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Abstract
Massive submarine basalt flows discovered on the Tristan-Gough-Walvis hotspot track in the 
South Atlantic during International Ocean Discovery Program (IODP) Expeditions 391 and 397T 
were analyzed using Avaatech X-ray fluorescence (XRF) core scanners calibrated with three 
United States Geological Survey (USGS) rock standards: BHVO-1, BIR-1, and BCR-1. Count data 
on the core were converted to concentrations using the average counts/weight percent oxide or 
counts/parts per million (ppm) (μg/g) in the USGS rock standards and corrected using the ratio of 
Rh-tube line counts in the standards and unknowns. The calculated results were improved using a 
slope correction based on the calculated values versus the reference values of the standards. 
Results are generally consistent with whole-rock analyses of discrete samples for most elements, 
except for elements falling just below or above the Fe-absorption line (e.g., Cr and Ni); these data 
must be adjusted based on average shore-based whole-rock compositions. An alternate method 
based on the ratio of characteristic energy intensities/Rh-tube line intensities produces essentially 
identical results and requires fewer steps to calculate. Nonetheless, all the methods detailed in this 
contribution may be applied within a spreadsheet with no programming.

The procedures detailed here allow XRF scanner intensities to be converted into concentrations 
that are generally consistent with shipboard inductively coupled plasma–atomic emission spec-
troscopy (ICP-AES) and shore-based wavelength dispersive spectroscopy (WDS) XRF analyses of 
the same core after normalization to 100% and data-smoothing with a 5-point running average to 
account for modal variations in phenocrysts and grain-size effects. Some elements may require an 
empirical adjustment of a few percent to align with AES or WDS analyses. Other adjustments 
include a filter to eliminate analyses with abnormally high CaO that results from secondary calcite 
in veins or vesicles. Na is too light to be analyzed using energy dispersive spectrometers like the 
Avaatech instruments, so it must be estimated using shore-based analysis. Despite these short-
comings, calibrated XRF scanner analyses of continuous basalt core offer a powerful technique to 
monitor centimeter-scale compositional variations in massive basalt flows and detailed chemo-
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stratigraphy in normal submarine lavas (pillows and sheet flows). It is invaluable for nondestruc-
tive analysis of IODP igneous core material and may have applicability to other core types.

1. Introduction
International Oceanic Discovery Program (IODP) Expeditions 391 and 397T recovered continu-
ous cores of massive basalt lava flows from the Tristan-Gough-Walvis (TGW) hotspot track, a 
chain of ridges and seamounts extending southwest off the coast of Namibia, known collectively as 
Walvis Ridge (Sager et al., 2023a, 2023d). For much of its existence, the TGW plume was contigu-
ous with the newly formed south Mid-Atlantic Ridge spreading center. This enhanced (ridge + 
plume) volcanism built high-standing submarine plateaus: Valdivia Bank and Frio Ridge (O’Connor
and Duncan, 1990; O’Connor and Jokat, 2015). As the TGW plume decoupled from the spreading 
center, it formed a series of guyots and linear ridges that track to the currently active Tristan de 
Cunha and Gough islands (e.g., O’Connor and Jokat, 2015).

The common occurrence of massive (≥3 m thick) basalt sheet flows necessitated drilling 5 m half-
cores, resulting in multiple cores with 90%–100% recovery of continuous or near continuous rock 
core, including complete, intact lava flows (Sager et al., 2023a, 2023d). Shipboard analyses using 
the handheld portable X-ray fluorescence (pXRF) unit (e.g., Ryan et al., 2017; Jonnalagadda et al., 
2024) documented chemical variations within several of the massive flows that are not consistent 
with a single homogeneous lava flow, despite the lack of physical flow contacts (Sager et al., 2023a, 
2023d). This observation motivated us to undertake a more systematic and detailed evaluation of 
these cores using shore-based X-ray fluorescence (XRF) core scanners (Shervais et al., 2025).

Quantification of XRF core scans is a long-standing problem, especially for light elements,
because of scattering caused by grain size effects, absorption of characteristic X-rays by other ele-
ments, secondary fluorescence due to characteristic X-rays of heavier elements, and variations in 
the average atomic number of the matrix (Potts, 1992; Potts and Webb, 1992; Sitko and Zawisza, 
2012). These problems are overcome in normal whole-rock analyses by preparing glass discs with 
a light element flux (e.g., lithium tetraborate, lithium metaborate, or both) that eliminates grain 
size effects, lowers the overall mass absorption, and minimizes differences in average atomic num-
ber (Potts, 1992; Sitko and Zawisza, 2012). This allows application of various methods to correct 
for secondary fluorescence and absorption (Lucas-Tooth and Price, 1961; Lucas-Tooth and Pyne, 
1963; Lachance and Traill, 1966; Lachance, 1979, 1984; De Jongh, 1973; Rousseau, 1984; Sitko and 
Zawisza, 2012). Unfortunately, these destructive approaches are not an option for high-spatial res-
olution XRF core scans. Several methods have been proposed for calibrating XRF core scans in 
sediment core, but these typically rely on element ratios rather than concentrations and do not yield 
quantitative results (Weltje and Tjallingii, 2008; Weltje et al., 2015; Hennekam et al., 2019, 2022).

Although it is possible to apply sophisticated matrix correction algorithms to XRF scan data, their 
efficacy is mitigated by several factors related to the natural mineralogical variability (modal abun-
dance and grain size) in raw samples of rock. Natural core samples contain a range in grain sizes 
that scatter characteristic X-rays, and their mass absorption variations cannot be mitigated by 
dilution in a low-absorption matrix. Furthermore, the absorption of light element characteristic 
X-rays by the sample matrix (e.g., Na and Mg) can result in peak counts that barely rise above 
background; in many instrument setups, light elements like Na are not even counted. Most core 
scanners are not programmed to measure backgrounds for individual analytes.

We proposed (Shervais et al., 2025) a simple correction approach for cores with limited composi-
tional range (e.g., basalts) that relies on matching reference standards to the core compositions 
and uses the fundamental relationship between element concentrations and X-ray intensities doc-
umented by Castaing (1951). For many elements, the matrix-corrected concentration data are suf-
ficiently accurate, but other elements require a secondary correction to bring them into alignment 
with whole-rock analyses on corresponding core, typically using linear correlations of elemental 
ratios (e.g., Ryan et al., 2017; Coggon et al., 2024; Jonnalagadda et al., 2024).

This report presents detailed documentation of the approach used by Shervais et al. (2025) to 
enable others to replicate previously measured data sets and to foster broader development of a 
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better quantitative XRF core logging approach. Furthermore, we present new slope correction 
methods that enhance the accuracy of analytical results, updated recommendations for scanner 
settings, a compilation of counting errors on core and on standards, and comparisons between our 
XRF core scans, ship-based inductively coupled plasma–atomic emission spectroscopy (ICP-AES) 
analyses, and shore-based WDS XRF analyses. Those interested in interpreted results should see 
Shervais et al. (2025). Our focus here is on methodology and recommendations for its application 
to scanning legacy IODP basalt core.

2. Methods
During normal shipboard operations, cores were visually logged, with special attention paid to 
flow boundaries in sheet flows and massive flows (Sager et al., 2023c). Flow units and subunits 
were defined by the shipboard science party using a combination of physical criteria (Sager et al., 
2023b, 2023e, 2023f, 2023g, 2023h). Sheet flows are defined as <3 m thick, whereas massive sheet 
flows (“massive flows” hereafter) are defined as ≥3 m thick (Sager et al., 2023c). Sheet and massive 
flows were identified based on horizontal flow contacts, coarser grain size compared to pillow 
lava, and generally thicker vertical extent (most pillows are ≤1 m thick; Sager et al., 2023c). These 
contrast with pillow lava, per se, which was identified by the occurrence of curved quench mar-
gins, radiating tube vesicles, the common occurrence of glass, fine-grained or very fine-grained 
interiors, and the presence of interpillow sediment.

2.1. Instrumental methods
Eight massive basalt flows with high recovery rates were chosen for high-resolution XRF scanning 
using Avaatech XRF core scanners (Table T1). Cores from Sites U1575–U1578 (Expedition 391) 
were scanned at the Gulf Coast Repository of Texas A&M University (TAMU), College Station, 
Texas (United States), and cores from Site U1585 (Expedition 397T) were scanned at the Center 
for Marine Environmental Sciences (Zentrum für Marine Umweltwissenschaften; MARUM), Bre-
men (Germany). There are two core Avaatech XRF core scanners at TAMU that we refer to in this 
report as XRF1 and XRF2 (XRF2 is the newer model). The single Avaatech XRF core scanner at 
MARUM is referred to in this report as XRF3.

Three United States Geological Survey (USGS) powdered rock standards (BHVO-1, BIR-1, and 
BCR-1) were scanned episodically for quantification using the same parameters as the core scans. 
The USGS rock standards were prepared as pressed powder disks, 32 mm in diameter, after mix-
ing with a few drops of 2% polyvinyl alcohol solution (which is transparent to X-rays) and pressed 
at ~5 tons pressure in a hydraulic press. These pressed powder pellets are much denser than the 
packed powder mounts typically used to calibrate pXRF measurements (e.g., Ryan et al., 2017; 
Jonnalagadda et al., 2024) and thus closely mimic the density of basalt core being scanned. They are 
also extremely robust, can be curated as archival reference materials, and reused for decades. Fig-
ure F1A shows the three standard disks mounted inside one of the Avaatech XRF core scanners.

Archival core section halves were scanned sequentially at 10, 30, and 50 kV accelerating potential. 
The nominal horizontal spacing interval was 3 cm at TAMU and 5 cm at MARUM, but this was 
interrupted in places by fractures, resulting in jumps of several centimeters (Figure F1B, F1C). The 
standard scanning setup was employed for each laboratory in terms of elements scanned at each 
accelerating potential, currents, count times, and filters. Count data were corrected for dead time 
internally by the scanner software. Elements counted at each energy level are shown in Table T2.

At 10 kV, the detector prism housing is flooded with helium, and there is no filter on the detector, 
thus minimizing absorption effects on the light element characteristic X-rays. Counting statistics 
on the scanned core at 10 kV show that standard deviations are typically ≤1% of total counts for 
major elements except Mg (~5%–6%), ≤6% for minor elements, and ~7%–11% for Cr (see Count-
ingStats.docx in TABLES in Supplementary material). At 30 kV, standard deviations for major 

Table T1. Compilation of all massive sheet flows in Walvis Ridge, Sites U1575–U1578 and U1585. Download table in CSV 
format.

https://publications.iodp.org/proceedings/391/202/SUPP_MAT/index.html
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elements are again less than or equal to ~1% except for K, which are 7%–29%; this likely results 
from the thick Pd filter used on the detector at this excitation potential. Minor and trace element 
standard deviations are less than 2% for Mn, Ni, Sr, and Zr; 4%–6% for Co, Cu, Zn, Rb, and Y; and 
17%–25% for Nb. Standard deviations in the counting statistics at 50 kV are similar to those at 30 
kV, but total counts are generally lower at 50 kV (see CountingStats.docx in TABLES in Supple-
mentary material).

In addition to analytes, Rh-tube lines were also counted (i.e., coherently scattered [Rayleigh] and 
incoherently scattered [Compton] tube lines). The tube lines are used to monitor and correct for 
mass absorption effects but do not account for secondary fluorescence of the light elements. At 10 
kV, only the Rayleigh Lα line was counted. At 30 kV, both Rayleigh and Compton Kα were counted.

Argon is typically counted to monitor for atmospheric contamination. Detectable Ar values indi-
cate poor contact between the detector and the core face or the presence of a significant fracture 
under the detector. Either situation will result in unreliable results, especially for the light ele-
ments. Prior to quantification, data with positive or low-negative counts on Ar should be deleted.

2.2. Mass absorption correction
The use of X-ray tube lines to correct for mass absorption has been discussed in several studies 
(e.g., DeLong and McCullough, 1973; Childs and Furkert, 1974; Nesbitt et al., 1976; Van Dyck and 
Van Grieken, 1980; Potts, 1992; Sitko and Zawisza, 2012), including the use of Rayleigh/Compton 
tube-line ratios (Hodoroaba and Rackwitz, 2014; Conti et al., 2014; Shen et al., 2019). We present 
corrections for Rh-Lα coherent (Rayleigh) scatter measured at 10 kV, Rh-Kα coherent (Rayleigh) 
scatter measured at 30 kV, Rh-Kα incoherent (Compton) scatter measured at 30 kV, and the ratio 
Rh-Kα Rayleigh/Compton scatter at 30 kV. The tube-line corrections represent the ratio of average 
counts on the three standards divided by the counts for each spot analysis on core (CRhs/CRhu); 
because the tube-line counts vary for each spot, the corresponding mass absorption correction 
varies as well. In Method 1, the tube-line corrections are applied after the first estimate (Cstd/Xstd) 
so that the most appropriate tube-line ratio can be chosen for each analyte. In Method 2, tube-line 
normalized data are used in both the calibration and the analysis.

A

B

C

Figure F1. Avaatech core scanner at Gulf Coast Core Repository. A. Massive core being measured in scanner. B. Typical 
section of massive continuous core in scanner, ready for measurement. C. USGS rock standards in standard mount.

Table T2. XRF scanner settings. Download table in CSV format.

https://publications.iodp.org/proceedings/391/202/SUPP_MAT/index.html
https://publications.iodp.org/proceedings/391/202/SUPP_MAT/index.html
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All the Rh-tube line mass absorption corrections are typically ~3%–5%, reflecting the similarity of 
the core to the reference standards in terms of compositions and bulk density. For our final analyt-
ical data, we chose the Rayleigh Lα line to correct the lighter elements (below the Fe absorption 
edge) and the Kα Rayleigh/Compton ratio for heavier elements.

2.3. Quantification Method 1: counts/unit concentration
The quantification method of Shervais et al. (2025) was based on the relationship

,

which may be simplified to

,

where

Xunk = concentration (mass fraction) in the unknown,
Xstd = concentration (mass fraction) of measured standard,
Cunk = counts on unknown,
Cstd = counts on standard,
CRhu = counts on Rh-tube line in the unknown,
CRhs = counts on Rh-tube line in the standard, and
Cstd/Xstd = counts on standard/mass fraction standard (i.e., counts/weight percent or 

counts/parts per million [ppm], depending on the element).

The critical values for quantification are the Cstd/Xstd ratios for each element of interest, often re-
ferred to as the sensitivity. Although it is possible to use a single standard that is well-matched to 
the unknowns, we used three standards that are all similar to the unknowns but provide a range in 
concentrations. The sensitivity values for Cstd/Xstd were calculated using the average of the counts 
under the peak for each element in each standard, divided by the accepted value for that element 
in each standard; the calculated values for Cstd/Xstd in the individual standards were then averaged, 
discarding outliers, to obtain the final values used for quantification.

Quantification for each element was obtained by dividing the total counts under the peak for each 
element by the value of Cstd/Xstd for that element (Shervais et al., 2025). This is equivalent to 
Castaing’s first approximation in electron microprobe analyses (Castaing, 1951). This first approx-
imation must be refined by correcting for mass absorption effects using the ratio of tube-line 
counts for the standard and unknown (CRhs/CRhu), as discussed above. These results are shown in the 
calibration tables as calculated (see USGS_Standards_XRF1.xlsx, USGS_Standards_XRF2.xlsx, 
and USGS_Standards_XRF3.xlsx in TABLES in Supplementary material).

2.4. Quantification Method 2: slope correction of Method 1 results
Concentrations calculated using Methods 1 can be improved for many elements using a secondary 
slope correction to the calibration data. For each analyte, we regress the calculated concentrations 
against the reference values of the three USGS standards using the LINEST function in Microsoft 
Excel. This generates a slope and intercept that can be applied to the calculated concentrations to 
derive a slope-corrected concentration, designated “[Element name]-slope” in the calibration 
tables. This compensates for the fact that the sensitivity (counts/unit concentration) often varies 
as a function of concentration. The calculated slopes and intercepts for each scanner are presented 
in USGS_Standards_XRF1.xlsx, USGS_Standards_XRF2.xlsx, and USGS_Standards_XRF3.xlsx in 
TABLES in Supplementary material).

2.5. Quantification Method 3: ratio of analyte counts to Rh-tube lines
Quantification Method 3 is simply the well-known technique of ratioing all analyte count data to 
scattered tube-line intensities using the following relationship:

Xunk Xstd⁄ Cunk CRhu⁄[ ] Cstd CRhs⁄[ ]⁄=

Xunk
Cunk

Cstd Xstd⁄
----------------------- 
  CRhs

CRhu
------------ 
 ×=

https://publications.iodp.org/proceedings/391/202/SUPP_MAT/index.html
https://publications.iodp.org/proceedings/391/202/SUPP_MAT/index.html
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.

The Xstd/(Cstd/CRhs) ratio can be determined by regressing analyte count data/Rh-tube line counts 
versus concentration in the standard reference materials, which yields the equation for a line in the 
form mx + b, where m is the slope of the count ratio and b is the y-intercept. This regression may 
be carried out in Microsoft Excel using the LINEST function. Concentration in the unknown then 
becomes

.

Quantification for each analyte in the unknown is obtained by multiplying the ratio of counts 
under the peak for each element/Rh-tube line counts times the slope then adding the intercept. 
Selection of the appropriate scattered tube lines is informed by the Fe-absorption edge: for Fe and 
heavier elements, we find that ratio of coherent/incoherent scatter (Rayleigh/Compton) for Kα 
radiation works best because it better accounts for lack of background correction. For elements 
lighter than the Fe-absorption edge, we use the Raleigh-scattered Lα peak, which falls on the low-
energy side of the Fe-absorption edge and thus is minimally affected by Fe-concentration. Results 
are shown in the calibration tables as traditional (Trad) (see USGS_Standards_XRF1.xlsx, USGS_-
Standards_XRF2.xlsx, and USGS_Standards_XRF3.xlsx in TABLES in Supplementary material).

Method 3 requires fewer steps than Method 2 and may be preferred for its simplicity. However, as 
we show below in the results, both methods are functionally identical and produce essentially the 
same results. This is shown by the intercepts, which are identical for both the slope correction 
(Method 2) and the traditional (Method 3), except where data for one standard are discarded as 
outliers in Method 1 (e.g., K in BIR-1). This relationship is derived in APPENDIX in Supplemen-
tary material.

2.6. Background corrections
The occurrence of continuum radiation (commonly known as background radiation) is a feature of 
all X-ray analytical methods, resulting from deceleration of electrons interacting with the X-ray 
target material (Potts, 1992; Potts and Webb, 1992). Most of the elements analyzed during the 
X-ray scans have relatively high peak/background ratios, making background corrections unnec-
essary. However, some trace elements with low peak/background ratios at low concentrations 
require correction for background counts to obtain valid calibration data. Although energy disper-
sive spectrometry (EDS) spectra can be convoluted to estimate the background at each energy 
level, it is easier to estimate the background for individual trace elements by regressing counts 
versus concentration: the counts (or count rate) at zero concentration are the effective back-
ground. When this background is subtracted from the counts on peak, the resulting background-
corrected data can be used to calculate sensitivities for that element or ratioed to tube-line counts 
for Method 3. Theoretically, a background correction could applied to all peaks, but for most ele-
ments it has little to no impact on results.

2.7. Normalization and Na2O estimation

To account for variations in water content, porosity, and microporosity in the core, it is necessary 
to normalize the major element results to 100% to make these results compatible with discrete 
whole-rock analyses. However, the light element Na is typically not measured by EDS scanners 
because its characteristic X-rays are largely absorbed by the matrix. In addition, Na2O may be 
affected by seawater contamination. To compensate for the lack of analytical data for Na, we need to 
estimate Na2O in each XRF scan analysis prior to normalization. There are three reasonable options:

• Use the average Na2O/K2O ratio in each core, calculated from shipboard ICP-AES data or from 
shore-based WDS XRF analyses. This was the approach taken by Shervais et al. (2025) (Table 
T3). Correlation of our calculated Na2O values with shipboard ICP-AES data and shore-based 

Xunk Cunk CRhu⁄( )
Xstd

Cstd CRhs⁄
------------------------- 
 ⋅=

Xunk Cunk CRhu⁄( ) m b+⋅=

Table T3. Estimation of Na2O for Walvis Ridge massive flows, using average Na2O for each flow, Na2O/K2O ratio, and regres-
sion of Na2O vs K2O, Sites U1575–U1578 and U1585. Download table in CSV format.

https://publications.iodp.org/proceedings/391/202/SUPP_MAT/index.html
https://publications.iodp.org/proceedings/391/202/SUPP_MAT/index.html
https://publications.iodp.org/proceedings/391/202/SUPP_MAT/index.html
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WDS XRF analyses is generally good; however, spikes in K2O concentrations, which may result 
from localized alteration, likely overestimate actual Na2O concentrations.

• A second approach avoids these localized K2O spikes by simply using the average Na2O in each 
flow or at each site, as determined by shipboard ICP-AES or shore-based WDS XRF (Table 
T3). This avoids large irregular variations in Na2O that likely do not represent the core 
composition, but it does not allow for any natural variations that may be present.

• A third method avoids both of the issues discussed above by doing a linear regression of Na2O 
versus K2O and use this equation to calculate Na2O from K2O. This results in Na2O that varies 
with K2O but avoids large spikes in concentration caused by localized enrichments in K2O. 
This can be done using the LINEST function in Microsoft Excel, but it requires several 
whole-rock analyses to be statistically meaningful. If sufficient whole-rock data exist, this is the 
preferred method for estimating Na2O and the one we apply here in our updated tables (note 
that we have too few whole-rock analyses of Site U1578 Flow u9c to calculate a slope).

MgO calibration data on the XRF3 scanner are unusually low, apparently the result of a poor phys-
ical fit of the USGS pressed powder pellets in the sample holder and poor contact of the detector 
with the standards during calibration (S. Homrighausen, pers. comm., 2025). As a result, scanner-
derived MgO concentrations in core from Site U1585 are more than double those measured by 
shipboard AES analyses and shore-based WDS XRF. This only affects the light element Mg, whose 
characteristic radiation is easily absorbed by air; other light elements (Al and Si) are not affected. 
We used the average ratio of XRF scanner MgO to shipboard ICP-AES and shore-based WDS XRF 
MgO (2.5) to correct the XRF scanner MgO values to match the observed WDS XRF results.

2.8. Running averages
Variations in phenocryst size, composition, and distribution can cause rapid short length scale 
variations in chemistry. To compensate for this, the data were smoothed using a 5-point running 
average. This average should be calculated after any anomalous values are deleted because the 
5-point average will incorporate that anomalous value into averages both above and below it in the 
core. This creates a series of anomalous values from a single instance and can skew interpretations 
of the data.

2.9. Final empirical correction as needed
After all the steps discussed above are carried out, the final data are compared to representative 
whole-rock analyses of the same core by standard analytical methods (e.g., wavelength dispersive 
XRF or AES). This is most easily carried out by plotting both sets of analyses (scanner XRF and 
whole-rock analyses) versus depth. If the scanner-derived analyses exhibit a systematic deviation 
from the whole-rock data, it may be necessary to adjust the scanner data by an empirically derived 
constant factor to bring it into alignment with the whole-rock analyses.

3. Results
The final setups for each XRF scanner are shown in Tables T4, T5, and T6, which show the sensi-
tivities for each scanner at 10, 30, and 50 kV, respectively, along with standard deviations. The 
preferred setups (i.e., best kilovolts for each analyte) are highlighted in yellow and discussed 
further below.

Table T4. Settings, counts/unit concentration, standard deviation, and relative standard deviation of unit counts, XRF1.
Download table in CSV format.

Table T5. Settings, counts/unit concentration, standard deviation, and relative standard deviation of unit counts, XRF2.
Download table in CSV format.

Table T6. Settings, counts/unit concentration, standard deviation, and relative standard deviation of unit counts, XRF3.
Download table in CSV format.
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3.1. Counting statistics, backgrounds, and detection limits
Standard errors based on counting statistics for the reference standards are ≤1% for all major ele-
ments except MgO and P (~5%) and ≤5% for all trace elements except Rb (17%), Y (10%), and Nb 
(12%). These are basically the same as the standard errors for each analyte on the scanned core 
(see CountingStats.docx in TABLES in Supplementary material) and represent the minimum 
uncertainties for each element.

The sensitivity values Cstd/Xstd for each element among the three reference standards used vary 
from 2%–7% for most major elements except Mg (~10%). More abundant trace elements like Sr 
and Zr have ratios that vary by <5% at 30 kV, and less abundant elements have ratios that vary by 
11%–22% at 30 kV and 5%–8% at 50 kV (see USGS_Standards_XRF1.xlsx, USGS_Standards_X-
RF2.xlsx, and USGS_Standards_XRF3.xlsx in TABLES in Supplementary material). Much of this 
variation is systematic as a function of concentration; this systematic variation in sensitivity is 
addressed by the slope correction (Method 2). There are small systematic differences in the aver-
age values of Cstd/Xstd between each of the instruments, so the calibrations are specific to the 
instrument used for each core and are not interchangeable.

Variations in the sensitivities between standards for several trace elements are improved by back-
ground corrections. The transition metals Cr and Ni have similar Cstd/Xstd ratios for standard ref-
erence materials BIR-1 and BHVO-1, but Cstd/Xstd ratios for BCR-1 (a basaltic andesite with ~54 
wt% SiO2 and low Cr and Ni for a basalt [16 ppm Cr and 13 ppm Ni]) are 6× to 10× higher. This 
results in standard deviations of 120%–130% for Cr and Ni. Application of background corrections 
as discussed in Methods results in standard deviations for Cstd/Xstd ratios ~8%–35% (varies for 
each instrument and element). Similar improvements are observed for some trace elements in 
BIR-1 as well. However, the slope-corrected concentrations for elements with and without back-
ground corrections are essentially identical. When the traditional method (3) is applied, the slopes 
for uncorrected data and background-corrected data are identical, but the background-corrected 
intercepts are much closer to zero. As a result, the slope-corrected and traditional methods return 
essentially identical results for both uncorrected and background-corrected counts.

The calculation of background counts allows us to calculate theoretical lower limits of detection 
(LLD) for the trace elements. Using the 6σ formulation of Potts (1992), these are higher for the 
compatible elements Cr (3–7 ppm) and Ni (10–16 ppm) than for the incompatible elements (Rb, 
Sr, Y, Zr, and Nb), which are all generally less than or slightly higher than ~1 ppm (Table T7). The 
LLDs and precision of the analyses would be improved by longer count times; however, for most 
elements, the calculated LLDs are well below the concentrations in the unknowns.

3.2. Standards as unknowns
The efficacy of our calibration technique was evaluated first by applying it to the standard data 
used to calibrate it; that is, given that we use the average counts/unit concentration to calculate 
concentrations, how accurate are the measured values for each analyte amongst several indepen-
dent measurements of the standards? If the measured values differ from the reference values, does 
the secondary slope correction bring the measured values into agreement with the reference values 
for each standard? And how do these slope corrected values compare to concentrations calculated 
from tube-line normalized count data (the traditional method)?

Tables T8, T9, and T10 present the reference values for each standard, mass absorption-corrected 
calculated values based on the average total counts for each analyte (Method 1), slope corrected 

Table T7. Lower limits of detection for select trace elements on each spectrometer. Download table in CSV format.

Table T8. USGS standards treated as unknowns using average counts on each standard, XRF1. Download table in CSV 
format.

Table T9. USGS standards treated as unknowns using average counts on each standard, XRF2. Download table in CSV 
format.
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values (Method 2), and values based on the traditional regressed slope and intercept (Method 3), 
as determined using XRF1, XRF2, and XRF3, respectively. A selection of these data are shown 
graphically in Figures F2, F3, and F4, which plot reference values at each kilovolt setting versus the 
tube-line corrected calculated values (Method 1) and the slope corrected values (Method 2). Tra-
ditional values based on analyte counts/tube-line counts (Method 3) are not shown because they 
are generally identical to the Method 2 results. The full set of calibration data are presented in 
FIGURES in Supplementary material.

It can be seen from these plots and in Table T7 that for most elements the secondary slope correc-
tion provides only a minor improvement to the calculated concentrations. At 10 kV, K, P, Ca, Ti, 
and Fe are either unchanged or show modest improvement, typically for higher concentrations 
(e.g., Fe in BCR-1). In contrast, several elements show marked improvement: secondary correc-
tions for Mg, Si, Al, and Mn all result in corrected values that closely match their reference values. 
At 30 kV, elements K, Ca, Ti, Sr, Y, and Zr show modest improvement with secondary correction, 

Table T10. USGS standards treated as unknowns using average counts on each standard, XRF3. Download table in CSV 
format.
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Figure F2. A–D. Reference values vs. calculated (tube-line corrected; small solid dots) and slope (half-filled circles) values for 
representative elements on each scanner at 10 kV. Red arrows = direction and approximate magnitude of correction from 
calculated values to slope-corrected values. Note that slope corrections tend to be larger on lightest elements (MgO, SiO2) 
and smaller on heavier elements. Dashed line = 1:1 correspondence with reference values.

https://publications.iodp.org/proceedings/391/202/SUPP_MAT/index.html


J.W. Shervais et al. · Data report: calibrated XRF scanner analyses IODP Proceedings Volume 391

https://doi.org/10.14379/iodp.proc.391.202.2026 publications.iodp.org · 10

whereas Mn, Fe, Ni, Cr, and Rb show significant improvements. Slope-corrected values for Cr in 
BCR-1 match reference values well at 10 kV for XRF2 and XRF3 but are too high for XRF1 at 10 kV 
and for XRF3 at 30 kV. At 50 kV, Ca, Rb (except BIR-1), Sr, Y, Zr, Nb, and Ba all show minor or 
modest improvements with secondary corrections, and the slope-corrected values match the ref-
erence values well.

As discussed above, problems are evident for trace elements present in low concentrations in 
some standards, particularly K and Rb in BIR-1 and Cr and Ni in BCR-1. These elements have 
calculated and slope-corrected values that are too high relative to the reference values (see below). 
We suggest that this results from the lack of background correction in the scanner data. Back-
ground counts have little to no impact on elements with higher concentrations and count rates 
because this correction is contained within the y-intercept for slope-corrected and traditional 
methods (i.e., positive counts at zero concentration). However, when peak/background ratios are 
vanishingly small (as they are at very low concentrations), the background counts dominate and 
skew the quantitative results. Overcoming this issue would require selecting a few critical energies 
for background measurement at each excitation potential and calculating appropriate slope func-
tions to project under low-concentration elements.

Figure F3. A–D. Reference values vs. calculated (tube-line corrected; small solid dots) and slope (half-filled circles) values for 
representative elements on each scanner at 30 kV. Red arrows = direction and approximate magnitude of correction from 
calculated values to slope-corrected values. Note that K2O and TiO2 slope corrections tend to be higher at 30 kV than at 10 
kV. Dashed line = 1:1 correspondence with reference values.
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3.3. Calibrated results on core
Analytical results for scanned cores from each scanner are shown in IODP-XRF1.xlsx, IODP-
XRF2.xlsx, and IODP-XRF3.xlsx in TABLES in Supplementary material. These tables present our 
full analytical correction scheme for all cores, compiled for each of the three separate Avaatech 
scanners used in this study. Each table in this group contains (for each element analyzed) the total 
counts under the peak and standard deviation on these counts, count per second on peak and 
corresponding standard deviation, and first approximation of concentration (equals total counts 
for the element divided by the counts/wt% or counts/ppm for that element from the USGS calibra-
tion standards). The first approximation is followed by the Rh-tube line corrections, including Rh-
Lα Rayleigh (rh), Rh-Kα Rayleigh (rh-1), Rh-Kα Compton (rh-2), and Rh-Kα Rayleigh/Compton 
ratio (rh-3). All the Rh-tube line corrections represent the ratio of average counts in the USGS 
standards divided by the total counts under the peak for the appropriate tube line as measured at 
each analyzed location.

All the varied tube-line corrections are relatively small, generally about 3%–5%, and similar, 
although the simple Kα Rayleigh and Compton tube-line corrections are generally slightly larger 
than the Rayleigh/Compton ratio correction. For elements with characteristic X-rays that have 
lower excitation potentials than the Fe-absorption edge, the Rh-Lα Rayleigh line should be the 
most appropriate; this is the correction applied to all the elements in the 10 kV data set. Data 
scanned at 30 and 50 kV only use the Rh-Kα tube lines; for these elements, the Rh-Kα 
Rayleigh/Compton ratio correction is preferred. These mass absorption corrections are applied by 
multiplying the appropriate Rh-tube line correction (CRhs/CRhu) times the calculated concentration 
of each element for Method 1.
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Figure F4. A–C. Reference values vs. calculated (tube-line corrected; small solid dots) and slope (half-filled circles) values for 
representative elements on each scanner at 50 kV. Red arrows = direction and approximate magnitude of correction from 
calculated values to slope-corrected values. Note that analyzing Sr and Zr at 50 kV offers no significant improvement com-
pared to results at 30 kV. Dashed line = 1:1 correspondence with reference values.
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In IODP-XRF1.xlsx, IODP-XRF2.xlsx, and IODP-XRF3.xlsx (see TABLES in Supplementary 
material), the last two columns for each element are the slope-corrected values and the traditional 
regression values; these are each shown with the appropriate slope and intercept in Rows 2 and 3. 
These files also show the same data in values only format. Subsequent sheets in each spreadsheet 
present slope-corrected, normalized, and 5-point running averages for individual massive flows.

A final issue is the occurrence of calcium carbonate in many of the basalt core sections; these 
occur either as veinlets or vesicle fillings, which lead to elevated Ca contents that are not inherent 
to basalt being analyzed. Analyses with high apparent CaO should be screened out using a cutoff 
that minimizes or eliminates samples with potential calcite contamination. The appropriate cutoff 
depends on the normal CaO content of basalts, as determined by shore-based whole-rock analy-
ses, but oceanic basalts rarely contain CaO >14 wt%. As noted above, application of the high Ca 
screen should be applied before calculating the running averages, to avoid ghost effects in the 
averaged analyses.

3.4. Validation of calibrated core scans
We validated our results by comparison to shipboard ICP-AES and shore-based WDS XRF analyses 
on discrete samples. A selection of these data for each massive lava flow are presented in Figures 
F5, F6, F7, F8, and F9, which plot USGS reference values on the x-axis, with calculated values and 
slope-corrected values on the y-axis.

Figure F5. Comparison of slope-corrected concentrations to shore-based WDS XRF concentrations relative to depth 
(meters below seafloor), Hole U1575A Flow Unit 2.
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Concentration data obtained from the calibrated XRF scanner analyses are generally consistent 
with the shipboard ICP-AES and shore-based WDS XRF analyses for most elements. Even Na2O, 
which is estimated from calculated K2O concentrations, is remarkably close to concentrations 
observed in analyzed whole rocks. Silica can be off by 2%–3% but this can be remedied by applica-
tion of an empirical correction factor. In addition, silica typically constitutes about half of each 
analysis and is more affected by normalization than the other elements.
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Figure F6. Comparison of slope-corrected concentrations to shore-based WDS XRF concentrations relative to depth 
(meters below seafloor), Hole U1577A Flow Unit 1.



J.W. Shervais et al. · Data report: calibrated XRF scanner analyses IODP Proceedings Volume 391

https://doi.org/10.14379/iodp.proc.391.202.2026 publications.iodp.org · 14

0
2
4
6
8

10
12
14

213 214 215 216 217 218 219 220

MgO

MgO MgO-xrf

0
2
4
6
8

10
12
14

213 214 215 216 217 218 219 220

FeO*

FeO* FeO*-xrf

0
0.5

1
1.5

2
2.5

3
3.5

4

213 214 215 216 217 218 219 220

TiO2

TiO2 TiO2-xrf
0
2
4
6
8

10
12
14
16
18

213 214 215 216 217 218 219 220

Al2O3

Al2O3 Al2O3-xrf

0
2
4
6
8

10
12
14

213 214 215 216 217 218 219 220

CaO

CaO CaO-xrf

0
0.4
0.8
1.2
1.6

2

213 214 215 216 217 218 219 220

K2O

K2O K2O-xrf

0
100
200
300
400

213 214 215 216 217 218 219 220

Zr ppm

Zr ppm Zr-xrf

0
200
400
600
800

213 214 215 216 217 218 219 220

Sr ppm

Sr ppm Sr-xrf

0
10
20
30
40
50

213 214 215 216 217 218 219 220

Rb ppm

Rb ppm Rb
44
46
48
50
52
54
56

213 214 215 216 217 218 219 220

SiO2

SiO2 SiO2-xrf

0
100
200
300
400
500
600

213 214 215 216 217 218 219 220

Cr corr = No Slope Correction 

Cr rh3 Cr-corr Cr-xrf

0
100
200
300
400

213 214 215 216 217 218 219 220

Ni corr = No Slope Correction

Ni rh3 Ni-corr Ni-xrf

U1578, U3

Figure F7. Comparison of slope-corrected concentrations to shore-based WDS XRF concentrations relative to depth 
(meters below seafloor), Hole U1578A Flow Unit 3.
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Figure F8. Comparison of slope-corrected concentrations to shore-based WDS XRF concentrations relative to depth 
(meters below seafloor), Hole U1578A Flow Unit 6.
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Figure F9. Comparison of slope-corrected concentrations to shore-based WDS XRF and shipboard ICP-AES concentrations relative to depth (meters below seafloor), 
Hole U1585A Flow Unit 3.
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4. Discussion

4.1. Calibrating XRF scanner analyses

4.1.1. Challenges and solutions
The calibration and quantification of XRF scanner data present a challenge not found in handheld 
pXRF analyses. This is because commercial pXRF instruments contain preprogrammed applica-
tion protocols that include full matrix correction routines (typically based on alpha-coefficients or 
the fundamental parameters approach; Rousseau, 2013) and output measurements in unit concen-
trations (e.g., weight percent oxides for major elements or ppm [μg/g] for trace elements). Because 
these preprogrammed routines typically are standardless based on protocol being used (e.g., geo-
logic materials), they commonly require the application of a secondary correction to align the 
results with reference values of rock standards (e.g., Ryan et al., 2017; Jonnalagadda et al., 2024; 
Heinonen and Luttinen, 2026). Such secondary corrections are relatively straightforward because 
interelement matrix effects are already accounted for in the original output.

By contrast, XRF scanners like the Avaatech instruments used here output data in raw counts that 
must be converted to quantitative values for each analyte (e.g., Shervais et al., 2025); alternatively, 
element ratios may be obtained (Morris et al., 2026). The quantification of XRF scanner data is 
subject to a number of issues inherent to energy dispersive XRF analysis of unprepared sample 
surfaces, and for those reasons can never be fully quantitative. These issues include surface rough-
ness of the split cores, grain size variations that scatter characteristic X-rays, mass absorption vari-
ations that are not dampened by dilution in a light element flux (e.g., glass discs used in 
wavelength dispersive XRF analysis), variations in volatile contents (primarily water), variations in 
density caused by porosity and microporosity in the sample, and the preferential absorption of low 
energy characteristic X-rays from light elements; this last issue in particular affects Na (which is 
often not counted during analysis) and Mg (which has high standard deviations in its counting 
statistics).

Some of the issues mentioned above can be dealt with by normalizing results to 100% (e.g., volatile 
contents and porosity variations), but without an estimate for Na2O contents the results will over-
estimate the other elements, in particular silica. In the absence of analytical data on Na concentra-
tions, Na2O must be estimated, adding another source of uncertainty.

Selecting the optimal conditions of analysis for each element can be guided by counting statistics. 
The lightest elements are counted only at 10 kV (Mg-K), but several elements are counted at more 
than one accelerating potential (e.g., fourth period transition metals [K-Fe]). The use of a thick Pd 
filter reduces total counts, but standard deviations are similar and in some cases lower at 30 kV. As 
a result, elements counted at both 10 and 30 kV can be used analyzed at either setting, depending 
on which data align best with shore-based analyses (Tables T4, T5, T6).

Most trace elements can be analyzed with similar precision at either 30 or 50 kV, although count 
rates are typically higher at 30 kV. Ba is the only element that can only be measured at 50 kV; if Ba 
is not critical for your purposes, time can be saved by not scanning at 50 kV and using 30 kV for 
most trace elements. Low abundance trace elements like Rb, Y, and Nb may be improved by 
increasing the count time from 6 to 10–12 s at 30 kV (i.e., by using the time normally used at 50 kV 
to extend counts at 30 kV).

A crucial point is that this approach relies on using standard reference materials that are matched 
as closely as possible to the core being analyzed. This minimizes differences in mass absorption 
and secondary fluorescence between the standard and the core and thus minimizes the magnitude 
of the applied corrections. It is also crucial that the standard reference materials are prepared as 
hydraulically pressed powder disks under ~4–5 tons pressure, with a 2% polyvinyl alcohol binder. 
Hydraulically pressed disks have tube-line intensities that are similar to crystalline basalts, indicat-
ing that they have similar density as well. The common practice of compacting powders by hand 
into rings backed by X-ray transparent film does not achieve densities comparable to natural 
basalt and should be avoided.
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Using scattered tube lines (Reynolds or Compton) only accounts for absorption effects not sec-
ondary fluorescence. This seems mainly to affect Cr and Ni abundances, as these elements lie adja-
cent to the Fe-absorption edge and are known to strongly affected by Fe-abundance in the matrix 
(e.g., Sitko and Zawisza, 2012). Use of the scattered L-line for elements below the Fe-absorption 
edge ameliorates issues with using K-lines for these elements, which have energies above the Fe-
absorption edge. However, it has been shown that a background setting around 0.8 kV is better for 
the lightest elements (Mg-P; Drake and McDonald, 2022; Drake et al., 2022).

An important point is that for many trace elements (e.g., the Rb-Nb series) the analytical precision 
of EDS analyses approaches or equals that obtained by WDS analysis (Webb et al., 1990; Ritchie et 
al., 2012). These elements are critical for evaluating the origin and evolution of basaltic magmas 
and are widely used in most petrogenetic models. The ability to obtain dense sampling of these 
elements in basaltic core will allow a more granular evaluation of magma formation and fraction-
ation.

A major advantage of the approach taken here is that all the data reduction can be easily carried 
out in a spreadsheet using the raw scanner count data with no programming required other than 
simple arithmetic formulae. The results are not fully quantified absolutely because of the limita-
tions inherent in the method. Importantly, the inability to measure Na concentrations and loss on 
ignition (LOI) in the scanned core and the effects of microporosity, phenocrysts, and surface 
roughness mean that fully quantified data are not possible even if a full matrix correction were 
applied. Nevertheless, the final data after all corrections are applied can be demonstrably close to 
the whole-rock analyses by WDS XRF or AES. Moreover, relative variations in composition 
throughout the core are relatively robust and document actual changes in composition at a scale 
that is not easily achievable with traditional whole-rock analyses.

4.1.2. Why bother with the light elements?
One of the more challenging aspects of calibrating XRF scanner data is achieving viable results on 
the light elements (e.g., Mg, Al, and Si), which is critical to producing analytical results that can be 
compared whole-rock analyses by WDS XRF or AES. The question arises: given that we can mon-
itor many petrogenetic processes using heavier elements that have more robust fluorescence 
response, why expend extra effort calibrating the light elements?

The rationale for calibrating the light elements, in addition to heavier elements, is two-fold. First, 
producing complete major element analyses of our scanner data allows us to compare the scanner 
results more-or-less directly to discontinuous whole-rock analyses. Major element data that 
include MgO and SiO2 tell us whether we are dealing with basalt, more evolved lavas, or even 
refractory compositions.

Second, as petrologists, it allows us to envision a range of processes that concentration data or 
concentration ratios for a few heavy elements (e.g., TiO2 and K2O) cannot. In particular, the use of 
partial analyses restricts us to using incompatible element ratios rather than concentrations. 
These ratios are sensitive to changes in source composition or possibly extent of partial melting 
(for less incompatible versus more incompatible element ratios), but they cannot directly address 
fractionation, accumulation, or melt recharge. These processes require concentration data for 
both compatible and incompatible elements. This is demonstrated by data from Expedition 391, 
where increases in MgO document the occurrence of olivine-rich cumulate horizons in zoned 
flows (e.g., Shervais et al., 2025).

5. Recommendations
The application of XRF scanner technology to basalt core provides a rapid way to obtain chemo-
stratigraphic data with high spatial resolution and for some elements accuracy that approaches 
more conventional AES or WDS analyses. The exact analytical procedures will likely vary depend-
ing on the scope and goals of the investigation; however, there are some broad recommendations 
that can be made based on our experience here:
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• The core surface must be properly prepared according to standard core laboratory procedures, 
but no film covering is required for basalt core. Massive flows with continuous core can be 
scanned at regular step intervals (e.g., 3 or 5 cm), but fractured core and pillow lava must be 
programmed step-by-step.

• Unless Ba is essential, a third scanner run at 50 kV is unnecessary; it is generally better to omit 
the 50 kV run and increase the count times at 10 and 30 kV. This will improve counting 
statistics on both standards and unknowns. For example, counting 10 s at 10 kV and 12 s at 
30 kV would not increase the total counts but would improve counting statistics by a factor of 
~2. Trace elements at 30 kV are comparable or better than those at 50 kV. Our limited data 
suggest that Cr at 30 kV (XRF3) may be more robust than Cr at 10 kV (XRF1 and XRF2).

• Although all the major elements can be analyzed at 10 kV, some of the heavier major elements 
(K2O, CaO, TiO2, and FeO*) are included in the 30 kV run, and these would be suitable 
alternatives. Because all elements are counted simultaneously, results can be calculated at both 
settings and those with the best fits can be retained for each element.

• In this study, we used only three reference standards; in the future, we would recommend 
more standards, especially if Method 3 is used. Some standards are problematic for a few 
elements (e.g., BIR-1 for K2O and Rb; BCR-1 for Cr and Ni), and having more standards will 
compensate for these. Standards should be counted on a regular basis; if double counting 
standards is an option, that should be used.

• Standards should be prepared as hydraulically pressed powders with a polyvinyl alcohol 
binder, at about 4–5 tons pressure. These hydraulically pressed powders have tube-line scatter 
peaks with intensities similar to the basalt core, indicating similar mass densities. Loose 
powders packed in polymer holders with Chemplex Prolene film covering should be avoided as 
these will not match the density of the basalt core.

• Calibration Methods 2 and 3 provide essentially identical results, but Method 3 requires fewer 
steps.

• To compensate for modal variations in phenocrysts and other grain size variations, the final 
analyses should be smoothed with a 5-point running average. Individual point analyses can 
exhibit considerable scatter from point to point. The running average produces analyses that 
are more akin to bulk-rock analyses based on several grams of sample.

• As indicated in scanner laboratory procedures, samples with positive or low negative Ar counts 
reflect contamination with air and should be discarded. In addition, samples with abnormally 
high CaO relative to AES or WDS analyses of the same core indicate the presence of secondary 
calcite in veins or as vesicle fillings; these must be discarded before calculating a 5-point 
running average.

• To validate the XRF scanner analyses, shipboard ICP-AES or shore-based WDS XRF analyses 
should be obtained at regular intervals for comparison; when necessary, a final empirical 
adjustment may be required to bring the XRF scanner data into alignment with the discrete 
sample analyses.

6. Conclusion
Quantifying XRF scanner data is far more complex than processing handheld pXRF measure-
ments because scanners output raw counts without built in matrix corrections. Unlike pXRF 
instruments, which apply standardless fundamental parameters or alpha coefficient routines and 
only require minor secondary adjustments, scanner data must be fully calibrated from first princi-
ples. This process is limited by factors inherent to energy dispersive XRF on unprepared core 
surfaces, including surface roughness, grain size effects, variable absorption, porosity, volatile 
contents, and the poor detection of light elements such as Na and Mg.

Some issues can be mitigated through normalization, but the absence of measurable Na2O intro-
duces unavoidable uncertainty. Background-uncorrected data particularly affect low-abundance 
elements, but major elements and high-count trace elements remain more robust. Counting statis-
tics show that 10 kV excitation is optimal for most major elements, whereas trace elements can be 
measured at 30 or 50 kV, with 30 kV generally offering higher count rates; Ba uniquely requires 50 
kV.
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Accurate calibration depends on using reference materials closely matched to the core to mini-
mize absorption and fluorescence mismatches, although scattered tube-line corrections cannot 
fully account for secondary fluorescence, especially for Cr and Ni near the Fe absorption edge.

Despite these limitations, the method’s strength lies in its simplicity: quantitative corrections can 
be performed entirely in a spreadsheet, and although absolute concentrations cannot be fully 
achieved, corrected results closely approximate whole rock WDS XRF or AES analyses. Most 
importantly, the scanner reliably captures relative compositional variations along the core at a res-
olution unattainable with traditional whole rock sampling and is particularly valuable in rock core 
applications such as IODP archive half cores.
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