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Abstract
International Ocean Discovery Program (IODP) Expedition 374 drilled Site U1521 on the outer
shelf of the Ross Sea, Antarctica. Site U1521 is composed of seven lithostratigraphic units consist-
ing of diamictites, mudstones, and diatomites. We present low to moderate resolution records of
bulk sediment-derived total organic carbon (TOC), total nitrogen (TN), and carbon and nitrogen
isotopes (δ13Corg and δ15N, respectively) from the uppermost ~300 m of Site U1521. Measured
TOC values range 0.39–1.55 wt%, and TN values range 0.03–0.14 wt%. δ13Corg values range −28‰
to −22‰, and δ15N ranges 2‰–8‰. Generally, geochemical trends correspond with lithologic
variations at Site U1521. Diamictites contain lower %TOC, %TN, and δ13Corg and higher δ15N and
TOC/TN ratios. In contrast, diatom-bearing/-rich mudstones contain higher and more variable
%TOC, %TN, and δ13Corg and lower and more variable δ15N and TOC/TN. These general trends
indicate that organic matter sources shifted as depositional environments changed during the
Miocene and Pliocene.

1. Introduction
International Ocean Discovery Program (IODP) Expedition 374 drilled at five sites in the Ross
Sea, Antarctica, to investigate the past response of Antarctica’s ice sheets to ocean forcings
(McKay et al., 2019a). Site U1521 (75°41.0′S, 179°40.3′W; 562 m water depth) was drilled on the
outer continental shelf in the Pennell Trough to test hypotheses related to ice sheet behavior and
forcing in the Ross Sea from the Miocene to recent (Figure F1) (McKay et al., 2019b; Pérez et al.,
2022; McKay et al., 2024). Site U1521 consists of a single hole drilled to a total depth of 650.1 m
core depth below seafloor, Method A (CSF-A), which recovered 411.50 m (63% recovery) of lower
Miocene to Pleistocene sediment. The recovered sedimentary sequence consists of seven litho-
stratigraphic units that reveal variations in depositional environments between ice-proximal and
ice-distal settings (McKay et al., 2019a; McKay et al., 2024). Herein, we focus geochemical analy-
ses on sediments from Lithostratigraphic Units II–V (~27–287 m CSF-A). Units I and II (0–85 m
CSF-A) of Site U1521 consist of interbedded diamictites, diatom-bearing/-rich muds and mud-
stones, and muddy diatomites. Unit III (~85–209 m CSF-A) contains diatom-bearing/-rich mud-
stones. Unit IV (~209–281 m CSF-A) consists of diatom-bearing sandy diamictite with basalt
clasts, and Unit V (~281–324 m CSF-A) contains chert nodules and mudstone. (McKay et al.,
2019a).

Organic geochemical proxies, including total organic carbon (TOC), total nitrogen (TN),
TOC/TN, δ13Corg, and δ15N are used to reconstruct oceanographic processes and identify the
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sources of organic materials to Antarctica’s continental shelf sediments (Smith et al., 2019, and 
references therein). In subglacial to ice-proximal environments, diamictites often contain terres-
trially derived organic matter delivered to the sediments by advancing ice sheets and tend to have 
TOC/TN values >10. In contrast, in ice-distal shelf settings, sediments often contain organic mat-
ter from different sources (e.g., reworked terrestrial and marine) with TOC/TN values around 
~10. In open marine environments, diatom-rich sediments dominate and sedimentary organic 
carbon is predominantly marine, with TOC/TN values ≤5 (Smith et al., 2019).

Here, we report results from organic geochemical analyses of bulk sediments from Site U1521 that 
provide insights into the characteristics of Ross Sea organic matter and its sources during the Mio-
cene and Pliocene.

2. Methods and materials
A total of 333 discrete samples were analyzed for bulk sediment organic parameters (TOC, TN, 
δ13Corg, and δ15N) from Samples 374-U1521A-31R-2, 27–32 cm, to 4R-1, 70–75 cm (286.6–27.33 
m CSF-A). Sediments were freeze-dried and homogenized with an agate mortar and pestle. For 
TOC and δ13Corg analyses, 120 mg of sediment were decarbonated following Brodie et al. (2011), 
where samples were acidified with 2 M HCl for ≥24 h, rinsed with Milli-Q water until sample pH 
reached 7, and oven dried for 72 h at 60°C. Dry samples were reweighed, rehomogenized, and 
placed into tin capsules for analysis. Bulk sediment TN and δ15N analyses were performed on ~30 
mg of nonacidified sediment to avoid any isotopic effects associated with carbonate removal.

Samples (n = 212) were analyzed using continuous flow elemental analyzer isotope ratio mass 
spectrometry (CF-EA-IRMS) at the University of South Florida (USF) College of Marine Science 
Marine Environmental Chemistry Laboratory (United States) using standard methods (Werner et 
al., 1999; Werner and Brand, 2001; Brodie et al., 2011). Isotopes were measured on a Thermo Fin-
nigan Delta+XL IRMS, and data are presented in delta (δ) notation scaled to the Vienna Peedee 
belemnite (VPDB) standard for δ13C and the atmospheric N2 (AT-air) standard for δ15N using the 
following equation:

δeR (‰) = [(Rsample/Rstandard) − 1] × 1000,

where δeR (‰) is δ13C (permil VPDB) or δ15N (permil AT-air) and Rsample and Rstandard are the ratios 
of heavy over light isotopes (e.g., 13C/12C or 15N/14N) in the samples and standards, respectively 
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Figure F1. Map of Ross Sea, Antarctica, showing location of Site U1521 in Pennell Basin. Inset: Antarctica, with locations of 
Expedition 374 sites. Figure modified from McKay et al. (2019b).
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(Coplen et al., 2006; Coplen, 2011). A blank (n = 2), two international standards (USGS40 [n = 3]
and USGS41a [n = 3]; L-glutamic acid; US Geological Survey), and one matrix-matched QC stan-
dard (National Institute of Standards and Technology [NIST] standard reference material 2702
[NIST2702] [n = 8]; marine sediment), were run at the beginning, middle, and end of each analyt-
ical session (see Table T1 for standard values).

Sample isotopic values were normalized to VPDB (δ13C) and AT-Air (δ15N) scales using the two
international standards (Qi et al., 2003, 2016; Coplen, 2011), and TOC and TN concentrations
were calibrated (Werner et al., 1999). See Werner and Brand (2001) for details of data handling,
blank correction, and scaling methods. Briefly, USF uses a two-point calibration scheme because
the difference in δ13C inaccuracy for two- and three-point calibration schemes with >20‰ range is
0.025‰, which is 5× lower than the reported δ13C ± 1σ precision (0.12‰) from n = 187 measure-
ments of the matrix-matched QC material (NIST2702) (Balint et al., 2024). Furthermore, each
analytical run contains two aliquots each of USGS40 and USGS41a positioned at the start of the
run and spanning a mass range of 0.05–1.0 mg, which equates to approximately 0.005–0.09 mg N
and 0.02–0.41 mg C. An elemental mass-to-detector signal calibration is then generated that
spans these mass ranges, and the resulting linear regression equation is used to calculate TN (in
milligrams) and TOC (in milligrams) for each unknown sample and the NIST 2702 QC material.
TOC:TN (mass) and TOC:TN (molar) are derived from calculated TOC (in milligrams) and TN
(in milligrams) values and normalized to the respective sample mass used for each treatment (e.g.,
treated sample data for carbon and untreated sample data for nitrogen). The %TOC and %TN are
derived from the TOC (in milligrams), TN (in milligrams), and sample mass (in milligrams) using
the following equation:

%X = X (mg)/sample mass (mg),

where X is either TOC or TN. The USF analytical precision, calculated from repeated analysis of
NIST2702 over the course of the study (n = 187) was ±0.12‰ for δ13C, ±5.27% relative standard
deviation (RSD) for %TOC, ±0.17‰ for δ15N, ±3.55% RSD for %TN, and ±0.55 for TOC/TN.

Additional analyses (n = 121) were performed on a Costech ECS 4010 Elemental Analyzer coupled
to a continuous flow Thermo Finnigan DeltaPlus Advantage IRMS at the Northern Illinois Univer-
sity (NIU) Stable Isotope Laboratory (United States). Sample preparation methods were similar to
those at USF, detailed above. Sample isotopic values were normalized to VPDB (δ13C) and AT-Air
(δ15N) scales using one international standard (Acetanilide 2; Schimmelmann et al., 2009) and two
in-house standards, SIL-003 and SIL-005 (Table T1), previously calibrated with international stan-
dards NBS-22, IAEA-CH-6, USGS-25, and IAEA-N1. One in-house QC standard, SIL-002, was
run every 12 samples, and the same standard was used for nitrogen blank correction using variable
amounts (10–140 μg of N) in every measurement sequence. The uncertainties of in-house stan-
dards and the QC standard are expressed as 1σ combined uncertainty (Table T1). The NIU analyt-
ical precision, calculated from repeated analysis of SIL-002 over the course of the study (n = 57)
was ± 0.06‰ for δ13C and ±0.15‰ for δ15N. See above and Werner and Brand (2001) for details of
data handling, blank correction, and scaling methods.

An interlaboratory comparison study between the USF and NIU laboratories included analysis of
52 samples by both laboratories. There are no systematic offsets between data generated at USF
and NIU. The average offset for replicate analyses (n = 52 per laboratory) is 0.25‰ ± 0.18‰ for
δ13Corg, 0.07% ± 0.05% for %TOC, 0.78‰ ± 0.49‰ for δ15N, 0.01% ± 0.007% for %N, and 1.4 ± 1 for
TOC/TN. Because average differences are small (often within analytical error) and replicates were
derived from identical sample depths but not from the same homogenized sample vial, we cannot
determine if observed differences are analytical or result from sediment heterogeneities. As such,
all replicates in a single depth are averaged and plotted with 1σ error bars (Table T2; Figure F2; see
Supplementary data).

Table T1. International standards and laboratory standards used at USF and NIU. Download table in CSV format.

Table T2. Bulk sediment carbon and nitrogen concentrations and isotopic compositions, Site U1521. Download table in
CSV format.
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3. Results
Site U1521 TOC, TN, TOC/TN, δ13Corg, and δ15N data are plotted against depth (CSF-A depth 
scale) with the shipboard lithostratigraphy (Figure F2; Table T2; see Supplementary data). TOC 
content ranges 0.39–1.55 wt% (average = 0.95 ± 0.2 wt%) with lower values in the diamictites of 
Units II and IV and slightly higher values in the diatom-bearing/-rich mudstones and diatomites of 
Unit III. TN content is low, ranging 0.03–0.14 wt% (average = 0.10 ± 0.02 wt%), and covaries with 
TOC. TOC/TN ratios range 6.60–24.60 (average = 10.18) and are variable throughout, increasing 
slightly from the top of Unit III into Unit II. The observed TOC/TN range is typical of Southern 
Ocean marine phytoplankton, although ratios ≥13 may indicate terrestrially derived organic mat-
ter presence (Prahl et al., 1980; Lamb et al., 2006; Smith et al., 2019).

Shipboard measurements taken during Expedition 374 range 0.11–1.20 wt% (n = 73; average = 
0.61 ± 0.29 wt%) for TOC and 0.013–0.101 wt% (n = 82; average = 0.056 ± 0.02 wt%) for TN. These 
results are in general agreement with the data reported here, except for one outlier (TOC = 7.02; 
345.27 m CSF-A), which was excluded from the calculated averages (McKay et al., 2019b).

δ13Corg ranges −28.10‰ to −22.90‰ (average = −26.80‰ ± 0.67‰), typical of Southern Ocean 
phytoplankton (Lourey et al., 2004; Lin et al., 2023) and Antarctic glaciomarine sediments (Smith 
et al., 2019). Generally, δ13Corg is more negative in Units V, IV, and III and more positive in Unit II. 
δ15N ranges 1.97‰–8.25‰ (average = 5.05‰ ± 1.19‰), and values are more positive in Unit IV, 
more negative and variable in Unit III, and most negative in Unit II.

4. Summary
Bulk sediment organic geochemical records from Site U1521 (McKay et al., 2019b) indicate 
downhole changes in %TOC, %TN, TOC/TN (mass), δ13Corg, and δ15N that coincide with changes 
in lithology. In general, %TOC, δ13Corg, and %TN are lower in diamictites and higher in diatom-
bearing/ rich mudstones, whereas TOC/TN and δ15N are highest in diamictites and lower in 
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diatom-bearing/ rich mudstones. Within lithostratigraphic units (e.g., Unit III), finer scale vari-
ability is observed across all records. Results indicate that organic matter sources (e.g., terrigenous 
and marine) varied as ice sheets advanced and retreated across the Ross Sea shelf.

5. Supplementary data
Supplementary data are archived on Zenodo (https://doi.org/10.5281/zenodo.17298585).
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