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Abstract
Marine sediment cores from ice-proximal locations enable reconstructions of Antarctic environ-
mental change and ice sheet evolution. Here, we report semiquantitative X-ray fluorescence (XRF) 
core scanning results from ~650 m of glaciomarine sediments recovered during International 
Ocean Discovery Program Expedition 374 from Site U1521, located on the middle to outer Ross 
Sea continental shelf. Raw XRF data were scaled using shipboard inductively coupled plasma–
optical emission spectroscopy (ICP-OES), normalized, and then considered in the context of Site 
U1521 lithologic data. We find that diamictites have higher relative amounts of lithogenic ele-
ments (e.g., Ti, K, and Fe), whereas diatom-rich intervals have higher relative amounts of elements 
traditionally associated with biogenic productivity (e.g., Si and Br). These XRF data can be used in 
future studies to reconstruct a range of sedimentary and oceanographic processes that will provide 
insight into the evolution of the West Antarctic Ice Sheet.

1. Introduction
International Ocean Discovery Program (IODP) Expedition 374 drilled Site U1521 (75°41.0′S, 
179°40.3′W; 562 m water depth) on the middle to outer continental shelf in the Pennell Basin, Ross 
Sea (Figure F1), to test hypotheses related to Neogene evolution of the West Antarctic Ice Sheet, 
particularly in the Miocene (McKay et al., 2019a). Site U1521 was drilled to a total depth of 650.1 
meters below seafloor (mbsf ) and recovered 411.5 m (63% recovery) of Lower Miocene to Pleisto-
cene sediments. The sedimentary sequence includes seven lithostratigraphic units (McKay et al., 
2019b) containing diamictites, mudstones, diatom-rich mudstones, and diatomites that provide 
insight into past depositional environments (Marschalek et al., 2021; Pérez et al., 2022; McKay et 
al., 2024).
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X-ray fluorescence (XRF) core scanning of Site U1521 sediments provides semiquantitative data 
useful for further characterizing sedimentary units, as well as for paleoceanographic and terrige-
nous provenance studies (e.g., Grützner et al., 2003; Monien et al., 2012; Cook et al., 2013; Patter-
son et al., 2014; Croudace and Rothwell, 2015; Bertram et al., 2018; Penkrot et al., 2018; Wilson et 
al., 2018; Jimenez-Espejo et al., 2020). Here, we report XRF data from Site U1521. Raw XRF counts 
are influenced by sediment density and atomic weight (e.g., Tjallingii et al., 2007; Lyle et al., 2012; 
Kasuya et al., 2023) such that elements with higher atomic weights (e.g., Fe and Ba) emit higher 
energy X-rays compared to elements with lower atomic weights (e.g., Al and Si), resulting in atten-
uation of signals for elements with lower atomic weights (Tjallingii et al., 2007). To account for 
these effects, XRF data were (1) scaled to the median elemental concentrations of sediment col-
lected from Site U1521, which were measured shipboard using inductively coupled plasma–optical 
emission spectroscopy (ICP-OES) to transform peak areas to weight percents and (2) normalized 
to eliminate variations caused by changes in sediment density, porosity, and cracking (Lyle et al., 
2012). Normalized median-scaled (NMSc) XRF data are plotted against shipboard lithology and 
natural gamma radiation (NGR), which reflects relative amounts of fine-grained terrigenous sedi-
ment (clays) (Figure F2) (McKay et al., 2019b; Blum, 1997).
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Figure F1. Map of the Ross Sea showing the location of Site U1521 in the Pennell Basin (yellow star). Modified from McKay 
et al. (2019a).
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2. Methods and materials

2.1. X-ray fluorescence scanning
XRF scanning was conducted on Site U1521 cores using a fourth generation Avaatech core scan-
ner (designated XRF2) at the IODP Gulf Coast Repository in College Station, Texas (USA), follow-
ing methods described in Kulhanek et al. (2022), which we outline in brief here. Core sections 
were removed from refrigeration at least 3 h prior to scanning to avoid condensation. Surfaces 
were lightly cleaned using a metal spatula to provide a fresh surface and then covered with 4 μm 
thick Ultralene film (SPEX Centriprep, Inc.) to protect the sensor. Each archive section half was 
scanned at 1 cm resolution using a 1.2 cm2 illumination window set at 1 cm downcore and 1.2 cm 
crosscore. The cores were scanned at three excitation levels:10kV (6 s count time; 0.16 mA cur-
rent; no filter) for major and minor elements (e.g., Al, Si, K, Ca, Ti, Mn, and Fe), 30 kV (6 s count 
time; 1.25 mA current; with a Pd-thick filter) for heavier major and minor elements and relevant 
trace elements (e.g., Ni, Sr, Rb, and Zr), and 50 kV (10 s count time; 0.75 mA current; with a Cu 
filter) for heavier trace elements (e.g., Ba). Obvious voids and cracks were skipped during scan-
ning. Raw XRF data are archived in the IODP Zenodo database (https://zenodo.org/ records/ 
7850848).
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2.2. Quality control
Raw spectra were processed into peak areas using bAxil XRF spectral processing software (Bright-
spec), which uses a nonlinear least squares method. Raw data with positive argon (Ar) values in the 
10 kV scan were removed (n = 1245; 9% of all data) because such values indicate poor sensor con-
tact with the core surface or the presence of small cracks that were not skipped (e.g., Dunlea et al., 
2020). In the remaining data, no throughput values from the 10 kV scan were less than 150,000 
counts/s (Robustelli Test et al., 2024). Depths with discrete peaks of Ca, Mn, Fe, Sr, and Ti were not 
removed from the data set because of associations with clasts and/or biogenic/authigenic carbon-
ate (Figure F3). Quality controlled Site U1521 XRF data can be found in XRF in Supplementary 
material.

2.3. Scaling X-ray fluorescence data to shipboard elemental data
We scaled peak areas to typical site-specific sedimentologic compositions (e.g., diamictite, mud-
stone, and diatom-bearing to rich mudstones) by scaling raw median peak areas of each element to 
the median bulk sediment elemental concentrations, measured shipboard using ICP-OES (n = 16; 
Table T1) (McKay et al., 2019b; Lyle et al., 2012). The sedimentary components are assumed to be 
Al2O3, BaSO4, CaCO3, FeO, K2O, MgO, MnO, Na2O, SiO2, SrO, TiO2, and ZrO2 following Lyle et al. 
(2012). Briefly, elemental weight percents obtained using ICP-OES were converted to the equiva-
lent oxide/carbonate weight proportion by multiplying the weight percent of the element obtained 
using ICP-OES by the molecular weight of the oxide/carbonate equivalent and dividing this value 
by the molecular weight of the cation. Oxide/carbonate weight proportions were then summed 
and normalized to 100% to obtain oxide/carbonate weight percents (Table T1). Scaling was com-
pleted using the converted oxide/carbonate weight percent using the following equation from Lyle 
et al. (2012):

,

where Se is the scaled elemental value (in weight percent), Median%e is the median weight percent 
of the most probable sedimentary component for each element (e.g., oxide and carbonate; Table 
T1), Peak Areae is the peak area of an element from the scanned depth, and Median Peak Areae is 
the median of peak areas across all depths for that element.
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Figure F3. Changes in Fe, Ca, Sr, and Mn in (A) diatom-rich mudstone and (B) diatom-bearing mudstone. Elemental data 
associated with a color change related to authigenic carbonate presence.

Table T1. Shipboard bulk sedimentary geochemistry converted for oxides and carbonate, Site U1521. Download table in 
CSV format.

Se Median%e
Peak Areae

Median Peak Areae
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For elements measured in multiple scans (e.g., K at 10 and 30 kV and Ca at 10, 30, and 50 kV), 
scans with the highest peak area were used for scaling. Because Br and Ni in the 30 kV scan were 
not quantified using ICP-OES, these elements were not scaled.

2.4. Normalization of scaled data
To minimize variability introduced by porosity differences or cracks, scaled data were summed 
and normalized to 100% using the following equation (Lyle et al., 2012):

,

where NMSc is the normalized median-scaled value for the element, C is the median scaled value 
of the element, and sum of scaled elements is the sum of all scaled elements at that depth.

2.5. Statistical analyses
To investigate the relationships among elements, we use both crossplots (Figures F4, F5) and cor-
relation analysis (Figures F6, F7). Because the raw and NMSc XRF data are not normally distrib-
uted, we conducted a Spearman’s rank correlation to determine the strength and direction of 
correlations between element pairs (Figures F5, F7). The strength of the relationship between ele-
ments is quantified with the Spearman’s rank correlation coefficient (ρ) and the strongest relation-
ships between elements have a ρ > 0.7. Correlation analyses were performed using the cor function 
and plotted using the corrplot package in R (Figures F5, F7) (Wei and Simko, 2024; R Core Team, 
2024).
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Figure F6. Correlogram of raw elements, Site U1521. Correlation between elements was determined by a Spearman’s rank correlation. Correlation is shown on a color 
gradient from orange to blue (orange = positive correlation, blue = negative correlation). Yellow to purple colors indicate weak positive to negative correlations. The 
more elliptical the shape in the correlogram, the more correlated the elements are; the more spherical the shape, the less correlated. The correlation coefficient, ρ, for 
each correlation is shown on the ellipses. Strong correlations are considered to be those where ρ > 0.7. Plot was made following Wei and Simko (2024) using RStudio 
(R Core Team, 2024).
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3. Results

3.1. Relationships and correlation between elements
To verify relationships and correlations between elements commonly associated with terrigenous 
or biogenic sources at Site U1521 (e.g., Croudace and Rothwell, 2015; Gäng et al., 2023; Ziegler et 
al., 2008), we plotted raw elements against each other (Figure F4) and conducted a Spearman’s 
rank correlation with raw elements (Figure F6). We find positive relationships and strong positive 
correlations (ρ > 0.7) between terrigenous elements (e.g., Ti and K, Ti and Fe, and Ti and Al) and 
between biogenic elements (e.g., Br and Ni). We observe negative relationships and moderate to 
strong negative correlations between terrigenous and biogenic elements (e.g., Ti and Br and Ti and 
Ni). Ca, which can have terrigenous, biogenic, and authigenic sources (Calvert and Pedersen, 
2007; Croudace and Rothwell, 2015), shows a bimodal relationship with Ti (predominately litho-
genic), suggesting that Ca has multiple sources at Site U1521. Si, which can have terrigenous or 
biogenic sources (Calvert and Pedersen, 2007; Croudace and Rothwell, 2015), shows no relation-
ship or significant correlation with Ti but does show a positive relationship and high positive cor-
relation (ρ = 0.77) with Al.

To investigate how normalizing and scaling influences relationships and correlations between ele-
ments, we plotted NMSc elements with each other (Figure F5) and conducted a Spearman’s rank 
correlation with NMSc elements (Figure F7). We still find positive relationships and strong posi-
tive correlations (ρ > 0.7) between terrigenous elements (e.g., Ti and K and Ti and Fe) and between 
biogenic elements (e.g., Br and Ni) and negative relationships and correlations between terrige-
nous and biogenic elements (e.g., Ti and Br). However, the normalizing and scaling method 
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changes the relationships of Si and Al with other elements. The relationship between Si and terrig-
enous elements becomes negative with moderate to strong negative correlation (e.g., Si and Ti and 
Si and K), and the relationship and correlation between Si and biogenic elements become positive 
with strong positive correlations (e.g., Si and Br and Si and Ni). This indicates that in some lithol-
ogies, such as the diatomites and diatom-rich mudstones, Si is predominately a biogenic element. 
The relationship and correlations between Al and terrigenous elements become weaker, suggest-
ing that the source of Al is complicated at Site U1521. Overall, we demonstrate that normalizing 
and scaling the XRF data at Site U1521 helps to correct the lighter elements Si and Al for attenua-
tion of the signal.

3.2. Stratigraphic trends
Downhole elemental variability corresponds to changes in sediment composition through time 
(Figure F2). Diamictites in Units I, II, IV, VI, and VII are characterized by higher NGR values 
(McKay et al., 2024). Lithogenic elements, including Ti, Fe, K, and Zr, have the highest maximum 
and mean values in diamictite lithologies (Table T2). Biogenic-associated elements, including Si 
and Br, have the highest mean values in diatom-bearing to diatom-rich mudstones (Table T2). In 
the lower part of Unit III, variations in NGR and Br indicate changes in the relative amounts of 
lithogenic and biogenic sediment. Finally, large peaks in Mn, Ca, and Sr in all units correspond 
with authigenic carbonates (Figures F3, F2I; Blanchet et al., 2007; Croudace and Rothwell, 2015).
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