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Abstract
During International Ocean Discovery Program (IODP) Expedition 397, four sites (U1586, U1587,
U1385, and U1588) were drilled on a bathymetric transect across a submarine plateau on the Por-
tuguese continental slope to intersect each major subsurface water mass of the eastern North
Atlantic. Site U1587 (37°34.867′N, 10°21.531′W; water depth = 3479 m), the second deepest site
along the depth transect and the second most distal from the coastline, was cored for reconstruct-
ing changes in physical and chemical properties of the deep eastern North Atlantic on short and
long timescales. At this site, coring in three holes recovered 1566 m of sediment from which a
continuous 595 m composite sequence of late Miocene to Holocene sediments was developed.
The dominant lithologies are nannofossil ooze and clay in varying proportions that were accumu-
lated at an average rate of 10 cm/ky. The high sedimentation rates and expanded section will per-
mit the development of proxy records for high-resolution climate reconstruction spanning the
past 7.8 My.

Following Expedition 397, the archive halves of the cores used to develop the shipboard composite
depth scale of Site U1587 were analyzed using an Avaatech X-ray fluorescence (XRF) core scanner
in the Gulf Coast Repository at Texas A&M University (USA) to obtain semiquantitative chemical
elemental data at 1 cm resolution. In this report, we present the measured elemental records and
the refined composite depth scale (splice) for the Pliocene and Quaternary sections at the site and
provide a regression equation for estimating CaCO3 weight percent by using the log(Ca/Ti) values.

1. Introduction
Site U1587 (37°34.8667′N, 10°21.5306′W; 3479 meters below sea level [mbsl]) was the second
deepest site drilled during International Ocean Discovery Program (IODP) Expedition 397 in 2022
on a southwest bathymetric transect across the Promontório dos Príncipes de Avis (Figure F1), an
elevated submarine plateau on the Portuguese continental slope that is isolated from the influence
of turbidites (Hodell et al., 2024b). Today, the site is bathed by a mixture of approximately 75%
North Atlantic Deep Water (NADW) and 25% Lower Deep Water (LDW) originating from the
Southern Ocean (Jenkins et al., 2015). However, the relative contributions of these water masses—
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and their vertical distribution in the water column—have varied over time, with important impli-
cations for deep Atlantic Ocean circulation, ventilation, and carbon storage (Hodell et al., 2024b).

Site U1587 was strategically selected to recover an expanded and continuous sedimentary 
sequence spanning the late Miocene to the Quaternary, enabling the investigation of multiple 
Expedition 397 objectives that include the evolution of millennial climate variability, orbital forc-
ing of glacial–interglacial cycles, cyclostratigraphic patterns, the warm climate of the Pliocene, 
and the impact of the Messinian Salinity Crisis (Hodell et al., 2024b). Three holes were cored at 
Site U1587: Hole U1587A was cored to 500 m core depth below seafloor, Method A (CSF-A), Hole 
U1587B was cored to 547.8 m CSF-A, and Hole U1587C was cored to 567.9 m CSF-A (Figure F2)
using the R/V JOIDES Resolution advanced piston corer (APC) and extended core barrel (XCB) 
drilling systems (Abrantes et al., 2024; Hodell et al., 2024b). Coring in three holes recovered 1566 
m of sediment from which a continuous 595 m composite sequence was developed following stan-
dard IODP procedures. These consisted of using Correlator software (version 4.0.1) to align cor-
relative features in sediment physical properties (i.e., color reflectance parameter L*, magnetic 
susceptibility [MS], and the blue channel from the red-green-blue [RGB] light spectra extracted 
from the core section color images) between individual cores from all three holes (Abrantes et al., 
2024). This procedure shifts a core’s CSF-A depth to a core composite depth below seafloor 
(CCSF) depth scale. The depth shifts for each core are used to define the composite spliced section 
by selecting and combining continuous sections of cores from multiple holes to form a complete 
stratigraphic representation at Site U1587 (Hodell et al., 2024b).

The dominant lithologies at Site U1587 are nannofossil ooze and clay in varying proportions. Nan-
nofossils are extraordinarily abundant, and foraminifers and ostracods are also common and gen-
erally well preserved; however, calcareous microfossil preservation and the proportions of benthic 
forms decrease with depth, and clay content increases. A robust biostratigraphy and magnetostra-
tigraphy developed during Expedition 397 indicate a continuous and complete sequence from the 
late Miocene (Tortonian; 7.8 Ma) to the Holocene with a sediment accumulation rate averaging 10 
cm/ky (Hodell et al., 2024b). The high sedimentation rates and the expanded, well-preserved 
stratigraphic section will permit the development of proxy records for high-resolution paleocean-
ographic and paleoclimatic reconstructions at millennial timescales spanning the past 7.8 My. 
This will allow researchers to track climate system evolution from the warm Pliocene through the 
intensification of Northern Hemisphere Glaciation (NHG) in the late Pliocene, the obliquity-
driven “41-kyr world,” the mid-Pleistocene transition, and ultimately into the eccentricity-paced 
glacial cycles of the “100-kyr world” (Hodell et al., 2024a; Hodell et al., in press).

Postexpedition X-ray fluorescence (XRF) core scanning of all four Expedition 397 sites (U1586, 
U1587, U1385, and U1588) was carried out at four different XRF laboratories to acquire nonde-
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Figure F1. Bathymetry of Promontório dos Príncipes de Avis west of the Iberian Margin showing locations of Expedition 
397 sites, Marion Dufrense (MD) piston cores, and Integrated Ocean Drilling Program Site U1391. Site U1385 was occupied 
previously during Expedition 339, as was Site U1391. Map modified from Hodell et al. (2024b, 2026).
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structive, high-resolution semiquantitative records of major and minor elements and use them 
alongside existing physical properties data to refine the composite depth scales of each site. XRF 
measurements of Site U1587 (this report) were performed at the Gulf Coast Core Repository at 
Texas A&M University (USA). Site U1385 cores were measured at the Godwin Laboratory at the 
University of Cambridge (UK) (Hodell et al., 2026). Site U1586 cores were measured at the 
EMSO-GOLD laboratories of the Divisão de Geologia e Georecursos Marinhos of Portuguese 
Institute for Sea and Atmosphere (IPMA) (Portugal) (Abrantes et al., 2025). XRF measurements 
of Site U1588 cores were in progress at the Bremen Core Repository (Germany) at the time of 
publication of this report. In addition, IODP Expedition 401 returned to Site U1385 in 2024 and 
deepened it to 552.5 meters below seafloor (mbsf ) to recover late Miocene to early Pliocene 
deposits (Flecker et al., 2024). Expedition 401 Site U1385 cores were XRF scanned at the Gulf 
Coast Repository (Raad et al., 2026).

Variations of major and minor elements through time can be related to past changes in Earth and 
ocean processes that affect the composition of the sediment and can be used for detailed pale-
oceanographic and paleoclimatological studies (Peterson et al., 2000; Bahr et al., 2014; Hodell et 
al., 2015; Seki et al., 2019; Wu et al., 2020; Lamy et al., 2024).

This report provides (1) the high-resolution XRF data for the Pliocene and Quaternary sections at 
Site U1587, (2) the refined affine and stratigraphic correlation (splice) tables, and (3) a regression 
equation for estimating the CaCO3 weight percent by means of the log(Ca/Ti) values.
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Figure F2. Core recovery, Holes U1587A–U1587C. White intervals = cores with no or incomplete recovery (see Abrantes et 
al. [2024] for details). Left: age boundaries of recovered sedimentary section based on the shipboard biostratigraphic and 
paleomagnetic boundaries. Right: schematic lithology across all holes. Dominant lithologies: nannofossil ooze (light gray) 
and clay (dark gray and brown) in varying proportions (see text and Hodell et al. [2024b] for details).
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2. Materials and methods

2.1. X-ray fluorescence scanning strategy and data set structure
XRF core scanning of Site U1587 was conducted using the two Avaatech XRF core scanners (XRF1 
and XRF2) at the Gulf Coast Core Repository under a programmatically allocated time window of 
60 days from February to April 2023. Given the time constraint, a targeted scanning strategy was 
implemented to maximize data quality and coverage. Specifically, rather than every core section 
collected at the site, only the cores included in the shipboard splice (see Table T31 in Hodell et al. 
[2024b]) were selected for scanning. Cores were scanned at two energy settings, 10 kV for light 
elements (e.g., Al, Si, S, K, Ca, Ti, and Fe) and 30 kV for heavier elements (e.g., Sr, Br, Zr, and Rb), 
to capture a representative geochemical profile of the site’s sediment sequence. Some off-splice 
sections located near questionable splice tie points (see Gaps in Hodell et al. [2024b]) were also 
measured. The cores spanning the Pleistocene and Holocene stratigraphic section of the splice 
interval in each hole (Cores 397-U1587A-2H through 25X, 397-U1587B-4H through 25X, and 
397-U1587C-1H through 24X) were measured on the XRF2 scanner, and the cores spanning the 
late Miocene through Pliocene section of the splice interval (Cores 397-U1587A-26X through 
53X, 397-U1587B-28X through 59X, and 397-U1587C-26X through 61X) were measured on the 
XRF1 scanner.

The primary objective was to generate a high-resolution, continuous elemental record spanning 
the late Miocene through the Quaternary, enabling detailed paleoenvironmental and paleoceano-
graphic reconstructions. However, the 2 month scanning window proved insufficient to complete 
the full measurement campaign, particularly given the length of the recovered section and the 
need for high-resolution (1 cm) measurements. To address this limitation, additional scanning 
time was arranged beyond the programmatic window extending through fall 2023 and external 
resources and technical support were allocated to complete the measurements.

As a result, the XRF data set for Site U1587 is divided into two components: a programmatic data 
set that includes the Pliocene and Pleistocene intervals, scanned during the original 60 day win-
dow and made publicly available through this report and IODP archives, and a proprietary data set 
that encompasses the late Miocene through the Pliocene transition, scanned during the extended 
measurement period and currently retained for ongoing research and analysis prior to public 
release. This two-part structure ensures continuity in the elemental record while supporting both 
immediate research objectives and future data sharing. This manuscript only presents the pro-
grammatic scanning data set and only discusses the methods for that data set.

2.2. XRF measurements
Before scanning, each core was removed from cold (4°C), humidity-controlled storage and allowed 
to equilibrate to room temperature. Allowing the cores to warm up to room temperature prevents 
condensation, which can affect X-ray attenuation (Tjallingii et al., 2007). The surface was then 
carefully cleaned by scraping across the core using a clean glass slide, ensuring that no material 
was displaced vertically, thereby preserving stratigraphic integrity. Finally, the cleaned surface was 
covered with a 4 μm thick Ultralene plastic film to prevent contamination of the measuring prism 
during scanning (Richter et al., 2006).

XRF data were collected every centimeter, with measuring locations occasionally shifted to avoid 
protruding clasts, cracks, and depressions along the core surface. Two scans at different voltages 
(10 and 30 kV) were completed for each core section measured. The 10 kV scan measured Mg, Al, 
Si, P, S, Cl, Ar, K, Ca, Ti, Cr, Mn, and Fe using a tube current of 160 μA, no filter, and a detection 
time of 10 s. The 30 kV scan measured K, Ca, Ti, Mn, Fe, Ni, Cu, Zn, Ga, As, Br, Rb, Sr, Y, Zr, Nb, 
and Mo using a tube current of 1250 μA, a Pd thick filter, and a detection time of 11 s. For all 
measurements, the sample irradiation area was 10 mm in the downcore direction and 12 mm in 
the cross-core direction. Further information on the analytical capabilities of the XRF Core 
Scanning Laboratory at the Gulf Coast Repository can be found at https://sites.google.com/ 
tamu.edu/ gcr-xrf-core-scanning/home.

https://sites.google.com/tamu.edu/gcr-xrf-core-scanning/home
https://sites.google.com/tamu.edu/gcr-xrf-core-scanning/home
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Elemental intensities were derived by postprocessing the XRF spectra using bAxilbatch software, 
applying default spectrum-fitting models and standard processing parameters. The intensity of 
the elements depends on the elemental abundance and matrix effects within the window parame-
ters, physical properties, the sample geometry, and the measuring prism of the scanner (Tjallingii 
et al., 2007). The clean XRF data are provided as counts per second.

The log ratio of Ca/Ti determined by XRF scanning was chosen as the basis for fine tuning and in 
some cases slightly revising the original shipboard splice because it is a high-quality proxy for the 
lithologic cycles of carbonate content (Hodell et al., 2015) that are so evident in shipboard descrip-
tions and multisensor track (MST) data (e.g., MS, natural gamma radiation [NGR], and L*). 
Although Ca and Ti are measured simultaneously at both 10 and 30 kV, the 10 kV counts are sig-
nificantly greater than those at 30 kV and are therefore considered to have a higher signal-to-noise 
ratio because the elemental signal is stronger relative to instrumental and background noise.

The log(Ca/Ti) is well correlated with 125 measurements of weight percent (wt%) CaCO3 made by 
coulometric titration during Expedition 397 (Abrantes et al., 2024; Hodell et al., 2026), with a 
Pearson correlation coefficient (r) of 0.985 (Figure F3). The following regression equation allows 
estimation of CaCO3 content from the Site U1587 XRF data and can be used, for example, to cal-
culate carbonate accumulation rates (Hodell et al., 2013):

wt% CaCO3 = 40.245 × log(Ca/Ti) − 26.178.

2.3. Quality control
To ensure consistent data quality throughout the XRF core scanning process, instrument specific 
calibration standards were measured at a 9 kV excitation level at the start and end of each scanning 
day. Each morning, 20 replicate measurements were performed at each energy level to warm up 
and stabilize the instrument. In the evening, the standards were remeasured (without replicates), 
and the results were compared to the morning values to detect and correct for any instrumental 
drift over the course of the day(s).

Core deformation, fracturing, uneven surface, and the presence of coarse sedimentary clasts can 
compromise the contact between the XRF scanner sensor and the core surface. As part of the data 
quality assurance protocol, scan steps exhibiting positive argon (Ar) counts, indicative of ambient 
air detection resulting from inadequate sensor/core contact (Croudace and Rothwell, 2015), were 
systematically identified and excluded from the data set to maintain analytical reliability. Core sec-
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tions in which 10% or more of scan steps registered positive Ar counts underwent visual inspec-
tion, reconditioning, and subsequent rescanning.

2.4. Stratigraphic correlation
The log ratio of Ca/Ti determined by XRF scanning was chosen as the basis for fine tuning and in 
some cases slightly revising the original shipboard splice because it is a high-quality proxy for the 
lithologic cycles of carbonate content (Hodell et al., 2015) that are so evident in shipboard descrip-
tions and MST data (e.g., MS, NGR, and L*). Where possible, splice tie points followed shifts 
between holes downsection based on the shipboard composite, which primarily relied on MS data. 
However, tie points were occasionally adjusted by a few decimeters to take advantage of the more 
precise identification of local maxima and minima of correlative points provided by centimeter-
scale XRF measurements.

To improve the precision and confidence of correlating these features, the log Ca/Ti records were 
smoothed using a Gaussian process (GP) filter from the GPy Python library (https://gpy.readthe-
docs.io/en/deploy/GPy.core.html) with a Matern32 kernel. This approach allowed tie points to 
be refined to just a few centimeters. Comparing this GP-smoothed Ca/Ti data with GP-treated L* 
data from the same composite interval (Figure F4) demonstrates the superior correlation preci-
sion of the XRF data. The higher signal-to-noise ratio of the XRF data is evident in the tighter fit to 
the primary data. The dispersion of the measured L* parameter (color reflectance; a proxy for car-
bonate content [Balsam et al., 1999]) relative to the GP fit is substantially larger than for the scan-
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ning XRF log Ca/Ti record. Here, variance refers to the proportion of total data variability 
explained by the GP model. The GP explains 92.5% of the variance in L*, compared to 98.4% for log 
Ca/Ti, indicating that the L* record contains a larger noise component and thus a lower signal-to-
noise ratio. These results are consistent with broader assessments comparing XRF to other high-
resolution proxies such as MS and L* for correlation purposes (e.g., Abrantes et al., 2025; Hodell 
et al., 2026).

XRF scanning identified one error greater than a decimeter relative to the shipboard splice: the tie 
of the base of Core 397-U1587C-29X to the top of Core 397-U1587A-29X that was adjusted by 
~55 cm in the final composite relative to the shipboard splice. Reexamination of all shipboard data 
identified one splice interval that was not covered by XRF scanning: the tie of the base of Core 
397-U1587A-21X to the top of Core 397-U1587B-21X. The splice here was based on the best tie 
point available using the combination of MS, NGR, and L* as constraints. Of these, the NGR data 
provide the most robust hole-to-hole correlation tool, and we selected a tie point that results in a 
gap of 36 cm in XRF coverage (Figure F5) and a splice with 95 cm from Core 397-U1587B-21X 
added in comparison to the shipboard composite. In comparison to the spliced section reported in 
Hodell et al. (2024b), we retain an identical number of tie points (113) but adjusted the splice and 
affine tables based on the XRF Ca/Ti ratios as the primary correlation metric.

3. Results

3.1. XRF measurements of Site U1587 Pliocene and Quaternary 
sections
A total of 67,226 measurements were acquired at 1 cm intervals using both low (10 kV) and 
medium (30 kV) energy settings on all cores included in the spliced section spanning from the 
seafloor to 400 m CCSF. Of these, only 892 measurements (1.33%) recorded positive Ar counts 
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and were excluded from the data set presented in this report. Three core sections from Hole
U1587B (Sections 397-U1587B-23X-1A, 23X-3A, and 38X-4A) and one from Hole U1587C (Sec-
tion 397-U1587C-39X-2A) were reconditioned and rescanned because of an initially high propor-
tion of scan steps with positive Ar counts. The XRF core measurements provide a high-resolution
record of semiquantitative element data from the base of the Pliocene through Holocene sedi-
ments cored at Site U1587. The average sedimentation rate across this section is ~10 cm/ky
(Hodell et al., 2024b). Therefore, a 1 cm measurement interval corresponds to a temporal resolu-
tion of approximately 100 hundred years between data points, although the actual resolution is
more likely on the order of hundreds of years because of bioturbation but nevertheless high
enough to detect millennial events. Bioturbation is common in the Site U1587 cores in the form of
burrows and trace fossils, but there is no evidence that it affected the integrity and cyclicity of the
sediment physical properties (e.g., NGR, MS, or color reflectance) (Hodell et al., 2024b).

Downhole distributions of selected elements commonly used to distinguish between biogenic and
lithogenic sources (Peterson and Schimmenti, 2020) are presented on the composite depth scale in
Figures F6 and F7. The profiles of calcium (Ca), strontium (Sr), and bromine (Br) (Figure F6) pri-
marily reflect biogenic sediment components. Ca and Sr, both proxies for the abundance of calcar-
eous microfossils, exhibit a strong positive correlation throughout the record (r = 0.98; Table T1).
In contrast, Br concentrations increase gradually from the base of the record to ~50 m CCSF, fol-
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Table T1. Correlation coefficients and covariance values between biogenic and lithogenic elements, Site U1587. Download 
table in CSV format.
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lowed by a sharper rise toward the seafloor. As a proxy for total organic carbon (TOC) in marine 
sediments (Ziegler et al., 2008; Seki et al., 2019; Peterson and Schimmenti, 2020), Br trends suggest 
increasing organic matter accumulation upcore.

Terrigenous elements aluminum (Al), iron (Fe), titanium (Ti), silicon (Si), zirconium (Zr), and 
rubidium (Rb) are shown in Figure F7. These elements display similar downhole patterns and 
strong interelement correlations, indicating a shared lithogenic origin. Notably, their concentra-
tions are lower in the Pliocene and increase markedly in both intensity and variability through the 
Pleistocene.

Crossplots of biogenic and terrigenous element pairs (Figure F8) further illustrate the relation-
ships between these sedimentary components and support the distinction between their respec-
tive sources.
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3.2. Stratigraphic correlation
A shipboard splice was constructed to 595 m CCSF by correlating physical properties across the 
three holes (U1587A–U1587C) (Hodell et al., 2024b). For this report, we revised the original 
affine and splice tables using high-resolution Ca/Ti data obtained from XRF core scanning. We 
retained an identical number of tie points (113) but adjusted the splice and affine tables. Only one 
tie point between Samples 397-U1587B-21X-6, 115 cm, and 22X-1, 99 cm, was revised using NGR 
to fill in a gap in XRF scanning. Every effort was made to adhere as closely as possible to the origi-
nal sampling splice to ensure that discrete samples will fall on the revised splice, minimizing 
potential gaps. The updated affine and splice tables for Site U1587 are provided in Tables T2
(affine-7) and T3 (splice-5) and are also available from the IODP Laboratory Information Manage-
ment System (LIMS) at https://web.iodp.tamu.edu/LORE, where they can be used to readily 
download shipboard data on the splice (CCSF) depth scale.

3.3. XRF data availability
The 10 and 30 kV XRF data, measured in counts per second, for all sections included in the Plio-
cene through Holocene spliced interval at Site U1587 are provided in Tables T4 (10 kV) and T5
(30 kV). The data are also permanently archived in LIMS and at Zenodo (https://zenodo.org/ 
communities/ iodp), where the raw dataset can be downloaded by hole on the CSF-A or CCSF-A 
depth scales.
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