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ABSTRACT

Modern observations of planktic foraminifera from sediment trap studies help to constrain
the regional ecology of paleoceanographically valuable species. Results from a weekly-resolved
sediment trap time series (2008-2014) in the northern Gulf of Mexico demonstrate that 92% of
Globorotalia truncatulinoides flux occurs in winter (January, February, and March), and that
encrusted and non-encrusted individuals represent calcification in distinct depth habitats. We use
individual foraminiferal analysis (IFA) of G. truncatulinoides tests to investigate differences in the
elemental (Mg/Ca) and isotopic composition (8"°O and §"”C) of the encrusted and non-encrusted
ontogenetic forms of G. truncatulinoides, and to estimate their calcification depth in the northern
Gulf of Mexico. We estimate that non-encrusted and encrusted G. truncatulinoides have mean
calcification depths of 66 + 9 meters and 379 + 76 meters, respectively. We validate the Mg/Ca-
calcification temperature relationship for G. truncatulinoides and demonstrate that the §'*O and
Mg/Ca of the non-encrusted form is a suitable proxy for winter surface mixed layer conditions in
the Gulf of Mexico. Care should be taken not to combine encrusted and non-encrusted

individuals of G. truncatulinoides for down core paleoceanographic studies.
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CHAPTER ONE:
ENVIRONMENTAL CONTROLS ON THE GEOCHEMISTRY OF GLOBOROTALIA
TRUNCATULINOIDES IN THE GULF OF MEXICO: IMPLICATIONS FOR

PALEOCEANOGRAPHIC RECONSTRUCTIONS

1.1 COPYRIGHT CLEARANCE

Appendix A: Environmental controls on the geochemistry of Globorotalia truncatulinoides in the
Gulf of Mexico: Implications for paleoceanographic reconstructions, presents work previously
published in the journal Marine Micropaleontology, published by Elsevier. DOI:
10.1016/j.marmicro.2018.05.006. A complete reprint is provided with the authors’ permission in
Appendix A. © 2018 CE Reynolds; Richey, JN; Fehrenbacher, ]JS; Rosenheim, BE; Spero, H]J. 1
retain or am hereby granted (without the need to obtain further permission) the Author Rights
from Elsevier. The Author Rights include the right to use the Preprint, Accepted Manuscript and

the Published Journal Article for Personal Use and Internal Institutional Use.

1.2 RESEARCH OVERVIEW

Here we present paired isotopic (§"°C and §'°0O) and Mg/Ca data obtained from individual
Globorotalia truncatulinoides specimens from a weekly-resolved sediment trap time series in the
nGoM. Using this approach, we are able to take a detailed investigation of the geochemical

differences between encrusted and non-encrusted forms. We use this information to (1) validate



the Mg/Ca-calcification temperature relationship for G. truncatulinoides, (2) demonstrate that the
non-encrusted form calcifies in the surface mixed layer, whereas the crust forms well below the
seasonal thermocline, and (3) demonstrate that LA-ICP-MS analyses of single foraminifera can be
used to yield comparable elemental ratios to that obtained from solution-based analyses.

Using the geochemistry of individual foraminifera from a sediment trap time series in the
northern Gulf of Mexico (GoM), we determined that the encrusted (C) and non-encrusted (NC)
forms of Globorotalia truncatulinoides calcify in distinct depth habitats in the upper ocean. If care is
taken to discriminate between the two forms for down core studies, the non-encrusted form can be
used to reconstruct winter surface mixed layer conditions in the GoM. Oxygen isotopes of
individual foraminifera indicate a mean calcification depth for NC G. truncatulinoides of 66 (£ 9)
meters, within the surface mixed layer. The mean depth represented by encrusted specimens is 379
(£ 76) meters, assuming 29% of the calcite of an encrusted specimen originates in the winter
mixed layer.

Laser ablation laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
Mg/ Ca values based on the weighted mean for an individual foraminifer are not significantly
different from solution-based Mg/Ca, 2.75 + 0.56 mmol/mol and 3.01 + 0.30 mmol/mol,
respectively. When using LA-ICP-MS, the weighted mean of the final three chambers (F, F1, and
F2) is an acceptable method for approximating the Mg/Ca of a whole foraminifer test. NC G.

truncatulinoides have a flux-weighted temperature 21.3° £ 3.4° C using Anand et al., 2003 (ten



planktonic species) equation, which is identical to the 0-150 meter flux-weighted temperature at

the sediment trap site (21.3 £ 3.3 °C) from CTD observations.

1.3 AUTHOR CONTRIBUTIONS

CER and JNR contributed equally to the conception of this work. All data was collected by CER
and JNR and analyzed by CER. All authors discussed the results and their implications. CER
wrote the manuscript and compiled all tables, figures, and supplemental information. All authors

commented on the manuscript throughout the preparation process.
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ARTICLE INFO ABSTRACT

Modern observations of planktic foraminifera from sediment trap studies help to constrain the regional ecology
of paleoceanographically valuable species. Results from a weekly-resolved sediment trap time series
(2008-2014) in the northern Gulf of Mexico demonstrate that 92% of Globorotalia truncatulinoides flux occurs in
winter (January, February, and March), and that encrusted and non-encrusted individuals represent calcification
in distinct depth habitats. We use individual foraminiferal analysis (IFA) of G. truncatulinoides tests to investigate
differences in the elemental (Mg/Ca) and isotopic composition (8'%0 and §'°C) of the encrusted and non-en-
crusted ontogenetic forms of G. truncatulinoides, and to estimate their calcification depth in the northern Gulf of
Mexico. We estimate that non-encrusted and encrusted G. truncatulinoides have mean calcification depths of
66 + 9m and 379 * 76 m, respectively. We validate the Mg/Ca-calcification temperature relationship for G.
truncatulinoides and demonstrate that the §'®0 and Mg/Ca of the non-encrusted form is a suitable proxy for
winter surface mixed layer conditions in the Gulf of Mexico. Care should be taken not to combine encrusted and
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non-encrusted individuals of G. truncatulinoides for down core paleoceanographic studies.

1. Introduction

The most widely used sedimentary paleoceanographic proxies for
sea-surface temperture (SST) in the subtropical Atlantic Ocean (e.g.,
Globigerinoides ruber Mg/Ca, TEXgq and Uf; ) have been shown to reflect
mean annual surface conditions in the northern Gulf of Mexico (nGoM)
(Richey et al,, 2007; Richey and Tierney, 2016). Whereas seasonal
biases in proxy recorders can present problems for paleoclimate re-
constructions (Schmidt et al., 2006), exploiting well-defined ecological
differences (i.e., seasonal or depth habitat) between different proxy
recorders can be used to better understand seasonality or water column
structure changes in the paleoceanographic record. Previously pub-
lished nGoM sediment trap time series data demonstrate that the
asymbiotic, non-spinose bearing planktic foraminifer, Globorotalia
truncatulinoides, is exported from the water column nearly exclusively in
the winter (Spear et al., 2011; Poore et al., 2013; Reynolds and Richey,
2016). A well-constrained winter proxy (not just a winter-biased proxy)
will help discern how changes in seasonality play into past climatic
events in the nGoM, and provide insights into the oceanographic

response to both forced and internal climate variability.

Globorotalia truncatulinoides has most commonly been interpreted as
a deep dwelling foraminifer, and used as a proxy for tracking the sea-
sonal and permanent thermocline in the subtropical ocean (Lohmann
and Schweitzer, 1990; McKenna and Prell, 2004; Cléroux et al., 2007;
Cléroux et al., 2009; Feldjeimer et al., 2015). Modern plankton tow and
core-top studies have suggested geochemical gradients between G.
truncatulinoides and intermediate to shallow dwelling planktic for-
aminifera can be used to reconstruct upper water column structure in
the past (Steph et al., 2009; Wilke et al., 2009; Cléroux et al., 2008;
Cléroux et al., 2013; Rebotim et al., 2016). Oxygen isotopes in G.
truncatulinoides have been used to infer lateral density gradients at in-
termediate depths using core top transects across the Florida Straits
(LeGrande et al., 2004), and to reconstruct upper ocean flow in
downcore records in the Gulf Stream region (LeGrande and Lynch-
Stieglitz, 2007). In the South China Sea and Okinawa Trough, G. trun-
catulinoides abundance has been used to track the upper ocean thermal
structure over the past 1.5 Ma (Jian et al., 2000). The measured 8'%0 of
down core records from the encrusted form of this species have also

* Corresponding author at: U.S. Geological Survey, 600 4th Street South, St. Petersburg, FL 33701, USA.

E-mail address: creynolds@usgs.gov (C.E. Reynolds).
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been used to reconstruct the separation latitude of the Gulf Stream
(Matsumoto and Lynch-Stieglitz, 2003).

Globorotalia truncatulinoides, a keeled non-spinose species of
planktic foraminifera, has a cosmopolitan distribution in subtropical to
tropical marine environments. As individuals sink into colder, denser
waters they add a thick calcite crust which doubles the total mass of the
test, but not the overall size of the test (Lohmann and Schweitzer,
1990). Constraint on the depth of encrustation would improve both the
ability to track changes in the deep subsurface ocean and reconstruct
water column structure over glacial-interglacial cycles (Feldmeijer
et al., 2015), and provide estimations of the heat transport during these
cycles in the global oceans (Mulitza et al., 1997).

Spatial distribution differences have been reported for the right
coiling (dextral) and left coiling (sinistral) forms of G. truncatulinoides.
The dextral form has been linked to warmer temperatures and a shal-
lower thermocline (Feldmeijer et al., 2015) as well as nutrient-rich
waters associated with gyres and coastal margins (Renaud and Schmidt,
2003; Ujiié et al., 2010; Billups et al., 2016). Kennett {1968) cited
morphometric differences in G. truncatulinoides, with highly conical
forms versus a more compressed form linked to average surface water
temperature. A lower ratio of width to height is associated with warmer
tropical waters whereas the more compressed form, with a higher ratio
of width to height, suggests colder subtropical temperatures. This is
corroborated by isotopic studies showing that the highly conical mor-
photype is significantly more depleted in 8'0 than the compressed
morphotype (Healy-Williams et al., 1985; Williams et al., 1988).

Previously published observations of G. truncatulinoides from stra-
tified plankton tows indicate a variable depth habitat in the tropical to
sub-tropical North Atlantic Ocean. Fairbanks et al. (1980) found living
G. truncatulinoides throughout the upper 200m of the water column,
with peak population between 125 and 175m during a November

Table 1

Marine Micropaleontology xxx (xxa¢) Xx0¢-XxX

MOCNESS tow in the western subtropical North Atlantic Ocean. They
note that the oxygen isotopic composition of specimens from the upper
200 m of the water column indicate a bi-modal distribution, with one
population in isotopic equilibrium with the surface mixed layer, and the
other from 125 to 200m. A spring MOCNESS plankton tow from the
upper 100m in the eastern equatorial Atlantic Ocean found living G.
truncatulinoides only in 80-100 m water depth (Ravelo and Fairbanks,
1992), and a spring tow in the Caribbean found maximum abundance
from 100 to 200m (Schmuker and Schiebel, 2002). Rebotim et al.
(2016) synthesized results from 43 plankton tows from the eastern
North Atlantic spanning the annual cycle, and found that the average
habitat depth of G. truncatulinoides shifts from ~30m in winter to
250m in the spring. Plankton tow data from the eastern subtropical
South Atlantic Ocean indicate the presence of living G. truncatudinoides
throughout the upper 400 m, with maximum shell concentrations below
300m water depth (Loncaric et al., 2006).

Depth habitat of G. truncatulinoides has also been estimated by
comparing foraminiferal 8'%0 with the predicted 8'%0 of calcite in
equilibrium with seawater. For example, using this approach with se-
diment trap material in the Sargasso Sea, Anand et al. {(2003) reported a
depth habitat for G. truncatudinoides of 200-500m. Cléroux et al. (2013)
estimated depth habitat between 300 and 535m using core-top mea-
surements spanning the mid-Atlantic. In a network of core-top samples
spanning the subtropical to sub-polar North Atlantic, Cléroux et al.
(2007) determined that G. truncatudinoides inhabits the base of the
seasonal thermocline, with a preference for water temperatures cooler
than 16 °C. These results, which suggest that G. truncatulinoides is in
isotopic equilibrium within or below the seasonal thermocline
{~100-400 m), are consistent with studies spanning the Atlantic Basin
(Mortyn and Charles, 2003; Loncaric et al., 2006; Regenberg et al.,
2009; Steph et al., 2009; summarized in Table 1).

Summary of Globorotalia truncatulinoides depth habitat observations or determinations.

Study Location Collection Type Depth (m) 8'%0 equation used
Anand et al. (2003} Sargasso Sea Sediment Trap 200-500 O'Neil et al. (1969} and
Shackleton (1974}
Cléroux et al. (2007} subtropical to northern North core tops 200-400 Shackleton (1974)
Atlantic
Cléroux et al. (2009} Western Atlantic Ocean cores 200-300
Cléroux et al. (2013} mid-Atlantic core top measurements 420 + 115 Kim and ONeil (1997}
300 Shackleton (1974}
Deuser and Ross (1989) Sargasso Sea Sediment Trap 200
Fairbanks et al. (1980) subtropical North Atlantic MOCNESS plankton tow 125-175
Loncaric et al. (2006} eastern subtropical South Atlantic plankton tow 340 Kim and ONeil, 1997
Ocean
McKenna and Prell (2004) western Indian Ocean core tops 200 O'Neil et al. (1969)
Mortyn and Charles (2003} Atlantic sector of the Southern MOCNESS plankton tow 100-500 O'Neil et al. (1969)
Ocean
Mulitza et al. (1997} Atlantic Ocean sediment surfaces 250
Ravelo and Fairbanks (1992) eastern equatorial Atlantic Ocean MOCNESS plankton tow 80-100
core tops 125-200

Rebotim et al. (2016}
Regenberg et al. (2009)

This study
Salmon et al. (2016}
Schmuker and Schiebel

(2002)
Steph et al. (2009}

Spear et al. (2011)
Wilke et al. (2009}

eastern North Atlantic
Caribbean, West and East Atlantic

northern Gulf of Mexico

Sargasso Sea

Caribbean

Caribbean, West and East Atlantic

northern Gulf of Mexico
Canary Islands

plankton tows
sediment surface samples

Sediment Trap

Sediment Trap

MOCNESS plankton tow
core tops
Sediment Trap

Plankton tows, Sediment Trap and Core
tops

30 (winter)} to 250 (spring}

377 + 99 Bemis et al. (1998)

380 + 105 Kim and ONeil (1997)

478 + 109 Mulitza et al. (2004}

308 + 106 Shackleton (1974}

6 + 9 (NC) see Table 2

379 + 76 (C)

44 (NC) O'Neil et al. (1969) and
Shackleton (1974}

300-400 (C)

100-200

208 + 50 to 424 + 80 Shackleton (1974}

490 + 91 Kim and ONeil (1997}

179 + 3510 376 + 76 Shackleton (1974)

120 Bemis et al. (1998)

350 Kim and ONeil, 1997
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Globorotalia truncatulinoides is assumed to be a deep, subsurface
dweller because studies inferring a depth habitat from shell geochem-
istry do so without discriminating between encrusted and non-en-
crusted G. truncatulinoides. Spear et al. (2011) suggested that G. trun-
catulinoides encrusted (C) and non-encrusted (NC) forms occupy distinct
depth habitats in the nGoM and argued that NC G. truncatulinoides in
the nGoM calcifies no deeper than 120 m (the base of the winter mixed
layer). Salmon et al. (2016) also separated the two forms and found a
similar shallow (~44 m) depth habitat for NC in winter in the Sargasso
Sea. Two additional studies used electron microprobe analysis to
compare the Mg/Ca of the lamellar (early ontogenic) calcite versus the
secondary crust; both concluded that the lamellar calcite formed in the
mixed layer, above the thermocline (Duckworth, 1977; McKenna and
Prell, 2004).

We demonstrate in this study that due to the complex life history of
G. truncatulinoides, the C and NC forms have geochemical signals that
reflect distinctly different calcification depths, with the latter re-
presenting winter surface mixed layer conditions, and the former re-
presenting deep subsurface conditions. By not discriminating between
the two forms in down core studies, geochemical changes recorded by
G. truncatulinoides may reflect changes in the relative proportion of the
surface and deep-dwelling forms, rather than paleoceanographic
changes in upper ocean hydrography.

2. Proxy approach

The relatively low abundance of NC G. truncatulinoides specimens in
both sediment trap and down core samples in the nGoM precludes so-
lution-based Mg/Ca analysis. Therefore, we test the efficacy of using
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) on individual foraminiferal chambers to approximate the mean
Mg/Ca of the whole test. LA-ICP-MS has become a powerful tool to
investigate the heterogeneity in trace elements within foraminiferal
tests (e.g. Eggins et al., 2003). This high precision elemental analysis
allows many discrete measurements to be taken in a continuous profile
through a chamber wall, providing insights into the calcification pro-
cess that are obscured by solution-based bulk shell analysis. LA-ICP-MS
has been used to analyze non-spinose planktic foraminiferal species
such as Neogloboquadrina dutertrei, Globorotalia scitula, and Pulleniatina
obliquiloculata to investigate differences between the trace metal com-
position of lamellar calcite and secondary crust (e.g., Jonkers et al.
2012; Steinhardt et al., 2015). Other studies have used LA-ICP-MS to
analyze sediment trap samples to explore relationships between the
foraminiferal geochemistry and water column hydrography (Gibson
et al., 2016), and to identify and avoid potential contamination, diag-
enesis, and dissolution (Vetter et al., 2013). Recently, Vetter et al.
(2017) highlighted the potential for paired §'0 and LA-ICP-MS (Mg/
Ca and Ba/Ca) analysis on individual foraminifera shells in a study that
reconstructed deglacial Mississippi River meltwater geochemistry.

Here we present paired isotopic (6'°C and 8'®0) and Mg/Ca data
obtained from individual Globorotalia truncatulinoides specimens from a
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weekly-resolved sediment trap time series in the nGoM. Using this ap-
proach, we are able to take a detailed investigation of the geochemical
differences between encrusted and non-encrusted forms. We use this
information to (1) validate the Mg/Ca-calcification temperature re-
lationship for G. truncatulinoides, (2) demonstrate that the non-en-
crusted form calcifies in the surface mixed layer, whereas the crust
forms well below the seasonal thermocline, and (3) demonstrate that
LA-ICP-MS analyses of single foraminifera can be used to yield com-
parable elemental ratios to that obtained from solution-based analyses.

3. Oceanographic setting

The GoM is a semi-enclosed basin surrounded by the Gulf Coast of
the United States, Mexico, and Cuba (Fig. 1). Climatic sea-surface
temperatures (SST) at the sediment trap site (27.5° N and 90.3° W)
range from 20.7 * 0.6 degrees Celsius ("C) in winter to 30.0 = 0.3° C
in summer (HadISST 1 x 1 gridded data 1870-2013). The winter mean
temperature (JEM) from the HadISST gridded data set for the sampling
period in this study (2010-2014) is 20.6 = 1.1°C (Rayner et al., 2003).
Sea-surface salinity (SSS) ranges from a climatic monthly winter max-
imum of 36.5 practical salinity units (psu) to a summer minimum of
34.5 psu (World Ocean Atlas, 2009, Antonov et al., 2010), although
sporadic low salinity events are observed at the sediment trap site that
result from interaction with Mississippi River discharge and/or en-
trainment of lower salinity coastal waters in mesoscale eddies (Walker
et al., 2011 and Huang et al., 2013).

The GoM is connected to the Caribbean and tropical North Atlantic
by the Loop Current. The Loop Current is a surface current that enters
the GoM from the Caribbean Sea between Cuba and the Yucatan
Peninsula and typically loops to the east and south before exiting
through the Straits of Florida (Vukovich, 1988). Portions of the Loop
Current often break off and form anticyclonic or warm-core eddies that
propagate northward and westward (Poore et al., 2013), impacting the
sediment trap site. The warm-core eddies are the fundamental me-
chanism for incursion of warm Caribbean waters over our site, and
satellite altimetry has been used to discern a periodicity of approxi-
mately 6-10 months for these eddy events (Dukhovskoy et al., 2015).
Although SST variability at the sediment trap site is dominated by the
seasonal cycle, mesoscale eddies associated with the loop current eddy
shedding process may be responsible for short-term (sub-annual)
anomalies.

4. Materials and methods
4.1. Foraminifera collection and cleaning

A McLane PARFLUX Mark 78 automated sediment trap was de-
ployed in January 2008 in 1150 m of water in the nGoM (Figs. 1, 27.5°
N and 90.3° W). The trap was positioned in the water column at a depth
of 700m on the mooring cable to enable the collection of deeper
dwelling species of planktic foraminifera. The trap was equipped with

Fig. 1. (A) Map of climatic mean annual SST
(HadlISST, Rayner et al., 2003). Location of the se-
diment trap mooring in the Gulf of Mexico at ap-
proximately 27.5° N and 90.3° W (yellow triangle).
The green line shows the loop current. (B) Tem-
perature (°C), and (C) salinity (psu) CTD profiles
from the upper 700 m during 2008-2017 cruises at
the sediment trap site in January (red), February
(green), and March (blue). (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)

Salinity (psu)
36.8

= Jan 2008, 2009, 2011 = Feb 2013, 2017 = Mar 2010, 2012, 2015
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21 collection cups mounted on a rotating plate, programmed to rotate
every 7 to 14 days. Details of the sediment trap sampling can be found
in Reynolds and Richey (2016).

Once collected, one quarter split of each cup was wet sieved over a
150 um sieve and wet picked for all foraminifera and identified to
species. One hundred and thirty-four G. truncatulinoides specimens were
picked based on availability from January 2010 through March 2014
(40 encrusted specimens, collected January to April, and 94 non-en-
crusted specimens, collected January to December). The most common
size fraction for NC individuals is 300-425um in JFM (Fig. S1,
Supplementary materials). Three of the 134 individuals were sinistral
(left-coiling) whereas the remaining 131 were dextral (right-coiling),
the most common morphotype in the GoM (Billups et al., 2016). Whole
shell G. truncatulinoides were cleaned according to modified procedures

300 pm

30pm
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for laser ablation (Vetter et al.,, 2013; Fehrenbacher et al., 2015).
Samples were cleaned by ultrasonicating in methanol followed by
triple-rinsing in Milli-Q water (18.2 MQ+cm). Shells were then oxida-
tively cleaned at 60 °C for 30 min in a buffered hydrogen peroxide so-
lution (1:1 mix of 30% hydrogen peroxide and 0.1 N sodium hydroxide)
to remove remnant organic matter. Finally, the shells were again triple
rinsed in Milli-Q water. Once dry, each individual's length was mea-
sured across the diameter of the umbilical side, from the tip of the final
chamber to the opposite side (ranging 295-738 um) and weighed
(4.5-94.5pg) on a microbalance. 1o error on length measurements
( = 16 pm) and weight measurements ( + 0.6 pg) are based on repeated
measurements by separate analysts. Because there is a gradient between
the completely encrusted and non-encrusted forms of G. truncatulinoides
(Fig. 2), visual discrimination between the two forms can be somewhat

Fig. 2. Scanning electron microscope (SEM) images of encrusted Globorotalia truncatulinoides (A-D) and the non-encrusted form (E-H). Panels D and H show

differences in encrustation near the aperture.
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subjective under the binocular microscope. Pustules, which may appear
like early encrustation, are present on every individual, even on juve-
nile forms (150 pm). Hemleben (1975) pointed out that these features
are present on other Globorotaliids (e.g., G. menardii and G. inflata), and
are larger/more concentrated around the keel and the aperture of fossil
specimens. He postulates that they serve as attachment points for the
pseudopodia, which would imply that they are independent of a crust
that forms at a later ontogenetic stage. Using scanning electron mi-
croscope (SEM) imaging is more definitive. The length-weight re-
lationship (Fig. 3) shows that the morphometric differences can be used
to distinguish between C and NC G. truncatulinoides when visual dis-
tinction is ambiguous. The width-to-height ratios were 1.26 * 0.14
and 1.29 %= 0.09 for NC and C, respectively. These ratios put the GoM
G. truncatulinoides on the most highly conical end of the spectrum,
identified by Kennett (1968) as tropical to northern sub-tropical mor-
photypes, and suggest that both the C and NC are the same morphotype
in the nGoM, varying only in degree of encrustation.

4.2. Foraminifera laser ablation techniques

Laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) was conducted at The University of California, Davis Stable
Isotope Laboratory, using Photon Machines 193 nm ArF UV excimer
laser with an ANU HelEx dual-volume laser ablation cell coupled to an

Agilent 7700x  quadrupole-ICP-MS (Table S1, supplementary

Mg/Ca (mmol/mol)
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Fig. 3. Length-weight relationship between non-en-
crusted (red circles) and encrusted (blue tringles) G.
truncatulinoides. The 95% confidence interval for
each exponential trend line is shaded red for NC and
blue for C. The two yellow individuals outlined in
black triangles are G. truncatulinoides we visually
identified as non-encrusted specimens under the mi-
croscope but all other evidence, including their bio-
metrics and geochemistry suggest they were en-
crusted. 1o error on length measurements
(= 0.16ym) and weight measurements ( = 0.6 ug)
are based on repeated measurements by separate
analysts. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

5.8 6

materials). G. truncatulinoides specimens were placed on double sided
carbon tape spiral side up to ensure a horizontal sampling surface for
each chamber (Fig. 4, inset). Laser spot size of 44 X 44 ym in diameter
was used with a repetition rate of 6 Hz (non-encrusted forms) and 8 Hz
(encrusted forms). Due to the thickness of the calcite in the encrusted
form, a higher repetition rate was needed to ablate through the shell.
For the smallest foraminifera, the spot size was decreased to 30 x 30
um to ensure ablation within a single chamber. Depth profiles were
obtained on each chamber (F through up to F7). If chambers were large
enough, up to 3 repeat spot analyses were obtained to assess reprodu-
cibility. Masses measured were 24Mg, 25Mg, 27Al, **Ca, °°Mn, ®%sr, 59y,
and "*®Ba. SRM NIST 610, 612, and 614 glass standards were run before
and after each batch of samples as an external standard. An Orbulina
universa shell, which is demonstrated to have highly reproducible trace
element profiles throughout, was analyzed before and after each run as
an internal working standard (7.0 * 0.7 mmol/mol Mg/Ca, 20,
Fehrenbacher et al., 2015). Outliers in the Mg/Ca profiles that were
greater than * 6 standard deviations from a 3-point rolling mean were
removed from raw LA-ICP-MS signals, then data were reduced using
Tolite Software (Paton et al., 2011).

4.3. Determining a whole shell Mg/Ca value from LA-ICP-MS analyses

Using an inductively coupled plasma optical emission specrometer
(ICP-OES), solution-based Mg/Ca analysis requires ~200 ug of calcite

Fig. 4. Laser ablated Mg/Ca profiles for all spots (11)
and all chambers (F-F5) on a single non-encrusted G.
truncatulinoides (sample ID: 6-17-NC1). The mean
Mg/Ca of all data (black dashed line) and the mean
weighted Mg/Ca of all data (black line) is shown.
Inset: photograph of a laser ablated non-encrusted G.

_ : truncatulinoides spiral side (flat side). Each chamber is
B outlined. Chamber F is the final chamber and num-
3 bered chambers increase inward. Spot size is 44 x 44
- um. Note the photograph and the data are not from
F4 the same individual (shown only to demonstrate
£s chambers and ablation spots). (For interpretation of

the references to colour in this figure legend, the
reader is referred to the web version of this article.)

= =Mean Mg/Ca
——Weighted Mg/Ca
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(or 5-15 crushed and homogenized G. truncatulinoides specimens).
Recent studies have successfully measured Mg/Ca on single for-
aminifera (10 pg calcite) using solution-based ICP-MS (Marchitto, 2006;
Rongstad et al., 2017). Here, we elect to use LA-ICP-MS analyses of
individual foraminifera to approximate solution-based whole shell Mg/
Ca measurements for an individual foraminifer. This allows for paired
Mg/Ca and 80 analysis on the same individual foraminifer. For each
chamber, 1 to 3 spots were ablated. The 5 chambers in the final whorl
(F4, F3, F2, F1 and F) represent the adult ontogenetic stage in G.
truncatulinoides (Caromel et al., 2016), and every foraminifer had at
least the final three chambers (F, F1, and F2) analyzed. For a subset of
foraminifera, we ablated back to F7. We determined that the weighted
mean of the final three chambers can be used to approximate the mean
Mg/Ca of chambers F-F7 within 0.2 mmol/mol. We use 0.2 mmol/mol
as a benchmark for the acceptable level of uncertainty, as it is the
average intra-sample standard deviation from our solution-based Mg/
Ca analyses (Fig. S2, Supplementary materials).

There is considerable Mg/Ca heterogeneity both within a single
chamber wall and between chambers in an individual foraminifer. For
example, Mg/Ca varies between 1.4 and 8.1 mmol/mol for all profiles
measured on an individual G. truncatulinoides collected in January of
2010 (Fig. 4). One option to approximate the whole shell Mg/Ca is to
simply take the mean of all Mg/Ca determinations, which is 3.09 mmol/
mol for this shell. Instead, we account for the relative contribution of
each chamber to the overall test composition by weighting the cham-
bers according to ablation time, which is proportional to calcite
thickness. For this individual the weighted mean (2.80 mmol/mol) is
lower than the unweighted mean (3.09 mmol/mol), which is equivalent
to a 1.1°C difference in the resulting temperature estimate. Another
example of weighting Mg/Ca for greater accuracy for all February NC
individuals is shown in Fig. $3 (Supplementary materials).

In order to address uncertainty on the weighted Mg/Ca, we gener-
ated a combined error term (Root Mean Square, RMS) based on 1)
analytical error (SD1 = 0.35mmol/mol, based on 1o of replicate
measurements of O. universa internal working standard), 2) intra-
sample variability (SD2 = 0.81 mmol/mol based on nine individual NC
G. truncatulinoides specimens from the same sediment trap samples),
and 3) uncertainty in analytical technique (SD3 = 0.30 or 0.34 mmol/
mol 1o between solution-based and laser ablation-based Mg/Ca for NC
and C, respectively) (Eq. (1)). Using this estimate of total Mg/Ca un-
certainty the RMS error on weighted Mg/Ca is 0.93 mmol/mol and
0.95 mmol/mol, for NC and C respectively.

RMS = /SD(1)* + SD(2)* + SD(3)? [¢))
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Fig. 5. G. truncatulinoides flux (tests m? day'l) from
all sediment trap samples 2008-2014. Red bars in-
dicate gaps in sampling and missing sample cups
from the trap. Inset panel is the relative percentage
of non-encrusted verses encrusted G. truncatulinoides
for each month in 2011. (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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4.4. Isotopic measurements

Stable isotopes, 8'%0 and 8'C of calcite (8'°0, and §'*C,), were
analyzed on individual foraminifera, ranging in weight from 5 to 95 pg,
after LA-ICP-MS analyses were completed. Foraminifera were roasted
under vacuum at 75 °C for 1h to eliminate remaining volatile organics
from carbon tape. Isotopic analyses were performed at The University
of California, Davis Stable Isotope Laboratory, on a Fisons Optima
isotope ratio mass spectrometer (IRMS). The IRMS is calibrated using
the NBS-19 standard and has a long-term one sigma precision for car-
bonates + 0.04%oand * 0.05%o for §'°C. and 8'®0,, respectively. This
is based on 110 standards analyzed during the summer 2016.

5. Results and discussion
5.1. Globorotalia truncatulinoides flux in the nGoM

The six-year (2008-2014) sediment trap time series of G. truncatu-
linoides flux in the nGoM displays a clear seasonality, with 92% of an-
nual flux (tests m ~2day ') occurring in the winter months of January,
February, and March (Fig. 5). Weekly JEM flux, for both encrusted and
non-encrusted forms, ranges from 3 to 932 tests m ™~ 2day ’, with a
mean flux of 130 tests m~ 2day ' whereas the remaining months
(April-December) have weekly fluxes ranging 0 to 85 tests m ™~ *day ',
with a mean flux of 4 tests m 2day ’. Total planktic foraminiferal
assemblage data for the nGoM sediment trap can be found in Poore
et al. (2013) and Reynolds and Richey (2016).

The encrusted and non-encrusted forms of G. truncatulinoides have
not been differentiated for the majority of the 2008-2014 sediment trap
faunal analysis. However, for 2011 we counted the two forms sepa-
rately, and plot the relative percentage of C and NC for each month. The
data show the encrusted form totaling at least 61% of the G. truncatu-
linoides population for each month and 100% of the population in the
low-flux months of July, August, October, and November (Fig. 5). The
absence of the non-encrusted form in the non-winter months supports
the hypothesized annual reproduction of G. truncatulinoides, however,
the mechanism is not clear.

The literature suggest that encrusted individuals return to the sur-
face from below the thermocline to release gametes (Hemleben et al.,
1985; Deuser and Ross, 1989; Schiebal and Hemleben, 2005). This is
unlikely, given the absence of significant upwelling and the fact that the
abundance of encrusted individuals approaches zero in the non-winter
months as well. With the exception of G. truncatulinoides, ten of the
most common foraminiferal species in the nGoM exhibit lunar peri-
odicity in their shell flux, suggesting synchronization between re-
production and lunar phase (Jonkers et al., 2015). This further suggests
that the annual reproductive strategy of G. truncatulinoides is unique in
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Fig. 6. Monthly box and whisker plots of all non-
encrusted (A and B) and encrusted (C and D)
G.truncatulinoides stable isotopes §'0, (A and C) and
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this environment. It is possible that G. truncatulinoides is being trans-
ported from the Caribbean via the Loop Current. However, Loop Cur-
rent incursion into the nGoM peaks in late summer (Lindo-Atichati
et al., 2013), which is inconsistent with the winter flux spike. This is
also an unlikely explanation given that other parts of the North Atlantic
experience similar winter weighted seasonal flux (Tolderlund and Be,
1971). Another possibility is that the residual population during the
non-winter months is sufficient to support a flux increase of 2 orders of
magnitude in response to an environmental stimulus, like temperature.

5.2. Globorotalia truncatulinoides encrustation

All G. truncatulinoides, both C and NC, start their life cycle in the
upper water column as non-encrusted individuals. Lohmann (1995)
states secondary calcite is added only at depth to the fully-formed adult
whereas the lamellar calcification occurs near the surface during
growth and chamber formation. If we assume that the lamellar calcite is
formed within the surface mixed layer, and that encrustation occurs
after the final chamber is formed, we can use the length-weight re-
lationships determined for C and NC G. truncatulinoides to estimate the
relative contribution of mixed layer calcite to an encrusted specimen.
Over the typical size range of individuals found in nGoM sediments
(400-700 pm), we estimate that 68-71% of the calcite is coming from
the secondary crust, with lamellar calcite secreted in the mixed layer
accounting for the other 29-32%. We calculated the difference between
predicted C and NC weight at lengths of 400 and 700 um using the In
(length) versus weight equations from Fig. 3. For example, based on our
length-weight regressions for C and NC, an encrusted specimen at a
length of 400 pm weighs 123 + 12 g and a non-encrusted specimen of
the same length weighs 39 * 14ug, implying 32% of an average
400 pm encrusted individual is comprised of lamellar calcite. We used a
second independent method to calculate the relative percentage of la-
mellar versus secondary calcite in encrusted individuals; we identified
the secondary crust in laser ablation profiles and compared its ablation
time to that of the lamellar calcite on the inner part of the shell. The
crust can be identified in laser ablation profiles because it is homo-
genous and much lower in Mg/Ca and Ba/Ca than the lamellar calcite
(Fig. $4, Supplementary materials). The secondary crust accounts for 71
( = 10) % of the total shell, on average, validating our estimate using
length/weight relationships. LeGrande et al. (2004) estimated that 44%
of surface calcification is incorporated into the total shell. Sadekov et al.

Month

(2005) concluded that the outer crust accounts for 40% of the chamber
wall thickness. If we assume 29% of the calcite of an encrusted spe-
cimen originates in the winter mixed layer, then §'®0¢ of encrusted
specimens underestimates the depth at which the crust is added.

For this reason, we correct !0, §!°C, and Mg/Ca measurements on
encrusted G. truncatulinoides to remove the contribution of lamellar
calcite. This allows for more accurate estimates of water column con-
ditions during encrustation. For 8'®0 and 8'°C we use the mean isotopic
values of the entire NC dataset (—0.16 + 0.32%o0 and — 0.34 +
0.24%o, respectively) as the lamellar calcite end-member values. The
percent secondary crust was determined for each individual foraminifer
via ablation time, then a simple mixing model between the measured
isotopes on encrusted individuals and the assumed contribution from
lamellar calcite was used to calculate the isotopic composition of the
crust. To correct for the contribution of lamellar calcite to Mg/Ca of C
individuals, the homogenous zone (crust) Mg/Ca value was determined
for each chamber and then a weighted average “crust” Mg/Ca was
derived for every encrusted individual. For the remainder of the paper
the §'%0, 8'°C, and Mg/Ca values we give for encrusted individuals will
be corrected for the contribution of mixed layer calcite.

5.3. Isotopic composition of G. truncatulinoides in the nGoM

Stable carbon and oxygen isotopic analyses were performed on in-
dividual foraminiferal tests, after they were analyzed via LA-ICP-MS.
Although flux outside of JFM is low, effort was made to sample in-
dividuals from all months to determine whether the isotopic composi-
tion of G. truncatulinoides varies with the annual cycle in SST and SSS.
The §'%0 of G. truncatulinoides is not significantly correlated with the
seasonal cycle in monthly SST in the nGoM. In fact, the lowest
(warmest) monthly median 8180 values in G. truncatulinoides occur in
the coldest months (December—January). The &'®0 ranges from
—0.66%0 to —0.24%c for 7 individuals in a single sample from
one week in February 2013. This intra-sample range in §'°0 variability
represents 2/3 of the annual range in monthly median §'®0 values. The
flux-weighted mean 880, for NC G. truncatulinoides is —0.32 ( + 0.07)
%o, with an overall range of 2.02%o (—1.13%o to 0.89%o). The flux-
weighted mean 880, for C G. rruncatulinoides is 1.30 ( = 0.27) %o, with
a range of 1.56%o (0.37%o to 1.48%o) (Fig. 6) (Fig. S5, Supplementary
materials).

There is no apparent seasonal cycle in the §'C of G. truncatulinoides.
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Fig. 7. January, February, and March calculated 8'%0, profile comparisons of commonly used calcite-temperature relationship equations: Shackleton (1974) (benthic
foraminifera) (grey), Kim and O'Neil (1997) (Inorganic) (light green), Bemis et al. (1998) (O. universa HL) (green), Bemis et al. (1998) (O. universa LL) (blue), Mulitza
et al. (2003) (G. bulloides) (yellow), Spero et al. (2003) (G. menardii) (light blue), and Bouvier-Soumagnac and Duplessy (1985) (G. menardii) (dark red). Depth
habitats of non-encrusted (red rectangles) and encrusted (blue rectangles) G. truncatulinoides based on calculated 8180, are indicated. The colored circles (red = NC
and blue = C) represent the measured 8'#0, plotted with the median, IQR, and range for all measurements. Note the scale difference for each month. Note January
encrusted values were truncated at 700 m, the depth of our sediment trap. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Table 2

Equations used to determine calcification depths. [standards VSMOW: Vienna Standard Mean Ocean Water; and VPDB: Vienna Pee Dee Belemnite].

Reference Species T(C) = 880, correction (VSMOW to VPDB)
Bemis et al. (1998) (HL) O. universa 14.9-4.80 (5"%0c-8"°041) —0.27%a
Bemis et al. (1998) (LL) 0. universa 16.5-4.80 (5'%0.-8"%04.,) —0.27%a
Bouvier-Soumagnac and Duplessy (1985) G. menardii 14.6-5.03 (8'%0,.-8'°0,y) —0.20%0
Kim and O'Neil (1997) Inorganic 16.1-4.64 (5"%0c-8"°04.) —0.27%a
Mulitza et al. (2003) G. bulloides 14.62-4.70 (8'%0.-8"%04.) —0.27%a
Shackleton (1974) Benthic Foraminifera 16.9-4.0 (5'%0.-8'%0,,) —0.20%0
Spero et al. (2003) G. menardii 14.9-5.13 (8'%0.-8%0,,) —0.27%0

The 8'3C ranges from —0.49%o to —0.22%o for 7 individuals in a single
sample from 1 week in February 2013. This intra-sample range in §'°C
variability is nearly double the range in monthly median 8'°C values.
The flux-weighted mean 8'3C, for NC G. truncatulinoides is —0.42
( = 0.07) %o, with an overall range of 1.14%o ( —0.76%o to 0.38%o). The
flux-weighted mean 813C, for C G. truncatulinoides is 0.96 ( + 0.20) %o,
with a range of 1.39%o (0.49%o to 1.88%0) (Fig. 6) (Fig. S5, Supple-
mentary materials).

5.4. Determining depth habitat

Globorotalia truncatulinoides is typically treated as a deep-dwelling
planktic foraminifer for the purposes of downcore paleoceanographic
studies (Matsumoto and Lynch-Stieglitz, 2003; Cléroux et al., 2009;
Schmidt et al., 2003), with inferred depth habitat ranging from 100 to
800 m in the Atlantic Ocean. Direct observations of living specimens in
plankton tow samples are sporadic, and thus conclusions regarding
their depth habitat are based primarily on geochemical data. We de-
monstrate in this study that C and NC forms of G. truncatulinoides in the
nGoM occupy distinct depth habitats, with the former reflecting deep
subsurface waters, and the latter reflecting the surface mixed layer. It is
important to remember that we assume 29% of the calcite of an en-
crusted specimen originated in the surface mixed layer.

We determine the calcification depths for both C and NC G. trun-
catulinoides in the nGoM using individual foraminiferal analyses (IFA)
of 8'%0, by comparing the IFA 880, with monthly vertical profiles of
predicted §'°0, in equilibrium with seawater (Fig. 7 and Fig. S6,

Supplementary materials). In order to do this, we use a suite of pub-
lished 8'®0 paleotemperature equations to predict the foraminiferal
8180, at different depths in the water column (Table 2). Vertical profiles
of temperature and salinity from 18 CTD casts taken between 2008 and
2014 during sediment trap deployment/recovery cruises are available
for each month, except December. For the month of December, we used
the climatic mean profile from the Levitus et al. (2009) dataset
(Antonov et al., 2010 and Locarnini et al., 2010), which is within 1c¢
standard deviation of our CTD measurements for all other months. For
months where multiple CTD casts were taken throughout the 9-year
study period, temperature and salinity were averaged. Salinity was
converted to 80O of seawater (8'®0g,) using the equation,
8804y = (0.59 (£ 0.01)xS) - 2027 (x030) (*=076,
p > .000001), from paired measurements of salinity and 8'®0y,, at the
nGoM sediment trap site (Fig. S7a and S7b, Supplementary materials).

Our results indicate that the NC form calcifies primarily within the
surface mixed layer in JFM, during which 92% of G. truncatulinoides
flux occurs. The flux-weighted mean depth determined for all NC G.
truncatulinoides exported to the sediment is 66 ( + 9) meters, within the
winter surface mixed layer. During the months of April through
December, which only accounts for 8% of the NC annual flux, in-
dividuals have §'80, values that indicate a slightly deeper calcification
depth, within the seasonal thermocline (50-170 m). The 880, of the C
form indicates the crust is added at a much deeper depth in the water
column, with a flux-weighted average depth of 379 ( + 76) meters
(Fig. 8). Without accounting for the contribution of mixed layer calcite,
average flux weighted depth for an encrusted individual is only
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Fig. 8. Monthly depth habitats of non-encrusted (red) and encrusted (blue) G.
truncatulinoides based on calculated and measured 8'®0,. The triangle markers
indicate the average depth for each month. The blue line represents the average
thermocline depth based on our CTD profiles in the nGoM. Also plotted below
(black bars) is the percentage of flux of both NC and C G. truncatulinoides in the
sediment trap. Note there were no C measurements in May, June, July, August,
October, and December and no NC measurements in November. The flux
weighted average depth for NC is 66 + 9m and 379 *= 76m for the C form.
Note the C depths in January, April, and September were truncated at 700 m to
align with the depth of our sediment trap. (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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250 *+ 52m, 129 m shallower. Corresponding depth ranges with CTD
temperature is shown in Fig. S8, Supplementary materials. The total
range of inferred calcification depths for individual C G. truncatulinoides
is 170-700 m, indicating that they are adding their calcite crust within
or below the seasonal thermocline.

5.5. Mg/Ca-SST relationship

Using LA-ICP-MS to approximate Mg/Ca of an entire foraminiferal
test presents the challenge of inferring a whole test Mg/Ca value from
necessarily finite subsampling of a heterogeneous test. We demonstrate
that values of Mg/Ca representative of the whole shell can be calculated
from the weighted mean of LA-ICP-MS data for the final three chambers
of an individual foraminifer (see Section 3.3 and Fig. S2, Supplemen-
tary materials). We also demonstrate that the LA-ICP-MS Mg/Ca values
based on individual NC foraminifera are within 1o of solution-based
Mg/Ca within the sediment trap sample set (Fig. 11). Therefore, we
suggest that using the weighted mean Mg/Ca based on LA-ICP-MS of at
least the final three chambers of G. truncatulinoides is an appropriate
representation of whole foraminifer Mg/Ca in this section.

Existing Mg/Ca-temperature relationships for G. truncatulinoides are
based on a sediment trap data set from the Sargasso Sea (Anand et al.,
2003), and core-top studies from the Indian Ocean (McKenna and Prell,
2004), the mid-Atlantic Ocean (Cléroux et al., 2013), and the Caribbean
and Tropical Atlantic Ocean (Regenberg et al., 2009). Only McKenna
and Prell, 2004 analyzed encrusted and non-encrusted individuals se-
parately, whereas other studies did not discriminate.

We generate a new Mg/Ca-temperature equation for G. truncatuli-
noides using 123 paired Mg/Ca- §'%0 IFA from a 4-year sediment trap
time series. We do so by regressing weighted mean Mg/Ca (with Mg/Ca
of encrusted specimens corrected for contribution of lamellar calcite)
against 8'%0 calcification temperature for the entire data set over a
temperature range of 6-27 °C. We use the Spero et al. (2003) G. me-
nardii equation to derive 8'°0 calcification temperature and assume
distinct 8'®0y,, for C and NC at their respective mean depth habitats of
400m and 75m (0.46 = 0.22 for C and 1.16 = 0.09 for NC). Fig. 9

Fig. 9. Weighted Mg/Ca (mmol/mol) vs. calcifica-
tion temperature (°C) plot of encrusted (black trian-
gles) and non-encrusted (black circles) G. truncatuli-
noides. Encrusted Mg/Ca in this figure has been
corrected for the contribution of lamellar calcite. All
reported temperature values were calculated using
8'%0 calcification temperature equation from Spero
et al. (2003), and assuming a 8'%0, of 1.16 = 0.09
for NC and 0.46 + 0.22 for C 8'®0,, based on
average measured values from the sediment trap
location at 75m (NC) and 400m (C). Mg/Ca tem-
perature equations plotted are: McKenna and Prell
(2004) exponential equation (green), Anand et al.
(2003) G. truncatulinoides (yellow), Anand et al.
(2003) ten planktonic species (black), Cléroux et al.
(2013) (dark blue), Regenberg et al. (2009) + 0.2
(light blue), Regenberg et al. (2009) %= 0.0 (pink),
Regenberg et al. (2009)-0.3 (orange), and our own
calculated exponential equation (grey). Mg/Ca er-
rors are = 0.95 and + 0.93 mmol/mol, for C and
NC respectively RMS errors detailed in Section 5.5.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

NC + 0.93 mmol/mol

24 26 28
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Table 3

Marine Micropaleontology xxx (xxxx) Xxx—xxx

Calibration equations. Anand et al. (2003) ten planktonic species include: G. ruber (white), G. ruber (pink), G. sacculifer, G. conglobatus, G. aequilateralis, O. universa, N.

dutertrei, P. obliquiloculata, G. inflata, G. truncatulinoides, G. hirsuta, G. crassaformis.

Reference: Species:

Mg/Ca (mmol/mol) = Temperature Range (°C)

Anand et al. (2003)
Anand et al. (2003)
Cléroux et al. (2013)
McKenna and Prell (2004)
Regenberg et al. (2009)
Regenberg et al. (2009)
Regenberg et al. (2009)
Eq. (2), this study

ten planktonic species

truncatulinoides

truncatulinoides (d.)

truncatulinoides

truncatulinoides (d.) +0.2 disequilibrium (%o)
truncatudinoides (d.) = 0.0 disequilibrium (%o)
truncatulinoides (d.) -0.3 disequilibrium (%o)
truncatulinoides

QOO AD

0.38 (+0.02) * £(0:09 (£ 0.003).T) r=0093 13-28
0.359 (% 0.008) * @09 16-18
0.938 ( % 0.03) * (0066 (£ 0.007:1) ? =059 8-16
0.355 (% 0.05) * (0098 (= 0.008)T) 2 =092 6-23
169+ 0.11) * @02(20.008T) r=045 9-15
1.32 (£ 0.12) * e(®05(+ 0-009.T) r=059 9-15
1.84 (+ 0.09) * e(0:026(* 0.007.T) r=0.46 9-15
0.818 (% 0.01) * 0054 (£ 0.009.1) = 0.66 6-27

@ NC G. truncatulinoides (Anand et al, 2003 (ten planktonic species))
A C G. truncatulinoides, including lamellar calcite (Equation 2, this study))
A C G. truncatulinoides (Equation 2, this study)
HadISST
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shows the new exponential Mg/Ca-temperature relationship (Eq. 1,
> = 0.66, p < .0001) for this study, with all published relationships
shown for reference (Table 3).
Mg/Ca (mmol/mol) = 0.818 (40.01) ¢(©.0543 0.005)«T) @
Eq. (2) is, by far, the best fit for the encrusted data from this study,
and we use it to calculate temperature from Mg/Ca for encrusted G.
truncatulinoides wherever Mg/Ca-SST estimates are given. However,
there is evidence from culture studies (Davis et al., 2017) and sediment
trap studies (Jonkers et al., 2016) that in other non-spinose for-
aminifera the Mg/Ca of the crust is lower than that of lamellar calcite
formed at the same temperature. Therefore, it may not be appropriate
to formulate a single equation based on both NC and C G. truncatuli-
noides. An alternative would be to make two separate equations, for C
and NC, but this did not yield significant exponential or linear re-
lationships between Mg/Ca and calcification temperature for this da-
taset (r? = 0.007 (NC) and 0.0059 (C) for exponential equations). This
is due, in part, to large scatter in the single foraminifera Mg/Ca data
and to the limited calcification temperature ranges for C and NC.
Because NC G. truncatulinoides is of far greater interest than C for

S

Fig. 10. Mg/Ca-temperature (°C) reconstructed
using Eq. (2), this study, for encrusted (closed blue
triangles) and Anand et al., 2003 (ten planktonic
species) for non-encrusted (closed red circles). The
open blue triangles indicate Mg/Ca-SST that in-
cluded lamellar calcite also calculated with Eq.(2),
this study. The grey dotted line is monthly averaged
HadISST 1 x 1 gridded data at 27.5° N 90.3° W.
Error bars represent the pooled average 95% con-
fidence interval calculated using PSU Solver
(Thirumalai et al., 2016). Error bar values are NC
(+1.32 and — 1.19), C (+1.32 and — 1.19), and C
including lamellar calcite (+2.29 and — 2.30). The
light red shaded area is the average CTD temperature
21.3 = 1.5°C from January, February, and March
(JFM) at the NC depth range 0-150 m. The dark red
shaded area is average JFM temperature,
22.2 + 0.4°C from 66 m (the average flux weighted
depth for NC G. truncatulinoides). The light blue
shaded area is the average CID temperature
10.3 *= 3.0°C from January, February, and March
(JFM) at the C depth range 170-700 m. The dark
blue shaded area is average JFM temperature,
10.4 = 0.1°C at 379 m (the average flux weighted
depth for C G. truncatulinoides). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

N J MMJ
2014

paleoceanographic reconstruction of winter mixed layer temperatures,
we focus now on the best Mg/Ca-temperature relationship for NC. We
compared the Mg/Ca residuals between this data set and the three best
fit exponential equations on our data: Anand et al., 2003, based on ten
planktonic species (hereafter, Anand-All), McKenna and Prell (2004),
and Eq. (2) (this study) (Fig. S9, Supplementary materials). Whereas Eq.
(2) has the lowest residuals overall, the Anand-All (Mg/Ca(mmol/
mol) = 0.38 ( = 0.02) e ©-09 (=0.009:Dy hag equally low residuals for
the non-encrusted data set (95% of Mg/Ca determinations for NC fall
within 20 of predicted Mg/Ca using both equations). In terms of mean
flux-weighted Mg/Ca-SST estimates for the sediment trap time series,
Eq. (2) and Anand-All return nearly identical values (21.5 = 3.4°C and
21.3 * 3.4°C, respectively), To compare how these two equations
perform in down core temperature reconstructions, we applied them
both to a NC G. truncatulinoides Mg/Ca data set from the Pigmy Basin in
the northern GoM (from Spear et al., 2011). Eq. (2) implies a winter
mixed layer warming trend of 5.4°C over the past century, whereas
Anand-All returns a much smaller trend of 3.2 °C over the same interval
(Fig. S10, Supplementary materials). Both estimates are larger than
expected from the observational record (e.g., the DJF and MAM
warming over the past century from HadISST in the nGoM is < 0.5°C),
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but additional proxies in the same sediment core (TEXge-SST and Mg/
Ca-SST G. ruber) also show larger trends (1.1 °C and 1.4 °C, respectively)
than HadISST over the past century (Richey et al., 2011; Richey and
Tierney, 2016). Winter SSTs, which G. truncatulinoides is reflecting,
have much larger (by a factor of 3) inter-annual variance than summer
or mean annual SST in the nGoM. Given the unrealistically large down
core temperature variations implied by Eq. (2), we recommend using
Anand-All  for NC Mg/Ca-paleotemperature  reconstructions.
Throughout the remainder of this paper, Anand-All is used to convert
NC Mg/Ca to temperature.

The flux-weighted mean Mg/Ca-derived temperature exported from
the water column over the 4-year sampling interval for NC individuals
is 21.3° *= 3.4°C (using Anand-All), and for encrusted individuals is
8.8° + 1.6°C (using Eq. (2)). These estimates are within 1o of the
observed flux-weighted temperatures for their respective depth ranges:
0-150 m mean temperature (21.3 = 3.3°C) and 170-700m mean
temperature (10.6 °C = 1.6 °C) (Fig. 10). Some studies have concluded
that temperatures dropping below 16°C triggers crust formation
(Hemleben et al., 1985; Cléroux et al., 2007; Regenberg et al., 2009),
which is consistent with our mean encrusted calcification temperature
of 8.8°C ( + 1.6°C). We also do not observe Mg/Ca-temperature esti-
mate below 16 °C for any NC individual in this study. Despite the ex-
cellent agreement between the mean Mg/Ca-derived temperature and
the observed winter mixed layer temperature in the nGoM, NC G.
truncatulinoides Mg/Ca does not vary with the annual cycle. This could
simply result from under sampling the extremely low-flux summer
months. More likely, it is due to the subsurface depth habitat of the NC
population in non-winter months (April-December, Fig. 8). Another
subsurface temperature proxy from our sediment trap time series,
TEXge, correlates well to mean annual SST but does not vary with SST
seasonally (Richey and Tierney, 2016). This is not surprising given the
muted seasonal cycle in the subsurface (e.g. annual temperature range
at 75m 2 °C) (Levitus et al., 2009).

Paired Mg/Ca-SlSO determinations on G. truncatulinoides have not
been used to calculate both temperature and 8'®0x,, in previous studies,
most likely because of the ambiguous depth habitat of this species.
Since we have paired measurements on individual foraminifera here,
we derive 804, using the Spero et al. (2003) eq. (G. menardii) and the
Mg/Ca-derived temperatures using the Anand-All Mg/Ca-temperature
equation. The resulting flux-weighted 8'®0q, for NC individuals is
1.08%o ( + 0.18%o), which is nearly identical to flux-weighted §'%0y,
measurements (1.10 = 0.17%o) from water samples in the upper
150 m from 18 CTD casts at the sediment trap site. This suggests that
this combination of equations may be used to derive temperature and
81804y from paired Mg/Ca-SlSO in NC G. truncatulinoides for down core
reconstructions of winter mixed layer conditions.

Overall, the flux-weighted mean Mg/Ca data derived from LA-ICP-
MS analyses on individual NC G. truncatulinoides yields values that are
consistent with solution-based Mg/Ca measurements in co-occurring
samples. For example, 34 aliquots of G. truncatulinoides (15-30 in-
dividuals, 300425 pm size fraction) from this sediment trap time series
(including data from Spear et al., 2011) have been analyzed via solu-
tion-based ICP-OES. These solution-based analyses were exclusively
from winter sediment trap samples (Jan-Mar, 2008-2014), and resulted
in a mean Mg/Ca of 3.01 ( + 0.30, 16) mmol/mol. The mean Mg/Ca of
76 individual NC G. truncatulinoides (> 300 um), determined via
weighted LA-ICP-MS analyses from the same sediment trap time series
is 2.75 ( £ 0.56, 10) mmol/mol. We did paired solution-based and laser
ablation analyses on six winter sediment trap samples with sufficient
number of individuals (Fig. 11). Whereas the mean solution-based and
laser ablation Mg/Ca values for the six NC samples are within 1o error
of one another (3.08 £ 0.27 and 2.65 * 0.25mmol/mol, respec-
tively), the solution-based mean Mg/Ca values for C samples are higher
than laser ablation-derived mean Mg/Ca (2.02 * 0.16 and
1.54 = 0.23 mmol/mol, respectively). The observed lower Mg/Ca for
LA-ICP-MS derived measurement may result from under sampling the
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Fig. 11. Non-encrusted G. truncatulinoides Mg/Ca (mmol/mol) median, IQR,
and ranges measured on the ICP-OES (pink circles) plotted alongside the
weighted Mg/Ca (mmol/mol) median, IQR, and ranges measured on the LA-
ICP-MS (red triangles). The red solid line indicates the mean Mg/Ca of NC via
LAICP-MS 2.65 ( = 0.25) mmol/mol and the pink dashed line indicates the
mean Mg/Ca from NC ICP-OES, 3.08 ( = 0.7) mmol/mol. Also plotted are en-
crusted G. truncatulinoides Mg/Ca (mmol/mol) median, IQR, and ranges mea-
sured on the ICP-OES (blue circles) plotted alongside the weighted Mg/Ca
(mmol/mol) median, IQR, and ranges measured on the LA-ICP-MS (blue tri-
angles). The blue solid line indicates the mean Mg/Ca of C via LA-ICP-MS 1.54
( = 0.23) mmol/mol and the light blue dashed line indicates the mean Mg/Ca
from C ICP-OES, 2.02 ( = 0.16) mmol/mol. Plotted on the x-axis is the month
and year the sediment trap samples were collected. The Mg/Ca values for the
ICP-OES were drift corrected (Schrag, 1999). The encrusted individuals were
not corrected for lamellar calcite in this figure to better compare ICP-OES
measurements with LA-ICP-MS measurements. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

lamellar calcite when using the laser. We used a higher laser repetition
rate and longer dwell time on encrusted individuals, resulting in a loss
of sampling resolution of the inner test wall (lamellar calcite), and
failure to capture high Mg/Ca banding that we observed in the test wall
of NC individuals.

Although LA-ICP-MS and solution-based Mg/Ca analysis yield
comparable results, we must emphasize that laser based analysis for
paleoceanographic reconstruction needs to be applied to a large sample
size (> 10 individuals) in order to obtain meaningful environmental
information on a population. The pooled standard deviation among all
Mg/Ca determinations where multiple NC individuals were analyzed
from the same sample cup is 0.37 mmol/mol, which is slightly higher
than the standard deviation of all winter solution-based measurements
(0.30 mmol/mol).
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6. Conclusions

Using the geochemistry of individual foraminifera from a sediment
trap time series in the nGoM, we determined that the encrusted and
non-encrusted forms of G. truncatulinoides calcify in distinct depth ha-
bitats in the upper ocean. If care is taken to discriminate between the
two forms for down core studies, the non-encrusted form can be used to
reconstruct winter surface mixed layer conditions in the nGoM. Oxygen
isotopes of individual foraminifera indicate a mean calcification depth
for NC G. truncatulinoides of 66 { + 9) meters, within the surface mixed
layer. The mean depth represented by encrusted specimens is 379
{ = 76) meters, assuming 29% of the calcite of an encrusted specimen
originates in the winter mixed layer.

LA-ICP-MS Mg/Ca values based on the weighted mean for an in-
dividual foraminifer are not significantly different from solution-based
Mg/Ca, 2.75 * 0.56 mmol/mol and 3.01 + 0.30 mmol/mol, respec-
tively. When using LA-ICP-MS, the weighted mean of the final three
chambers (F, F1, and F2) is an acceptable method for approximating the
Mg/Ca of a whole foraminifer test. NC G. truncatulinoides have a flux-
weighted temperature 21.3° = 3.4°C using Anand et al., 2003 (ten
planktonic species) equation, which is identical to the 0-150m flux-
weighted temperature at the sediment trap site (21.3 + 3.3°C) from
CTD observations.
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Supplementary LA-ICP-MS Analyses of individval G. truncatulinoides in the nGoM

It would be prohibitively expensive and time consuming to perform LA-ICP-MS
analyses on every chamber in the final whorl for down core studies involving hundreds or
thousands of individual foraminifera. We test the relative impact of analyzing all accessible
chambers (F through F7) versus only analyzing the largest and final three chambers (F through
F2). Although more thinly calcified, the final three chambers comprise 60 (+7) % of the total
shell weight, as determined by weighing a subset of NC individuals before and after
amputating the final 3 chambers. To perform this test, we use a subset of 39 G. truncatulinoides
specimens in which 5 or more chambers were analyzed. For each foraminifer, we took the
standard deviation of the weighted mean Mg/Ca of all chambers analyzed (either F—F4, F-Fs,
F-F6 or F-F7) and the weighted mean of a subset of those chambers (i.e., only F, F-F1, F-F2,
and so on). The results of this exercise are shown in Supplementary Figure 2. As one would
expect, the standard deviation between the mean Mg/Ca of just the final chamber and the
weighted mean of all chambers is largest. The average standard deviation drops below 0.2
mmol/mol between the final three chambers and the mean of the final whorl. We use 0.2
mmol/mol as the benchmark, since this is the average standard deviation between separate

solution-based ICP-OES analyses on aliquots of foraminifera from the same sample. In
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summary, the more chambers you analyze, the closer you get to a value representative of the
bulk shell Mg/Ca. However, the weighted mean of the final three chambers results in an

acceptable level of precision.

Supplementary description of homogenous zone in encrusted G. truncatulinoides

Due to the extremely thick test wall of encrusted individuals, different laser parameters
were used to analyze Cversus NC (i.e., longer dwell time and faster repetition rate), so the
inner test wall (representing the non-encrusted ontogenetic stage) is not well represented in
the Mg/Ca profiles of the encrusted individuals. This makes it difficult to identify the lamellar
calcite in the LA-ICP-MS data of encrusted G. truncatulinoides. However, we determined a
method to calculate the relative percentage of lamellar versus secondary calcite in encrusted
individuals. We identified the secondary crust in laser ablation profiles and compared the
ablation time of that to the lamellar calcite on the inner part of the shell. The crust is generally
homogenous and much lower in Mg/Ca and Ba/Ca than the lamellar calcite. We identified the
homogenous zone as seen in Figure S4 for one spot on every chamber (F-F4) of each encrusted
individual. We identified the boundary between the crust and the lamellar calcite by identifying
the point at which Mg/Ca values were higher than two standard deviations from the mean
Mg/Ca of the homogenous zone. In a few cases (11% of the individual chambers), there was
structure in the Mg/Ca of the crust. In those cases, we used the Ba/Ca profiles to identify the
crust, as Ba/Ca is always homogenous and distinctly lower than the lamellar calcite. LA-ICP-MS
profiles demonstrate that the outer crust is relatively homogenous with lower weighted mean
Mg/Ca (1.37 = 0.36 mmol/mol) than the weighted Mg/Ca of the whole shell (1.53 + 0.27
mmol/mol), average values for all encrusted individuals. Further work on the encrustation and
complex life cycle of G. truncatulinoides needs to be done to explain the heterogeneity within

each shell.
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Supplementary Figure 1. Percentage of size fractions for each month in 2011 for non-encrusted (top panel)
and encrusted (bottom panel) G. truncatulinoides. The smallest size fraction, at the top of each bar graph,
increases with size downwards, 150-212 um (green), 212-300 pm (blue), 300425 um (yellow), 425-500

pum (grey), 500-600 pm (orange), and >600 pm (teal). Note there were zero non-encrusted individuals in
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Supplementary Figure 2. Standard deviation (STDEV) from the total weighted Mg/Ca of the entire shell to
the weighted Mg/Ca from various chambers analyzed on thirty-nine non-encrusted G. truncatulinoides.
Data from individuals ablated on 5 to 8 chambers (F-F4 (yellow), F-F5 (purple), F-F6 (red), F-F7 (green).
The black line represents the average STDEV for each number of chambers analyzed. The dashed line, 0.2
is the benchmark of error used in solution based measurements. Our data are more precise when the
average falls below the benchmark. When at least the final 3 chambers are analyzed, F, F1, and F2, the
average STDEV < 0.2 from the total weighted Mg/Ca of the entire shell.
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Supplementary Figure 3. (A) All February non-encrusted G. truncatulinoides individual Mg/Ca (mmol/mol)
measurements per chamber (blue circles) (trendline is blue dashed line). (B). The ablation time (s) per
chamber measurements (green circles) and trendline (green dashed line). (C) The orange line represents
the mean Mg/Ca of all chambers and individuals 2.82 = 0.73 mmol/mol (error is the orange shaded region).
(D) The purple line is the mean weighted Mg/Ca 2.66 = 0.41 mmol/mol (error shaded in purple region).



Homogeonous Zone in Encrusted G. truncatulinoides
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Supplementary Figure 4. Panel A shows the homogenous zone (yellow rectangles) of Mg/Ca (blue circles)
on three different laser ablation spots from three different encrusted G. truncatulinoides individuals. Panel

B shows three different Mg/Ca (red circles)

laser ablation spots from three different non-encrusted G.

truncatulinoides individuals with no evidence of a homogenous zone.
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Supplementary Figure 5. Stable isotopes of individual G. truncatulinoides tests. (A.) §'°O. and (B.) §"C..
The blue triangles represent the encrusted G. truncatulinoides and the red circles are the non-encrusted
form. Analytical precision for isotopic measurements +0.04 %. and * 0.05 %o for 8"C. and 8'*Q,,
respectively. The average measured §'®0. for non-encrusted G. truncatulinoides is -0.16 + 0.32 %o and the
average measured §"C. is -0.34 = 0.24 %o (closed red circles). The average measured §'®O. for encrusted
individuals is 0.97 = 0.20 %o and 0.65 * 0.14 %o for 6"*C. (open blue triangles). The average derived §'0.
and 8'C. for encrusted assuming 29% lamellar calcite and 71% secondary calcite is 1.45 + 0.40 %0 and
1.09 + 0.32 %o., respectively. HADISST is plotted for reference. The open red circles indicate a 1-week
sample cup from which 7 individuals were analyzed to assess intra-sample variability.



— Bouvier-Soumagnac and Duplessy, 1985 (G. menardi) = Bemis et al., 1998 (O. universa (HL)) Mulitza et al., 2003 (G. bulloides)
= Shackleton, 1974 (Benthic Foraminifera) - Bemis et al., 1998 (O. universa (LL)) == Kim and O'Neil, 1997 (Inorganic)
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Supplementary Figure 6. April to December calculated 'O profile comparisons of commonly used calcite-
temperature relationship equations: Shackleton1974 (benthic foraminifera) (grey), Kim and O’Neil 1997 (Inorganic)
(light green), Bemis et al. 1998 (O. universa HL) (green), Bemis et al. 1998 (O. universa LL) (blue), Mulitza et al. 2003
(G. bulloides) (yellow), Spero et al. 2003 (G. menardii) (light blue), and Bouvier-Soumagnac and Duplessy 1985 (G.
menardi)) (dark red). Depth habitats of non-encrusted (red rectangles) and encrusted (blue rectangles) G.
truncatulinoides based on calculated §'®Oc are indicated. The colored circles (red = NC and blue = C) represent
the measured 8'80: plotted with the median, IQR, and range for all measurements. Note the scale difference for
each month.
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Supplementary Figure 7a. Plotted 8Os, with depth calculated using 8Os, = (0.59 (£0.01) * S) — 20.27
(£0.30) (r2= 0.76, p>0.00001) where S equals in-situ salinity (psu) measurements from CTD casts. The
circles indicate measured 88O, values from the CTD casts. Yearly CTD casts colored 2008 (red), 2009
(light blue), 2010 (green), 2011 (yellow), 2012 (purple), 2013 (light green), 2014 (dark red), 2015 (grey), and
2016 (blue). Error bars on each measurement are indicated.
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Supplementary Figure 7b. Plotted 8O, with depth calculated using 8Os, = (0.59 (£0.01) * S) — 20.27
(*0.30) (r2= 0.76, p>0.00001) where S equals in-situ salinity (psu) measurements from CTD casts. The
circles indicate measured 8'®QOs,, values from the CTD casts. Yearly CTD casts colored 2008 (red), 2009
(light blue), 2010 (green), 2011 (yellow), 2012 (purple), 2013 (light green), 2014 (dark red), 2015 (grey), and
2016 (blue). Error bars on each measurement are indicated.

40



Temperature at depth of G. truncatulinoides

T*H“q

i

Supplementary Figure 8. Monthly temperature median, IQR, and ranges of non-encrusted (red rectangles)
and encrusted (blue rectangles) G. truncatulinoides at designated depth habitats based on averaged CTD
profiles in the nGoM. Note there were no C measurements in May, June, July, August, October, and
December and no NC measurements in November.
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® Equation 2, this study, Avg: 0.48 (NC) and 0.31 (C)
® Anand et al., (2003) ten planktonic species, Avg: 0.55 (NC) and 0.47 (C)
McKenna and Prell (2004), Avg: 0.64 (NC) and 0.46 (C)

Supplementary Figure 9. Mg/Ca residuals plotted against §'®0O calcification temperature, where residuals
= ABS (measured Mg/Ca - predicted Mg/Ca, of the three best fit exponential equations for non-encrusted
(A) and encrusted (B) G. truncatulinoides. Plotted are Anand et al., (2003), ten planktonic species (blue),
McKenna and Prell (2004) (grey), and our newly created equation (orange) for both NC and C individuals.
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* Equation 2, this study, 5.4°C trend

® Anand et al., (2003) ten planktonic species, 3.2°C trend ‘
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Supplementary Figure 10. Non-encrusted G. truncatulinoides Mg/Ca converted to temperature from
Pigmy Basin box core (PBBC-1) in the northern GoM (from Spear et al., 2011). Comparison between the
Anand et al., (2003), ten planktonic species equation (blue) and Equation 2, this study (orange).

ICPMS: Ag

RF Power 1500 W

Argon (carr 0.95-1.05 1/min (tuned daily)

Ar coolant <15 1/min

Ar auxiliary 1 1/min

Dwell time 20 ms (non-encrusted) 40 ms (enc

Laser-ablation system L

Energy der 1-4.5 J/cm? (variable)

He gas flow 1.05 1/min

Laser repet 6 Hz (non-encrusted) 8Hz (encruste
Laser spot <44 pm (30 pm when needed)
ThO*/Th* <0.5%

ut/Th* ~1

Supplementary Table 1. Summary of operating conditions for the LA-ICP-MS.
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APPENDIX C: CHAPTER ONE TABLES

TABLE C.1. NON-ENCRUSTED AND ENCRUSTED DEPTH RANGES AND AVERAGES

Non-encrusted Depth Range Encrusted Depth Range
Month %Flux| Low High Avergae Weighted Value| Low High Average Weighted Value
January  20.5% 0 110 55 11 190 700 445 01
Febraury 53.8% 0 100 50 27 180 570 375 202
March 13.2% 60 150 105 14 245 575 410 54
April 6.2% 90 170 130 8 320 700 510 32
May 1.3% 50 110 80 1
June 0.4% 80 160 120 0
July 0.1% 60 130 95 0
August 0.4% 80 130 105 0
September 0.0% 110 170 140 0 385 700 543 0
October  0.0% 80 920 85 0
November 0.0% 170 320 245 0
December 4.1% 60 120 90 4
Weighted Depth (m) 66 Weighted Depth (m) 379
STDEV 9 STDEV 76
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TABLE C.2 ENCRUSTED HOMOGENOUS ZONE MG/CA DETERMINATIONS

34

Woight per Weightsd
Average of all Chambers analwed for every indiwvidual Valus per
chamber
chamber
N Averag T otal
Weighted Mg/Ca Averag Homogenous Homogonous Tota Lamellar Homogsnous Weighted
SAMPLE DATE using all caleits K . ablation Caleits % Crust] zone ablation F F1 F2 F3 F4 F F1 F2 B3 F4 Homogenowes Zone
zone ablation time (s) zone Mg/Ca |
(mmol/mdl) time fs) Mg/Ca time from every Me/Ca ({mmol/mol)
{mm ol/mol)
[mmol/mol) chamber

GMT$17C1  21Jan-10 1.62 50 1.30 58 177 87.97% 250 15.60%  25.60% 12.00% 24.40% 22.40%| 0.16 028 0.13 028 0.38 1.23
GMT617C2  21dan-10 1.23 53 103 82 182 66.56% 267 17.98%  22.47% 17.23% 22.47% 19.85%| 023 019 0.15 022 025 102
GMT&17C1  14Jan-11 1.24 39 0.64 75 2.14 52.07% 195 13.33%  2103% 34.87% 15.38% 15.38%| 009 010 0.30 007 0.11 0.67
GMT817C2  14Jan-l 1.55 27 1.28 38 2.56 72.10% 107 3551%  20.56% 21.50% 22.43% 0.00% 060 030 021 022 000 1.33
GMTI10-19C1  25fan-12 1.86 59 172 76 2.5 77.3%% 236 20.34%  2542% 2373% 30.51% 0.00% 043 042 039 044 0.00 1.69
GMTI10-19C2  25Jan-12 1.69 43 1.84 66 1.87 69.40% 213 10.33%  1502% 26.76% 22.54% 25.35%| 0.26 022 0.34 0.39 0.57 178
GMT12-16C1  12Jan-13 1.40 57 1.19 92 2.49 62.88% 286 4.55% 18.53% 26.92% 25.17% 24.83%] 007 020 029 0.27 029 112
GMT12-16C2  12Jan-13 1.83 36 176 52 2.48 63.92% 179 3.35% 2346% 26.82% 2570% 2067%| 007 037 041 040 0.41 1.67
GMT147C1  7Jan-14 1.61 45 1.53 58 2.78 73.9%% 224 4.91% 1563% 24.11% 27.68% 27.68%| 009 024 033 0.38 0.40 1.45
GMT147C2  7Jan-4 1.24 38 1.21 &0 2.03 64.22% 192 7.29% 17.19% 27.08% 22.92% 25.52%] 0.17 015 023 021 0.28 103
GMT618C2  4Feb-10 1.29 53 102 70 313 76.33% 265 14.34%  19.25% 22.64% 2000% 23.77%| 0.17 019 0.20 020 0.26 101
GMT93C1  25Febd1 1.50 51 172 68 2.16 77.85% 254 8.66% 13.39% 2402% 25.59% 28.35%| 025 025 021 026 0.55 1.52
GMT93C2  25Feb-11 1.06 57 123 71 202 75.68% 287 3.14% 250%6 23.69% 28.57% 19.51%) 007 0.24 0.18 025 0.29 102
GMT1020C1  1Feb12 1.31 55 1.55 62 170 90.33% 275 7.64% 210%  1891% 26.18% 26.18%) 021 026 021 0.30 0.39 1.37
GMT10-20C2  1Feb12 1.18 70 105 86 172 79.54% 278 0.00% 14.3%% 2842% 26.98% 30.22%| 000 019 028 0.24 0.31 1.01
GMT132C1  17Feb13 1.82 41 1.37 & 2.34 50.16% 205 3.90% 204%%  21.95% 30.24% 23.41%) 007 028 033 0.30 0.30 1.28
GMT132C2  17Feb13 201 46 2.59 62 2.57 76.6%% 229 10.92%  14.41% 19.65% 27.07% 27.95%| 046 039 038 045 0.66 2.35
GMT1413C1  18Feb-14 1.82 41 1.96 54 2.65 72.41% 204 5.39% 19.12% 26.47% 2500% 2402%] 0.15 0.35 041 041 0.49 1.81
GMT14.13C2  18Feb-14 204 56 1.99 73 3.08 75.7% 281 7.47% 2527% 23.49% 21.71% 22.06%) 0.19 0.56 0.44 0.33 0.40 1.92
GMT94C1  TMarll 1.26 59 108 86 177 73.84% 295 9.15% 2000% 22.37% 26.78% 21.69%) 0.13 019 0.18 0.26 0.26 1.03
GMT94C2  TMarll 1.44 55 112 89 2.34 61.03% 276 5.43% 19.57% 24.64% 2609% 24.28%| 007 023 029 0.24 0.26 1.09
GMT97C2  28Marll 1.69 51 1.39 74 2.84 65.97% 254 7.09% 19.6%% 22.83% 2677% 23.62%| 0.13 026 027 0.34 0.32 1.32
GMTI11.1C1  30Marl2 1.41 54 109 75 321 71.58% 272 7.35% 18.38% 24.63% 26.10% 23.53%| 010 018 025 0.28 0.24 105
GMT11.1C2  30Marl2 174 57 1.84 76 2.47 72.81% 286 6.29% 19.58% 21.33% 25.17% 27.62%| 0.15 034 038 038 0.52 176
GMT134C1  14Marld 1.62 54 1.51 67 2.85 76.63% 270 6.67% 2593%% 11.11% 28.15% 28.15%|] 0.11  0.38 0.18 0.39 0.39 1.46
GMT134C2  14Marld 1.15 43 104 5 2.13 74.78% 215 6.98% 13.4%% 27.44% 28.84% 23.26%| 008 0.13 028 0.31 0.24 104
GMT1416C1  16Marl4 1.23 56 105 %0 179 64.55% 280 13.57%  17.50% 21.43% 28.21% 19.29%| 020 0.16 0.17 026 022 101
GMT1416C2  16Mar14 1.66 27 173 36 1.94 78.96% 136 11.76%  227% 22.06% 19.85% 23.53%| 032 039 033 021 0.40 1.64
GMT74C1  17-Apel0 1.47 65 1.39 82 2.89 74.21% 325 3.69% 24.62% 27.69% 25.23% 1877%) 006 029 032 026 0.36 1.30
GMT74C2  17-Apel0 1.52 61 1.31 88 2.37 71.97% 307 1075%  19.22% 2378% 21.17% 2508%| 0.16 023 022 026 042 1.30
GMT98C1 4Aprl1 1.81 29 170 52 2.40 52.18% 143 5.59% 11.1%  26.57% 27.27% 29.37%| 0.10 021 0.54 042 0.39 1.65
GMT98C2  4:Ape-ll 1.91 49 1.56 94 242 54.07% 244 6.15% 2008% 25.41% 24.59% 2377%) 0.11 028 040 0.37 0.38 1.53
GMT112C1  6Ape12 1.07 66 0.96 86 2.26 76.7%% 328 15.85%  21.69% 21.65% 18.90% 2195%| 0.17 022 020 0.15 0.22 095
GMT112C2  6Ape-l2 1.37 51 1.31 69 2.27 70.90% 204 6.86% 3088% 36.27% 000 2598%) 0.10 041 042 000 0.32 1.26
GMT114C1  20Apsl2 1.51 40 1.57 59 2.49 73.3%% 201 6.97% 18.41% 24.38% 24.38% 2587%| 0.17 024 029 0.33 0.40 1.44
GMT114C2  20-Aprl2 1.51 45 122 75 2.52 60.29%% 227 7.49% 26.87% 13.22% 25.11% 27.31%) 0.1 031 0.16 0.27 0.34 1.18
GMT136C1  11Apel3 1.81 60 1.92 73 2.83 78.91% 300 5.67% 21.3%% 26.33% 26.67% 2000%|] 0.14 0.36 047 041 043 1.81
GMT10-3NC1  188ep-11 1.84 53 2.20 & 2.35 75.45% 105 4571%  54.2% 000% 000% 0.00% 141 071 000 000 0.00 212
GMTEINC1 5Now2010 1.27 128 1.58 137 2.17 90.07% 384 11.72%  17.1%  71.09% 000 000 027 024 078 000 0.00 1.28
% Cust AVG:  T71% Mg/Ca AVG: 137
STDEV: 10% STDEV: 036




TABLE C.3 NON-ENCRUSTED AND ENCRUSTED SAMPLE MORPHOMETRICS,

GEOCHEMICAL, ISOTOPIC, AND TEMPERATURE DATA

Weighted Mg/Ca Measured 8180c Measured 813Cc P (0 p rature®C)  Temperature
Sale Date:  Lehath (i) ‘WeGHHR) (t‘i]:nolll::i{) (oer sl VPDB) fper il vPDB)  SPT0 als 2003 O 2(;03) Bauation 2 (e :f,)dy)
(G. menardii)

GMT617NC1 21Jan10 220 184 2.80 D37 0.74 22.75 22.19 23.04
OMT617NCI  21Jani0 220 107 NaN NaN NaN NaN NaN NaN
GMT817NC1 14Jan11 220 16.6 212 0.06 0.04 20.54 19.10 17.83
OMIBITNG]  14Janil 220 17.1 208 001 001 2090 18.89 17.47
GMTIQI9NCL  25Jand12 200 184 275 0.38 0.54 22.80 21.99 22.70
OMTIGIONG? 25jani2 240 302 218 047 on 2326 19.41 1835
GMTI1216NC1  12Jan-13 220 181 2.56 0.23 0.58 22.03 21.20 21.36
GMT12-16NC2  12Jan-13 250 21 2.29 0.70 0.49 24.44 19.96 19.27
OMTI4INCI  TJanl4 240 202 225 on 048 2198 19.76 1894
GMT14.7NC2 7-Jan-14 230 2 2.01 0.38 0.41 22.80 18.51 16.83
OMT6ISNCI  4Feb10 200 17 268 043 068 23.06 2070 n2
GMT618NC2 4.Feb-10 240 it d 3.26 NaN NaN NaN 23.88 25.88

OMI93NGL  25Febll 260 269 281 o 053 1.1 0.3 2310

GMT93.NC2 25Feb11 230 ek e 3 2.49 0.24 0.76 22.06 20.89 20.84
GMT1020NC1 1-Feb-12 230 32.5 2.67 0.63 0.48 24.07 21.66 22.15
GMTIO20NC?  LEeb12 250 28 233 057 015 2378 2015 19.59
GMT132NC1 17Feb-13 220 235 2.36 0.39 0.24 22.87 20.29 19.83
OMTI32NCI 17Fb13 190 156 181 05 035 2352 17.34 1487
GOMT1413NC1  18Feb-14 190 2 325 NaN NaN NaN 23.85 25.83
OMTI413NC2 18Febl4 170 97 298 o1 0.50 2192 2.8 2420

GMT94.NC1 TMar11 220 206 1.70 0.21 0.51 21.95 16.65 13.69

OMT94NG2  TMarll 20 .1 241 012 052 2025 2052 2023

GMT9-7NC1 28Marll 240 22.6 2.43 012 0.14 20.24 20.62 2038

GMT9-7NC2 28Marll 220 201 1.99 037 0.35 1893 18.40 16.64
OMTILANGI 30Macl) 220 2% 282 030 061 2239 n 317
GMT111NC2  30Marl2 210 188 NaN 0.42 0.67 2298 NaN NaN
OMTI34NCI  14Macld 240 287 294 015 037 014 nn’ 2395
GMT134NC2 14Mar13 250 42.2 231 0.34 0.29 22.61 20.05 19.43
OMTI416NCI 16Marl4 220 21 361 038 051 2.78 25.01 2.9
GCMT1416NC2 16Marl4 240 22T 4.08 0.24 0.28 22.10 26.37 30.09

OMIT4NGL 1740 220 172 244 016 020 2002 2066 2046

GMT74NC2 17-Apr-10 210 19.2 2.87 0.04 0.74 21.03 22.47 23.50

GMT98NC1 4-Aprll 260 i1, 2.62 022 0.17 19.72 21.45 21.79

OMI9SNC2  4April 210 176 NaN NaN NaN NaN NaN NaN
GMT112NC1 6-Aprll 220 19.1 2.75 0.42 0.48 23.01 21.99 22.70
OMTI1NG]  6Aprl2 240 182 246 035 o .62 2075 2061
GMT114NC1 20-Aprl2 250 308 2.33 0.34 0.41 22.59 20.15 19.59
OMTII4NC]  204prl2 230 247 256 0.0 on 2091 2120 2136
GMT136NC1 11-Aprl13 240 29.1 NaN NaN NaN NaN NaN NaN
GMT136NC2 11-Apr13 220 17.1 3.54 0.13 0.53 21.52 24.80 27.43

GMITSNCl  15Mayl0 230 188 293 001 049 2090 2.7 2389

GMT78NC2 15May-10 200 16.6 2.80 0.03 0.53 21.00 22.19 23.04
OMTOI3NCI  9Mayl 120 131 222 008 019 2044 19.61 18,69
GMT9-13:NC2 9May-11 190 12.1 2.71 0.89 038 16.29 21.83 22.42
OMTO14NCI  16Mayll 200 19.7 324 012 047 2024 .81 2577
GMT119NC1  25May-12 180 10.7 2.89 Q0.15 0.46 21.62 22.54 23.63
OMTIIONG] 25Masyll 180 1 217 012 04 1147 19.36 1826
GMT138NC1 9May-13 240 29.8 2.49 0.34 0.67 22.60 20.89 20.84
GMT138NC2 9-May-13 250 339 2.46 0.35 0.35 22.65 20.75 2061
GMI7ZIINGI  6Jun0 240 33.4 243 023 034 19.67 2062 2038
GMT7-11.NC2 6Jun-10 280 45.3 2.96 013 0.18 2018 22.81 24.08
OMTSIINCI  6Jundl 160 189 NaN NaN NaN NaN NaN NaN
GMT9-17NC2 6Junl1 200 139 2.57 0.13 0.37 21.52 21.24 21.43
GMTILIONGI  Ljund2 150 65 220 009 036 2039 19.51 1852
GMT1110NC2 1Junl12 160 6.4 2.46 0.09 0.36 2039 20.75 20.61
GMT11-10NC3 1-Jun-12 180 9.4 2.36 0.08 0.36 21.26 20.29 19.83
GMTILIONC4  Ljuni2 190 122 L81 027 026 19.47 17.34 14.87
GMT1111NC1 8Jun-12 220 22.2 2.84 0.06 0.41 21.16 22.35 23.30
GMTI3IONCI  6Jund3 20 257 397 04 0% 2301 2607 2957
GMT7-15NC1 4Jul-10 140 6.1 1.99 NaN NaN NaN 18.40 16.64
OMTZISNGI  4Jul10 170 138 318 NaN NaN NaN 2.6l 2542
GMT7-16 NC1 11Jul10 120 4.5 2.80 0.70 0.16 17.26 22.19 23.04
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GMTI1312NC1  4Jull3 180 9.2 NaN NaN NaN NaN NaN NaN

GMTI1312NC2  4Jull3 200 15 2.37 0.26 0.28 22.18 20.34 1991
GMT1313NC1  18]Jull3 110 1 2.95 NaN NaN NaN 22.77 24.01
GMT1313NC2  18]Jull3 90 6.4 3.69 NaN NaN NaN 25.26 2820
GMT7-18NC1 1-Augl10 240 163 2.56 011 012 2029 21.20 21.36
GMT7-18NCZ  1-AuglO 170 4.8 3.84 NaN NaN NaN 25.70 2895
GMT7-18NC3  1-AuglO 200 159 3.96 0.23 0.44 22.03 26.04 29.53
GMT719NC1  15-Augl0 190 16 3.62 021 0.12 19.77 25.05 27.85
OMT1120NC1  10-Aug-12 260 38 2.67 019 023 19.88 21.66 22.15
GMT1315NC1  15-Aug-13 230 19.7 3.32 0.23 0.35 22.03 24.08 2623
GMT1315NC2  15-Aug-13 180 153 NaN NaN NaN NaN NaN NaN
GMT1315NC3  15-Aue-13 190 12.3 2.82 0.27 0.59 22.24 22.27 23.17
CMTI1316NC1  29-Aug-13 180 9.5 3.13 0.30 0.53 2239 23.43 25.12
GMT123NC1  198ep-12 160 8.5 332 NaN NaN NaN 24.08 2623
GMT123NC2  198ep12 200 159 2.41 0.25 018 19.57 20.52 2023
GMT82NC1 1-Cet10 190 9 NaN NaN NaN NaN NaN NaN
CMTI1319NC1  10Oct-13 210 13.6 3.25 0.43 0.48 23.06 23.85 25.83
GCMT84NC1 15QOct-10 160 23.8 NaN NaN NaN NaN NaN NaN
GMTI1320NC1  24Oct13 140 5.6 3.23 NaN NaN NaN 23.78 25.71
GCMT88NC1  12Nowl10 120 7.8 2.32 NaN NaN NaN 20.10 19:51
GMTI1321NCl  7Nov13 100 4.7 4.24 NaN NaN NaN 26.80 30.81
GMT814NC1  24Dec10 220 13.3 296 0.40 0.21 22.90 22.81 24.08
GCMT814NC2  24Dec10 250 24.5 2.74 0.06 0.01 2116 21.95 22.63
GMT815NCl  31Dec10 230 213 398 0.21 0.26 21.93 25.96 29.38
GMT815NC2  31Dec10 230 16.5 3.18 0.38 0.23 22.80 23.61 25.42
GMTI1015NC1  28Dec11 240 29 2.67 0.54 0.32 23.62 21.66 22.15
GMTI1015NC2  28Dec11 220 207 3.13 0.24 0.40 22.08 23.43 25.12
GMTI015NC3  28Dec11 210 17 NaN 020 034 19.82 NaN NaN
GMT146NC1  31Dec13 200 141 220 -1.13 0.73 26.65 19.51 18.52
CMT146NC2  31Dec13 180 10.2 2.68 0.57 0.21 23.77 21.70 22.22

Temperature (°C)

Weighted Mg/Ca Measured §180c Measured §13Cc Temperature (°C) Temperature (°C)

Saiiple Date Lerigthfium), "Welati 1) (mmol/mol) (per mil VPDB)  (per mil VPDB) Speroieral; 2(,),03 Anand et al.,, 2003 Equation 2 (this study)
(G. menardii)

GMT617-C1 21Jan10 270 58 1.23 NaN NaN NaN NaN 7.60
GMT6-17-C2 21Jan10 280 67 1.02 1.31 1:25 10.55 11.02 421
GMT8-17-Cl1 14Jan-11 200 40 0.67 1.85 1.26 7.719 6.37 3.62
GMT817.C2 14Jan-11 200 24 1.33 1.05 0.49 11.88 13.92 9.10
GMT10-19C1 25Jan-12 200 36 1.69 0.79 0.69 1322 16.55 13.53
GMT1019C2 25Jan-12 260 65 178 1.06 1.07 11.83 17.14 14.52
GMT1216C1 12Jan-13 240 51 112 1.81 1.42 7.99 11.97 5.81
GMT12-16C2 12Jan-13 250 52 1.67 1:22. 0.99 1099 16.43 13.32
GMT14-7C1 T-Jan-14 200 34 1.45 1. 3% 0.84 10.25 14.91 10.76
GMT14.7-C2 T-Jan-14 280 69 1.03 1.96 1.34 1.22 11.11 4.36
GMT6-18-C1 4.Feb-10 220 37 NaN NaN NaN NaN NaN NaN
GMTe18C2 4.Feb10 240 55 1.01 1.15 0.96 11.34 10.90 4.01

GMT93-C1 25Feb11 300 85 1.52 111 0.88 11.57 15.39 11.57

GMT93-C2 25Feb11 260 69 1.02 1.29 094 10.66 11.00 4.17
GMT1020C1 1-Feb-12 260 61 1.37 1.00 0.77 12.11 14.28 CHAl
GMT1020C2 1-Feb-12 250 66 1.01 0.92 091 12.52 10.88 398
GMT132L1 17Feb13 220 53 1.28 2.17 1.88 6.11 13.49 8.37
GMT132.C2 17Feb-13 230 59 2:35 116 0.90 11.30 20.25 19.76
GMT1413C1 18Feb-14 210 37 1.81 1.54 0.78 9.37 17.33 14.84
GMT1413C2 18Feb-14 220 40 1.92 1.58 0.87 9.15 17.99 1596
GMT94.C1 TMar11 240 64 1.03 1.49 1.12 9.63 11.09 432
GMT94.C2 TMar11 240 67 1.09 1.51 1.30 9.49 11.69 5.34
GMT9-7.C1 28Marll 260 60 NaN NaN NaN NaN NaN NaN
GMT9-7.C2 28Marll 240 59 132 2.35 1.45 5:2% 13.82 893
GMT11-1-C1  30Marl2 250 66 1.05 1.62 1.10 893 11.24 4.59
GMT11-1-C2  30Marl2 280 83 1.76 1.28 1.07 10.69 17.06 14.38
GMT134C1  14Marl3 250 68 1.46 1.40 1.01 10.07 14.92 10.79
GMT134C2  14Marl3 260 60 1.04 1.54 1.13 9.34 11.17 4.46
GMT1416C1  16Marl4 210 51 1.01 1.40 0.80 10.06 10.88 3.98
GMT1416C2  16Marl4 220 32 1.64 1.38 0.71 10.18 16.28 13.07

GMT74Cl1 17-Apr10 220 55 1.30 1.07 0.71 11.76 13.66 8.66



GMT74-C2
GMT98C1
GMT9-8C2
GMT11.2-Cl1
GMT11-2-C2
GMT114C1
GMT114.C2
GMT136C1
GMT136C2
GMT103NC1
CMT87-NC1

17-Apr10
4-Aprll
4-Aprll
6-Aprl2
6-Aprl2
20Apr12
20.Apr12
11-Aprl3
11-Aprl3
18-Sep-11
5Nov-10

230
300
280
240
240
250
280
220
250
310
280

1.30
1.65
1.53
095
1.26
1.44
1.18
1.81
NaN
212
1.28

1.57
1.86
2.16
1.18
1.42
1.88
193
1.63
NaN
1.85
0.83

119
1.45
1.50
1.07
101
1.49
1.57
1.06
NaN
1.85
0.73

9.23
7.73
6.17
1119
9.97
7.63
7.37
892
NaN
7.76
13.00

13.63
16.33
15.47
10.24
13.34
14.77
12.58
17.37
NaN
19.12
13.49

8,60
13.15
11.71

2.89

812
10.53

6.85
1491
NaN
17.86

837
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APPENDIX D: IMPACTS OF THE SALINITY EFFECT

Calcification temperature is the primary control on Mg/Ca in foraminiferal calcite;
however, salinity has been shown to have a secondary influence on the Mg/Ca of planktic
foraminifera (Niirnberg et al., 1996; Lea et al., 1999; Kisakiirek et al., 2008; Arbuszewski et al.,
2010). Most studies have converged on an average of 3-5 % increase in Mg/Ca per salinity unit
(Honish et al., 2013; Gray et al., 2018) using Globigerinoides ruber (white), Orbulina universa and
Globigerinoides sacculifer. Arbuszewski et al. (2010) showed a much larger salinity sensitivity (27 %)
in a global core-top study, but that study has since been shown to be inaccurate (Honish et al.,
2013; Khider et al., 2015). No studies have specifically addressed the influence of salinity on
Mg/Ca in the non-spinose planktic foraminifers like Globorotalia truncatulinoides. Nevertheless,
wanted to assess how varying the salinity might affect our downcore Mg/Ca-SST estimates from G.
truncatulinoides. To do this, I use a multivariate equation that Tierney et al., (2015) generated to

solve for both temperature and salinity using paired Mg/Ca and 8'°O. in G. ruber:

Mg
In (E) =0.084 T + 0.051 %S — 2.54

n=31,r%2 = 0.86, RMSE = 0.12

Since I did not have an independent proxy for salinity, I arbitrarily chose to apply a secular

5 practical salinity unit (PSU) increasing and decreasing salinity trend (from an average 36 PSU
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based on modern observations) over the past 150 years to determine how such a salinity change
would change the Mg/Ca-SST estimates. In Figure 1 I compared temperature trends from a non-
encrusted (NC) G. truncatulinoides Mg/Ca dataset from the Pigmy Basin in the northern Gulf of
Mexico (nGoM). The secular warming trend is linear with respect to the change in salinity. The
total range of salinity in the water column, based on 20 CTD casts 2008-2017, is 36.9-34.8 PSU,
a change of + 2.1 PSU. That change is plotted in gray in Figure 1 and allows for a conservative
look at the potential changes in water mass in the nGoM.

Equation 2 and Anand et al., (2003), from Appendix A, assume temperature trends of 5.4
°C and 3.2 °C, respectively. Both estimates are larger than the HadISST dataset (0.5 °C) in the
nGoM and TEXg-SST (1.1 °C) and Mg/Ca-SST G. ruber (1.4 °C), from the same sediment trap
samples. Assuming a linear trend in salinity, [ can see the effect on Mg/Ca-SST. When I use the
multivariate equation with decreasing and increasing salinity through time I can use it to verify the
Anand et al. (2003) equation in my publication as well as determine what types of temperature

trends could evolve from the change in salinity.
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Figure 1. Non-encrusted G. truncatulinoides Mg/Ca converted to temperature from Pigmy Basin
box core (PBBC-1) in the northern GoM (from Spear et al., 2011). The change in salinity from 36
PSU is plotted on the y-axis and the change in Mg/Ca-SST on the y-axis. Also plotted in gray
dashed lines are the temperatures trends mentioned in the manuscript. The gray box indicates the
total range of salinity (36.9-34.8 PSU) from 20 CTD casts taken at the sediment trap site 2008-

2017.
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