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We present a new method that quantifies the oxygen isotope geochemistry of Laurentide ice-sheet (LIS)
meltwater across the last deglaciation, and reconstruct decadal-scale variations in the 3180 of LIS
meltwater entering the Gulf of Mexico between ~18 and 11 ka. We employ a technique that combines
laser ablation ICP-MS (LA-ICP-MS) and oxygen isotope analyses on individual shells of the planktic
foraminifer Orbulina universa to quantify the instantaneous 8'80.y,ce; value of Mississippi River outflow,
which was dominated by meltwater from the LIS. For each individual O. universa shell, we measure Mg/
Ca (a proxy for temperature) and Ba/Ca (a proxy for salinity) with LA-ICP-MS, and then analyze the same
0. universa for 8'80 using the remaining material from the shell. From these proxies, we obtain '®0yater
and salinity estimates for each individual foraminifer. Regressions through data obtained from discrete
core intervals yield 3'80,, vs. salinity relationships with a y-intercept that corresponds to the 3'®0yater
composition of the freshwater end-member. Our data suggest that from 15.5 through 14.6 ka, estimated
3180y, values of Mississippi River discharge from discrete core intervals range from —11%o to —21%o
VSMOW, which is consistent with 8'80 values from both regional precipitation and the low-elevation,
southern margin of the LIS. During the Bplling and Allered (14.0 through 13.3 ka), estimated 5'%0
values of Mississippi River discharge from discrete core intervals range from —22%o to —38% VSMOW.
These values suggest a dynamic melting history of different parts of the LIS, with potential contributions
to Mississippi River outflow from both the low-elevation, southern margin of the LIS and high-elevation,
high-latitude domes in the LIS interior that were transported to the ablation zone. Prior to ~15.5 ka, the
3'80water value of the Mississippi River was similar to that of regional precipitation or low-latitude LIS
meltwater, but the Ba concentration in the Mississippi basin was affected by changes in weathering
within the watershed, complicating Ba-salinity relationships in the Gulf of Mexico. After 13 ka, our data
suggest Mississippi River outflow did not influence surface salinity above our Gulf of Mexico Orca Basin
core site. Rather, we hypothesize that open ocean conditions prevailed as sea level rose and the paleo-
shoreline at the southern edge of North America retreated northward.

© 2017 Published by Elsevier Ltd.

1. Introduction

The evolution and demise of continental ice sheets is intrinsi-
cally linked to variations in sea level (Carlson and Clark, 2012;
Deschamps et al., 2012; Gregoire et al., 2012; Lambeck et al,,
2002) and ocean circulation (Clark et al., 2001; Thornalley et al.,
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2010) on glacial/interglacial timescales. Numerical models pro-
vide insight into the spatial and temporal patterns of the history of
continental ice sheets such as the Laurentide Ice Sheet (LIS) during
the last glacial cycle. However, ice-sheet thickness remains one of
the greatest sources of uncertainty in constraining ice-sheet dy-
namics (Ullman et al., 2014), and modeled thicknesses for the LIS
vary depending on model selection (Argus et al., 2014; Clark et al.,
1994; Gregoire et al., 2012; Kleman et al., 2002; Lambeck et al.,
2002; Marshall et al., 2000; Peltier et al., 2015; Rutt et al., 2009;
Tarasov and Peltier, 2004). Oxygen isotope variations within an
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ice sheet are controlled by temperature, latitude, and altitude
(Bowen and Wilkinson, 2002; Oerlemans, 1982), so the geochem-
ical heterogeneity of the ice within an ice sheet preserves a record
of physical parameters that affect Rayleigh fractionation, including
ice-sheet elevation. During inception and growth of the LIS,
southward deflection of westerly storm tracks over North America
(Oster et al., 2015) may have had an effect on the isotopic value of
precipitation over the LIS. The distribution of 880 values within an
ice sheet is also dependent on ice flow subsequent to precipitation.
Specific to this study, the oxygen isotope value of meltwater (880,,)
draining a continental ice sheet during its demise is directly related
to the regions that are melting. Hence, quantifying meltwater 3'80,,
derived from ice sheets has the potential to yield valuable infor-
mation on past precipitation temperatures, water vapor sources,
and ice-sheet dynamics.

Oxygen isotope analyses of marine sedimentary records prox-
imal to LIS meltwater outflow offer the most direct evidence of the
isotopic evolution of the LIS, and help to constrain the location and
timing of routing of meltwater (e.g., Aharon, 2003, 2006; Broecker
et al., 1989; Carlson, 2009; Carlson et al., 2007; Flower et al., 2004;
Hill et al., 2006; Hoffman et al., 2012; Keigwin et al., 1991; Williams
etal., 2012). However, mixing models of meltwater contributions to
the ocean typically assume a constant 3'80,, value for the LIS (—25
or —35%o; Aharon, 2006; Carlson, 2009; Carlson et al., 2007; Hill
et al., 2006; Obbink et al., 2010), and do not attempt to incorpo-
rate the complex spatial heterogeneity in 5'0,, observed in mod-
ern continental ice sheets (Masson-Delmotte et al., 2008; Vinther
et al., 2009). Attempts to estimate the oxygen isotope composi-
tion of parts of the LIS have used measurements of remnant ice
such as the Barnes Ice Cap (Hooke, 1976; Hooke and Clausen, 1982),
Pleistocene-age groundwater (Hooke and Clausen, 1982; Remenda
et al., 1994) and preserved ice wedges (Kotler and Burn, 2000); as
well as indirect proxies from subglacial carbonates (Refsnider et al.,
2012, 2014) and proglacial lakes (Birks et al., 2007; Buhay and
Betcher, 1998; Last et al., 1994; Moore et al., 2000).

Simple numerical models of oxygen isotope distribution within
the LIS are consistent with these values (Sima et al.,, 2006). In
addition, global circulation models (GCMs) that incorporate
Rayleigh-type fractionation (Carlson et al., 2008a; LeGrande et al.,
2006; Pausata et al., 2011; Risi et al,, 2010; Ullman et al., 2014;
Werner et al., 2011; Yoshimura et al., 2008) can estimate oxygen
isotope heterogeneity in precipitation. These types of models offer
an alternative approach to modeling ice-sheet heterogeneity, and
recent efforts have begun to link modeled 6180W of Pleistocene
precipitation with LIS-derived groundwater measurements
(Ferguson and Jasechko, 2015). However, linking the timing and
causal relationships between ice-sheet dynamics and marine re-
cords of ice-sheet meltwater remains challenging. The provenance
of meltwater source(s) on the LIS are poorly constrained and
difficult to identify (Flower et al,, 2011), as are the volume and
3180, of freshwater outflow. Quantifying the 5!20,, evolution of
meltwater during deglaciation could thus provide a powerful iso-
topic tool for ice-sheet reconstructions.

Early reconstructions of meltwater histories from planktic
foraminifer geochemistry (e.g., Kennett and Shackleton, 1975;
Leventer et al., 1982) were limited by the use of a single proxy,
the 3'80 value of foraminiferal calcite (5'80), and the ambiguity
associated with the dependence of 3'80 not only on temperature
but on 3'®0sy, which varies with salinity. Foraminifer 5'0, records
from multiple shells in a single sample provide a qualitative mea-
sure of the geochemistry of Mississippi River input into the Gulf of
Mexico, which is observed as a large decrease in shell §80.. Studies
have used these data to estimate the 5180W of a freshwater end-
member in meltwater runoff (Flower et al., 2004; Hill et al., 2006;
Williams et al., 2012) using simple mixing models. However,

using these previously collected data sets, one cannot directly
compute meltwater 3'%0,, without a priori knowledge or assump-
tions about average seawater 5'®0s,, and salinity over the coring
site. To date there are no direct methods to quantify the 8'%0,, value
of LIS meltwater that flowed into the Gulf of Mexico.

Research on LIS meltwater geochemistry in the above studies
utilized the classic technique of combining numerous foraminifer
shells into a single 580, measurement, thereby producing an
average signal for a core interval. This averaging technique conceals
the intraspecific variability contained in a population of foramini-
fers, which during meltwater intervals can exceed 4%o between
individual shells (Spero and Williams, 1990). These authors sug-
gested that the 5'80. range reflected reduced salinities in the upper
water column from mixing with a proximate source of ¥0-depleted
glacial meltwater. Such studies demonstrate that an additional
dimension of hydrographic information can be recovered when a
suite of individual foraminifer shells are analyzed (Billups and
Spero, 1996; Ford et al., 2015; Koutavas et al., 2006; Koutavas and
Joanides, 2012; Rustic et al., 2015).

In marine environments, salinity (S) and 5180, are both
controlled by the balance between evaporation and freshwater
inputs such as precipitation and riverine outflow, and as a result S
and 3'80s, covary in the ocean (Fig. S-1; Fairbanks et al., 1992).
Because mixing between seawater and a freshwater source pro-
duces a two end-member relationship, the y-intercept (where
S = 0) of the salinity-3'30s,, relationship yields the 5'0,, of the
regional freshwater endmember. For regions where salinity
changes are primarily controlled by the influx of glacial meltwater,
the y-intercept becomes an integrated mass balance of 3'%0,, be-
tween ice-sheet melt and rainfall sources that contributed to fluvial
runoff. If such regressions can be reconstructed for discrete time
periods during meltwater intervals, it may be possible to recon-
struct dynamic changes in the geographic sources of ice sheet melt
via analysis of river outflow geochemistry.

In this paper, we apply a novel geochemical approach to quan-
tifying the instantaneous 3'0,, value of Mississippi River outflow
that was dominated by meltwater from the LIS during the last
deglaciation. We use geochemical measurements of individual
planktic foraminifers from Orca Basin core MD02-2550 (26.95°N,
91.35°W, 2245 m) in the Gulf of Mexico (Fig. 1). We combine
measured 3'%0 and Mg/Ca with Ba/Ca (an independent salinity
proxy) to reconstruct d'®0y-salinity regression relationships,
which generate estimates of meltwater 5'0,, at the Mississippi
River outflow. We apply this technique to 31 discrete core intervals
during the last deglaciation (~17.5—12 ka). Results suggest that the
3180, of LIS meltwater in the Mississippi River was highly variable
over short timescales, implying a complex melting history and
rapid switching of meltwater sources between different regions of
the LIS.

2. Methodology
2.1. Planktic foraminifer ecology and geochemistry

The planktic foraminifer Orbulina universa offers several ad-
vantages over other species for reconstructing a range of near-
surface hydrographic conditions. First, the relationships for 880,
temperature, Mg/Ca-temperature, and Ba/Cagpep-Ba/Cagy for this
species have been characterized and quantified in numerous lab-
oratory culture experiments (Bemis et al.,, 1998; Honisch et al.,
2011; Lea et al., 1999; Russell et al., 2004), thereby minimizing
potential errors that might arise from using multi-species calibra-
tions. Orbulina universa also secretes a large spherical shell that
thickens radially over a short period (3—10 days; Spero, 1988) and is
typically >350 pm in diameter and >20 pg (Russell et al., 2004;
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Fig. 1. Location of Orca Basin in the Gulf of Mexico with 15 ka paleo-shoreline (dashed line locates bathymetric contour at 100 m depth below modern sea-level (after Aharon,
2006)). Inset map shows likely outlets of Laurentide Ice Sheet melt (after Licciardi et al., 1999).

Wolf-Gladrow et al., 1999). As a result, fragments of the spherical
shell from a single individual contain the same geochemical and
paleoenvironmental information without concern for ontogenetic
variability (Fehrenbacher et al., 2015). Furthermore, the large shell
mass permits researchers to measure the geochemistry of multiple
fragments using different analytical instruments (Vetter et al,
2013a).

Orbulina universa has a broad temperature and salinity tolerance
(9-30 °C, 23—46 psu; Bé et al,, 1973; Bijma et al., 1990), and the
depth habitat of this species spans the photic zone (Bé, 1977;
Fairbanks et al., 1982). Therefore, a suite of O. universa shells from
a single core interval has the potential to record a wide range of
contemporaneous environmental conditions throughout the upper
water column. These characteristics often make O. universa un-
suitable for reconstructing near-surface paleoceanographic condi-
tions in some applications, but are ideal for capturing a range of
salinity and §'80,, values within the mixed layer and upper ther-
mocline that are required to generate a robust §'®0y-salinity
relationship.

The §'80. of foraminiferal calcite is dependent on both tem-
perature and the 3'30,, from which the foraminifer calcified (Bemis
etal., 1998, and references therein). Laboratory culture experiments
with live O. universa grown under low light produced the empirical
calibration (Bemis et al., 1998):

T(°C) = 16.5(+0.2) — 4.80(+0.16)*(3'80, — (5'80,, — 0.27)) (1)

Paleotemperature calculations based solely on 880, are
complicated by the dependence of this proxy on 3'®0,, which
varies regionally, with depth in the ocean, and over glacial-
interglacial timescales. The Mg/Ca ratio preserved in foraminiferal
calcite is controlled primarily by temperature, thereby providing a
geochemical thermometer that is independent of 3'80.. Laboratory
calibration of Mg/Ca versus temperature have been published for
O. universa (Lea et al., 1999; Russell et al., 2004), with confirmation
from sediment trap studies (Anand et al., 2003). Here we use the
Mg/Ca-temperature relationship of Russell et al. (2004):

In Mg/Ca = —0.162(+0.295) + 0.096(+0.014)*T (2)

where Mg/Ca is measured in mmol mol~! and T is measured in °C.

Calculated temperatures from shell Mg/Ca (eq. (2)) have been
used in conjunction with §'®0. from the same core intervals to
compute the 5'80 of seawater (3'80gy) during calcification (Flower
et al., 2004; Hill et al., 2006; Hoffman et al., 2012; Lea et al., 2000;
Obbink et al., 2010; Schmidt et al., 2004; Williams et al., 2012).
Several studies have interpreted the residual 3180, value in terms
of relative salinity changes, variations in the hydrologic cycle, or
surface water hydrography (Carlson et al.,, 2007; Hoffman et al,,
2012; Obbink et al., 2010; Schmidt et al., 2004, 2006; Thornalley
et al., 2011). However, the direct conversion of 880, to salinity
is not possible unless a local 8'80g,-salinity relationship is known
or can be estimated.

2.2. Reconstructing paleosalinity

In the open ocean, 3'80q,, and salinity are controlled by evapo-
ration and precipitation, and the 3'®0,, value of precipitation over
the open-ocean is typically close to that of VSMOW. In contrast,
marine 880, near continental margins influenced by major rivers
are primarily influenced by the 5'80,, value of riverine outflow.
Riverine 3'80,, values, in turn, are governed by seasonal precipi-
tation, evaporation, Rayleigh fractionation processes, and the
relative contributions of different watersheds in complex systems
(Bowen and Wilkinson, 2002). During the last deglaciation, the
3180y, value of Mississippi River discharge into the Gulf of Mexico
was determined by two factors: a 880 signal of continental pre-
cipitation integrated over the watershed, and seasonal contribu-
tions of meltwater from the melting LIS. The deglacial rate of
freshwater influx from seasonally melting ice sheets has been
estimated at 14,000 km? yr—! (Fairbanks, 1989) during Meltwater
Pulse 1a (MWP-1a), an interval of particularly rapid sea-level rise
(40 mm yr~'; Deschamps et al., 2012); for comparison, this is 20x
the modern annual average Mississippi River discharge of
~700 km? yr! (Allison et al., 2012). Based on these estimates,
meltwater from the LIS was a dominant component of Mississippi
River discharge during parts of the deglaciation (Fairbanks et al,,
1992). Here we assume that variations in the volume of continen-
tal precipitation in the Mississippi River drainage basin, and



L. Vetter et al. / Quaternary Science Reviews 178 (2017) 102—117 105

variations in the isotopic composition of that precipitation, were
negligible during the deglaciation.

The concentration of dissolved barium (Ba) in rivers varies as a
function of basin lithology, geometry, and rate of runoff, and can
range from ~100 to 600 nmol 1-! (Coffey et al., 1997). Conversely,
[Ba] is very low (e.g., ~33—40 nmol 1-!) in the open ocean (Lea and
Boyle, 1991; Lea and Spero, 1994). The concentration of fluvial-
derived Ba in estuarine mixing zones increases during mixing at
low salinities (5—15 psu (practical salinity units)), as barium de-
sorbs from suspended particulate matter, up to 350—500 nmol 1!
(Coffey et al., 1997; Hanor and Chan, 1977). The behavior of Ba at
low, estuarine salinities is non-conservative, but conservative
mixing of Ba between brackish estuarine salinities and open marine
waters is observed at salinities >15 psu (Coffey et al., 1997; Guay
and Falkner, 1997). The Ba/Ca ratio of seawater can therefore be
used to quantify salinities >15—20 psu.

Several recent studies have demonstrated that Ba/Cagpey in
foraminifera from marine environments proximal to riverine
outflow can be used as an independent proxy for reconstructing
paleosalinity (Hall and Chan, 2004; Plewa et al., 2006; Sprovieri
et al, 2008; Weldeab et al.,, 2007). The relationship between
riverine Ba/Ca and salinity varies geographically. Weldeab et al.
(2007) showed that Niger River Ba/Ca differs from the Amazon
(Boyle, 1976) and the Ganges-Brahmaputra (Fig. S-2a; Carroll et al.,
1993). Planktic foraminifers incorporate Ba into shell calcite in
direct proportion to the [Ba] in seawater (Lea and Spero, 1992,
1994), and shell Ba/Ca is independent of changes in seawater car-
bonate chemistry, temperature, or salinity (Honisch et al., 2011):

Ba/Cashenl = 0.149(+0.05)*Ba/Casw (3)

To generate a [Ba] vs. salinity relationship for the mixing be-
tween Mississippi River outflow and the Gulf of Mexico, we use a
modern data set of >300 paired measurements of [Ba] and salinity
from the entire Mississippi-Atchafalaya River system, across a
range of salinities (Hanor and Chan, 1977; Joung and Shiller, 2014).
We convert Ba/Cagy, to Ba/Caspey (expressed in pmol mol™1) using
eq. (3) for data points with S > 15 psu, to avoid the non-
conservative mixing behavior of Ba at estuarine salinities <15 psu
(Coffey et al., 1997; Hanor and Chan, 1977). The resulting local
salinity-Ba/Cagpey relationship (Fig. S-2b) for Mississippi River
mixing into the Gulf of Mexico is:

S (psu) = 36.35(0.008) - 1.734(+0.002)*(Ba/Caspe) (12 = 0.82)(4)

We use this relationship to convert measured O. universa Ba/
Cagpeys into S.

2.3. Materials and analyses

For this study, we sampled 31 core intervals at 0.5 or 1 cm
spacing resolution from Gulf of Mexico core MD02-2550 (26.95°N,
91.35°W, 2245 m) collected in the Orca Basin. These samples
consist of adjacent core intervals from 9 discrete time slices during
the last deglaciation (17.5—12 ka; Fig. 2), and include samples from
during the early deglaciation (>17.0 ka; time slice ED), Heinrich
Stadial 1 (17.0—14.7 ka; time slices H,, Hp, and Hc), the Belling-
Allerad Warm Periods (14.7—13.0 ka; time slices B,, By, B¢, and Bg),
and during the Younger Dryas (12.9—11.8 ka; time slice YD). The age
model for this core is based on 35 radiocarbon dates spaced ~10 cm
apart, with the interpolated age model based on the assumption of
a constant sedimentation rate between tie points. From 14.7 to 10.7
ka, the average amount of time represented by 1 cm of sediment is
~28 yr, and prior to 14.7 ka is ~24 yr (Williams et al., 2010). The
variability measured between individual foraminifera in 0.5 cm or

1 cm core intervals therefore represents averaging of decadal-scale
processes. We also selected a late Holocene interval (20—22 cm
depth) from nearby Orca Basin core MD02-2551 (26.95°N, 91.35°W,
2248 m) to ground-truth the technique on shells not influenced by
Mississippi River outflow.

From each core interval, 15—35 fossil O. universa were randomly
selected from the >350 um sieve fraction. Individual O. universa
were sonicated in methanol for 5-10 s and then mechanically split
into several fragments using a razor blade. If sediment was still
present inside shells following sonication, it was mechanically
removed using a small brush (size 0000) after the shell was split.
Fragments of shell calcite were not subjected to further cleaning
procedures such as oxidative or reductive cleaning. The largest
fragment of each shell (10—40 ug) was roasted in vacuo for 30 min
at 375°C prior to stable isotopic analysis. For fragments >20 pug,
3180, analyses were conducted with a Fisons Optima dual inlet
isotope ratio mass spectrometer (IRMS) using 105% H3PO4 in a
common acid bath at 90°C. For samples <20 pg, analyses were
conducted using a MicroMass Isoprime dual inlet IRMS with Iso-
prime multicarb and Gilson autosampler, where samples were
reacted in individual vials with 105% H3PO4 at 90°C. All 3'80, an-
alyses were performed in the Stable Isotope Laboratory, Depart-
ment of Earth and Planetary Sciences, at the University of
California-Davis. Data were standardized to VPDB using a Carrara
marble internal laboratory standard (UCD-SM92) with overall
analytical precision of 0.06%o and 0.03%o (+1 SD) for 3'80. and 3'3C,
respectively. Analytical runs were typically composed of 30 sam-
ples and 7 standards; all standards were pre-weighed to bracket
the mass range of the samples.

A small remaining fragment from each individual O. universa
was analyzed for Mg/Ca and Ba/Ca. Individual shell fragments were
analyzed using a pulsed 193 nm ArF Excimer laser ablation (LA)
system with a dual-volume sampling chamber, ablated in depth
profile from shell interior to exterior. Each laser pulse ablated
~0.1 pum of shell material, which was analyzed on a quadrupole
inductively coupled plasma mass spectrometer (ICP-MS). Approx-
imately half of the LA-ICP-MS analyses were conducted at the
Research School of Earth Sciences, Australian National University,
using a dual-volume ANU HelEx sample chamber coupled to an
Agilent 7500s ICP-MS. Remaining analyses were conducted in the
Department of Earth and Planetary Sciences, University of Califor-
nia, Davis, using a Photon Machines 193 nm Excimer laser with
HeLex dual-volume sample chamber coupled to an Agilent 7700x
ICP-MS (Fig. S-3). The LA-ICP-MS operating conditions for both
laboratories are summarized in Table 1.

Quadrupole ICP-MS analyses measured **Mg, >°Mg, ?’Al, 43Ca,
44Ca, 3> Mn, 88sr, and 138Ba; dwell times for each mass are in Table 1.
Offline data reduction followed the procedure of Eggins et al.
(2003) and consisted of initial screening for outliers, subtraction
of mean background intensities, internal standardization to
43Ca/*Ca, and external standardization to a NIST 610 standard glass
which was measured every ~20 samples. Three or more replicate
profiles were ablated through each shell fragment. Quality control
on ablated profiles included screening and exclusion of initial high
counts of Al/Ca from surface contamination, and an observed initial
anomalous associated high metal/calcium (Me/Ca) ratio (Fig. S-3;
Vetter et al., 2013b). This initial high Me/Ca appears on depth
profiles of both uncleaned shells and shells that have undergone
reductive and oxidative cleaning, and is interpreted to be an artifact
of the laser ablation process (Vetter et al., 2013b). A total of 6% of
individual shells analyzed were culled from the full dataset (41 out
of 668 specimens). Sample data rejection was based on a number of
criteria (Fig. S-4): 1) Al/Ca >0.5 mmol mol~!, indicating sedimen-
tary contamination; 2) variable or heterogeneous intrashell Ba/Ca,
which should be constant through a shell (Vetter et al., 2013a);
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Fig. 2. A) 3'80, from individual O. universa. Color groups delineate adjacent 0.5 or 1 cm core intervals in discrete time slices (letter designations). The age model follows that of Williams et al. (2012). B) Measured Mg/Ca (mmol mol 1)
for each specimen in (A), with corresponding temperatures (°C) calculated using eq. (2) from Russell et al. (2004). Open symbols identify LA-ICP-MS analyses that were culled from the final data set during LA-ICP-MS data screening and
quality control. (C) Calculated §'80y, for each specimen using the Bemis et al. (1998) low-light relationship (eq. (1)). Note that 8'0, data are not corrected for ice volume change between time intervals. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Laser ablation ICP-MS operating parameters at UC Davis and the Australian National University.

ArF 193 nm Excimer Laser
Energy density (fluence)
He gas flow

Laser repetition rate

Laser spot size

Quadrupole ICP-MS

ICP forward power

2327160+ 232

Monitored masses (m/z) and isotope dwell time (ms)

Core intervals analyzed

ANU ucb

Helex sampling chamber Photon Machines
4] cm™2 1-3J ecm™2

0.5 L min~! 1.05 L min~!

4 Hz 5Hz

35 pm 30 pm

Agilent 7500s Agilent 7700x

1300 W 1500 W

<0.5% <0.5%

Mg (30) Mg (30)

Mg (60) Mg (60)

2771 (10) 2771 (10)

“Ca (30) “Ca (30)

44Ca (30) 44Ca (30)

55Mn (30) 55Mn (30)

885r (30) 885r (30)

13883 (60) 13883 (60)

20-22 cm 20-22 cm

400—-402.5 cm 412—412.5 cm

480—485 cm 414-414.5 cm

544549 cm 424-424.5 cm
458—460 cm
499-503 cm
581-585 cm

or 3) Ba/Ca ratios >5 pmol mol~!, which yield calculated salinity
values < 27 psu that are outside the survival tolerance for
O. universa (Bijma et al., 1990). After isolating the portion of each
depth profile that reflects the biogenic signal (Fig. S-3), Mg/Ca and
Ba/Ca in each profile was then averaged across the depth profile.
Me/Ca ratios from multiple repeat depth profiles in the same shell
were averaged to yield a single Me/Ca value for the individual
foraminifer, and the standard deviation of these replicate depth
profiles is the analytical error for Mg/Ca and Ba/Ca measurements
on each individual shell. Thus, the uncertainty for LA-ICP-MS
measurements is different for each individual foraminifera.
Measured values and uncertainties are provided in Supplemental
Data Table 1.

24. Calculating 6’80 of a freshwater end-member

For each individual O. universa shell, we combine IRMS-derived
3180, (eq. (1)) with LA-ICP-MS-derived Mg/Ca (eq. (2)) to remove
temperature from 880, and calculate 5'®0,, during calcification,
with an error-propagated estimate of uncertainty on §'0,y. From
the initial measured Ba/Ca on the same individual shell, we
decreased Ba/Cagpey ratios by 13% to account for the effects of
reductive and oxidative cleaning on Orca Basin shells (Vetter et al.,
2013b), because we did not use reagent cleaning on shells prior to
laser ablation analyses. We convert the resulting Ba/Caghey to
salinity (S) using eq. (4), making the assumption that the Ba/Ca-S
relationship for the modern Mississippi River is an appropriate
estimate for deglacial runoff from the Mississippi River basin dur-
ing all intervals analyzed in this study. From these geochemical
data, we obtain paired 81805W and S values for each individual
foraminifer. The uncertainties on 8304, and S for each individual,
from analytical measurements and from proxy conversion to
environmental parameters (equations (1)—(4)), were calculated
following the error propagation methods of Rohling (2000). The
31804,,-S pairs from numerous individuals in a single core interval
encompass a range of salinities and that can be regressed to yield a
3180w vs. S relationship for each core interval (~20 yr resolution).

To improve the confidence intervals on calculations of fresh-
water 80y, we add an open-ocean S-5'80g,, endmember to the
dataset for each core interval as an additional unweighted data
point in each regression. We estimate the changing open-ocean
end-member for 3'80g,, and salinity during the deglaciation via
several steps. First, modern 5'80s, values in the Gulf of Mexico vary
between ~+1.1 and 1.3%o (Joung and Shiller, 2014), and salinity is
~37 psu (Watanabe et al., 2001). Next, given a ~1.0%o ice-volume
enrichment of the global ocean between the LGM and late Holo-
cene (Clark et al., 2009) and an ~1 psu saltier global ocean at the
LGM (Adkins et al., 2002), we estimate open-ocean 8'804, —S in the
Gulf of Mexico at the LGM (8804 = +2.2%0; S = 38 psu). We then
apply offsets in 3'80s,, and S based on the eustatic sea-level curve
and global ocean 3'80 of Clark et al. (2009), and calculate the 5'80gy,
for each time slice (Table 2). We use the same eustatic sea-level
curve and assume a LGM-to-modern salinity decrease of 1 psu to
estimate salinity for each time slice (Table 2). For each core interval,
we include this estimate as an additional unweighted data point in
the linear regression to determine the y-intercept 8'%0,, value of
the freshwater end-member (Figs. S5 through S12). We apply a
least-squares linear regression technique (York et al., 2004) that
accounts for error estimates in both x and y (S and §'80,y). Of the 31
deglacial time slices we analyzed, 18 yield significant relationships
(Table 2). The y-intercept from each calculated relationship yields
the 5180W value of the freshwater endmember, which is dominated
by LIS meltwater during seasonal melting of the ice sheet.

3. Results
3.1. 680, Mg/Ca, and 6'%0,,

Measured 3'80, and Mg/Ca and reconstructed 3'80g,, from in-
dividual O. universa are shown in Fig. 2. For Holocene core top
specimens, 3'80, ranges from —2.10 to 0.01% VPDB and Mg/Ca
ranges from 2.9 to 11.1 mmol mol~'. These values correspond to
estimated Holocene temperatures that range from 12.7°C to 26.8°C
and calculated 380, values that range from —0.61 to 1.57%c
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Table 2

Summary of the 32 discrete core intervals analyzed in this study, including number of individual foraminifera analyzed per interval. Of 20 core intervals between 15.5 ka and
13.3 ka, 18 yield linear relationships between reconstructed 3'®0s, and salinity for individual foraminifera. Linear regressions for each core interval include an open-ocean
salinity and §'80s,, value for the Gulf of Mexico, scaled through the deglaciation, as an additional unweighted data point (see text for discussion). The y-intercept and S.E.
for a linear regression of each core interval is the 5'80,, of LIS meltwater, showing r? value for the regression, using a York fit (York et al., 2004). Core intervals from early in the
deglaciation (ED), the earliest phase of Heinrich Stadial 1 (H,), the Younger Dryas (YD), and the Holocene show no linear relationship between reconstructed 3'®0,, and salinity

for individual foraminifera.

Time slice Age (ka) Core interval Orca Basin 3'%05, n Estimated Estimated 5'80,, (%o) Linear regression of paired
depth (cm) from G. ruber (w)* salinity (psu) in in open-ocean 3'804y and S (this study),
open-ocean Gulf of Mexico including open-ocean value for
Gulf of Mexico deglacial Gulf of Mexico
380y (LIS) 1SE. r?
H Holocene 20-22 - 40 37.00 1.20 no relationship
YD 12.13-12.14 353-353.5 1.30 19 37.47 1.67 no relationship
12.14-12.16 353.5—-354 1.25 20
12.16—12.17 354—354.5 1.03 19
B4 13.35—-13.37 400—400.5 -1.85 23 37.54 1.74 no relationship
13.37-13.38 400.5—401 — 21 -38 8 0.46
13.38—13.40 401-401.5 —2.60 33 -37 7 0.08
13.40—13.41 401.5—402 -2.09 16 -31 8 0.56
13.41-13.43 402—-402.5 - 24 -30 8 0.28
B 13.70-13.75 412—412.5 -0.95 20 37.59 1.79 -32 8 0.53
13.75-13.77 414—414.5 -0.83 13 -22 7 043
By 14.00—14.01 424—424.5 -1.23 19 37.65 1.85 -30 7 0.45
B. 14.61-14.62 458—458.5 -1.64 17 37.73 1.93 —-18 5 0.78
14.62—-14.63 458.5—459 -1.10 9 -21 8 0.65
14.63—14.63 459—459.5 —-0.03 13 -17 10 0.45
14.63—14.64 459.5—-460 -0.24 20 =21 9 03
Hc 14.97—-14.98 480—481 -1.04 15 37.77 1.97 -17 5 0.43
14.98—15.00 481-482 -1.18 14 -17 5 034
15.00—15.01 482—483 -1.42 37 -19 3 0.58
15.01-15.03 483—-484 -0.51 13 -12 5 0.44
15.03—15.04 484-485 -1.70 15 ~11 4 0.54
Hp 15.39-15.43 499-500 1.15 17 37.79 1.99 no relationship
15.43-15.47 500—-501 0.63 17 -19 5 0.53
15.47—-15.50 501—-502 1.05 17 -13 6 0.27
H, 16.79—-16.81 544—545 — 7 37.84 2.04 no relationship
16.81-16.82 545—546 -0.95 20
16.82-16.83 546—-547 -1.12 35
16.83-16.84 547—548 — 15
16.84—16.86 548—549 — 16
ED 17.34—17.36 581-582 0.59 13 37.87 2.07 no relationship
17.36—17.38 582—-583 0.90 17
17.38—17.43 583—584 -0.13 18

*3180y,, values from G. ruber (white) were collected from the same core intervals (Williams et al., 2012).

VSMOW. These results fall within the range of modern sea surface
temperatures (Spear et al., 2011) and 5'80,, for the Gulf of Mexico
(Watanabe et al., 2001) across an annual cycle. In three adjacent
core intervals during the YD time slice (12.17—12.13 ka), 5'80,
values range between —1.44 and 0.75%. and Mg/Ca ratios from 2.6
to 7.7 mmol mol~ . The lower Mg/Ca ratios correspond to a range of
cooler sea surface temperatures during the YD (11.6—22.9°C).

The range of 3'80, values measured in multiple specimens from
a single core interval varies across the entire deglaciation. During
the deglaciation, the ice volume effect on 3'30,, is continuously
changing, so we only compare ranges of measured 3'®0. In the
oldest time slices sampled (ED, H,, and one core interval in Hp;
Fig. 2), 96% of measured 3180, values within each core interval fall
within a tight range of 2.2%o. In contrast, the largest range of 8180,
for individual specimens from the sampled core intervals occurs
during Heinrich Stadial 1 and the Bglling-Allergd, where time slices
Hy, He, Ba, By, B, and By exhibit ranges of 380, values from 2.4%o to
4.7%o (Fig. 2a). The most negative 3180, values among all individual
shells appear during time slices By, (—4.3%0 VPDB) and By (—4.4%o
VPDB); these time slices bracket MWP-1a, a <300 year period

centered around ~14.6 ka (Deschamps et al., 2012).

Measured Mg/Ca ratios for all specimens deposited during
Termination I range from 2.3 to 11.7 mmol mol~! (10.4—27.3 °C)
across the time intervals from the early deglaciation (ED; ~17.4 ka)
through Belling-Allered time slice Bq (~13.4 ka), with mean Mg/Ca
for each core interval ranging between ~4.5 and 6.1 mmol mol~!
(17.4—20.5 °C; Fig. 2b). Earlier in the record during time slices ED,
H., and Hj, (~17.4 to ~15.4 ka), the range of calculated 3'80s,, for
individual specimens spans ~2.0—3.2%o (VSMOW), with 90% of
values falling within a 2.2%o0 range for each core interval. These
ranges are comparable to the total range of 3'®0s, values observed
for the Holocene interval (~2%o spread). Late Heinrich Stadial 1 time
slice H¢ (~15.0 ka) and Bglling-Allered warm period time slices B,
By, B, and Bqg (~14.6 through ~13.4 ka) exhibit much greater vari-
ability among individual specimens, with reconstructed 3'®0g,
ranges >2%o (Fig. 2¢). The largest range of 3'®0g, values (~5.3%o
spread) is observed within core intervals in time slice Bq
(15.02—14.97 ka), which reflects the widest range of hydrographic
conditions in the Gulf of Mexico over the Orca Basin.
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3.2. Ba/Ca and salinity

Measured Ba/Cagpe ratios from individual Holocene O. universa
span a very tight range (0.6—-13 pumol mol!;
mean = 0.9 + 0.2 pmol mol~!; Fig. 3), which corresponds to
reconstructed Ba/Cagy of 4.0—-8.7 pmol mol~! (eq. (3)). These
seawater composition estimates are similar to measured Ba/Cagw
ratios of 4.4 pmol mol~! in the western Atlantic, near the Bahamas
(Lea and Spero, 1994). Core intervals from the YD time slice (~12.15
ka) also have very tight ranges of measured Ba/Cagpe ratios
(0.6—1.5 pmol mol~!; mean = 0.9 + 0.1) that are comparable to Ba/
Cagpel) Observed in Holocene specimens (no significant difference;
p > 0.05 for each YD core interval). When we apply eq. (4) to
convert Ba/Cagpeyr to salinity, these ratios yield salinities between
34.4 and 35.4 psu (Holocene) and 34.0 to 35.4 psu (YD). However,
salinity variation at the modern core site is controlled by precipi-
tation/evaporation, and not influenced by Mississippi River
outflow. As a result, Holocene changes in [Ba] do not track changes
in salinity, and Ba/Cagpe of these samples is simply a recorder of Ba/
Cagw.

The range of Ba/Ca among individual shells from the same core
interval represents a range of salinity conditions during a short
depositional interval. For deglacial-age specimens (~17.4 through
~13.4 ka) from all time slices except the YD and Holocene, 89% of
core intervals exhibit ranges in Ba/Cagpe) >1.3 pmol mol ! (Fig. 3).
In these time slices, the mean Ba/Ca ratios among individual
0. universa from single core intervals varies from 1.8 to
2.3 pmol mol~!, which is 2—2.5x higher than for Holocene and YD
specimens. These measured Ba/Ca ratios correspond to recon-
structed salinities of 30.9—35.6 psu, which fall within the
observed salinity tolerance for modern O. universa (Bijma et al.,
1990). The highest measured Ba/Ca ratios
(mean = 2.5 + 0.9 pmol mol~'; individual shells up to
4.8 pmol mol~') and the broadest range of Ba/Ca among speci-
mens (range of 3.0—-3.6 pmol mol~!) occur in time slice H.
(15.03—14.97 ka), corresponding to a more pronounced effect of
freshwater runoff in the core site vicinity. In individual ED (~17.4
ka) and H, (~16.8 ka) specimens, 88% of measured Ba/Ca ratios are
within a 14 pmol mol™' range, and 91% are within a
1.5 pmol mol~! range, respectively (Fig. 4), implying a narrow
salinity range. However, mean Ba/Cagpe ratios for deglacial time
slices ED and H, (2.1 + 0.6 pmol mol~! and 1.9 + 0.6 pmol mol ™!
respectively) are significantly higher (p < 0.05 for a t-test of each
core interval) than mean Ba/Ca ratios in Holocene specimens
(0.9 + 0.2 umol mol~!; Figs. 3 and 4b), suggesting enhanced
riverine influence on O. universa shell Ba/Ca early in the
deglaciation.

Fig. 4a shows Mg/Ca vs. Ba/Ca for all O. universa specimens.
Holocene specimens exhibit a broad Mg/Ca range
(2.9—-11.1 mmol mol~!) but have a comparatively narrow Ba/Ca
range (0.6—1.3 pmol mol ). YD specimens display a range of Ba/Ca
ratios (0.6—1.5 pmol mol~!) that is comparable to Holocene speci-
mens, but have a narrower Mg/Ca range (2.6—7.7 mmol mol ') that
is indicative of both lower maximum temperatures and a reduced
annual temperature range. In contrast, the majority of deglacial
intervals (ED through Bg; ~17.4 through ~13.4 ka) exhibit a broad
range of Ba/Ca (0.6—4.8 pmol mol~'), with Mg/Ca ratios ranging
from 2.3 to 11.7 mmol mol~! (10.4—27.3 °C). Mg/Ca and Ba/Ca ratios
do not display covariation in any single time slice, suggesting that
diagenetic overprinting is not likely to be a dominant process in the
specimens we analyzed. The individual O. universa that were
removed from the dataset during data reduction and quality control
tend to have higher Ba/Ca ratios, but display Mg/Ca ratios in a range
that is typical for O. universa (Fig. S-3).

3.3. 6'%0,, geochemistry through time

Reconstructed 3'®0g, and salinity do not exhibit a constant
relationship through time (Figs. 4b and 5). Data from Holocene and
YD specimens cluster tightly and do not display a resolvable
covariation between measured Ba/Ca and 8'80s,, estimates (Fig. 5a;
Fig. S-5). Among specimens from the early deglacial and Heinrich
Stadial time slices ED and H,, 8'®0,, and salinity also do not covary,
although the specimens prior to 15.5 ka do exhibit a broader range
of 3'80y,, values (Fig. 4b) than Holocene or YD specimens. The
strongest covariation between 8'®0,, and salinity occurs in data
sets from core intervals in late Heinrich Stadial and Bglling-Allered
time slices Hp, Hc, Ba, By, B¢, and By, (Fig. 5b—>5e; Figs. S-6—S-10).
These intervals encompass the period of most rapid sea-level rise
through the last deglaciation (Carlson and Clark, 2012). The linear
relationships in each of the core intervals from 15.5 to 13.4 ka
display clear mixing between open-ocean Gulf of Mexico seawater
and LIS meltwater.

For the earliest time slices in the deglaciation (ED (~17.4 ka) and
H, (~16.8 ka)), measured Ba/Ca ratios are significantly higher than
Holocene specimens (p < 0.05 for each core interval). Estimated
salinities for these intervals are 31.9—35.2 psu (Fig. 4b), suggesting
that O. universa calcified in a reduced-salinity environment that
resulted from mixing of Mississippi River water into the photic
zone over the Orca Basin. Despite evidence of reduced surface
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Fig. 3. Measured Ba/Ca (umol mol™") for all individual O. universa specimens,

measured by LA-ICP-MS depth profiling. Time slice designations follow the same
designations as Fig. 2. Open symbols indicate data points that were excluded during
LA-ICP-MS data analysis and quality control, as in Fig. 2b. Salinity on the x-axis is
calculated using eq. (4).
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salinity in time slice H,, reconstructed 51804, does not covary with
Ba-derived salinity in time slices ED (~17.4 ka) and H; (~16.8 ka)
(Fig. 5f; Figs. S-11 and S-12).

During late Heinrich Stadial 1 and the Belling-Allergd, 20 core
intervals were analyzed with 0.5—1 cm resolution (15—30 year time
slices) between 15.5 and 13.4 ka (time slices Hp, Hc, Ba, Bp, Bc, and
By4). For each interval, we calculate a linear regression between
3804w and S. The y-intercept quantifies the 3'80,, of Mississippi
River discharge, which was dominantly controlled by LIS meltwater
(Licciardi et al., 1999; Teller, 1990a, b; Wickert, 2016), rather than
local or regional precipitation (Fig. 5b—e; all regressions are shown
in Supplemental Figs. S-4 through S-11). LIS meltwater 3'®0y,
values, calculated using a York linear regression method, vary
between —11(+4)%0 to —38(+8)%0 VSMOW (Table 2). The more
enriched 6180W values calculated for a meltwater endmember occur
earlier in the record (~15.5 ka), within the earliest time slices that
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Fig. 4. A) Ba/Ca vs. Mg/Ca ratios from LA-ICP-MS analyses with computed salinities
and temperatures. B) Salinity vs. calculated 3'®0s,, for individual O. universa from all
intervals.

display linear covariation between §'80s,, and salinity that is suf-
ficient to allow a meaningful linear regression. The most negative
6180W endmember estimates occur during time slices By, B¢, and Bg
(~14.0 through 13.3 ka), near the peak influx of LIS meltwater into
the Gulf of Mexico (after Williams et al., 2012, Fig. 6b and c).

4. Discussion
4.1. Geochemistry of a freshwater endmember

Early studies of LIS meltwater in the Gulf of Mexico identified
several episodes of anomalously negative §'80. values between ~18
and 11 ka that were consistent with a depleted meltwater signal
(Kennett and Shackleton, 1975; Leventer et al., 1982) and charac-
teristic low-salinity foraminiferal assemblages during the deglaci-
ation (Kennett et al., 1985). Other records with more precise age
control have demonstrated variations in the volume of LIS melt-
water delivered to the Gulf of Mexico (Flower et al., 2004), with
rapid and high frequency shifts in surface water 3'30,, on decadal
timescales (Williams et al., 2012). All support the variable influence
of LIS meltwater in the Gulf of Mexico during the last deglaciation
(Flower et al., 2011). In addition to an isotopic signature from LIS
meltwater, evidence from proxies of continental erosion (Brown
and Kennett, 1998; Marchitto and Wei, 1995; Meckler et al., 2008)
indicates that a large volume of freshwater runoff from the LIS was
directed into the Gulf of Mexico during the last deglaciation, with a
dynamic melting history and periods of high meltwater discharge
(Brown and Kennett, 1998).

Table 2 shows freshwater oxygen isotope values and 1-sigma
confidence intervals for each 3'®0gy-salinity regression, using
3804w and S values with propagated errors from analytical mea-
surements and proxy conversion equations, and an estimate of
open-ocean geochemistry. The confidence intervals on the calcu-
lated y-intercepts range from +3%o to +10%o (Table 2). This uncer-
tainty is partially due to a physiological limitation on the salinity
tolerances of planktic foraminifers, as individual 3'80y, -S pairs are
limited to a ~5 psu range of open-ocean salinity recorded in
0. universa shells. While a larger salinity range would both improve
the confidence intervals on the y-intercept and better constrain our
estimates of the 3'30,, value of LIS meltwater, ultimately the pre-
cision of the regression technique is limited by the physiological
constraint that O. universa does not calcify at salinities <27 psu
(Bijma et al., 1990).

In order to estimate the 61805W and S of the open-ocean, several
sources of uncertainty in deglacial Gulf of Mexico geochemistry
must be considered. Unrelated to ice volume and meltwater con-
tributions, the background salinity in the Gulf of Mexico likely
varied during the LGM and throughout the deglaciation. Today,
surface waters in the Gulf of Mexico are supplied from the western
Caribbean via the Yucatan Current and the Loop Current. During
Heinrich Stadial 1 and the Younger Dryas, changes in Atlantic
Meridional Overturning Circulation caused an increase in 3'®0gy
values that propagated into the subtropical Atlantic and the
Caribbean (Carlson et al., 2008b), which would have affected 5'30g,,
values in the Gulf of Mexico. Additionally, precipitation in the
Caribbean and Gulf of Mexico may have been affected by the
migration of the intertropical convergence zone (Schmidt et al.,
2006), and records from the Florida Straits show progressive
enhancement of precipitation during Termination I, with an abrupt
salinity increase at the Younger Dryas (Schmidt and Lynch-Stieglitz,
2011). Further evidence suggests variations in freshwater input on
glacial/interglacial timescales to the Caribbean, sourced from the
Magdalena River and its catchment area that extends into tropical
South America (Mora and Martinez, 2005).

Constraining the relationship between [Ba] and salinity in the



L. Vetter et al. / Quaternary Science Reviews 178 (2017) 102—117 111
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Fig. 5. Calculated §'®0q, values and Ba-derived salinity estimates for individual
0. universa from selected core intervals. A) In Holocene (black squares) and Younger
Dryas (YD; red diamonds) specimens, Ba/Cashen does not record salinity variation from
fluvial input, and no relationship is observed between 5'30s,, and Ba/Cagpej. Double-
headed arrow shows predicted Ba/Cagpe ratios, based on measured Ba/Cag, in the
Gulf of Mexico and the Ba/Caghey-Ba/Casyw conversion from Honisch et al. (2011). B—E)
During the deglaciation, linear regressions of individual core intervals yield 3'®0,
values of LIS meltwater. The open-ocean end-member values (blue circles) evolve
through the deglaciation (see text for details). York regression statistics are shown for
each dataset, calculated with the open-ocean end-member included. We present ex-
amples from Belling-Allered time slices B and B, (B, C) and Heinrich Stadial 1 time
slice H¢ (D, E). F) Specimens from time slices early in the deglaciation (H,, ED) show

Gulf of Mexico in the past also presents challenges. The Ba-salinity
conversion we use is based on measurements of modern fresh-
water outflow from the Mississippi-Atchafalaya River, with water
samples collected at high, middle, and low river stages (Hanor and
Chan, 1977; Joung and Shiller, 2014) over 3 different years (Fig. S-2).
The maximum open-ocean endmember of this mixing relationship
is constrained by the maximum measured salinity from the modern
data set (35 psu; Hanor and Chan, 1977; Joung and Shiller, 2014).
During the LGM, open-ocean salinity increased 1—2 psu, which
would cause the regression slope to change (dependent on each
dataset; Figs. S-6 through S-10) and affect the y-intercept. The
modern relationship between trace metal concentration and
discharge in the Mississippi River also has a slight dependence on
the proportion of water from the Ohio and Missouri River tribu-
taries (Shiller, 1997; Shiller and Boyle, 1987). However, while the
geographic extent and underlying bedrock of the Mississippi River
watershed was constantly changing during Termination I, the
Mississippi River drainage included the geographic extent of the
modern watershed until the YD (Licciardi et al., 1999; Wickert,
2016). Monthly trace element time-series measurements from the
Lower Mississippi River also demonstrate that seasonal variations
in [Ba] from the watershed are relatively invariant (Shiller, 1997).

4.2. Reconstructing 6'®0s,, and paleosalinity

In the modern Gulf of Mexico, precipitation is depleted in '¥0
relative to ocean water via Rayleigh fractionation, and 520, and S
covary because both parameters are governed by the balance be-
tween evaporation and precipitation. Unlike the 3'0 of fluvial
freshwater, the 3'80 of precipitation over the open ocean is very
close to VSMOW, so the slope of the 8'804,-S relationship can be as
small as 0.1%o psu~' (Fairbanks et al., 1992). As a result, it is unlikely
that a salinity change of 4 psu preserved in a sediment assemblage
would record changes in salinity solely due to changes in precipi-
tation, but instead due to freshwater input from a fluvial source.

During the Holocene and YD, we do not observe a trend be-
tween §'80s,, and Ba/Ca in our data (Fig. 4b). Broecker et al. (1989)
proposed a significant reduction in flow down the Mississippi River
during the YD to explain this lack of a meltwater signal in Orca
Basin sediment core records. Although a redirection of meltwater
flow away from the Gulf of Mexico could explain these data, we
note that the Orca Basin is located 300 km southwest of the modern
Mississippi River Delta, and modern salinity over the Orca Basin is
insensitive to riverine outflow. By ~13.0 ka, sea level had risen by
~60—70 m (Carlson and Clark, 2012; Clark et al., 2009), so the
paleoshoreline during the YD had receded northward by > 50 km
and the Orca Basin was no longer proximal to the mouth of the
Mississippi River. As a result, during the YD and into the Holocene,
the Ba/Cagpe ratios recorded in shell calcite may not have reflected
changes in salinity related to continental runoff. Instead, Ba/Cagpey
in YD and Holocene intervals likely records a range of open-ocean
Ba/Cag, ratios that are consistent with independently reported
regional Ba/Casy (Fig. 5a; Lea and Spero, 1994).

Paleoceanographic interpretations of 5'0, data from deep-sea
cores generally rely on the assumption that 3'80, variations result
from changes in either temperature or 3'®0s,, depending on the
depositional setting. Previous studies have combined 3'80. mea-
surements with faunal assemblages (Cortijo et al., 1994, 1999) and
bulk Mg/Ca ratios of foraminifera (Irvali et al., 2012; Winsor et al.,
2012) to infer that the dominant control on foraminiferal 3'80,

elevated [Ba] with respect to Holocene and Younger Dryas specimens, suggesting the
influence of continental runoff, but we do not observe a correlation between %04,
and salinity. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 6. A) 3'®0. from multiple shell G. ruber (white) samples from MD02-2550 (data
from Williams et al., 2012). B) Computed 3'80,, record from Mg/Ca and 3'80, analyses
of G. ruber (white) from MDO02-2550 (ice volume corrected), after Williams et al.
(2012). Core intervals (time slices) from MD02-2550 used in this study are indicated
by green stars. C) Estimated 3'30,, values of LIS meltwater entering the Gulf of Mexico
during Termination I, from 0.5 to 1 cm thick core intervals. The 3'0,, values of the
freshwater end-member are calculated using a York linear regression on linked 3'®0,-
salinity data from individual O. universa, using an open-ocean end-member estimate as
an additional unweighted data point in the regression. Estimated 5'30,, values are
shown for significant relationships only, with 1-sigma confidence intervals around the
y-intercepts (Table 2). Vertical grey bar indicates ~10 cm interval in MD02-2550 where
no foraminifera are present. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

(temperature or 3'80gy) may switch back and forth between core
intervals in a single location. Here we approach the same question
using 3'80, and Mg/Ca (T), with both parameters measured in in-
dividual shells (Fig. 7a). Our data for Holocene and YD specimens
show that these two parameters are strongly correlated (r* = 0.48,
n = 95), whereas in the other intervals in our Orca Basin study 380,
and Mg/Ca data are nearly randomly distributed. The changes in
temperature (~21 °C) and 8'80 (~3.0%o) yield a slope of 0.26%0 °C~,
which is very close to the fractionation for calcite relative to tem-
perature in paleotemperature equations. These data demonstrate
that temperature is the primary control on foraminiferal 320,
during the YD and Holocene.

The impact of 880y on shell 3'80. values during Termination I
can be clearly seen in Fig. 7b. Here, the range in 3'®Og,
(~7.5%0 VSMOW) and 380, (~6.5%0 VPDB) are nearly identical, as
would be expected if shell 880, is governed primarily by §®0gy.
The covariation between 50, and 3'®0. for all deglacial

specimens prior to the YD displays a slope of 0.88 (r*> = 0.76). These
data demonstrate that during Termination I, 3'®0. variability
among individual foraminifers is predominantly controlled by
variations in 3'80s,. It is possible that similar comparisons, using
multiple measurements on single foraminifera, could be applied in
other depositional settings to deconvolve changes in precipitation/
salinity from a temperature signal in deep-sea core data sets.

Interestingly, in the earliest time slices we analyzed from 17.4 to
16.8 ka (ED and H, time slices), we do not see a clear relationship
between Ba-derived salinity and 8'®0y,, for individual O. universa
specimens, and 3'®0g,, vs. S data do not yield statistically mean-
ingful regression intercepts for 880,y (Fig. 5f; Figs. S-11 and S-12).
Although the range of Ba/Ca is narrow in these datasets
(<1.5 pmol mol~1), mean Ba/Ca ratios are elevated, suggesting that
Mississippi River freshwater did influence the surface waters above
the Orca Basin earlier in the deglaciation 17.4—16.8 ka. If the iso-
topic composition of continentally-derived freshwater during this
time was controlled by precipitation, we would not be able to
constrain the slope or y intercepts as they would be near zero.

In the Orca Basin, downcore changes in measured Ba/Ca un-
equivocally reflect Mississippi River freshwater influence. However,
reconstructing the 5180W value of freshwater end-member is ulti-
mately dependent on mixing of open-ocean 3'80s,, with a single
source for variations in both 3'0,, and [Ba]. Early in the deglacia-
tion, the Mississippi River drainage basin was likely a mixture of
regional precipitation with LIS meltwater. This mixture was either
dominated by precipitation or included meltwater with an isotopic
composition that did not differ substantially from precipitation.
Because the Orca Basin was closer to the deglacial Gulf of Mexico
paleoshoreline, it is likely that we would still observe a significant
surface freshwater contribution with elevated Ba as a function of
increased river input, although 61805W values would not reflect an
LIS source. Together, our early deglaciation (~17.4—15.5 ka) data
suggest that the routing of LIS meltwater into the Gulf of Mexico
was not constant across Termination I, which agrees with earlier
interpretations of sedimentary records (Flower et al., 2011). How-
ever, our data cannot confirm the presence of an isotopically
distinct LIS meltwater in the Gulf of Mexico at ~17 ka, as suggested
from records based on Globigerinoides ruber (Wickert et al., 2013;
Williams et al., 2012).

The peak meltwater influence in the Gulf of Mexico occurred
during latest Heinrich Stadial 1 and through the Bglling-Allerad
(Williams et al., 2012), which occurred during the 11—18 m sea level
rise of MWP-1a (centered on 14.6 ka; Deschamps et al., 2012). In
this Orca Basin core, MWP-1a is expressed as a 24 cm thick interval
with no planktic foraminifera (431—455 cm; 14.66—14.11 ka), likely
resulting from surface salinity in the Gulf of Mexico that decreased
below the tolerance for living foraminfera. For the time slices in our
dataset that bracket MWP-1a (H, B,, By, B¢, and Bg; spanning 15.4 to
13.5 ka), estimated 380, values from individual O. universa range
from —4.45 to +1.44%0 VSMOW (Fig. 6d), which is consistent with a
>4%0 spread between individual O. universa 3'®0. measured in
nearby Orca Basin core EN32-PC6 (Spero and Williams, 1990). The
lowest salinities recorded by individual shells occur at ~15.0 ka
during time slice H. (Fig. 3). However, the most negative 3'80gy
values do not occur until ~13.4 ka, in time slice Bq during the
Bolling-Allergd (Fig. 2¢). Together, these results demonstrate that
LIS meltwater was isotopically heterogeneous during peak melt-
water influence in the Gulf of Mexico from 15.5 to 13.3 ka (time
slices Hp through Bg), with a 3'®0, range between —11%o
and —38%o (Fig. 6¢; Table 2). These results encompass a range of
3180y values that are consistent with model estimates for the ox-
ygen isotope geochemistry of different sections of the LIS (e.g,,
Ferguson and Jasechko, 2015; Schwarcz and Eyles, 1991; Sima et al.,
2006).
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Previous studies have assumed a single 3'%0 estimate when
calculating meltwater input (—25 or —35%o; Aharon, 2006; Carlson,
2009; Carlson et al., 2007; Hill et al., 2006; Obbink et al., 2010;
Wickert et al., 2013). The heterogeneity in LIS meltwater 520
shown in our results suggests that this may be a simplistic
approach, especially when estimating the volumetric contributions
to sea-level rise during different time intervals. For time slices from
15.5 through 14.6 ka in our data, 3'80,, value estimates near —17%o
indicates that early deglacial discharge estimates based on isotopic
constraints may underestimate the amount of melting (Wickert
et al., 2013). Conversely, meltwater volume from the LIS during
the Belling and Allered may be overestimated (Aharon, 2006;
Carlson, 2009; Wickert et al.,, 2013), if 5'80,, values as negative
as —38%o were the dominant isotopic signal in the Mississippi River
watershed.

4.3. LIS melting history

Modern continental ice sheets exhibit considerable 3'®0j
heterogeneity, which varies in response to altitude, latitude, the
adiabatic lapse rate, and the temperature of the ice surface when
snow falls (Masson-Delmotte et al., 2008, and references therein).
Isotope-enabled GCMs have been used to simulate the geographic
distribution of oxygen isotope values in precipitation (Carlson et al.,
2008a; LeGrande et al., 2006; Pausata et al., 2011; Risi et al., 2010;
Ullman et al,, 2014; Werner et al., 2011; Yoshimura et al., 2008).
Paleohydrologic records and modeling studies of North America
from the LGM show that westerly storm tracks were shifted
southward and intensified during the LGM (Oster et al., 2015, and
references therein), and 5'80 records also indicate that precipita-
tion was up to 7%, more negative during glacial intervals (Jasechko
et al., 2015). Variation in Greenland §'®0 values has also been
attributed to southward shifts in storm tracks and moisture sources
(Seierstad et al., 2014). Simple isotopic models of the LIS incorpo-
rate latitude, altitude, and temperature variation, and these models
predict minimum LIS §'80,, values of —30 to —35%. for the top of a
~3 km-high ice sheet (Sima et al.,, 2006). However, these do not
incorporate parameters that affect the isotopic composition of

rainfall today, such as relative humidity, adiabatic lapse rate, and
Rayleigh fractionation within clouds due to successive rainout
events (Bowen and Wilkinson, 2002). Although atmospheric pa-
rameters such as relative humidity are important determinants of
the oxygen isotopic value of precipitation, they are difficult to
constrain in the past (Hoffmann et al., 1998; Risi et al., 2010).
Several studies have estimated the §'®0,, of LIS meltwater
indirectly from lacustrine sediment records from proglacial lakes
near the southern margin of the LIS. Measurements of lacustrine
calcite concretions suggest that 3'80,, ranged from —30%o to —32%o
for basal ice and —16%o to —19%o for southern margin melt (Hillaire-
Marcel and Causse, 1989; Hillaire-Marcel et al., 1979). Ostracode
records from a proglacial lacustrine sequence in the St. Lawrence
drainage (eastern Canada) estimate that lakewater 880, ranged
from —12%0 to —21%o, suggesting either more positive LIS 880,
values or mixing with non-glacial sources (Eyles and Schwarcz,
1991; Hladyniuk and Longstaffe, 2016). The effect of surface evap-
oration on the isotopic value and stratification of supraglacial lakes
and long-lived proglacial lakes, such as Lake Agassiz, could have
also influenced these values over the course of full LIS melting
(Buhay and Betcher, 1998). Most of these records are Holocene in
age and postdate the primary melting phase of the LIS during
Termination I. As a result, these are likely to yield estimates of LIS
380 that are more positive than LGM values, following the climate
signal that is seen in Greenland when comparing Holocene ice (—26
to —36%o; Vinther et al., 2009) to LGM ice (—40 to —45%o; Buizert
et al,, 2014; Johnsen et al,, 1972; Seierstad et al., 2014). The most
direct measurements of LIS remnants, from ice on the Barnes Ice
Cap, yield 880 values of —21 to —40%. (Hooke and Clausen, 1982) at
a high-latitude site (70°N) on Baffin Island proximal to a marine
isotopic source (Andrews et al., 2002). Given the 5'80 values of LGM
ice on Greenland, and LIS model estimates with maximum thick-
ness of 3—4 km (Argus et al., 2014; Gregoire et al., 2012; Peltier
et al., 2015), it is not unreasonable to expect more negative iso-
topic values as well as greater heterogeneity in meltwater derived
from the central LIS. Regional temperatures in the interior of North
America up to 25°C colder than modern values (Annan and
Hargreaves, 2013) would also have contributed to extremely
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negative precipitation 5'80 values over the LIS.

In our record, core intervals prior to MWP-1a (15.5—14.6 ka;
time slices Hp, He, and B, in Fig. 6¢) display LIS meltwater 3'%0,,
values that vary between —11 + 4%o and —21 + 9%o (Table 2). These
more '80-enriched isotopic values are consistent with independent
calculations of the 3'0 of the LIS that yield more positive values
(Ferguson and Jasechko, 2015), and are consistent with meltwater
sources from lower-elevation, lower-latitude, warmer portions of
the ice sheet. During the Bglling and Allerad (14.0—13.3 ka; time
slices By, B¢, and Bg in Fig. 6¢), LIS meltwater 3180, values range
between —22 + 7%o to —38 + 8%o (Table 2). These values fall within
the range of oxygen isotope values observed in modern Antarctic
precipitation (—18 to —55%o), although they are more positive than
the more '80-depleted (—50 to —57%o) at 3—4 km elevation on the
East Antarctic Ice Sheet (Ekaykin et al., 2002; Masson-Delmotte
et al,, 2008; Morgan, 1982; Stenni et al., 2001). During Termina-
tion I, LIS seasonally drained through the Mississippi River water-
shed (Kehew and Teller, 1994; Licciardi et al., 1999; Teller and
Kehew, 1994), and the '80-depleted values from our study sug-
gest that at times, Mississippi River outflow was dominated by
meltwater from the high-latitude, high-elevation interior of the ice
sheet. As Termination I melting progressed into the Bglling-Allered,
meltwater 3'80,, value estimates become progressively negative,
suggesting the potential for sequential mining of the interior of the
LIS as it retreated. This progression towards more negative values
suggests an increased proportion of ice that originated in the high-
elevation LIS interior and subsequently flowed to the southern
margin.

The range of 3'30,, values we calculate is consistent with LIS
meltwater being derived from multiple distinct sources on the
North American continent. Isotope-based interpretations of vary-
ing LIS meltwater sources are supported by provenance records
from the Gulf of Mexico that indicate changes in clay mineralogy,
which reflects terrigenous input from different regions of the
Mississippi River catchment (Montero-Serrano et al., 2009;
Sionneau et al., 2010). Two distinct provinces emerge from these
records: the illite- and chlorite-rich Ohio River valley, which was in
the drainage path of the southern LIS, and the smectite-rich Mis-
souri River catchment (western Mississippi River contribution),
which received meltwater from the southwestern LIS (Wickert,
2016). The regression technique using foraminiferal geochemical
data that we present in this paper opens the potential for a direct
link between meltwater 8'®0 geochemistry and the geographic
origin of meltwater from within the ice sheet.

5. Conclusions

Geochemical analyses of populations of individual foraminifers
from discrete core intervals provide the opportunity to extract an
additional dimension of environmental and ecological information
from the fossil record that is obscured by the traditional bulk
analysis approach. Here we demonstrate that the breadth of envi-
ronmental conditions recorded by the planktic foraminifer
0. universa yield a more detailed reconstruction of water column
hydrography during ice sheet meltwater events in the Gulf of
Mexico. Our 5'80,, records of LIS meltwater from the Orca Basin
sediment in the Gulf of Mexico indicate a dynamic LIS melting
history over the course of the last deglaciation. We present the first
marine geochemical record that indicates variability in meltwater
3180y values. Our results quantify 5'80 heterogeneity in individual
LIS meltwater time periods, confirm sourcing of meltwater from
different portions of the LIS with different 3'80ice values, and
demonstrate that the §'80,, value of LIS meltwater varied on
decadal timescales during the deglaciation.
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FIGURE S-1. Modern examples of 8"°O, vs. salinity relationships from both open-ocean settings and locations
influenced by precipitation and/or glacial runoff. Modified from Fairbanks et al., (1992).
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FIGURE S-2. Basin-specific Ba-salinity relationships in global rivers

Relationship between seawater [Ba] and
salinity for different river systems
(A) Salinity and [Ba] concentration data measured for 4 0.6
different global rivers, showing basin-specific empirical A
relationships. The Mississippi-Atchafalaya River system o P ————
(light blue dots from Joung and Shiller, 2014; black dots
from Hanor and Chan, 1977); the Ganges-Brahmaputra
(red diamonds; Carroll et al., 1993); the Amazon (green
triangles; Boyle, 1976); and the Congo River (purple
squares; Edmond et al., 1978). Each river basin yields a
different empirical relationship between Ba and salinity.
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While it is possible that the Mississippi River drainage
basin may have had a different S vs. Ba/Ca,, relation-
ship in the past, in this study we use the relationship
based on modern measurements as a first approxima-
tion, for lack of a better substitute. We note that if the
modern relationship differed substantially from the
relationship during Termination I, salinity estimates
from measured Ba/Ca,_, would not fall within the
salinity tolerance of O. universa.
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(B) Relationship between measured Ba/Ca,,, in Orbulina PP y

universa and salinity for the Gulf of Mexico influenced by 40
freshwater from the Mississippi River. Here we use the B
empirical relationship between Ba/Ca,, and salinity, from
measurements in the Mississippi-Atchafalaya River
system (A). Black dots are Ba/Ca,, measurements from
Hanor and Chan (1977) in the Mississippi River channel;
light blue dots are Ba/Ca,, measurements made by Joung
and Shiller (2014) across the entire Mississippi-
Atchafalaya River outflow.
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For data points < 15 ppt, measured Ba/Ca,, were converted
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(eq. 4, Section 2.2 in main text). 15 ‘ ‘\ ..
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Figure S-3. Intrashell trace element depth profiles from LA-ICP-MS

Examples of trace element depth profiles through individual O. universa shells, collected via laser ablation
ICP-MS. For data reduction protocols and evaluation of specimens for potential contamination, we monitor *’Al
(clay contaminants), “Ca (to show intensities of ablated calcite), and '**Ba (intrashell traces are homogeneous in
unaltered specimens). See Section 2.3 in main text for discussion.
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(A) shows a typical depth profile through a foraminifera shell. Shaded grey box shows the points
used in determining trace element ratios for this laser ablation spot. Characteristics of a depth
profile across an unaltered shell include counts of “Ca slowly decreasing with progressive
ablation, low “’Al (green) (Al/Ca < 0.5 mmol mol"), and constant intrashell Ba/Ca (pink). Data
outside the grey box (> 18 s) shows where the ablating laser broke through the shell, indicated by
increasing Al and an inflection point in the decrease of “Ca.

In contrast, (B) shows elevated Al (green) and a heterogeneous intrashell *Ba profile (pink).
These depth profiles are characteristic of adherent clays (Al) and diagenetic overprinting (Ba),
and both are criteria for exclusion from the final data set we use for paleoceanographic recon-
structions.
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FIGURE S-4. Laser ablation data reduction protocols
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(A) Measured Al/Ca (mmol mol™") vs. measured Ba/Ca (umol mol") for all individual O. universa
specimens analyzed in this study. Grey points are individual shells that were used for paleoceano-
graphic reconstructions. Colored points are shells that were excluded from paleoceanographic
reconstructions following the criteria described in Section 2.3. Orange points are specimens
excluded due Al/Ca > 0.5 mmol mol”. Blue points were excluded from analyses due to heteroge-
neous intrashell Ba/Ca, and blue stars are specimens with Ba/Ca ratios that yield salinity
estimates < 30 psu. In total, 6% of analyzed specimens were removed from the dataset.

(B) Measured Mg/Ca (mmol mol") vs. measured Ba/Ca (wmol mol™") for all individual

O. universa specimens analyzed in this study. Grey points are individual shells that were used for
paleoceanographic reconstructions. Orange points are specimens excluded due Al/Ca > 0.5 mmol
mol". Blue points were excluded from analyses due to heterogeneous intrashell Ba/Ca, and blue
stars are specimens with Ba/Ca ratios that yield salinity estimates < 30 psu. The colored data
points (rejected) do not display covariation between Mg/Ca and Ba/Ca, suggesting little

post-depositional overprinting.
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FIGURE S-5. Calculated 6"*0,, and measured Ba/Ca, Younger Dryas and Holocene time slices

Younger Dryas Cold Period, YD time slice: 12.13 - 12.17 ka
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FIGURE S-6. Calculated 60, and salinity, Bolling-Allered Warm Period
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FIGURE S-7. Calculated 60, and salinity, Bolling-Allered Warm Period
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FIGURE S-8. Calculated 6"*0,, and salinity, Bolling-Allered Warm Period
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FIGURE S-9. Calculated 6"*0,, and salinity, Heinrich Stadial I Open-ocean
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FIGURE S-10. Calculated 6"0,, and salinity, Heinrich Stadial I
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FIGURE S-11. Calculated "0, and salinity, Heinrich Stadial I Open-ocean
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FIGURE S-12. Calculated 6"0,, and salinity, Early Deglacial
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Figure S-13. Evaluating Ba-salinity relationships

Comparison of 80, vs. salinity reconstructions using measurements from individual O. universa from Orca
Basin core interval 483-484 cm (15.28-15.30 ka). We follow the methodology presented in the main text
(Section 2.2) to convert measured Ba/Ca,,, to salinity, using four different basin-specific Ba-salinity relation-
ships (Figure S-2).

The reconstruction using the modern Mississippi-Atchafalaya outflow relationship (blue dots) yields salinity
estimates that are consistent with the laboratory-based salinity tolerance range for O. universa (Bijma et al.,
1990). When we substitute Ba/Ca vs. S relationships from the Ganges-Brahmaputra Delta (red diamonds), the
Amazon estuary (green triangles), and the Congo River outflow (purple squares) and perform the same calcula-
tions with foraminiferal shell measurements, we obtain considerably lower estimated salinities. Note that the
application of different Ba-salinity relationships yields not only different salinity estimates, but also different
slopes to the 6'*O,,-salinity regression.

For the Congo River, 90% of the data are less than the minimum threshold salinity tolerance range for O.
universa of 23-27 psu (Bijma et al., 1990). For the Amazon River relationship (green triangles), >50% of these
data would be discarded, and for the Ganges-Brahmaputra relationship (red diamonds) most specimens yield
salinities that are within the tolerance range of O. universa.

After comparing Ba/Ca-salinity relationships from 4 major rivers on 4 different continents, only the Mississippi
and Ganges-Brahmaputra relationships yield salinities for the majority of O. universa that are within the salinity
tolerance range for the species. Because there is no logical reason to select a Ba-salinity relationship for a
different watershed outside of the region of interest, we are comfortable applying the modern Mississippi-Atch-
afalaya relationship to interpret the data we have collected on deglacial O. universa in this study.
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