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Abstract. Portable and core-scanning X-ray fluorescence (XRF) instruments have become increasingly utilized
in making rapid, non-destructive chemical characterizations with high spatial resolution on a range of materials.
Since basaltic cores are often highly fractured and uneven, portable XRF (pXRF) is preferred to conduct discrete
chemical analyses. However, in this case, the user must select the location for each analysis, which can lead to
biased datasets. Alternatively, XRF core-scanning (XRF-cs) instruments take a series of measurements along
a section of core, increasing the number of analyses and, therefore, eliminating some of the bias introduced
by discrete analyses conducted with a pXRF. The XRF-cs does, however, still require a flat sampling surface
along the core that does not include void spaces, making rigid, vesicular, and often cracked basalts suboptimal
targets. We collected 797 XRF-cs measurements on three basaltic cores collected during the International Ocean
Discovery Program Expedition 396 to evaluate how effectively an XRF core scanner can build large, chemically
representative datasets. We developed a method for filtering XRF-cs measurements and calibrated the data using
discrete calibrated pXRF analyses and compared the XRF-cs data to pXRF and conventional bulk-rock data using
various immobile (e.g., Al, Ti, Zr, Ni, Mn, Zn) and mobile (e.g., K, Ca, Sr) elements. The comparison between
datasets shows that (1) the XRF-cs data reproduce trends observed by pXRF and conventional bulk-rock data at
both the regional scale and the core scale, and (2) in some cases, the higher spatial resolution of the XRF-cs data
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reveals geochemical variations that are otherwise obscured using discrete analyses. The workflow outlined by
this study can be used to select samples for future studies by efficiently providing reliable geochemical data for

characterizing new and legacy hard-rock cores.

1 Introduction

In situ X-ray fluorescence (XRF) spectrometry techniques
are often used to make rapid, non-destructive chemical char-
acterizations of various materials. These techniques subject
materials to high-energy X-rays that remove inner-shell elec-
trons from atoms. These empty inner shells are then filled
with outer-shell electrons that shed a portion of their en-
ergy, producing X-rays that are characteristic of an element.
A detector measures these emitted or fluoresced X-rays that
are produced in each energy (kV) range to provide inten-
sity data for each measured element (/) that is correlated to
the element concentration (Jenkins, 1999; Sitko and Zawisza,
2012). Any material in front of the X-ray beam is measured,
including air and dust particles. Therefore, XRF instruments
like core scanners that are designed to move along a core
and collect many measurements work best when used with
samples that have a very flat surface, allowing optimal con-
tact with the X-ray detector. This is why the most predom-
inant geological application for XRF core scanners (XRF-
cs) is relatively homogeneous unlithified marine and lacus-
trine sediment cores (e.g., Richter et al., 2006; Rothwell and
Croudace, 2015) where the surface can be gently smoothed
and covered by thin films such as 4 ym thick Ultralene plas-
tic (e.g., Reagan et al., 2015a; Johnston et al., 2018; Hahn
et al., 2020; Alvarez Zarikian et al., 2024). Since hard rocks
are subject to the roughness of their cut surface, void spaces,
and cracks, they are more often analyzed with portable-XRF
(pXRF) instruments, allowing the user to be more selective
about the contact between the beam and a sample. A com-
mon procedure is to collect discrete pXRF analyses at regu-
lar intervals, such as one to three analyses per core section
(i.e., per 0.5-1.5m; e.g., Jonnalagadda et al., 2024) or per vi-
sually identifiable unit (i.e., lava flow, lithofacies; e.g., Rea-
gan et al., 2015a; Planke et al., 2023a) on a homogeneous,
representative piece of material. However, collecting pXRF
analyses using this method introduces selection bias as each
measurement location is decided on by the user. In addition,
it is not always possible, even with pXREF, to locate homo-
geneous analysis locations, which can result in variable X-
ray absorption and emission due to porosity and grain size
heterogeneity (e.g., Forster et al., 2011). Collecting a higher
spatial resolution of analyses with the XRF-cs can reduce
the sampling bias and may reveal small-scale heterogeneity
while providing a better representation of the average com-
position of the larger sampling area.

When using XRF instrumentation it is also important to
understand the way the data are collected and reported. XRF

Sci. Dril., 35, 21-37, 2026

data are generated as raw spectroscopic data which are then
converted and reported as element intensity (in counts per
second, cps). The conversion of element intensity (/) into
a weight proportion ([E]) can be described by the following
equation (Jenkins, 1999; Sitko and Zawisza, 2012):

[El=1r x K x M+ B, (1)

where K is a device-specific, empirically derived calibration
constant; M describes the total matrix effects; and B is the
background intensity. For bulk-rock (destructive) XRF anal-
yses, K and M are usually known. Hence, the concentration
of an element can be directly derived from the intensity by
applying these two correction factors. However, for in situ
XRF-cs data, M is unconstrained as it is affected by vari-
ations within samples (e.g., density, grain size, presence of
inclusions, core desiccation) and surface irregularities. To at
least partly overcome this, XRF-cs raw data are often re-
ported using ratios of element intensities instead of the in-
tensity of a single element (e.g., Pilike et al., 2001; Vlag et
al., 2004; Weltje and Tjallingii, 2008; Dunlea et al., 2020)
in order to limit matrix effects as the matrix is the same for
a single analysis of multiple elements. In some cases, XRF-
cs data can also be calibrated into apparent concentrations
using standard reference materials or previously calibrated
datasets of analyses on the same material (e.g., Jansen et al.,
1998; Fisher et al., 2014; Weltje et al., 2015, and references
therein; Bourke and Ross, 2016; Kunkelova et al., 2018; Ge-
bregiorgis et al., 2020, Hahn et al., 2020).

Performing XRF-cs measurements on hard-rock cores
could improve the sample selection process by quickly gen-
erating a larger chemical dataset with reduced sampling bias
as compared to traditional pXRF methods. If these data are
reliable, this chemical characterization technique would pro-
vide better guidance for selecting samples for further study.
Using basaltic hard-rock cores collected during the Inter-
national Ocean Discovery Program (IODP) Expedition 396
(Planke et al., 2023b) as a case study, we investigate a method
for collecting XRF-cs geochemical data. In basaltic rocks, el-
ements are often classified as immobile (e.g., Al, Ti, Zr, Ni,
Mn, Zn) or mobile (e.g., K, Ca, Sr) to describe their sen-
sitivity to weathering and alteration. Variations in immobile
element concentrations record differences in the source com-
position or degree of fractionation, while variations in mo-
bile element concentrations can indicate altered or weathered
rock sections (Smith and Smith, 1976; Pearce and Norry,
1979; Hallberg, 1984; Pearce, 2014; Romano et al., 2024).
To evaluate the XRF-cs data collected on the Expedition 396
basalts at the regional scale, we use immobile element ratios
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of Ti/Zr, Y /Zr, Ni/Mn, and Zn /Mn as these are com-
monly used as proxies for the fractionation, melting pro-
cesses, and composition of the mantle source (e.g., Sato,
1977; Sun et al., 1979; Pearce, 2014; Wang et al., 2021;
Lang and Lambart, 2022; Bowman and Ducea, 2023). Ad-
ditionally, we use K /Zr and Sr/Y ratios (mobile and im-
mobile elements) to assess the degree of alteration through-
out the cores (Pearce, 2014). Geochemical variation is inves-
tigated within holes by plotting chemostratigraphy for un-
calibrated element intensity ratios (Ti/Zr, K /Zr, Ni /Mn,
Ca/ Al) and calibrated immobile (Ti, Ni, Zr) and mobile (Sr)
elements. Finally, to determine how representative the chem-
ical variability recorded by the XRF-cs data is of the true
chemical variability of the samples, we compare the uncal-
ibrated and calibrated XRF-cs datasets to calibrated pXRF
and bulk-rock (conventional bulk XRF analyses and induc-
tively coupled plasma mass spectrometry; ICP-MS) trace el-
ement datasets (Tegner et al., 2025). The method outlined
by this study is intended to efficiently identify preliminary
geochemical trends for large volumes of material. Scientific
ocean drilling legacy cores, in particular, amount to many
kilometers worth of material that has been collected over the
last 50 years alongside technological and scientific develop-
ments. As a result, the archived material was not analyzed
using a consistent methodology and may therefore contain
under-exploited geochemical information relevant to current
research initiatives (Super, 2024). Given the scale of these
collections, an efficient and systematic method for prelimi-
nary geochemical characterization is essential to support in-
formed, targeted sample selection.

2 Case study

The basaltic cores used for this study were collected on
the Mid-Norwegian Margin during IODP Expedition 396 in
2021. One of the main objectives of this expedition was to
constrain the causes of excess magmatism during the em-
placement of the North Atlantic Igneous Province (NAIP)
during the opening of the Northeast Atlantic (Planke, et al.,
2023b). Basaltic cores were recovered at five different sites:
U1566, U1571, U1572, U1573, and U1574. A total of 587 m
of basaltic rock was drilled from eight holes, with an average
recovery of 61 % (i.e., 357 m). Basaltic units differ between
sites with variable thicknesses, vesicularities, crystallinities,
and degrees of alteration of the individual lava flows in each
unit.

We performed XRF-cs analyses on basaltic cores from
three of the five sites from which basaltic rocks were recov-
ered (Fig. S1 in the Supplement). Site U1566 is located on
the western flank of the Kolga High, and the basalt sequence
of Hole U1566A is characterized by at least 14 discrete
basalt flows and 13 inter-basalt-sediment units (Planke et al.,
2023c). The basalt flows are mostly composed of aphyric
basalt along with a few occurrences of plagioclase—phyric
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basalt flows. They have highly variable vesicularity and vesi-
cle size distribution, often changing significantly within indi-
vidual lava flow subunits. Lava flow edges are often charac-
terized by chilled margins, and flow tops are often brecciated
with secondary carbonate veins (Planke et al., 2023c). Site
U1571 is located on the western side of the Skoll High. Hole
U1571A recovered the upper termination of the Inner Sea-
ward Dipping Reflectors (SDRs; Planke et al. 2023b). The
top of the first igneous unit in Hole U1571A is composed
of a highly altered basaltic andesite that transitions down-
hole to massive, phaneritic basalt lava flows. The second ig-
neous unit is composed of hyaloclastites and inter-basaltic,
volcanic mudstones. The basalts in the second unit range
from aphanitic to phaneritic and have highly variable vesicu-
larity. The vesicles in these basalts are often filled by zeolite,
clay minerals or white calcite (Planke et al., 2023d). Lastly,
Site U1574 targeted basement rock and the overlying sed-
imentary sequences of the Eldhg Outer High on the north-
ern flank of the Vgring Plateau. The rocks in Hole U1574A
include 94m of pillow basalts and hyaloclastites (Planke
et al., 2023e). The top of the first igneous subunit is de-
fined by a hydrothermal breccia which overlies a short inter-
val of plagioclase—phyric pillow basalt and a hyaloclastite.
A second subunit begins as a hyaloclastite interval before
transitioning to aphyric basalt. Both subunits observed are
mostly composed of plagioclase—phyric basalt, highly vesic-
ular and sparsely vesicular aphyric aphanitic basalt, and mas-
sive aphyric phaneritic basalt. The pillow basalt sections of-
ten have rounded vesicles filled with clay minerals; zeolites;
calcite; and, occasionally, sulfide (Planke et al. 2023e).

3 Methods

3.1 Shore-based XRF core scanning

XRF-cs analyses were performed on the archive core halves
from Expedition 396 Holes U1566A, U1571A, and U1574A
with the Avaatech energy-dispersive XRF core scanner
(Fig. 1A) at the IODP Texas A&M facilities of College Sta-
tion, Texas. Energy-dispersive XRF instruments prioritize
the collection of many elements by measuring all fluoresced
X-ray energies simultaneously before separating them elec-
tronically (Drake et al., 2022). The XRF-cs requires a flat,
level sample surface to make optimal contact and avoid mea-
suring air. Due to the nature of the hard rock (fractured,
solid), the traditional core-scanning technique used on sed-
iments was modified to optimize the quality of the data.
Rather than measuring at regular intervals (e.g., 1 cm), all
rock fragments which were large enough for the sample ir-
radiation area were identified, raised, and leveled within the
core liner using moldable clay protected by Kimtech wipes to
prevent contamination (Fig. 1B). The sample irradiation area
is 10 mm in the downcore direction and 12 mm in the cross-
core direction (e.g., Alvarez Zarikian et al., 2024). The in-
tervals of the identified fragments were measured at the mil-
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Figure 1. (A) A core section loaded into the core scanner; the XRF,
located at the top of this photo, moves down over the core and stops
to analyze at locations entered into the software. (B) Moldable clay
and Kimtech wipes used to level hard rocks in the core liner. (C)
Heterogeneous core sections from Hole U1566A that have been lev-
eled with moldable clay in the core liners.

limeter scale to be analyzed so that pieces with insufficient
surface areas could be avoided. It should be noted that this
process eliminates rock samples that are small, fragile, or un-
consolidated, as well as those with a high volume of cavities
and vesicles, from being measured, introducing some inher-
ent bias. At each measured location, the core scanner takes
three measurements at three different voltages so that it is op-
timized to collect a full spectrum of elements (10kV = Mg,
Al Si, P, S, Cl, Ar, K, Ca, Ti, Cr, Mn, Fe; 30kV =K, Ca,
Ti, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Br, Rb, Sr, Y, Zr, Nb,
Mo; and 50kV =Ca, Fe, Ni, As, Br, Sr, Y, Zr, Nb, Mo, Ag,
Ba). However, variations in the input voltage affect the depth
to which X-rays interact with the material and different ele-
ments, therefore changing the amount of material measured
(Hubbell and Seltzer, 2004; Drake et al., 2022). Since all ele-
ments used in the following discussion fall within the 30 kV
range, only the 30kV spectrum is used, although the use
of element ratios may allow users to compare elements col-
lected at different voltages in future applications.

Positive measurements of argon (Ar) indicate that air was
measured in the analysis as Ar is the only element in air that
can be reliably measured by the core scanner (Drake et al.,
2022). Accordingly, measurements of Ar were used to iden-
tify analyses affected by poor contact with the instrument
detector. The data were filtered in two steps: (1) analyses
with Ar counts greater than 1000 were removed from the
dataset, and (2) analyses for which total spectrum through-
put (counts per second, cps) or Ar counts fell outside of
the 3 standard deviations were considered to be outliers and
were removed from the dataset (Fig. 2). All analyses are re-
ported in Table S1. After filtering, we obtained 293 analyses
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Figure 2. Ka-peak area intensity (counts per second, cps) of Ar
plotted against the total throughput to show how the raw XRF-cs
data are filtered. Filter no. 1 refers to any analyses with Ar cps
> 1000. Filter no. 2 refers to outliers (30).

of basalt from 47.7 m of recovered core length (31.4—145.8 m
of core below the seafloor [m CSF-A]) of the U1566A core,
189 analyses from 29.4 m of recovered core length (200.4—
242.3 m CSF-A) of the U1571A core, and 237 analyses from
40.0 m of recovered core length (166.8-258.7 m CSF-A) of
the U1574A core. Sample locations were collected and re-
ported in terms of m CSF-A.

3.2 Calibrating XRF-cs data with pXRF data

Standard reference materials (SRMs) for XRF techniques are
often powdered and homogenized, raising some concern over
whether comparisons with heterogeneous rock surface mea-
surements are valid due to the variability of matrix effects
(Fisher et al., 2014). While some studies show no significant
difference between XRF analyses performed on cut rock sur-
faces and powered samples (Ryan et al., 2017; Johnston et
al., 2018), others highlight the importance of sample homo-
geneity on analytical precision (Fisher et al., 2014; Bourke
and Ross, 2016). As an alternative to using SRMs, XRF-cs
intensity data may be converted into apparent concentrations
of individual elements if a subset of calibrated data is avail-
able (i.e., Gebregiorgis et al., 2020; Hahn et al., 2020). Cali-
brated, discrete pXRF analyses collected on the archive half
of the core during the expedition using an Olympus Delta
handheld pXRF spectrometer are available for the basaltic
cores used in this study (Tegner et al., 2025). Details on the
acquisition of the pXRF analyses are provided by Planke et
al. (2023a). In brief, the pXRF analyses were carried out di-
rectly on the surface of the core. Three analyses were per-
formed for each data point. In addition to the internal calibra-
tions of the instrument, calibration curves for the different el-
ements measured via pXRF were determined using a suite of
10 standard reference materials chosen to cover the expected
range of compositions and matrices for the analyzed samples.
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Elements falling below the limit of detection on samples and
elements which produced calibrations curves with R? val-
ues lower than 0.95 were discarded. After filtering, analyses
on the following elements are considered to be quantitative:
Ca, K, Ti, Fe, Mn, Ni, Cr, Cu, Zn, Sr, Rb, Zr, and Y (Teg-
ner et al., 2025). By using these pXRF data to calibrate the
XRF-cs data, we avoid introducing additional matrix differ-
ences (Fisher et al., 2014) into our calibration as the analyses
are collected on the same rocks. We note, however, that, for
future applications for which a suitable subset of calibrated
data is not available, users may calibrate XRF-cs data with
a suite of SRMs following the procedures specified for the
pXRF data (Planke et al., 2023a).

Bulk-rock major and trace element analyses were also per-
formed following the expedition by conventional XRF and
ICP-MS techniques on the working core halves (Tegner et
al., 2025; see also Morris et al., 2024, for methodology). We
used quantitative pXRF analyses to calibrate the XRF-cs data
rather than the bulk-rock data for two reasons: (1) both the
pXRF and XRF-cs data were acquired on the archive core
halves, while the bulk-rock data were acquired on the work-
ing halves, reducing the potential for physical offset in anal-
ysis locations, and (2) the goal of this paper is to evaluate if
XRF-cs data collected on basaltic cores can be used to guide
the selection for a post-expedition study and, if so, to provide
a workflow. Hence, in future studies, XRF-cs data would be
collected prior to conventional, destructive bulk-rock analy-
ses which are only used in this study to validate the trends
observed within the pXRF and XRF-cs datasets. The calibra-
tion of the XRF-cs data was performed following the method
outlined by Gebregiorgis et al. (2020), which uses the ro-
bust regression model from the Statistics toolbox in MAT-
LAB (R2021b) to correlate pXRF data (in pgg~") in rela-
tion to XRF-cs data (in cps). Robust regression is preferred
for this method over a linear regression model as it does
not assume that the error distribution is Gaussian (Fig. S2;
Gebregiorgis et al., 2020, and references therein). To apply
this method, analyses from the pXRF and XRF-cs datasets
were selected to match sampling locations (in m CSF-A) to
within 1cm of each other (Tables S1 and S2). Addition-
ally, individual element values which fell outside the 2 stan-
dard deviations of the mean cps (ugg~!)~! are not included
in the regression. Regressions are calculated using 35 in-
dividual XRF-cs/pXRF data pairs (13, 8, and 14 pairs for
Holes U1566A, U1571A, and U1574A, respectively). Ele-
ments that were successfully calibrated to apparent concen-
trations include Ca, K, Ti, Fe, Mn, Ni, Cu, Zn, Sr, Y, and Zr.
Calibration curves are shown in Fig. S2, and the calibrated
apparent concentrations are reported in Table S1. Other ele-
ments were either not measured by pXRF (e.g., Co, Ga, As,
Br, Mo, Ag), had insufficient concentrations to calculate a
regression (e.g., Rb, Nb), or were not well calibrated using
pXRF data (Mg, Al, Si; Planke et al., 2023a).
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3.3 Statistical analysis

Uncalibrated element intensity ratios and calibrated element
concentration ratios from the XRF-cs datasets were com-
pared between holes to evaluate the ability of each dataset to
identify large-scale, regional trends. These ratios were sim-
ilarly investigated using 241 pXRF and 60 bulk-rock (con-
ventional XRF and ICP-MS) analyses (Tegner et al., 2025).
Analysis of variance (ANOVA) and Tukey honestly signif-
icant difference (HSD) statistical tests were performed for
each element intensity ratio to determine if the differences
between Holes U1566A, U1571A, and U1574A are statisti-
cally significant for each dataset. The ANOVA test evaluates
all sites together, while the Tukey HSD test evaluates be-
tween individual sites; hence, the Tukey HSD test is only per-
formed when the ANOVA test indicates no statistical differ-
ence. These tests were performed in Python (3.12) using the
f_oneway() (ANOVA) and tukey_hsd() (Tukey HSD) func-
tions in the scipy.stats package (Virtanen et al., 2020). The
p values calculated for the ANOVA and Tukey HSD tests
for each element intensity ratio and dataset are reported in
Table 1, and the full outputs (i.e., F-statistic, confidence in-
tervals) are reported in Table S3.

4 Results

4.1 Regional variations

The first column in Fig. 3 presents uncalibrated intensity ra-
tios for analyses collected on all three basaltic cores. Basalts
from Hole U1571A have lower Y / Zr and K / Zr and higher
Sr/Y values than the basalts from the other two holes.
Basalts from Hole U1566A show higher K / Zr intensity ra-
tios and present overall lower Ni / Mn and Zn / Mn intensity
ratios. The ANOVA and Tukey HSD results (Table 1) indi-
cate that the visually observable (Fig. 3) differences between
the Y /Zr, Ni /Mn, Zn / Mn, and K / Zr ratios in the basalts
for each hole are statistically significant (p < 0.05) for the
uncalibrated XRF-cs intensity ratios (Siegel and Wagner,
2022). The Ti / Zr and Sr /Y values between Holes U1566A
and U1574A are statistically similar (p > 0.05) but are oth-
erwise significantly different between the other holes.

The middle column of Fig. 3 presents the same ratios cal-
culated using calibrated XRF-cs data. While some features
persist after the calibration, such as the distinctive K / Zr,
and Sr /Y ratios of basalts from U1571A, the basalts from
U1566A and U1574A show more overlap. This is consis-
tent with the ANOVA and Tukey HSD results, which indi-
cate that no statistical difference is observed between Holes
U1566A and U1574A for these ratios (Table 1). Addition-
ally, the Ni/ Mn ratios that appear to be different between
the UI566A and U1571A basalts are now clearly overlap-
ping. Table 2 reports the average values for these ratios and
their associated 1 standard deviation (1o°).
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Table 1. p values calculated for ANOVA and Tukey HSD tests comparing regional geochemistry. The XRF-cs raw dataset uses the uncali-
brated element intensity ratio, and the XRF-cs cal dataset uses the calibrated element concentration ratios.

Dataset Holes Test Ti/Zr Y /Zr K/Zr Sr/Y Ni/Mn Zn/Mn
XRF-csraw  all ANOVA 0.000  0.000  0.000 0.000 0.000 0.000
XRF-csraw  U1566A-U1571A  Tukey HSD  0.000  0.000  0.000  0.000 0.000 0.000
XRF-csraw  Ul1566A-U1574A Tukey HSD  0.999 0.001  0.000  0.000 0.000 0.309
XRF-csraw  Ul1571A-U1574A Tukey HSD  0.000 0.000 0.022  0.000 0.007 0.000
XRF-cs cal all ANOVA 0.007  0.000 0.000 0.003 0.000 0.000
XRF-cscal  UI566A-U1571A Tukey HSD  0.027 0.000  0.000 0.235 0.000 0.000
XRF-cscal  Ul566A-U1574A Tukey HSD  0.819 0.001 0.042  0.092 0.000 0.950
XRF-cscal  UI571A-U1574A  Tukey HSD  0.008  0.000  0.000 0.002 0.011 0.000
pXRF all ANOVA 0.042  0.000 0.009 0.000 0.094 0.000
pXRF U1566A-U1571A  Tukey HSD  0.063 0.000  0.006  0.000 0.002
pXRF U1566A-U1574A  Tukey HSD  0.995 0353 0.617 0.908 0.002
pXRF U1571A-U1574A Tukey HSD  0.126 0.000 0.815 0.000 1.000
ICP-MS all ANOVA 0.086 0.000 0.034 0.437 0.927 0.000
ICP-MS U1566A-U1571A  Tukey HSD 0.979 0.863 0.000
ICP-MS U1566A-U1574A  Tukey HSD 0.000 0.032 0.742
ICP-MS U1571A-U1574A  Tukey HSD 0.000  0.084 0.001

Bolded values indicate p values of > 0.05 and suggest no statistically significant difference between the tested groups (see Sect. 5.1 for details).

Table 2. Averages of the concentration ratios and associated standard deviations (1o') obtained used the ICP-MS, pXRF, and calibrated

XRF-cs datasets for each hole.

Ti/zr | Y/zZr | K/Zr | Sr/Y | Ni/Mn | Zn/Mn
Dataset Hole Avg lo ‘ Avg lo ‘ Avg lo ‘ Avg lo ‘ Avg lo ‘ Avg lo
XRF-cscal UI5S66A 1014 142 | 053 0.12 | 40.6 105 34 45 ] 007 0.03 | 006 0.02
XRF-cscal Ul1571A 105.0 83 | 028 0.04 | 20.1 2.6 58 1.2 ] 0.06 0.02 | 008 0.02
XRF-cscal U1574A  100.7 8.6 | 0.51 0.09 | 38.6 7.6 34 05 0.07 0.02] 008 0.02
pXRF U1566A 99.9 134 | 049 0.06 52 241 28 291|010 0.17 | 0.06 0.06
pXRF UI571A 1049 19.1 | 029 0.05 | 299 216 56 1.6 0.07 0.02 | 0.09 0.04
pXRF U1574A 99.6 79 | 048 0.07 | 40.7 1.5 30 03] 006 003|008 0.02
ICP-MS U1566A 109.6 13.6 | 047 0.08 | 278 150 | 29 20 | 013 0.20 | 0.06 0.10
ICP-MS U1571A 101.8 11.1 | 027 0.05 | 232 444 | 53 12| 006 0.04 | 0.07 0.02
ICP-MS U1574A  107.7 9.5 | 047 0.06 | 18.0 7.6 33 04 ] 005 001 | 006 0.02

The right column of Fig. 3 presents the quantitative pXRF
and bulk-rock datasets acquired on the same basaltic cores.
Because only a small subset of pXRF data was used to cal-
ibrate the XRF-cs data, the comparison between the two
datasets provides an evaluation of the robustness of the cali-
bration. Since the bulk-rock data were acquired on the work-
ing halves of the cores, these provide an additional, indepen-
dent test. By comparing the XRF-cs datasets (uncalibrated
and calibrated) and the pXRF and bulk-rock datasets, we can
make a series of observations: (i) all four datasets indicate
significant differences between Holes U1566A and U1571A
and between Holes U1571A and U1574A for the ratio Sr/ Y.
(ii) The Tukey HSD tests for Ti / Zr on the XRF-cs datasets
indicate significant differences, like those of the Sr/Y val-
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ues, while pXRF and ICP-MS datasets suggest that all three
holes overlap. (iii) Each dataset distinguishes K /Zr and
Zn / Mn differently between the holes; uncalibrated XRF-cs
data indicate that all sites are different for these ratios, while
pXRF and bulk-rock data show more overlap, with disagree-
ment between holes. (iv) While uncalibrated XRF-cs data
show significant Ni / Mn ratios between each hole, the cal-
ibrated XRF-cs data suggest larger overlap, consistently with
statistical tests on pXRF and bulk-rock datasets.

4.2 Chemical stratigraphy

Figures 4 and 5 show chemical stratigraphy (element or ele-
ment ratio vs. m CSF-A) for Hole U1566A. The correspond-
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Figure 3. Element ratios for data collected on all three basaltic cores. The left column shows the uncalibrated XRF-cs dataset with ratios of
elemental intensity (Table S1). The middle column shows the calibrated XRF-cs dataset with ratios of elemental concentrations (Table S1).
For the XRF-cs data, kernel density estimations (KDEs) are also plotted. The right column shows the quantitative pXRF and ICP-MS

elemental ratios (Tegner et al., 2025) for each site.

ing figures for Holes U1571A and U1574A are available in
the Supplement (Figs. S3 and S4). The uncalibrated data
were plotted using ratios of element intensity for Ti/Zr,
Sr /Y, Ni/Mn, and Ca/ Al (Fig. 4), and the calibrated data
were plotted as concentrations of the elements Ti, St, Ni, and
Zr (Fig. 5) to compare immobile and mobile element vari-
ations between the datasets. Both the uncalibrated and cal-
ibrated XRF-cs datasets are compared with the pXRF and
bulk-rock data (Tegner et al., 2025); we note that bulk-rock
data were collected on the archive halves, and so analyses
may not be directly comparable as the relative distance to
the top of the core may be slightly shifted. The geochem-
ical trends in the pXRF and bulk-rock data broadly agree
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with downhole variability of the XRF-cs data (Figs. 4 and 5).
In some sections, however, the XRF-cs data highlight more
variability than the other datasets. Some notable chemical
anomalies that can be more clearly observed by the XRF-
cs data indicate lithological changes like brecciated basalts
(positive Ti, Zr, and Ti /Zr at 37.38 m CSF-A; Figs. 4 and
5), alternating aphyric basalt and phyric plagioclase basalt
(72.29-74.12 m CSF-A; Figs. 4 and 5), and a pyroclastic unit
(positive Ni and Ni /Mn at 66.13 m CSF-A; Figs. 4 and 5).
A few positive Sr anomalies in XRF-cs apparent concen-
trations, as well as positive Sr/Y and Ca /Al anomalies
in the XRF-cs intensity ratios, highlight a section of con-
tinuous aphyric basalt (90.98-98.99 m CSF-A; Figs. 4 and
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5). A second section of aphyric basalt further downhole is
characterized by multiple positive Sr (and Sr /Y) anomalies
and increasing Ti and Zr calibrated concentrations (135.09—
141.07 m CSF-A; Figs. S3 and S4). Chemical stratigraphy
for Hole U1571A and U1574A basalts further highlights
chemical anomalies within sections with little to no facies
variations (Figs. S3 and S4).

5 Discussion
The ability to collect a large chemical dataset over a rela-

tively short period of time without damaging the samples can
greatly assist in the sample selection process for further de-
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1
0.15 1 2
PXRF and ICP-MS calibrated concentration ratios

10 0.05

tailed (destructive) analyses, especially under time-sensitive
conditions. The importance of developing techniques that en-
hance the core characterization process was recently high-
lighted by the Scientific Ocean Drilling 2050 Science Frame-
work (Koppers and Coggon, 2020) as the community adjusts
to changes in the IODP. These techniques may be particularly
helpful to apply to the large quantities of legacy core mate-
rial that may have less available information due to variations
to the standard procedure and to the technology available to
oceanic core collection over time (Super, 2024). Addition-
ally, the geoscience community has recognized that, regard-
less of the use of published classification schemes, litholog-
ical characterization can be biased by the scientist making
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Figure 4. Chemical stratigraphy for Ti / Zr, Sr / 'Y, Ni / Mn, and Ca / Al element intensity (cps) ratios for Hole U1566A basalts measured by
the XRF-cs. The pXRF and ICP-MS concentration (ug g~ 1) ratios (Tegner et al., 2025) are also plotted. The depth scale, CSF-A, corresponds
to meters of core below the seafloor. Hatched gray sections indicate sections of core discussed in the text, with corresponding core photos in
Fig. 6. Lithofacies are from the shipboard IODP Expedition 396 observations, and blank intervals indicate intervals of no core recovery or

thin sedimentary layers (Planke et al., 2023c).

observations (e.g., Lokier and Al Junaibi, 2016; Fresia et al.,
2017; Dawson et al. 2023). One approach suggested to stan-
dardize this process is to use neural networks and machine
learning; however, these work best when trained with large
datasets (Dawson et al., 2023). A high resolution of care-
fully managed XRF-cs chemical data may be a useful tool
for effectively training neural networks to quickly and accu-
rately classify basaltic hard-rock cores. Whether for training
large datasets or for being applied to a specific suite of sam-
ples to assist in sampling for a particular study, using XRF-
cs may become a valuable tool for many future hard-rock
core studies. Below, we discuss the reliability of the XRF-
cs dataset collected for the three IODP basaltic cores in our
case study from Holes U1566A, U1571A, and U1574A using
comparisons between the holes to investigate regional chem-
ical trends and chemical stratigraphy to investigate chemical
variability within holes.

5.1 Regional variations

Chemical differences observed in basalts from different sites
can be important indicators of regional trends. In particu-
lar, chemical differences between the basaltic cores recov-
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ered during IODP Expedition 396 may reflect changes that
occurred during the formation of the Northeast Atlantic. In
fact, the three sites studied here have been interpreted to cor-
respond to three stages of rifting processes (Planke et al.,
2023b): the initiation of rifting in a subaerial environment
(Site U1566); the top of the seaward dipping reflectors, in-
terpreted as the end of the peak of magmatic activity (Site
U1571); and a late-stage shallow marine volcanic eruption
(Site U1574). A good characterization of the compositional
ranges and variations observed between sites is consequently
crucial to better understand mantle and crustal processes
(e.g., mantle source composition, mantle melting, magma—
crust interaction, and crustal contamination or shallow frac-
tionation processes) that occur during continental breakup
(e.g., Meyer et al., 2009; Morris et al., 2024; Tegner et al.
1998).

When observing the regional variation between these
basalts, the uncalibrated and calibrated XRF-cs datasets do
not always agree. The ratios plotted in Fig. 3 exemplify
three cases that can be used to outline the limitations and
precautions of using XRF-cs data. The first case is shown
by means of the regional distribution of the immobile ele-
ment ratios, Ti / Zr and Y / Zr, which are similar between the
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XRF-cs calibrated and uncalibrated data. These ratios show
more overlap between Holes U1566A and U1574A than with
Hole U1571A basalts that have lower Y /Zr values and a
more confined range of Ti / Zr values. For both datasets, the
ANOVA and Tukey HSD tests indicate that the Y /Zr val-
ues are significantly different (p < 0.05) between each hole
and that Ti / Zr values are only the same (p > 0.05) for Holes
U1566A and U1574A (Table 1). These results suggest that
there is no notable difference between the uncalibrated and
calibrated XRF-cs datasets when comparing regional trends
for these immobile elements that are well calibrated (Fig. 3).
Additionally, the pXRF and destructive bulk-rock data show
the same regional trends as the XRF-cs datasets (Fig. 3).
However, the statistical tests indicate that Ti / Zr values are
the same across all three holes, and the results for Y / Zr in-
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dicate that the values are the same for Holes UI566A and
U1574A according to pXRF data and for Holes U1566A and
U1571A according to ICP-MS data (Table 1).

The K / Zr ratio exemplifies a second case in which the un-
calibrated XRF-cs data seem to agree with pXRF and bulk-
rock data better than the calibrated data. The uncalibrated
data show that the basalts from Hole U1566A have higher
and more diverse K / Zr ratios (Fig. 3), which is reflected by
the statistical tests that indicate that these values are signif-
icantly different (p < 0.05) between the basalts from each
hole (Table 1). This agrees with the results observed in the
pXRF and bulk-rock data, except the Tukey HSD test re-
sults for pXRF, which indicate that K / Zr is not significantly
different (p > 0.05) between Holes U1566A and U1574A
and between Holes UI1571A and U1574A (Table 1). The
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Figure 5. Ti, Sr, Ni, and Zr calibrated concentration (ug gfl) chemical stratigraphy plots for the UI566A basalts using XRF-cs calibrated
concentrations. Concentrations obtained by means of pXRF and ICP-MS (Tegner et al., 2025) are also plotted. For the XRF-cs and pXRF
data, “cal” denotes analyses that were used to calculate the calibration curves (Fig. S2). Hatched gray sections indicate sections of core
discussed in the text, with corresponding core photos in Fig. 6. Lithofacies are from the shipboard IODP Expedition 396 observations, and
blank intervals indicate intervals of no core recovery or thin sedimentary layers (Planke et al., 2023c). Concentrations are in pug g_l.

calibrated data, instead, show more overlap between Holes
U1566A and U1574A, supported by the Tukey HSD test re-
sults (Fig. 3, Table 1), with the K / Zr ratios for Hole U1574A
plotting systematically above the values of 20 (Fig. 3), while
the average value obtained by bulk-rock data is 18 =8 (1o).
The discrepancy between the calibrated XRF-cs data and the
pXRF and bulk-rock data, however, can be explained by the
low number of K analyses obtained by pXRF. In fact, K
concentrations obtained by pXRF were often below the de-
tection limit. The methodology to select XRF-cs and pXRF
pairs for calibrations (see Sect. 3.2) resulted in only three K
analyses being available for calibration. These results high-
light that, despite the good calibration obtained for K>O on
pXRF data (Planke et al., 2023a; Tegner et al., 2025), the
very limited number of data available in the pXRF dataset
(n =3) does not allow for a robust calibration of XRF-cs data
(Fig. S2). Alternatively, the results for Sr /Y, which is also a
mobile—immobile element ratio, agree very well across all
four datasets, suggesting that the variable results from K / Zr
are unrelated to the mobility of K.

While it can be tempting to use uncalibrated ratios to make
preliminary qualitative observations about regional variabil-
ity, a third case, exemplified by Ni / Mn and Zn / Mn, high-
lights the need for caution with this approach. In the uncali-
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brated XRF-cs data, Ni / Mn and Zn / Mn values show a pro-
gressive increase in basalts from Hole U1566A to U1571A
to U1574A basalts. However, the calibrated data show more
tightly clustered values (Fig. 3), a fact which aligns more
closely with trends seen in both the pXRF and bulk-rock
data (Fig. 3). This is further supported by statistical tests:
while the uncalibrated XRF-cs ratios are significantly dif-
ferent (p < 0.05) across the holes, the calibrated XRF-cs,
pXREF, and bulk-rock data show far less statistical variation,
particularly for Ni / Mn (Table 1). Although the uncalibrated
element intensity ratios may sometimes appear to reflect real
trends, the relationship between intensity and concentration
is non-linear (Weltje et al., 2015). Therefore, regional vari-
ations seen in the uncalibrated data can be misleading, out-
lining the importance of only using well-calibrated data to
interpret regional geochemical variations.

Comparisons between datasets

Both the uncalibrated and calibrated XRF-cs datasets indi-
cate more significant differences between the basalts from
each hole compared to the smaller pXRF and bulk-rock
datasets (Table 1). This may seem counterintuitive as one
might expect the larger amount of data in the XRF-cs datasets
to show more overlap between sites relative to the traditional
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pXRF and ICP-MS datasets. In fact, the bulk-rock and pXRF
datasets represent only 9 % and 37 %, respectively, of the size
of the XRF-cs dataset. We interpret the results of the statis-
tical tests as evidence supporting the fact that the XRF-cs
data collection effectively reduces sample selection bias for
hard-rock core measurements and that the observed regional
trends are true to the chemical variability of the basalts. For
example, fresh and homogeneous samples are usually pre-
ferred for bulk-rock data analyses, which could be contribut-
ing to the observation of fewer regional differences between
the holes. Similarly, pXRF analysis locations are often se-
lected to represent a specific section, unit, or facies and are
positioned away from altered material. In contrast, XRF-cs
analysis locations include any material that makes optimal
contact with the detector. Hence, after filtering and calibra-
tion, the statistical differences observed within this higher-
spatial-resolution dataset can be considered to be robust fea-
tures reflecting the true regional variability in basalt compo-
sitions.

5.2 Small-scale variability

Studying the chemical variations along a rock core can high-
light characteristic trends that can assist in sample selection
for a variety of studies. Chemical stratigraphy plots are rou-
tinely constructed for IODP Expedition reports with the ICP
atomic emission spectrometry and pXRF data collected on
board to supplement post-expedition sampling (i.e., Reagan
et al., 2015b; Planke et al., 2023c—e). Here, we discuss how
uncalibrated XRF-cs intensity ratios (Fig. 4) and calibrated
XRF-cs elemental concentrations (Fig. 5) compare with the
pXRF and bulk-rock data (Tegner et al., 2025). Since the
methods tested here are intended to guide sample selection
prior to destructive analysis, the bulk-rock data are only used
as an independent test for the accuracy of the chemical vari-
ability observed in the XRF-cs data.

In general, the pXRF and bulk-rock chemical stratigra-
phy show the same trends as the uncalibrated and calibrated
XRF-cs datasets. Importantly, the high spatial resolution of
the XRF-cs dataset compared to the pXRF dataset high-
lights chemical variations along the cores that are not al-
ways observable by the discrete pXRF data alone. In the
following discussion, anomalies within the chemical stratig-
raphy are discussed as the percent change relative to the
nearest analyses taken in the above stratigraphy. No signif-
icant anomalies correspond to a less than 30 % change, while
small and large anomalies are defined as resulting in 30 %—
100 % change and more than 100 % change, respectively. In
some cases, the XRF-cs data simply identify visually rec-
ognized variations, such as discrete inclusions, lithofacies
changes, or sediment layers. For example, a brecciated basalt
in core UI566A-6R2 (37.00m CSF-A; Fig. 6A) is high-
lighted by small positive anomalies in Ti, Sr, and Zr (41.9 %,
51.8 %, and 67.7. % change, respectively), and a deeply al-
tered, leucocratic pyroclastic layer in core U1566A-12R1
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(66.94 m CSF-A,; Fig. 6E) is highlighted by a large positive
Ni anomaly (103.1 % change; Fig. 4). The XRF-cs data can
also record the presence of large vesicles filled by secondary
minerals, like in core U1566A-17R4 (90.97-98.99 m CSF-A;
Fig. 6B), which is identified by eight large positive Sr anoma-
lies, with increases ranging between 114.4 % and 737.4 %
(Figs. 4 and 5).

While the uncalibrated and calibrated XRF-cs chemical
stratigraphy highlights many of the same anomalies, the scale
of the uncalibrated element intensity ratios can sometimes
be misleading. For example, the chemical stratigraphy for
Ni / Mn shows a small positive anomaly (84.9 % change) for
the brecciated basalt (37.00 m CSF-A; Figs. 4 and 6A) that
is not observed by the Ni calibrated concentration chemi-
cal stratigraphy (Fig. 5). Conversely, there is a gradual in-
crease in calibrated Ni at 96.87 m (CSF-A, Fig. 5) that is not
observed in the uncalibrated Ni /Mn chemical stratigraphy
(Fig. 4). The pXRF data show the same gradual increase at
this depth for both Ni concentrations and Ni / Mn ratios. This
suggests that, when possible, using well-calibrated XRF-cs
data is also preferred for investigating small-scale chemical
variation.

XRF-cs data can also be used to demonstrate that com-
positional variability is not necessarily correlated with facies
variations. Figure 7 compares the calibrated chemical stratig-
raphy for two sections of core, both being about 4 m long,
from Hole U1566A in more detail. Core section U1566A-
27R2 (139.2-140.67 m CSF-A) shows little to no variation
in its lithofacies (Fig. 6C), while core section U1566A-13R3
(71.28-74.16 m CSF-A) is composed of seven different units,
including aphyric basalt, plagioclase—phyric basalt, and sed-
iments (Fig. 6D). However, the XRF-cs chemical stratigra-
phy for section U1566A-27R2 reveals variability in the Sr
concentration, including five large positive anomalies, with
increases ranging between 108.4 % and 740.9 %, that were
not recorded by the pXRF analyses (Fig. 7A). The Ti chem-
ical stratigraphy for this section also shows a distinct step
which may indicate a boundary between chemically distinct
lava flows, recorded by the pXRF data as a gradual increase
(Fig. 7A). In contrast, core section U1566A-13R3 shows low
chemical variability within the XRF-cs and pXRF data de-
spite the large variability in its facies (Fig. 7B). Core section
U1566A-27R2 does present small, filled vesicles (Fig. 6C),
but, because they are consistent throughout the core, we may
not necessarily expect them to result in the scale of geochem-
ical variability observed. The high Sr concentration may po-
tentially result from vesicles being filled with carbonate-
bearing material, and identifying these minerals prior to anal-
yses can be useful for further study (e.g., potential for carbon
sequestration, interpretation of isotopic ratios).
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Figure 6. Photos of representative pieces within core sections described in the text. (A) U1566A-6R2 (37.38-38.31 m CSF-A), a section
of brecciated basalt that transitions into plagioclase phyric basalt. (B) U1566A-17R4 (93.82-95.14 m CSF-A) is a section of continuous
aphyric basalt with re-mineralized inclusions that could be the cause of elemental variations seen in the chemical stratigraphy (Figs. 4 and
5). (C) U1566A-27R2 (139.29-140.67 m CSF-A) is a section of aphyric basalt that is relatively visually homogeneous but has variable
elemental concentrations (Fig. 7). (D) U1566A-13R3 (72.53-73.63 m CSF-A) is a representative section with high lithofacies variability that
is compared to panel (C) in Fig. 7. (E) Section U1566A-12R1 (65.12-66.13 m CSF-A) has an interlayer of pyroclastic material from 126 to
139 cm between plagioclase phyric basalt above and aphyric basalt below. Photos of the full core sections represented by the data presented
within Figs. 4 and 5 can be found in the Supplement (Morris et al., 2026).
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Figure 7. Ti and Sr calibrated concentration (ug g_l) chemical stratigraphy plots for two core sections of Hole U1566A basalts. Section
13R (Fig. 6D) has high facies variability within the represented 4 m section, while Section 27R (Fig. 6C) is continuous aphyric basalt. The
XRF-cs and pXRF labeled with “calibration” denote analyses that were used to calculate the calibration curves (Fig. S2).
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6 Conclusions

The main goal of this study is to assess the quality of XRF-
cs data collected for basaltic hard-rock cores and to evalu-
ate their ability to capture geochemical variability for effi-
cient sample selection. Overall, XRF-cs can rapidly provide
higher-spatial-resolution chemical data relative to traditional
methods. In this case study, the XRF-cs dataset, acquired
in 4d, is 280 % larger than the previously collected pXRF
dataset. The chemical stratigraphy derived from XRF-cs data
broadly shows good agreement with pXRF and bulk-rock
datasets, indicating that it reliably reflects the true chemical
variations in the cores measured. However, there are impor-
tant considerations when using XRF-cs on hard-rock materi-
als like basalt:

1. XRF-cs data must be carefully filtered to remove mea-
surements affected by poor contact with the detector us-
ing the reported intensity of Ar as a quality indicator.

2. Geochemical trends in filtered, uncalibrated XRF-cs
data are, in some cases, misleading in comparison to
trends seen in other datasets, and so calibration is es-
sential to ensure that the data accurately represent true
chemical variability whenever possible.

3. If uncalibrated, XRF-cs data should be interpreted only
through element intensity ratios as a first-order attempt
to account for differences in mass attenuation between
elements.

The utility of XRF-cs data for sample selection may be
strongly dependent on the type of study the samples are being
selected for. XRF-cs data measure more elements than usu-
ally reported on for pXRF analyses, which limits the num-
ber of elements that can be calibrated using the methods de-
scribed here. However, this limitation could be eliminated by
measuring a suite of SRMs with the XRF-cs alongside the
cores being sampled (e.g., Planke et al., 2023a) or, poten-
tially, with non-linear models for correlating element inten-
sity with concentration, as described by Weltje et al. (2015).
Our results suggest that large XRF-cs datasets can define
regional-scale chemical variability better than pXRF datasets
by increasing sampling resolution and reducing sampling
bias. On the scale of local chemical stratigraphy, the high
spatial resolution of the XRF-cs data can highlight small-
scale variations missed by the more discrete methods. While
the case study presented here only measures basaltic cores,
these results suggest that it may be applied to other hard-rock
cores in future applications.

Data availability. The XRF-cs data wused in this pa-
per are available as supplementary tables on Zenodo
via  https://doi.org/10.5281/zenodo.18343315 (Morris et
al., 2026). The calibrated pXRF and bulk-rock ICP-MS
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data are available as a dataset in the GeoRoc database
(https://doi.org/10.5880/digis.2025.011, Tegner et al., 2025).
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