2002]. In parallel, Lund
et al. [2011] showed that ventilation ages in the deep northeastern Paciﬁc during the LGM were similar
to today, so that the tropical thermocline ventilation pathways may not involve the ﬂushing of a deep
North Paciﬁc reservoir of dead carbon. Regardless the origin of the radiocarbon-depleted excursions
recorded during the deglaciation at equatorial and northeastern tropical sites in the intermediate-depth
Paciﬁc Ocean, it remains plausible that a water mass originating from the south was responsible for the
δ13C gradient between both regions at intermediate depth.
5.3. The δ13C Comparisons Across the Paciﬁc Ocean: LGM
The δ13C proﬁles above 2000 m during the LGM reveal regional isotopic gradients, potentially signaling different origins and water pathways (Figure 8). Regional differences depict δ13C signatures implying that the
upper 2000 m waters of the northeast Paciﬁc were more enriched in nutrients during the LGM relative to
the northwest and southeast Paciﬁc (Figure 8). Below 2000 m, the δ13C proﬁles converge toward more negative values that at intermediate depth, pointing to more homogenous δ13C of Paciﬁc Deep Waters and the
existence of a deep nutricline (Figure 8).
Although it has been generally accepted that the δ13C distribution is primarily controlled by the biological
cycling of 13C-depleted organic matter [Kroopnick, 1985], the effect of ocean-atmosphere CO2 exchange on
the oceanic δ13C and its inﬂuence at the sites of deep and intermediate water formation should also be considered [Broecker and Maier-Reimer, 1992; Lynch-Stieglitz et al., 1995]. The δ13C was calculated using the relationship
between δ13C and PO4 [Lynch-Stieglitz et al., 1995] using measured δ13C and PO4 values from the nearest
GEOSECS station (17°N, 123°W) and the δ13C determined from all species used in this study. Additionally, on
the basis of the δ18O proﬁles we estimate that the contribution of thermodynamic effect on the gradient of
δ13C observed in this study, considering a change of 0.1‰/°C for complete isotopic air-sea equilibration
[Mook et al., 1974]. In both approaches the contribution was less than 0.1 ± 0.05‰, which is very similar to that
reported by Herguera et al. [2010].
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Hence, the thermodynamic effect is not
driving the observed changes, although
changes in air-sea ﬂuxes of CO2 may theoretically have altered the δ13C of some of the
sites where intermediate water formation
takes place.
Another aspect to consider in the interpretation of the δ13C of benthic foraminifera is
that it can also be affected by changes in
primary productivity, as has been documented by the organic carbon oxidation rates of
modern sediments [Zahn et al., 1986;
McCorkle et al., 1990, 1997; Stott et al.,
2000; Berelson and Stott, 2003]. Several studies using different proxies suggest that
the primary productivity in the NEP was
decreased during the LGM as compared to
nowadays. For example, several sites off
Mazatlan indicate that the organic carbon
(Corg) and biogenic opal (BSi) ﬂux to the
seaﬂoor were greatly reduced during the
LGM [Ganeshram and Pedersen, 1998].
Further to the north, the California Margin
ODP 1017 site suggests that lower primary
productivity occurred during the LGM on
the basis on organic carbon content and
nitrogen isotopes, while opal sedimentary
content remained at comparable levels
[Hendy et al., 2004].
Finally, along the Magdalena Margin, Ortiz
et al. [2004] and Blanchet et al. [2007]
observed a twofold decrease in organic
carbon content during the LGM as compared to Holocene levels which they attribute to decreased productivity during the
LGM, while Cartapanis et al. [2014] ﬁnd a
slightly reduced opal ﬂux to the seaﬂoor
during the LGM. More recently, Sánchez
and Carriquiry [2007] and Carriquiry and Sanchez [2014a] reported Corg and BSi ﬂuxes (mg/cm2/ka) for
the Holocene (Corg: 802 ± 147 and BSi: 1480 ± 297) and the LGM (Corg: 737 ± 92 and BSi: 2079 ± 348)
in the Magdalena Margin, concluding that there were not signiﬁcant differences between both periods
in the accumulation of both proxies. This last estimation of nonsigniﬁcant changes of primary productivity
is similar to the ﬁnding of Dean et al. [2006], who reconstructed Mo and Cd accumulation along
the NE Paciﬁc margin and concluded that there were no signiﬁcant differences in productivity between
both periods.
Figure 8. Carbon isotopic composition of benthic foraminifers
Cibicidoides and U. peregrina (corrected) for the LGM in three different regions from the Paciﬁc Ocean: SEP (southeast Paciﬁc, green
line [Mix et al., 1991; Matsumoto and Lynch-Stiegliz, 1999; Leduc et al.,
2010]), NWP (northwest Paciﬁc; light blue line [Keigwin, 1998;
Matsumoto et al., 2002]), and NEP (Northeast Paciﬁc; blue line; data
from this study and from California compiled from others in Table 3).
Lines ﬁts through the data were produced using a spline function.

All these evidences suggest that the California and Baja California Margins may have either maintained
similar productivity levels or increased primary productivity as the LGM progressed into the Holocene.
Taken together, the impact of changes in primary productivity since the LGM on the water column
δ13C and/or the pore water δ13C gradient, if any, may have led to an underestimation of the temporal
δ13C changes that we describe along the NEP margin since we mainly observe more negative δ13C
signatures during the LGM as compared to the Holocene. Hence, we believe that the changes in δ13C
are indicative of changes in the distribution of different water masses with contrasting levels of
nutrient concentration.
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The existence of a nutricline above 1500 m depth during the LGM, identiﬁed by the δ13C in benthic foraminifera, seems to be a common feature of the Paciﬁc Ocean as it is observed in the NEP, the NWP, and the
SEP (Figure 8). Evidences supporting this observation originate either from the distant North Paciﬁc
[Keigwin, 1998], from the vicinity of Japan [Matsumoto et al., 2001], from southeastern Paciﬁc [Mix et al.,
1991; Leduc et al., 2010], and from the ETNP (this work) as well as from previous data sets published in
Matsumoto et al. [2002] and Herguera et al. [2010]. The spatial patterns envisioned in the computation of
NEP, NWP, and SEP, however, indicate that the intermediate-depth nutricline was steeper in the SEP and
the NWP than in the NEP, with lowest δ13C found below those depths (Figure 8). This distribution differs from
that of the modern distribution of nutrients for the Paciﬁc Ocean, where a δ13CDIC minimum is presently
found at shallower depth [Kroopnick, 1985] (Figure 1).
McCave et al. [2008] reconstructed a hydrographic proﬁle in the southwestern Paciﬁc (SWP), the entrance
path of several water masses into the Paciﬁc Ocean. They found a sharp nutricline between 1500 m and
2000 m water depth separating a deep nutrient-rich water mass from a shallower nutrient-poor water mass,
the former probably being inherited from circumpolar deep waters with signatures decreasing from the
South Atlantic to the SWP sector [Curry and Oppo, 2005; Rosenthal et al., 1997]. Interestingly, the signatures
below 2000 m in the SWP are among the most negative in the deep ocean, with values more negative than
those found in the deep North Paciﬁc [McCave et al., 2008; Matsumoto et al., 2002]. Whatever the deepwater
path below 2000 m is, the less negative signatures found in the NEP cores imply mixing with another water
mass that was nutrient depleted (isotopically light) as compared to the one entering the Paciﬁc around
New Zealand.
Within the main intermediate-depth nutricline, i.e., above 1500 m water depth, the situation in the Paciﬁc is
reversed. The lowest δ13C signatures are found in the NEP, with SEP and NWP being nutrient depleted
(Figure 8). The δ13C proﬁle of the SEP (southeastern Paciﬁc) margin was more positive relative to the other sites
in the Paciﬁc Ocean during the LGM, suggesting that a water mass poor in nutrients was present along the
South American Margin (Figure 8), as McCave et al. [2008] also documented in the SWP. Although the limited
amount of data available at this depth range limits our interpretation, the general trend of the δ13C proﬁle suggests that the carbon isotopic composition of the SEP at intermediate depths corresponds to the characteristics
seen in the SWP that McCave et al. [2008] deﬁned as Glacial Antarctic Intermediate Water (AAIW). When the δ13C
proﬁles of the NWP and NEP are compared with that of the SEP, the isotopic proﬁle of the NWP has characteristics more similar to the SEP proﬁle to that of the NEP, suggesting that during the LGM the Glacial AAIW penetrated into the North Paciﬁc and its signature eroded along its path toward the NEP, as has been suggested by
several authors [e.g., McCave et al., 2008; Stott et al., 2009]. This suggests that circulation at intermediate depths
kept an asymmetric distribution relative to the rest of the Paciﬁc Ocean where an old water mass, more respired
and probably with a larger concentration of nutrients, was present at intermediate depths in the NEP.
5.4. Implications for Glacial Ocean Circulation
The inferred low-nutrient condition of the glacial upper northwest Paciﬁc implies that changes in the mode
and/or volume of intermediate water formation occurred in the North Paciﬁc [Keigwin, 1998] and/or
the Southern Ocean [Sigman and Boyle, 2000]. Adkins et al. [2002] found that the deep glacial water in the
Paciﬁc and Southern Oceans were characterized by colder and much saltier water mass formed in the
Antarctic region, which probably favored the development of a glacial front that separated the warmer and less
salty intermediate waters from the Southern Ocean deep waters. The deep Southern Ocean during the LGM
was characterized by very low δ13C values that increased to the north in both the Atlantic and Indo-Paciﬁc
[Curry et al., 1988], suggesting that a gradual mixing of bottom and deep waters with waters above ~2000 m
was occurring. A steep nutricline during the LGM was also conﬁned to the northern Indian Ocean [Kallel
et al., 1988]. A deep nutricline hence seems to be a common feature in the world ocean during the LGM.
In the Southern Ocean, it has been hypothesized that during the LGM there was a reduction in deep water
upwelling into the Antarctic surface possibly due to an equatorward shift in the belt of eastward winds
and/or a freshening of the surface due to an increase in sea ice formation [Sigman and Boyle, 2000; Adkins
et al., 2002]. Modeling studies indicate that increased winds in the sub-Antartic region during the LGM could
have produced upwelling of intermediate waters initially formed in the Atlantic and North Paciﬁc and lead to
the formation of North Paciﬁc Deep Waters that may explain why the SW Paciﬁc Deep Waters remained more
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nutrient-rich than their NEP and NWP counterparts [Toggweiler et al., 2006]. Increased iron deposition from
settling dust was also larger during the Last Glacial Maximum [see, e.g., Lamy et al., 2014], resulting in
increased nutrient utilization in the sub-Antarctic sector and in reduced nutrient transport to low latitudes
via AAIW and Subantarctic Mode Waters. The hypothesized model proposes decreased nutrients and
enriched δ13C in the upper 1500 m of the world ocean, as supported here by the δ13C of benthic foraminifera
from the North Paciﬁc where lowest δ13C remained conﬁned to the NEP, probably reﬂecting the terminus of
middepth water circulation during the LGM as we observe nowadays (Figure 8).

6. Conclusions
1. Where epibenthic foraminifera species are rare, such as in the OMZ of the eastern tropical North Paciﬁc,
our results show that shallow endobenthic foraminifera may allow, albeit with some caution, to reconstruct δ13C of water masses.
2. The comparison of Holocene and LGM δ18O proﬁles along the Magdalena Margin suggests that temperature and/or salinity did not change signiﬁcantly between the Holocene and the LGM between 2000 and
500 m water depth.
3. The comparison of Holocene and LGM δ13C proﬁles along the Magdalena Margin indicates that a nutricline existed above 1500 m with relatively homogenous values at deeper depth, which differs from the
Holocene values where a δ13C minimum is clearly centered between 500 and 1000 m water depth.
4. The comparison of the Magdalena Margin and the California Margin δ13C proﬁles for the LGM suggests
regional contrasts in the δ13C at intermediate depth, with more negative values being found along the
California Margin. This suggests a larger inﬂuence of AAIW and Subantarctic Mode Waters in the eastern
tropical North Paciﬁc.
5. A broader comparison of the δ13C values of the NEP with those from the NWP and SEP further suggests that
the NEP remained the most 13C-depleted waters at intermediate depths in the Paciﬁc, with waters ﬂowing
along the California Margin likely being situated close to the terminus of the LGM intermediate waters.
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