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Abstract. The Oman Drilling Project (OmanDP), performed under the International Continental Scientific
Drilling Program (ICDP), is an international scientific research project that undertook drilling at a range of
sites in the Semail ophiolite (Oman) to collect core samples spanning the stratigraphy of the ophiolite, from the
upper oceanic crust down to the basal thrust. The cores were logged to International Ocean Discovery Program
(IODP) standards aboard the D/V Chikyu. During ChikyuOman2018 Leg 3 (July–August 2018), participants
described cores from the crust–mantle transition (CM) sites. The main rock types recovered at these sites were
gabbros, dunites and harzburgites, rocks typically forming the base of the oceanic crust and the shallow man-
tle beneath present-day spreading centres. In addition to the core description, selected samples were analysed
by X-ray fluorescence spectrometry (XRF) for their chemical compositions, including major, minor and some
trace elements. To complement these standard procedures, we developed new approaches to measure ultra-trace
element concentrations using a procedure adapted from previous works to prepare fine-grained pressed powder
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pellets coupled with laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) analysis using
instrumentation aboard the D/V Chikyu. First, three (ultra)mafic reference materials were investigated to test
and validate our procedure (BHVO-2, BIR-1a and JP-1), and then the procedure was applied to a selection of
gabbro and dunite samples from the CM cores to explore the limitations of the method in its current stage of
development. The obtained results are in good agreement with preferred values for the reference materials and
with subsequent solution replicate analyses of the same samples performed in shore-based laboratories following
Leg 3 for the CM samples. We describe this procedure for the determination of 37 minor and (ultra-)trace ele-
ments (transition elements and Ga, Li and Large-Ion Lithophile Elements (LILE), Rare Earth Elements (REE),
High-Field-Strength Elements (HFSE), U, Th, and Pb) in mafic and ultramafic rocks. The presented method has
the major advantage that it allows the determination at sea of the (ultra-)trace element concentrations in a “dry”,
safe way, without using acid reagents. Our new approach could be extended for other elements of interest and/or
be improved to be adapted to other rock materials during future ocean drilling operations aboard the D/V Chikyu
and other platforms.

1 Introduction

1.1 Context of the study: the ICDP Oman Drilling Project

Project Mohole was initiated more than 60 years ago, begin-
ning in 1961 initiating several scientific ocean drilling ex-
peditions with the ultimate goal of drilling through the en-
tire oceanic crust and the crust–mantle transition or Moho, to
finally reach the Earth’s sub-oceanic upper mantle. Despite
major improvement in drilling technology (drill ships and
equipment) over the past decades, this target has yet to be
achieved, and the drilling of a 5 to 6 km-thick oceanic crust
accreted in a fast-spreading environment remains a key chal-
lenge for present and future generations of Earth scientists.
Until 2018, only 20 holes were drilled deeper than 200 m
in the oceanic lithosphere igneous basement, with variable
core recoveries, which clearly illustrates the major difficulty
in reaching such depths by ocean drilling (Michibayashi et
al., 2019, and references therein).

In this context, accessing the rocks forming the deep
oceanic crust and sub-oceanic mantle is easier through the
study of ophiolites, remnants of a former oceanic litho-
sphere displaced on-land through tectonic plate rearrange-
ments (Anonymous, 1972; Coleman, 1971, 1977; Dilek,
2003, and references therein). To avoid the difficulties of
drilling deep hard rocks in present-day oceans, a project
to drill the different units of the Semail ophiolite (Sul-
tanate of Oman and the United Arab Emirates) was de-
signed in the early 2010s (Kelemen et al., 2013), since
this ophiolite is one of the largest and best preserved on
Earth and since all the layers expected to constitute an
ideal portion of a fast-spreading oceanic lithosphere are ex-
posed with their original stratigraphy relatively well pre-
served (e.g. Boudier and Nicolas, 1985; Glennie et al., 1974;
Hopson et al., 1981; Lippard et al., 1986). The Oman Drilling
Project (OmanDP), implemented by the International Con-
tinental Scientific Drilling Program (ICDP), materialized
with the drilling operations conducted during the winters

2016 (December 2016–March 2017) for Phase 1 and 2017
(November 2017–February 2018) for Phase 2 (https://www.
omandrilling.ac.uk/drilling-program, last access: 27 Au-
gust 2021; see the Proceedings of the Oman Drilling Project:
http://publications.iodp.org/other/Oman/OmanDP.html, last
access: 27 August 2021). Following these operations, the
cores were moved to Japan for description on-board the
drilling vessel (D/V) Chikyu during two intensive 60 d core
characterization campaigns under an IODP–ICDP joint col-
laboration during the summers 2017 and 2018 (ChikyuO-
man2017 and ChikyuOman2018), with each ship-board cam-
paign subdivided into two legs (2017: Legs 1 and 2; 2018:
Legs 3 and 4).

1.2 Target of the study: to safely determine (ultra-)trace
element concentrations at sea

The D/V Chikyu is operated by the IODP Japanese im-
plementing organization Centre for Deep Earth Exploration
(CDEX) of the Japan Agency for Marine-Earth Science and
Technology (JAMSTEC). It was specifically designed for
deep-sea drilling and is equipped with several laboratory fa-
cilities, including a sample preparation room and a geochem-
istry laboratory. The latter is equipped with an X-ray flu-
orescence spectrometer (XRF) and an inductively coupled
plasma-mass spectrometer (ICP-MS) for on-board chemical
analyses. The determination of trace element concentrations
at sea, using the installed ICP-MS, was made for the first
time during the ChikyuOman2017 campaign (Legs 1 and 2).
The sample preparation procedure has consisted of a mixed
acid/alkali-fusion digestion procedure using perchloric and
hydrofluoric acids (Senda et al., 2014; see also Kelemen et
al., 2020). However, the members of the geochemistry team
were concerned by the hazards related to the use of such acid
reagents on-board an oceanographic vessel, especially during
open ocean operations. Consequently, to address safety con-
cerns during future ocean drilling operations, it was decided
to plan for the development of a “dry” sample preparation
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and analytical method for the determination of the (ultra-
)trace element contents in whole-rock samples during the
ChikyuOman2018 campaign (Legs 3 and 4).

The principle was to analyse pressed powder pellets us-
ing the newly installed laser ablation system coupled to the
on-board ICP-MS (LA-ICP-MS). During Leg 3, the sample
preparation procedure was adapted from Garbe-Schönberg
and Müller (2014) that described the ablation of powder pel-
lets prepared without a binder. Generally, pressed powder
pellets are prepared with a binder (e.g. Arrowsmith, 1987;
Gray, 1985; Van Heuzen, 1991; Imai, 1990; Mukherjee et
al., 2014; Peters and Pettke, 2017; Zhu et al., 2013), while
other authors also described the ablation of fused glass beads
as another acid-free technique (e.g. Akizawa et al., 2020; Eg-
gins, 2003; Kon et al., 2011; Kon and Hirata, 2015; Tamura et
al., 2015). A requirement was to prepare pellets smaller than
the ones prepared for XRF analyses to be better adapted to
the size/volume of the laser ablation sample cell. It was also
critical to prepare these pellets from powder with an aver-
age powder grain size much smaller than the maximum laser
spot size that could be set (e.g. Garbe-Schönberg and Müller,
2014; Peters and Pettke, 2017). This new sample preparation
and instrument parametrization method (described in Sect. 2)
was first tested by analysing three reference materials and
then applied to a selection of gabbro and dunite samples
from the OmanDP CM1A cores (CM for crust–mantle transi-
tion). As discussed below (Sect. 3), analyses of both standard
reference materials and of unknown samples compare well
with literature values and replicate analyses of the same sam-
ples analysed in shore-based laboratories after Leg 3, respec-
tively. The current limitations and possible future improve-
ments of both the presented method and the surrounding an-
alytical environment on-board the D/V Chikyu are discussed
in Sect. 4.

2 Methodology

2.1 Overview of the materials and analytical methods

Over two drilling seasons, the Oman Drilling Project
drilled a suite of 15 holes (nine diamond-cored and
six rotary-drilled boreholes) distributed across 10 sites
(Kelemen et al., 2021c; https://www.omandrilling.ac.uk/
drilling-program, last access: 27 August 2021; the pro-
ceedings are available at: http://publications.iodp.org/other/
Oman/OmanDP.html, last access: 27 August 2021). The
ChikyuOman2018 Leg 3 science team focused on the charac-
terization of Holes CM1A (400 m) and CM2B (300 m) that
cored continuously (∼ 100 % recovery) the Oman ophiolite
crust–mantle transition (Kelemen et al., 2021a, b). The sam-
ple selection has been conducted in two ways. Firstly, during
the on-site operations in Oman, samples were systematically
collected every 10 m along the OmanDP CM cores. Then,
during Leg 3, additional ship-board samples were collected
to complete the general, detailed overview of the cores.

Samples collected on-site were milled at the University of
Southampton (UK) prior to Leg 3 and the powders sent to the
D/V Chikyu for on-board analyses; ship-board samples col-
lected during Leg 3 were sawed and milled directly aboard
the D/V Chikyu.

In terms of chemical analyses performed during Leg 3,
both on-site and ship-board samples were analysed by XRF
for major, minor and some trace elements. For the develop-
ment of a dry, safe method for the on-board determination
of whole-rock (ultra-)trace element concentrations, we in-
vestigated the basalts BHVO-2 and BIR-1a (United States
Geological Survey, USGS) and the peridotite JP-1 (Geolog-
ical Survey of Japan, GSJ) as reference materials to test and
validate the measurement precision of our procedure. The
method was then applied to a selection of gabbro (crust) and
dunite (crust–mantle transition) samples from Hole CM1A.
These were all ship-board samples that were fully pre-
pared during Leg 3 and analysed using the laser ablation
method described and discussed below. Replicate solution
analyses for these CM samples were performed following
ChikyuOman2018 in different on-shore laboratories for the
trace elements. The gabbro samples were analysed by ICP-
MS at the University of Southampton. The dunite samples
were analysed (ICP-MS) at the Institute of Earth Science,
Academia Sinica at Taipei (Taiwan), and the Géosciences
Environnement Toulouse laboratory, Université Toulouse III
– Paul Sabatier (France). The different steps of the complete
methodology are summarized in Fig. 1.

2.2 On-board chemical analysis by existing methods
(XRF)

Ship-board samples, selected during the Leg 3 daily sam-
pling meetings, were cut into thin slices to ease the crushing
to a < 1 mm grit. Saw marks and alteration blemishes were
removed by precision sawing. Sample pieces were first ul-
trasonicated in deionized water (18.2 M� cm) purified with
a Milli-Q system (Millipore, Bedford, MA, USA®) for con-
secutive rounds until the Milli-Q water was clear and dried
for 12 h at 60 ◦C. The samples were then crushed in four steps
using a newly installed Jaw Crusher Retsch BB50. The four
crushing steps started with a 14 mm jaw gap that was de-
creased in stages to 7, 4 and 1 mm. Between two samples,
all parts of the crusher, including the steel jaws, have been
disassembled and carefully cleaned using isopropanol. Af-
ter the 14 and 7 mm crushing steps, samples were sieved at
250 µm and smaller particles that passed through were dis-
carded to avoid possible cross-contamination with the previ-
ously crushed sample. The resulting < 1 mm crushed sample
was then powdered using a Fritsch Pulverisette 5 planetary
mill with agate grinding bowls (500 mL) and agate balls (13
small balls of 20 mm and 5 large balls of 30 mm in diameter).
Grit samples were run at 200 rounds per minute (rpm) for
10 min and allowed to cool for 5 min four times. The obtained
powder grain size was below 250 µm (verified by sieving).
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Figure 1. Flow chart summarizing the different steps for sample preparation and chemical analyses.

The agate grinding bowls and agate balls were cleaned with
Milli-Q water and isopropanol after each run and decontam-
inated by milling pure quartz sand when changing between
two samples.

The chemical analyses on-board the D/V Chikyu are usu-
ally performed by XRF on glass beads for the determination
of major oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO,
CaO, Na2O, K2O, P2O5) and on pressed powder pellets for
the determination of major and some minor to trace element
contents (Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb,
Ba). Here, we compare only the results obtained for these
selected minor to trace elements following the analysis of
pressed powder pellets to the concentrations obtained us-
ing the newly developed laser ablation-inductively coupled
plasma mass spectrometry (LA-ICP-MS) method. To pre-
pare pressed powder pellets for XRF analysis, 4 g of unig-
nited powder was weighed and carefully placed into a 5 mm-
high sample holder cut from a 38 mm diameter polypropy-
lene pipe and pressed using a Spex SamplePrep 3630 X-
Press. The press was set to ramp up to 15 t and held there for
20 s, followed by a gradational release of the pressure over
66 s.

The major and minor element concentrations were deter-
mined using a RIGAKU Supermini wavelength dispersive X-
ray fluorescence spectrometer equipped with a 200 W Pd an-
ode tube at 50 kV and 4 mA. The instrument was calibrated
using either pre-prepared glass beads for the major elements
or pressed pellets for the major and minor to trace elements,
made from reference materials from the Geological Survey
of Japan. Rock standards JA-1 (andesite), JA-2 (sanukitoid),
JB-2 and JB-3 (basalts), JF-1 and JF-2 (feldspars), JG-1a

(granodiorite), JG-2 (granite), JGb-1 and JGb-2 (gabbros),
JH-1 (hornblendite), JP-1 (peridotite), JR-2 and JR-3 (rhy-
olites), and JSy-1 (syenite) were commonly used for both
calibrations together with JG-1 (granodiorite) for the major
elements only (Imai et al., 1995, 1999). An additional 3 : 1
mixture of JGb-2 and JP-1 was also prepared to fill a large
(> 2000 ppm) gap in the calibration for Cr and Ni if only the
stated standards are used. Cr and Ni are known to occur in
high concentrations in mantle peridotites and are expected
to be high in the harzburgites and dunites from the CM cores
based on previous results for peridotites from the Oman ophi-
olite mantle section (e.g. Godard et al., 2000; Hanghøj et al.,
2010).

2.3 On-board chemical analysis by the newly developed
powder pellet method (LA-ICP-MS)

2.3.1 Sample preparation

The approach for the safe determination of whole-rock (ultra-
)trace element concentrations on-board the D/V Chikyu was
to analyse pressed powder pellets using the laser ablation sys-
tem coupled to the ICP-MS. The maximum laser spot size
was 100 µm for the used instrumentation. It was therefore
critical to prepare new pellets from powder with an average
powder grain size much smaller than this maximum spot size
(e.g. Garbe-Schönberg and Müller, 2014; Peters and Pettke,
2017). Following the first stage of milling to prepare pow-
ders for pressed pellets for XRF analysis, a second milling
step was thus applied to further reduce the powder grain sizes
and improve the homogeneity of the samples selected to be
analysed by laser ablation. This extra grinding step was ap-
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plied to the three reference materials BHVO-2 and BIR-1a
(basalts, USGS) and JP-1 (peridotite, GSJ) and to a selection
of gabbros and dunites from the OmanDP CM1A cores.

For each selected sample, 3 g of powder (grain size
≤ 250 µm following the first milling step) was further milled
using the Fritsch Pulverisette 5 planetary mill in an 80 mL
agate grinding bowl with four agate balls 20 mm in diame-
ter. The sample was rotated at 400 rpm for 30 min, for four
repeat cycles, alternating with 5 min-long cooling steps be-
tween each milling cycle. The content of the jar was then
sieved through 100, 60, and 25 µm nylon meshes (Clever,
Toyohashi, Japan). Material > 100 µm was returned to the
bowl and ground for a further 30 min. The same step was re-
peated for fractions > 60 and > 25 µm. Once a sample was
powdered to < 25 µm, all the powder fractions were recom-
bined and returned to the grinding bowl and milled for 5 min
for homogenization. Similarly to the first stage of milling, the
agate grinding bowl and agate balls were carefully cleaned
with Milli-Q water and isopropanol and decontaminated by
milling pure quartz sand after each sample.

Approximately 1.5 g of the < 25 µm powder was pressed
using the Spex SamplePrep 3630 X-Press into powder pel-
lets for (ultra-)trace element analyses by LA-ICP-MS. The
powder was weighed and placed into a 5 mm-high sample
holder cut from an 18 mm diameter polypropylene tube. The
powder was isolated from the metal rams that apply the
load from the press to the sample powder using Prolene film
(CHEMPLEX, Florida, USA). The press was set to ramp up
to 15 t and held there for 20 s, and then the pressure was grad-
ually released over 66 s. Figure 2 shows examples (the refer-
ence material BIR-1a and a gabbro from Hole CM1A) of the
contrast in grain size between pellets prepared with powder
after a one-step milling for the XRF analyses (to the left) and
with re-milled powder for the analyses by laser ablation (to
the right). Concerning the OmanDP samples, it is worth not-
ing that the dunite samples were particularly altered (serpen-
tinized) and thus milled much more easily than the fresher,
coarser-grained gabbros. On the other hand, the dunites con-
tain minor spinel that could be much harder to grind relative
to other silicate minerals.

2.3.2 Instrumentation and data acquisition

The instrumentation on-board the D/V Chikyu comprises a
NewWave Research UP-213 Nd:YAG deep UV (213 nm)
laser ablation system coupled to an Agilent 7500ce
quadrupole ICP-MS. First, initial basic tests and parametriza-
tion of the operating conditions were performed by the analy-
sis of the well-known reference glasses BHVO-2G and BIR-
1G. Analyses were bracketed by repeated analyses of NIST
SRM 612 glass (National Institute of Standards and Tech-
nology), used as an external reference material following the
reference values from Jochum et al. (2011); NIST SRM 610
has been used for the instrument calibration. In addition to
29Si, analysed as an internal standard for the data reduction

(e.g. Longerich et al., 1996; SiO2 reference values used for
BHVO-2G and BIR-1G after Jochum et al., 2005), the iso-
topes analysed for the 37 selected elements were as follows:
7Li, 45Sc, 49Ti, 51V, 52Cr, 55Mn, 59Co, 62Ni, 65Cu, 67Zn,
71Ga, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 133Cs, 137Ba, 139La, 140Ce,
141Pr, 143Nd, 147Sm, 151Eu, 158Gd, 159Tb, 163Dy, 165Ho,
166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 208Pb, 232Th, 238U.

Once the laser ablation system parameters were set, we
started the ablation tests on the prepared fine-grained pressed
powder pellets. The ICP-MS configuration was adjusted be-
fore each analytical sequence to ensure the high sensitivity
required to measure the elements present in very low con-
centrations, especially those expected in the JP-1 peridotite
reference material and the dunite samples from Hole CM1A.
Operating conditions are summarized in Table 1. Each anal-
ysis consisted of 40 s of background, 60 s of acquisition ab-
lation and 120 s of washout. Instrumental background was
analysed before each analysis and then subtracted from the
signal obtained during sample ablation (typical values are
given in Table 2). Only about 50 s of the signal obtained dur-
ing sample ablation have been included in the calculation
of concentrations, and the first few seconds of the ablation
signal have been discarded as they can be fractionated and
might integrate surface contamination (e.g. Peters and Pet-
tke, 2017). The NIST SRM 612 glass reference material was
used as an external standard for the pressed powder pellets
prepared for the reference materials BHVO-2, BIR-1a and
JP-1. Analytical sequences consisted of one analysis of NIST
SRM 612 between each analysis of pellets. First, the sample
ablation signal (i.e. already corrected from the instrumental
background) was corrected for the instrumental drift with the
bracketing NIST SRM 612 (drift assumed to be linear be-
tween two NIST SRM 612 analyses). Data reduction and cal-
culation of concentrations have been made using 29Si as an
internal standard, following the SiO2 obtained by XRF for
the reference materials BHVO-2 and JP-1 and following the
reference values for the reference material BIR-1a (USGS
certificate of analysis).

The results obtained for the BHVO-2 and BIR-1a pressed
powder pellets were first compared to the results obtained for
the BHVO-2G and BIR-1G glasses to ensure there was no
drift or major matrix effect related to alternatingly analysing
glass and pressed powder. In addition, the relatively depleted
mantle peridotite JP-1 was analysed to evaluate the low-
est concentrations we were able to accurately determine by
analysing pressed powder pellets by laser ablation. It has
been shown that in peridotites, the large difference in con-
centration between major elements such as in Mg or Fe and
the very low contents of trace elements such as the Rare
Earth Elements (REE) lowers the efficiency of precisely de-
tecting the less concentrated elements depending on the dilu-
tion factor (Makishima and Nakamura, 1997, 2006; Naka-
mura and Chang, 2007). A preconcentration of the (ultra-
)trace elements is a usual method to avoid such a matrix ef-
fect (e.g. Bayon et al., 2009; Bizzarro et al., 2003; Qi et al.,
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Figure 2. Comparison of the grain sizes in pressed powder pellets before (a, c) and after (b, d) the second step milling for the reference
material BIR-1a (a, b) and for the gabbro sample CM1A-6Z-2, 12–17 cm from the OmanDP Hole CM1A (c, d) (modified from Fig. F52,
Kelemen et al., 2020). The minimum laser spot size that could be parameterized with the laser ablation system used on-board the D/V Chikyu
was 100 µm in diameter, smaller than the size of some mineral grains when samples have been milled only once.

2005; Rospabé et al., 2018a; Sharma et al., 1995; Sharma and
Wasserburg, 1996), but it could not be performed in the con-
text of the presently described “dry”, solid (i.e. reagent-free)
method development. The results obtained for these three ref-
erence materials are compared to preferred or reference val-
ues and discussed in the next Sect. 3.1. During subsequent
analysis of pressed powder pellets of gabbros and dunites
from Hole CM1A, analyses were bracketed by repeated anal-
yses of BHVO-2G (glass), used as an external standard. For
these OmanDP samples, data reduction and calculation of
concentrations have been made using 29Si as an internal stan-
dard, based on the SiO2 contents obtained by XRF. The re-
sults are compared with replicates for the same gabbro and
dunite samples analysed after Leg 3 in the next Sect. 3.2.

2.4 Methodologies for post-cruise replicate analyses

Replicate analyses for the CM1A gabbros analysed by laser
ablation on-board the D/V Chikyu have been performed at
the University of Southampton (UK); 100 mg of powder was
weighed into Savillex® Teflon PFA vials and digested with
HF/HNO3 overnight, followed by a second overnight diges-
tion step with HClO4. The digested samples were dissolved

in 6M HCl to make a mother solution. The mother solution
was subsampled to give a final dilution of∼ 4000-fold, dried
down and redissolved in 3 % HNO3 containing In, Re and Be
as internal standards (internal standard concentrations were
5 ng g−1 for In and Re and 20 ng g−1 for Be). The samples
were analysed on a Thermo Fisher Scientific™ XSERIES 2
ICP-MS using JB-1a, JB-2, JB-3, JGb-1, BIR-1, BHVO-2,
AGV-2 and BCR-2 as calibration standards; these were also
dissolved in 3 % HNO3 containing In, Re and Be.

The replicates for the selected dunites have been analysed
at the Institute of Earth Science, Academia Sinica (IES-AS,
Taiwan), and at the Géosciences Environnement Toulouse
laboratory, Université Toulouse III – Paul Sabatier (GET,
France). Samples have been dissolved by acid digestion and
their trace element concentrations measured by ICP-MS.
The measurements conducted at IES-AS were made using
an Agilent 7500s ICP-MS and following the procedure de-
scribed by Ionov et al. (1992) and adapted by Godard et
al. (2000) for the analysis of ultra-depleted peridotites. At the
GET laboratory, a Thermo Scientific™ Element XR™ HR-
ICP-MS was used following the analytical procedure devel-
oped in Rospabé et al. (2018a) and adapted from Yokoyama
et al. (1999) for the sample digestion method, Bizzarro et
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Table 1. Summary of the LA-ICP-MS instrument operating conditions.

ICP-MS instrument Agilent 7500ce quadrupole

Laser ablation system NewWave Research UP-213 Nd:YAG deep UV (213 nm)

Plasma power 1500 W

Plasma gas flow Ar, 13 L min−1

Carrier gas flow Ar, 1.4 L min−1

Fluence on sample 12.0 J cm−2

Beam diameter 100 µm

Repetition rate 5 Hz (glasses)–10 Hz (pressed powder pellets)

Ablation mode Single spot

Acquisition mode Time-resolved analysis with 40 s gas blank, 60 s acquisition, and 120 s washout

Reference materials NIST SRM 612, BHVO-2G (see text)

Reference values Jochum et al. (2005, 2011)

Internal standard element 29Si

Monitored isotopes 7Li, 45Sc, 49Ti, 51V, 52Cr, 55Mn, 59Co, 62Ni, 65Cu, 67Zn, 71Ga, 85Rb, 88Sr,
89Y, 90Zr, 93Nb, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 143Nd, 147Sm, 151Eu,
158Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 181Ta,
208Pb, 232Th, 238U

Control reference materials BHVO-2/2G, BIR-1a/1G, JP-1 (see text)

al. (2003) and Qi et al. (2005) for the (ultra-)trace element
separation, and Barrat et al. (1996) for the Tm addition
and calculation of the concentrations using the Tm positive
anomaly in the REE pattern. To compare the accuracy and the
precision between these two laboratories, trace element mea-
surements were performed on a selection of replicate sam-
ples, and the same reference materials have been analysed
as unknowns (the GSJ peridotite JP-1 and the USGS dunite
DTS-2b).

3 Results and discussion

3.1 Validity of the developed method and measurement
precision

Figure 3 shows plots of the results obtained for the refer-
ence materials BHVO-2/BHVO-2G, BIR-1a/BIR-1G and JP-
1 following their analysis by LA-ICP-MS (glasses and two-
time milled pressed powder pellets) and by XRF (one-time
milled pressed powder pellets) during Leg 3. Measured con-
centrations are normalized to preferred values. Error bars
represent the standard deviation, reflecting the intermediate
precision (or repeatability over the different analytical ses-
sions) of the averaged composition of n measurements (see
Fig. 3 caption). The chondrite-normalized REE and multi-
element patterns of the analysed pressed powder pellets are
shown in Fig. 4, and the evolution of the relative standard

deviation (RSD) relative to the measured element concentra-
tions is shown in Fig. 5.

3.1.1 Minor to trace element concentrations determined
by XRF

The results obtained by XRF for the minor to trace elements
(Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba) for
the two reference materials BHVO-2 and JP-1 are described
here. For the reference material BHVO-2, the determined
concentrations for Cr, Ni, Cu, Zn and Sr are very close to
the preferred values (difference δPV< 10 %, with δPV as
the relative deviation of measured concentration values from
the preferred values (PV) in %) with a repeatability better
than 5 % as well as for Ga and Rb but with a poorer repeata-
bility (< 30 %; Figs. 3a and 4a). The concentrations for Sc,
Zr and Nb fall within δPV< 25 % with a repeatability bet-
ter than 1.5 % for Sc and Zr and 10 % for Nb. The concen-
trations are overestimated for Co (δPV∼+30 %) and espe-
cially for Ba and V (δPV>+60 %) and underestimated for
Y (δPV∼−40 %; Fig. 3a). For the reference material JP-1,
the concentrations obtained for Cr, Ni and Zn are in good
agreement with the preferred values (δPV< 10 %), with a
repeatability better than 5 %, as well as for Cu but with a
poor repeatability (59 %; Fig. 3c). The Co content is slightly
underestimated (δPV∼−25 %). However, the low concen-
trations for Sc, V, Ga, Rb, Sr, Y, Zr, Nb and Ba were not ac-
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Table 2. Trace element concentrations (µg g−1) for BHVO-2, BIR-1a and JP-1 determined by LA-ICP-MS analyses of pressed powder
pellets on-board the D/V Chikyu.

DLa BHVO-2 BIR-1a JP-1

PVb Mean SD % RSD PVb Mean SD % RSD PVb Mean SD % RSD
(n= 7) (n= 5) (n= 10)

Li 0.0123 4.7 4.42 0.578 13.1 % 3.203 2.95 0.360 12.2 % 1.68 1.58 0.0872 5.5 %
Sc 0.2500 32.3 30.5 0.873 2.9 % 43 40.3 1.81 4.5 % 7.08 10.0 0.753 7.5 %
Ti 0.2754 16364 15650 2785 17.8 % 5400 5151 309 6.0 % 47.8 20.5 3.49 17.0 %
V 0.1020 317 318 19.3 6.1 % 326 348 40.8 11.7 % 40 23.4 2.00 8.5 %
Cr 0.6835 280 280 53.3 19.0 % 392 415 28.2 6.8 % 2959 2385 271.46 11.4 %
Mn 0.5615 1290 1358 55.8 4.1 % 1345 1827 219 12.0 % 919 1056 17.72 1.7 %
Co 0.0112 45 47.1 1.70 3.6 % 52 64.4 11.6 18.0 % 113 136 5.73 4.2 %
Ni 0.0487 121 135 4.03 3.0 % 178 222 43.5 19.6 % 2443 3142 134.26 4.3 %
Cu 0.7973 123 144 7.01 4.9 % 119 158 27.6 17.5 % 3.84 4.15 0.695 16.7 %
Zn 0.0786 101 93.5 11.9 12.7 % 78 107 37.5 35.0 % 45.1 54.2 6.75 12.5 %
Ga 0.0331 20.6 22.5 2.50 11.1 % 15 16.3 2.85 17.5 % 0.518 0.632 0.0589 9.3 %
Rb 0.0060 9.08 8.36 0.638 7.6 % 0.197 0.280 0.0379 13.5 % 0.348 0.356 0.0339 9.5 %
Sr 0.0038 396 385 16.0 4.2 % 109 111 6.49 5.9 % 0.675 0.491 0.0687 14.0 %
Y 0.0020 27.6 22.7 1.22 5.4 % 14.3 15.2 0.649 4.3 % 0.1 0.0938 0.0147 15.7 %
Zr 0.0042 164.9 157 9.07 5.8 % 14 14.6 3.83 26.3 % 8.83 5.58 1.07 19.2 %
Nb 0.0006 16.82 18.4 0.970 5.3 % 0.52 0.626 0.285 45.5 % 0.0298 0.0285 0.0063 22.3 %
Cs 0.0012 0.096 0.0983 0.0165 16.8 % 0.007 0.0419c 0.0322 76.9 % 0.037 0.0457 0.0067 14.8 %
Ba 0.0085 131 129 6.39 4.9 % 6.5 7.23 0.780 10.8 % 8.98 8.75 0.861 9.8 %
La 0.0007 15.2 14.9 0.871 5.9 % 0.609 0.613 0.0184 3.0 % 0.0264 0.028 0.0049 17.3 %
Ce 0.0011 37.5 37.9 2.35 6.2 % 1.89 2.13 0.229 10.7 % 0.0576 0.0906c 0.0164 18.1 %
Pr 0.0005 5.31 5.19 0.257 5.0 % 0.37 0.388 0.0244 6.3 % 0.00719 0.0077 0.0014 17.7 %
Nd 0.0023 24.5 23.5 0.968 4.1 % 2.37 2.36 0.113 4.8 % 0.0296 0.0327 0.0072 21.9 %
Sm 0.0019 6.07 5.79 0.389 6.7 % 1.09 1.07 0.0947 8.9 % 0.00739 0.0085 0.0018 21.5 %
Eu 0.0010 2.07 2.03 0.127 6.2 % 0.517 0.513 0.0169 3.3 % 0.00162 0.0018 0.0004 22.7 %
Gd 0.0024 6.24 5.83 0.375 6.4 % 1.85 1.72 0.0801 4.7 % 0.00827 0.0087 0.0035 39.9 %
Tb 0.0005 0.94 0.867 0.0498 5.7 % 0.35 0.329 0.0148 4.5 % 0.00164 0.0016 0.0004 24.1 %
Dy 0.0026 5.31 4.97 0.264 5.3 % 2.55 2.41 0.0763 3.2 % 0.0132 0.0131 0.0027 20.3 %
Ho 0.0006 1 0.926 0.0733 7.9 % 0.56 0.542 0.0283 5.2 % 0.00329 0.0030 0.0007 23.3 %
Er 0.0019 2.54 2.31 0.0972 4.2 % 1.7 1.61 0.0814 5.1 % 0.0115 0.0105 0.0026 24.7 %
Tm 0.0006 0.35 0.305 0.0137 4.5 % 0.24 0.245 0.0209 8.5 % 0.0024 0.0025 0.0005 20.7 %
Yb 0.0027 2 1.91 0.117 6.2 % 1.64 1.64 0.0944 5.7 % 0.0198 0.0176 0.0039 22.1 %
Lu 0.0006 0.27 0.264 0.0167 6.3 % 0.248 0.221 0.0101 4.6 % 0.00371 0.0036 0.0005 13.5 %
Hf 0.0011 4.474 4.11 0.113 2.7 % 0.57 0.531 0.0284 5.4 % 0.193 0.128 0.0226 17.6 %
Ta 0.0003 1.10 1.12 0.0482 4.3 % 0.036 0.0344 0.0051 14.7 % 0.00345 0.0026 0.0005 18.7 %
Pb 0.0032 1.51 2.11 0.215 10.2 % 3.7 4.79 1.01 21.2 % 0.0987 0.106 0.0084 7.9 %
Th 0.0002 1.21 1.20 0.0871 7.3 % 0.03 0.0291 0.0026 8.9 % 0.0108 0.0094 0.0016 17.1 %
U 0.0002 0.41 0.503 0.0461 9.2 % 0.023 0.0156 0.0033 21.2 % 0.0106 0.0111 0.0015 13.2 %

a Detection limit (or blank) with the used instrumentation, corresponding to the average of the signal background. b Preferred values (BHVO-2: Barrat et al., 2012; BIR-1a: GeoReM;
JP-1: Barrat et al., 2008 (Ti, V, Sr, Zr, Hf), Makishima and Nakamura, 2006 (Tm), Rospabé et al., 2018a (other elements)). c The determined values differed signifcantly
from the preferred values and were reported here just as indications.

curately determined for JP-1 using the XRF, and the obtained
values differ significantly from the preferred values (Figs. 3c
and 4c).

3.1.2 Minor and trace to ultra-trace element
concentrations determined by LA-ICP-MS

The parameters of the laser ablation system and of operat-
ing conditions (Table 1) were adjusted by analysing the two
reference glasses BHVO-2G and BIR-1G. Most of the 37 ele-
ments selected to be analysed fall within the 10 % difference

range from the preferred values (Fig. 3a, b). Exceptions in
BIR-1G are the concentration for Th that is slightly overes-
timated over the δPV=+20 % as well as that for Cs that
was not determined precisely (the lowest concentration in
BIR-1G over the 37 measured elements, 8 ng g−1 proposed
by Jochum et al., 2005). The averaged repeatability for all
the analysed elements is better than 7.8 % for BHVO-2G and
12.8 % for BIR-1G, which appeared sufficiently precise to
apply the optimized parameters for the analysis of the two-
time milled pressed powder pellets.
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Figure 3. Plots of the results obtained using the LA-ICP-MS dry method developed on-board the D/V Chikyu on pressed powder pellets
and glass normalized to preferred values for the standard materials (a) BHVO-2 (n= 7) and BHVO-2G (n= 4), (b) BIR-1a (n= 5) and
BIR-1G (n= 17), and (c) JP-1 (n= 10). Data obtained by XRF (D/V Chikyu) on pressed powder pellets are shown for BHVO-2 and JP-
1. Error bars represent the standard deviation, reflecting the intermediate precision (or repeatability) of the averaged composition of the
multiple nmeasurements. The horizontal green and light green fields indicate the 10 % and 20 % δPV, respectively. Preferred values are from
Jochum et al. (2005) for BHVO-2G and BIR-1G, from Barrat et al. (2012) for BHVO-2, from GeoReM (http://georem.mpch-mainz.gwdg.de,
12 July 2018) for BIR-1a, and from Barrat et al. (2008) (Ti, V, Sr, Zr, Hf), Makishima and Nakamura (2006) (Tm), and Rospabé et al. (2018a)
(all other elements) for JP-1.

Results obtained by LA-ICP-MS analysis of pressed pow-
der pellets prepared for the three reference materials BHVO-
2, BIR-1a, and JP-1 are shown in Fig. 3 with the obtained
concentrations normalized to preferred values and in Fig. 4
with their chondrite-normalized REE and multielement pat-
terns plotted. The relative standard deviations relative to
the measured element concentrations are shown in Fig. 5.
The concentrations determined by LA-ICP-MS for these
three reference materials are given in Table 2. The mea-
sured concentrations for minor and (ultra-)trace elements
are generally close to preferred values, with most elements

within δPV< 10 % for BHVO-2 and BIR-1a and within
δPV< 20 % for JP-1 (Fig. 3). The shapes of their normal-
ized REE and multielement patterns are adequate compared
to the ones plotted with reference values (Fig. 4). The preci-
sion is variable depending on the standard analysed and the
element considered and basically decreases with lower con-
centrations: the averaged repeatability for all the analysed el-
ements is better than 7.1 %, 11.6 %, and 15.1 % for BHVO-
2, BIR-1a, and JP-1, respectively. In detail for BHVO-2, the
RSD is generally better than 6 % for elements with a con-
centration higher than 10 µg g−1 and comprised between 6 %
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Figure 4. Chondrite-normalized (normalization values from Barrat et al., 2012) REE and multielement patterns obtained for the reference
materials (a) BHVO-2, (b) BIR-1a and (c) JP-1 by LA-ICP-MS and XRF analyses of pressed powder pellets performed on-board the D/V
Chikyu, compared to the preferred values. Preferred values are from the same references given in the Fig. 3 caption. Patterns obtained by
Garbe-Schönberg and Müller (2014) for BHVO-2 and Peters and Pettke (2017) for JP-1 by the analysis of pressed powder pellets (prepared
without a binder for BHVO-2, with a binder for JP-1) by LA-ICP-MS are also shown for comparison (white diamonds). The black dotted
line represents the detection limit with the used instrumentation (values are given in Table 2).

and 10 % for concentrations ranging from 0.1 to 10 µg g−1,
with a few exceptions (Fig. 5a). For BIR-1a, with a few ex-
ceptions (especially transition elements as discussed below),
the RSD is better than 10 % for elements with concentrations
higher than 10 µg g−1, better than 15 % for concentrations
ranging from 0.1 to 10 µg g−1 (including the Rare Earth El-
ements, among others), and increases up to 20 %–25 % for
elements with a concentration lower than 0.1 µg g−1 (Ta, Th,
U; Fig. 5b). Concerning JP-1, the increase in the RSD with
lower concentrations is very clear, better than 15 % for con-
centrations higher than 0.1 µg g−1 (most of the transition ele-
ments and large ion lithophile elements) and mostly ranging

from 15 % to 25 % for lower concentrations (Rare Earth Ele-
ments and other (ultra-)trace elements; Fig. 5c).

In detail:

– Transition elements (Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn)
and Ga

Except for Ti, the transition elements and Ga have
been determined both by XRF and LA-ICP-MS an-
alytical methods for BHVO-2 and JP-1 (only by
laser ablation for BIR-1a). For BHVO-2, with only
a few exceptions, the transition elements and Ga
(20.6≤PV≤ 16364 µg g−1) have been determined ac-
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Figure 5. Evolution of the relative standard deviation (RSD, in
%) relative to the measured element concentrations in the refer-
ence materials (a) BHVO-2 (n= 7), (b) BIR-1a (n= 5) and (c) JP-
1 (n= 10). The RSD represents the intermediate precision (or re-
peatability) of the averaged composition of the multiple n measure-
ments. Note the change in the scale of the y axis from BHVO-2 to
BIR-1a and JP-1.

curately by laser ablation, differing by less than 10 %
from preferred values (Fig. 3a). The repeatability over
the different measurements is better than 5 % for Sc,
Mn, Co, Ni and Cu, 10 % for V, 15 % for Zn and Ga,
and 20 % for Ti and Cr (Fig. 5a). For BIR-1a, the Sc, Ti,
V, Cr and Ga concentrations (15.0≤PV≤ 1345 µg g−1)
have been determined accurately, falling within the

δPV< 10 % variation range from the preferred values
(Fig. 3b). The repeatability is better than 6.8 % for
Sc, Ti and Cr, better than 11.7 % for V, and better
than 17.5 % for Ga (Fig. 5b). Cobalt (PV= 52.0 µg g−1)
and Ni (PV= 178 µg g−1) are slightly overestimated
(δPV∼+25 %), but the accuracy is lower for the de-
termination of the Mn, Cu and Zn concentrations that
appear overestimated by 30 % to 40 % (Fig. 3b); the
precision for these elements is notably worse, with a re-
peatability better than 12 % for Mn and 20 % for Co,
Ni and Cu but reaching 35 % for Zn (Fig. 5b). Con-
cerning the reference material JP-1, the accuracy of the
determination of the transition elements is variable ac-
cording to the element considered: the concentrations
determined by LA-ICP-MS are relatively close to pre-
ferred values (δPV< 20 %) for Ti, V, Cr, Mn, Co, Cu
and Zn (3.84≤PV≤ 2959 µg g−1; Fig. 3c), with a re-
peatability better than 1.7 % for Mn, 4.2 % for Co,
8.6 % for V, 12.5 % for Cr and Zn, and 17 % for Ti
and Cu (Fig. 5c). Nickel (PV= 1443 µg g−1) and Ga
(PV= 518 ng g−1) (δPV∼+25 %, with a repeatability
better than 4.3 % and 9.4 %, respectively) and especially
Sc (PV= 7 µg g−1; δPV∼+40 %) are slightly to signif-
icantly overestimated. For JP-1, the Cr, Ni, Cu and Zn
concentrations have thus been determined with a better
accuracy using the XRF (Fig. 3c).

– Rare Earth Elements

The Rare Earth Elements (REEs) have been analysed
using the LA-ICP-MS method only. The averaged re-
peatability of their measurement is 5.8 % for BHVO-
2 (4.1 %–7.9 %), 5.6 % for BIR-1a (3.0 %–10.7 %), and
20.8 % for JP-1 (13.5 %–24.7 %, excepting 39.9 % for
Gd; Fig. 5). Note that the Ce content is not included in
the JP-1 REE pattern (Fig. 4c) as the concentration was
regularly high for this reference material compared to
the preferred value (Fig. 3c; Table 2). For the three ref-
erence materials, the REE concentrations are in good
agreement with previously proposed values (Fig. 3):
with a few exceptions they fall within the 10 % variation
range from the preferred values (PV= 0.27–37.5 µg g−1

for BHVO-2, 0.24–2.55 µg g−1 for BIR-1a, and 1.62–
57.6 ng g−1 for JP-1), and the shape of the chondrite-
normalized REE patterns fits with previous analyses
(Fig. 4). Interestingly, the measured REEs show a slight
fractionation from heavy REEs (slightly underestimated
relative to preferred values, −10 %<δPV< 0 %) to
light REEs (slightly overestimated, 0 %<δPV< 10 %;
Fig. 3). Such bias has already been reported and dis-
cussed for the analysis of pressed powder pellets by
Peters and Pettke (2017, and references therein). They
proposed that it could possibly reflect a matrix effect re-
lated to the non-matrix-matched calibration (i.e. in the
present study, NIST SRM 612 glass used to calibrate
pressed powder pellets of standards).
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– High-Field-Strength Elements (Zr, Nb, Hf, Ta) and
other (ultra-)trace elements (Y, Pb, Th, U)
For BHVO-2, the measured concentrations are
very close to preferred values, δPV< 10 % for
the High-Field-Strength Elements (HFSE) and Th
(1.10≤PV≤ 165 µg g−1) and δPV< 20 % for other
trace elements (0.41≤PV≤ 27.6 µg g−1; Fig. 3a).
Yttrium, Zr and Nb are more precisely determined
using the laser ablation method than by XRF. The
repeatability for these elements is better than 5.4 % for
Y, 5.8 % for HFSE, 9.8 % for Th and U, and 10.2 %
for Pb (Fig. 5a). For BIR-1a, except for Pb and U
(repeatability better than 21.2 % for both; Fig. 5b)
that are slightly overestimated and underestimated, re-
spectively (PVPb= 3.70 µg g−1, PVU= 23 ng g−1), the
determined concentrations for HFSE and other (ultra-
)trace elements (30 ng g−1

≤PV≤ 27.6 µg g−1) vary
within 10 % from the preferred values (δPV=+20 %
for Nb only; Fig. 3b). The repeatability is better
than 5 % for Y, 10 % for Hf and Th, and 15 % for Ta
(Fig. 5b). However, the precision is worse concern-
ing the averaged measurements for Zr (26.4 %) and
especially Nb (45.5 %) in spite of the apparent good
determination of their concentration (Figs. 3b and 4b).
It potentially results from microfragments of trace
minerals rich in HFSE in this powder standard related
to grain size effects (or “nugget effects”, Peters and
Pettke, 2017; see also Garbe-Schönberg and Müller,
2014) and/or to the analytical difficulty in determining
the concentration of these elements (e.g. Ionov et
al., 1992; Jochum et al., 1990; Weyer et al., 2002).
For JP-1, with the exception of Y, which was also
analysed but inaccurately determined by XRF, the
measurement of the HFSEs and other (ultra-)trace
elements have been determined using the LA-ICP-MS
method only (Figs. 3c and 4c), their low concentrations
being several orders below the detection limits of
the XRF (3.45 ng g−1 (Ta)≤PV≤ 113 ng g−1 (Hf),
except Zr with PV= 5.39 µg g−1). The determined Zr
and Nb differ by less than 4.5 % from the preferred
values, and Hf and Ta are moderately overestimated
and underestimated, respectively (δPV=+15 % and
−24 %, respectively; Fig. 3c). The measured Y, Pb
and U fall within the δPV< 7.5 % variation range and
δPV= 13.0 % for Th (10.6 ng g−1

≤PV≤ 100 ng g−1).
The repeatability is better than 10 % for Pb and 20 %
for other elements (except Nb: 22.3 % and U: 36.1 %;
Fig. 5c).

– Lithium and large-ion lithophile elements (Rb, Sr, Cs,
Ba)
The determined concentrations for Li in the three
reference materials fall within δPV< 10 % regarding
the preferred values (PVLi= 4.70 µg g−1 for BHVO-
2, 3.20 µg g−1 for BIR-1a, and 1.68 µg g−1 for JP-

1; Fig. 3). The repeatability for Li is better than
13.1 %, 12.3 % and 5.5 % for BHVO-2, BIR-1a and
JP-1, respectively (Fig. 5). For BHVO-2, the mea-
sured contents in Large-Ion Lithophile Elements (LILE)
are also very close to reference values (96 ng g−1

(Cs)≤PV≤ 131 µg g−1 (Ba); Fig. 3a), with a re-
peatability better than 7.7 % except for Cs (16.8 %)
(Fig. 5a). In BIR-1a, Rb and especially Cs have not
been determined precisely or accurately, likely re-
lated to their low concentration (PVRb= 197 ng g−1,
PVCs= 7 ng g−1). The determined Sr and Ba concentra-
tions are close to preferred values (PVSr= 109 µg g−1,
PVBa= 6.50 µg g−1; Fig. 3b), with a repeatability over
several measurements better than 6 % and 11 %, respec-
tively (Fig. 4b). For JP-1, the determined concentrations
for Rb, Sr and Ba (0.35 µg g−1

≤PV≤ 8.98 µg g−1) are
likewise very close to the preferred values (Fig. 2c),
with a repeatability better than 10 % for Rb and Ba and
better than 14 % for Sr (Fig. 5c). Cs is slightly overes-
timated (PV= 37 ng g−1, δPV=+23 %; Fig. 3c), with
a repeatability better than 15 % (Fig. 5c). For BHVO-2
and JP-1, the LILE values have been determined with
a similar or better accuracy by using the LA-ICP-MS
method than by using the XRF (Figs. 3a, c and 4a, c).

3.2 Application to the OmanDP CM cores

The same procedure for preparation of pressed powder pel-
lets and analysis by LA-ICP-MS has been applied for a se-
lection of gabbro and dunite samples from the OmanDP CM
holes during Leg 3. Replicates were analysed for four gab-
bro and three dunite samples from Hole CM1A in on-shore
laboratories after Leg 3. Results are compared and discussed
in Figs. 6 and 7 for gabbros and Figs. 9 and 10 for dunites.
The chondrite-normalized REE and multielement patterns
for both gabbros and dunites are shown in Fig. 8. The ele-
ment concentrations discussed below for these core samples
(both obtained by LA-ICP-MS during Leg 3 and replicate
values) are given in the Supplement.

3.2.1 Hole CM1A gabbro samples

The four gabbro samples analysed by laser ablation are
CM1A-6Z-2, 12–17 cm (Fig. 6a), CM1A-18Z-1, 26–33 cm
(Fig. 6b), CM1A-25Z-4, 50–59 cm (Fig. 6c), and CM1A-
41Z-2, 0–6 cm (Fig. 6d). They were also analysed as repli-
cates by solution analysis by ICP-MS at the University of
Southampton (see Sect. 2.4). For all elements for which the
laser ablation analyses fit with the replicate analyses (i.e. ex-
cluding the few elements not accurately determined as de-
tailed below), the averaged δRV (relative deviation of mea-
sured concentration values from the replicate values (RV) in
%) for the four samples together is +0.6 %. The difference
δRV individually varies from −6.7 % (Fig. 6a) to +5.6 %
(Fig. 6c), meaning that the difference between the concen-
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Figure 6. Comparison of the mean measured concentrations obtained by LA-ICP-MS on pressed powder pellets with the analysed replicates
for the same samples (solution analysis, University of Southampton, UK) for four gabbro samples from Hole CM1A. The selected samples
are (a) CM1A-6Z-2, 12–17 cm (n= 5), (b) CM1A-18Z-1, 26–33 cm (n= 5), (c) CM1A-25Z-4, 50–59 cm (n= 6), and (d) CM1A-41Z-2,
0–6 cm (n= 6). The black solid line is the 1 : 1 line between the concentrations determined by LA-ICP-MS on-board the D/V Chikyu and for
the replicates. The black dashed lines represent 50 % deviation from the 1 : 1 line.

trations determined by the laser ablation method developed
on-board the D/V Chikyu and the replicates analysed after
the Leg 3 campaign is on average lower than 7 % for each
gabbro sample. Measurements by laser ablation and repli-
cate solution analyses generally correlate well for element
concentrations as low as about 50 ng g−1 (Fig. 6).

For three of the four analysed gabbros (Fig. 7a, c and d),
the relative standard deviation over several measurements is,
with a few exceptions, generally better than 10 to 15 % for
concentrations higher than 1 to 2 µg g−1 and better than 20 %
for concentrations ranging from 0.1 to 1 µg g−1. The pre-
cision decreases with lower concentrations, especially be-
low 10 ng g−1. The measurements for the gabbro sample
CM1A-18Z-1, 26–33 cm (Fig. 7b) have RSDs generally bet-
ter than 20 % for concentrations higher than 1 µg g−1 and
40 % for concentrations ranging from 10 ng g−1 to 1 µg g−1.
This sample also displays the lowest trace element contents
over the four studied gabbros (Fig. 8a), which could explain
the poorer precision.

In detail:

– Transition elements (Sc, Ti, V, Cr, Co, Ni, Cu, Zn)

The concentrations determined using the LA-ICP-
MS method for the transition elements differ on
average by +0.2 % from the replicates’ values, and
δRV are between −4.0 % and +5.4 % for individual
samples. The averaged repeatability of their measure-
ments is better than 11.3 % for samples plotted in
Fig. 6a, c, d and better than 19.4 % for the sample
in Fig. 6b. With a few exceptions, the precision is
better for Sc (RV= 14.5–51.0 µg g−1), Ti (RV= 420–
2834 µg g−1), V (RV= 46.2–171 µg g−1) as well as
for Mn and Ga (not analysed for replicates), with a
repeatability generally better than 9 % than for Cr
(RV= 390–1122 µg g−1), Co (RV= 12.9–41.9 µg g−1),
Ni (RV= 95.9–208 µg g−1) and Cu (RV= 66.7–
151 µg g−1), with a repeatability mostly better than
15 %, and especially Zn (RV= 7.48–24.8 µg g−1),
with a repeatability better than 25 % (Fig. 7). The
precision here is not directly related to concentrations,
and precisions poorer than for other elements have
also been observed for Cr, Ni and Zn for reference
materials (Fig. 5). It can be related to a grain size effect
between plagioclase and clinopyroxene of the gabbros
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Figure 7. Evolution of the relative standard deviation (RSD, in %) relative to the measured element concentrations for the four gabbro
samples from the Hole CM1A (a) CM1A-6Z-2, 12–17 cm (n= 5), (b) CM1A-18Z-1, 26–33 cm (n= 5), (c) CM1A-25Z-4, 50–59 cm (n= 6),
and (d) CM1A-41Z-2, 0–6 cm (n= 6).

that do not incorporate these elements into the same
proportions, even if the n measurements (five or six)
seem to be numerous enough to get an average con-
centration for each element fitting relatively well with
the replicate values (Figs. 6 and 8). It was also shown
that the sample milling (steel jaws of the crusher)
or preparation of pellets (the press) could eventually
slightly contaminate the powder in metal elements
(Garbe-Schönberg and Müller, 2014; Peters and Pettke,
2017). Such contamination during the preparation of
the pressed powder pellets is unlikely here, as in the
present study, the pellets were pressed using Prolene
film to isolate the powder from the load (Sect. 2.3.1),
and the ablation signal was integrated in calculations
only after a few seconds to discard potential surface
contamination (Sect. 2.3.2).

– Rare Earth Elements

As a whole, analyses for the four gabbro samples differ
on average by+2.3 % from the replicates’ values for the
REEs (−5.0<δRV<+9.8 %), and the REE patterns
obtained by LA-ICP-MS fit relatively well with the ones
obtained by replicate solution analyses (Fig. 8a). In de-
tail, the intra-sample repeatability for the REEs anal-
ysed by LA-ICP-MS is better than 6.2 % (Fig. 6a; sum

of RV REEs= 4.76 µg g−1), 8.3 % (Fig. 6d; sum of RV
REEs= 6.64 µg g−1), and 13.4 % (Fig. 6c; sum of RV
REEs= 8.61 µg g−1) but reaches 23.4 % for the sample
plotted in Fig. 6b (sum of RV REEs= 1.49 µg g−1), with
a poorer repeatability for the HREE (Gd-Lu: 29.3 %)
than for the LREE (La-Eu: 15.7 %). The poorer preci-
sion correlates here with the lower REE contents in this
sample (Figs. 7 and 8).

– High-Field-Strength Elements (Zr, Nb, Hf, Ta) and
other (ultra-)trace elements (Y, Pb, Th, U)

On average for all the samples, determined Zr
(RV= 1.27–5.80 µg g−1) and Hf (RV= 49–250 ng g−1)
concentrations are close to the replicates’ values, with
a mean δRV of −9.4 % (−16.3<δRV<+5.7 %) and
−3.8 % (−10.4<δRV <+12.7 %), respectively. The
intra-sample repeatability is better than 15 % for Zr
and 10 % for Hf (excepting 16.7 % for the sample in
Fig. 6c). For other HFSE, Nb and Ta are among the
few elements for which the concentrations are assumed
to have not been determined precisely using the LA-
ICP-MS for the gabbro samples, as the obtained re-
sults do not fit with the replicates’ values (RVNb= 15–
70 ng g−1; RVTa= 8–17 ng g−1). The concentrations
obtained for Nb are systematically underestimated by
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Figure 8. Chondrite-normalized (normalization values from Barrat et al., 2012) REE and multielement patterns obtained for the (a) gabbro
and (b) dunite samples from Hole CM1A by LA-ICP-MS and XRF analyses of pressed powder pellets on-board the D/V Chikyu, compared
to replicates for the same samples.

more than 50 % excepting the sample in Fig. 6c that
shows a δRV=−2.8 % (with a repeatability better than
17.1 %), while Ta is on average underestimated by
more than 80 % (Fig. 6). Concerning other trace to
ultra-trace elements, Y (mean δRV=+5.2 %) and Pb
(mean δRV=−6.6 %) are close to the replicates’ val-
ues (RVPb= 82–161 ng g−1; RVY= 1.07–5.46 µg g−1),
with an averaged repeatability better than 15.3 % and
31.6 %, respectively. Th, like Nb and Ta, is gener-
ally underestimated using the LA-ICP-MS method in
comparison with the replicates’ values, by about 40 %
on average (RVTh= 2–9 ng g−1), while U is generally
overestimated by about 50 % (RVU= 1–4 ng g−1). Ex-
ceptions are the concentrations for Th for the sample
shown in Fig. 6c (δRV=−4.0 %, repeatability better
than 23.2 %) and for U for the sample shown in Fig. 6d
(δRV=−1.7 %, with a worse repeatability of 75.1 %).
The apparently unreliable determination of Nb, Ta, Th
and U in most gabbro samples could likely be attributed
to the nugget effect related to grain sizes as evoked
above. On the other hand, those elements have con-
centrations among the lowest in the studied gabbros
(Fig. 7), and we thus attribute this unreliable determi-
nation to instrumental limitations with the used equip-
ment.

– Lithium and large-ion lithophile elements (Rb, Sr, Cs,
Ba)

The concentrations obtained by LA-ICP-MS for Li
in the gabbro samples are relatively close to the
replicates’ values (RVLi= 0.67–1.75 µg g−1), with
δRV=−8.4 % on average (−15.1<δRV<−4.0 %;
Figs. 6 and 8), with a repeatability better than 13.0 %
on average (Fig. 7). Measured Cs concentrations are
slightly underestimated for samples in Fig. 6a, b and
c (−16.1<δRV<−7.0 %) but significantly overesti-
mated for the sample in Fig. 6d (δRV=+50.1 %, with
RVCs= 22–813 ng g−1). The repeatability for Cs is
also variable, comprised between 6.3 % and 22.4 % for
samples in Fig. 6a, b and d, but reaching 50.2 % for
the sample in Fig. 6c. In detail, the Cs content for the
samples in Fig. 6a and b is 286 and 813 ng g−1, respec-
tively, and 22 and 54 ng g−1 for the samples in Fig. 6c
and d, respectively. These lower concentrations explain
the higher deviation from replicate values and/or the
poorer precision for these two latter samples. For other
LILE (Rb, Sr, Ba), the obtained results are close to the
replicates’ values, with an averaged δRV of +2.5 % for
these three elements (57 ng g−1<RVRb< 1.02 µg g−1;
RVSr= 137–189 µg g−1; RVBa= 2.09–8.54 µg g−1).
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The determination of Rb is slightly more accurate
(−8.3<δRV<−2.6 %; mean −5.1 %) than for Sr
(−8.9<δRV<+16.9 %, mean +4.3 %) and Ba
(−5.5<δRV<+14.8 %, mean +8.2 %). The repeata-
bility over the different measurements is on average
better than 18.7 % for Rb, 8.0 % for Sr, and 5.8 % for
Ba (Fig. 7). The precision here is thus better, with
higher concentrations (Sr and Ba), while the accuracy
(lower deviation from the replicate values) is better for
the less concentrated Rb.

According to the presented results, the lowest concentra-
tions assessed with a high accuracy and good precision (e.g.
repeatability better than 10 %) for the gabbro samples fall
within the range 50 to 100 ng g−1 (Figs. 6 and 7). For a few
exceptions we were able to accurately determine concentra-
tions as low as nearly 1 to 10 ng g−1 but generally with a
poorer repeatability (Fig. 7). For example, we measured con-
centrations of 13.5 ng g−1 for Lu, with a repeatability better
than 21.2 % (CM1A-18Z-1, 26–33 cm; Fig. 6b), 8.6 ng g−1

for Th with a repeatability better than 23.2 % (CM1A-25Z-4,
50–59 cm; Fig. 6c), and 0.98 ng g−1 for U with a repeatabil-
ity better than 75.1 % (CM1A-41Z-2, 0–6 cm; Fig. 6d).

3.2.2 Hole CM1A dunite samples

The three dunite samples analysed by laser ablation and as
replicates are CM1A-51Z-1, 31–39 cm (Fig. 9a), CM1A-
58Z-2, 1–6 cm (Fig. 9b), and CM1A-75Z-3, 66–73 cm
(Fig. 9c). We will focus here only on the results obtained
for the REE, HFSE and other trace to ultra-trace elements
in order to evaluate the accuracy on the lowest concentra-
tions (mainly below 100 ng g−1, right part of Fig. 9) reach-
able using the sample preparation procedure and laser abla-
tion method developed on-board the D/V Chikyu.

The measured REE concentrations and the chondrite-
normalized REE patterns differ between results obtained by
the LA-ICP-MS method and the replicates (Figs. 8b and 9),
but only moderately considering that the REE concentra-
tions are mostly below 25 ng g−1 in these dunite samples
(e.g. RVLa= 4–20 ng g−1; RVSm= 2–5 ng g−1; RVYb= 19–
27 ng g−1). As a whole for the three dunite samples, REE
concentrations determined by laser ablation differ on aver-
age by +11.0 % from the replicates’ values. For individual
samples, the concentrations appear slightly to moderately
underestimated for the sample in Fig. 9a (δRV=−20.2 %)
and overestimated for the samples in Fig. 9b and c (δRV=
+22.5 % and +24.4 %, respectively) in comparison with the
replicates’ values. In detail, the LREE (La–Eu) are on av-
erage generally slightly underestimated (δRV=−8.8 %), es-
pecially in La and Ce, while the HREE (Gd–Lu) are slightly
overestimated δRV=+14.3 %). It is the reverse trend of the
one observed for the slightly overestimated LREE and un-
derestimated HREE in the reference materials (Fig. 3 and
Sect. 3.1.2). The repeatability is on average about 20 % for

the samples in Fig. 9a and b and reaches 40 % for the sample
in Fig. 9c. In detail, the precision decreases with the decreas-
ing concentration in REEs, especially concerning samples in
Fig. 10b and c. For sample CM1A-58Z-2, 1–6 cm (Fig. 10b),
the RSD increases from about 10 % for REEs with a con-
centration near 20 ng g−1 to 35 % for concentrations near
2 ng g−1. For sample CM1A-75Z-3, 66–73 cm (Fig. 10c),
the RSD roughly increases from 20 % (25 ng g−1) to 45 %
(1 ng g−1). Concerning sample CM1A-51Z-1, 31–39 cm in
Fig. 10a, the precision is better than 20 % for all REEs ex-
cepting Gd (RSD= 25.7 %). Similarly to the reference ma-
terials and gabbro samples for some elements, the stronger
deviation from replicate values together with the poorer pre-
cision for the sample in Figs. 9c and 10c correlate with the
lower measured REE contents.

Concerning the HFSE, only the concentrations for Hf (av-
eraged δRV=+19.1 %, averaged repeatability better than
42.2 %) and Zr for the sample in Fig. 9c (δRV=−16.2 %,
repeatability better than 18.2 %) were determined with a
deviation of less than 20 % from the replicates’ values
(RVHf= 2 ng g−1 and RVZr= 60 ng g−1 in this sample). The
Nb and Ta were significantly underestimated by more than
70 % and 80 %, respectively, using the laser ablation method,
similarly to the results obtained for the gabbro samples. It
is likely related to the analytical difficulty of precisely de-
termining such elements (e.g. Ionov et al., 1992; Jochum et
al., 1990; Weyer et al., 2002) and/or to their low concen-
trations in such depleted dunites. For example, the deter-
mined concentrations for Nb were comprised between 1.4
and 7.3 ng g−1 when analysed by laser ablation on-board
the D/V Chikyu and between 10.3 and 15.9 ng g−1 for the
replicates’ values. Similarly, the determined concentrations
for Ta were between 0.2 and 0.8 ng g−1 by laser ablation
analyses and 2.7 ng g−1 for one replicate analysis only. The
Th concentration is likewise moderately to significantly un-
derestimated (averaged δRV=−34.3 % with RVTh= 0.4–
0.9 ng g−1, except−16.5 % for the sample in Fig. 9b but with
a poor repeatability of 82.3 %). By contrast, Pb and U are
systematically strongly overestimated (RVPb= 9–17 ng g−1,
RVU= 0.2–0.6 ng g−1; Fig. 9), once again reminiscent of
what was observed for the gabbro sample.

To summarize, the analysis of the dunite samples us-
ing the LA-ICP-MS method developed on-board the D/V
Chikyu allowed us to determine the REE concentrations
with a relatively good accuracy with regard to their very
low contents in such lithologies and to reach concen-
trations about an order of magnitude lower in dunites
(sum of REEs= 0.10–0.16 µg g−1) than in gabbros (sum of
REEs= 1.6–9.5 µg g−1). Regarding these results, the low-
est REE contents assessed with relatively high accuracy and
good precision (e.g. repeatability better than 20 %) for the
dunite samples are as low as 1.5–2 ng g−1. Except for Hf,
which seems to have been determined relatively accurately,
the accurate determination of concentrations in other HFSE
(especially Nb and Ta) and (ultra-)trace elements (Pb, Th,
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Figure 9. Comparison of the mean measured concentrations obtained by LA-ICP-MS on pressed powder pellets with the analysed replicates
for the same samples (solution analysis, IES-AS (Taiwan) for samples in (a) and (c) and GET (France) for the sample in (b)) for three
dunite samples from Hole CM1A. The selected samples are (a) CM1A-51Z-1, 31–39 cm (n= 6), (b) CM1A-58Z-2, 1–6 cm (n= 6), and
(c) CM1A-75Z-3, 66–73 cm (n= 5). The black solid line is the 1 : 1 line between the concentrations determined by LA-ICP-MS on-board
the D/V Chikyu and for the replicates. The black dashed lines represent 50 % deviation from the 1 : 1 line.

U) appears to be beyond the analytical limitations of the de-
veloped method. However, it is worth noting that the con-
centrations determined by LA-ICP-MS roughly follow the
1 : 1 line when plotted as a function of the replicates’ val-
ues (Fig. 9). The analysed elements are as a whole globally
slightly underestimated (Fig. 9a) or overestimated (Fig. 9b,
c) for a given dunite sample, independently of the laboratory
which analysed the replicates, IES-AS (Taiwan) for Fig. 9a
and c and GET (France) Fig. 9b, and do not plot randomly. It
thus cannot be ruled out that a part of the difference from the

replicates may be due to a slight uncertainty related to their
analysis in these two external laboratories after Leg 3.

3.3 Effects of the two-step milling

In order to briefly illustrate the necessity of a second-step
milling to obtain an average powder grain size fine enough
to obtain reliable results for the determination of whole-rock
trace elements by LA-ICP-MS, the chondrite-normalized
patterns obtained for pressed powder pellets milled one time
only (to the left) and two times (in the centre) are shown
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Figure 10. Evolution of the relative standard deviation (RSD, in %)
relative to the measured element concentrations for the three dunite
samples from the Hole CM1A (a) CM1A-51Z-1, 31–39 cm (n= 6),
(b) CM1A-58Z-2, 1–6 cm (n= 6), and (c) CM1A-75Z-3, 66–73 cm
(n= 5).

in Fig. 11. The three examples are the reference materials
BIR-1a and BHVO-2 and the gabbro sample CM1A-6Z-2,
12–17 cm. For BIR-1a and the gabbro sample, the different
grain sizes after one-step and two-step millings are shown in
Fig. 2.

The chondrite-normalized REE patterns for individual
analyses are much more variable when obtained for one-time
milled pressed powder pellets. This is observed for all el-
ements for BIR-1a (Fig. 11a) and BHVO-2 (Fig. 11b) and

particularly for HREEs in the gabbro sample (Fig. 11c). The
mean measured concentrations for BIR-1a are slightly over-
estimated in the lighter REEs (> 21 % for La and Ce) and
significantly underestimated in HREEs, by 22 % on average
from Gd to Lu, relative to preferred values and to the results
obtained for the pellet prepared with powder two-time milled
(to the right in Fig. 11a). Similar bias in the determination
of the REE concentrations has been obtained in analysing
a one-time milled pressed powder pellet prepared for the
reference material BHVO-2 (+17 % for the LREELa-Eu and
−14 % for the HREEGd-Lu), in addition to a slight positive Eu
anomaly (Fig.11b). For the gabbro sample CM1A-6Z-2, 12–
17 cm, all the REEs are significantly overestimated, by about
40 % on average (Fig. 11c). These examples illustrate well
that trace element analysis by LA-ICP-MS of pressed pow-
der pellets with too coarse a grain size produce unreliable
results (see also Garbe-Schönberg and Müller, 2014). Such
unreliable whole-rock compositions likely result from anal-
yses dominated by individual mineral-phase compositions,
as illustrated by the grain sizes presented in Fig. 2. For ex-
ample, several analyses for the gabbro sample CM1A-6Z-2,
12–17 cm will successively be dominated by clinopyroxene
(green grains in Fig. 2c) or plagioclase (whitish grains in
Fig. 2c) rather than by a homogenized, fine mix of all the
phases.

4 Summary of the developed LA-ICP-MS method:
limitations and perspectives

In this article we show that the method developed for sample
preparation of fine-grained pressed powder pellets analysed
by LA-ICP-MS allows the determination of (ultra-)trace ele-
ment concentrations on-board the D/V Chikyu. It enables the
accurate determination at sea of concentrations by 4 to 5 or-
ders of magnitude lower than the ones reachable previously
using on-board XRF. According to the results obtained for
the reference materials and gabbro samples from the Oman
Drilling Project Hole CM1A, reliable results with a high ac-
curacy and a precision better than 10 % can be achieved for
elements with concentrations in the range 50–100 ng g−1 and
higher (e.g. transition elements, REE for BHVO-2, BIR-1A
and part of the gabbros). Regarding the presented results for
the reference material JP-1 (peridotite) and the dunites from
CM cores, analysed to test the limitations of the method, re-
liable results with a precision better than 20 % to 25 % can
be achieved for concentrations as low as 1–2 ng g−1, espe-
cially for the REEs. For a few exceptions, lower concentra-
tions have been analysed (e.g. Th= 0.3 ng g−1 for the sam-
ple in Fig. 9b) but with a poorer repeatability related to the
limits of detection. The presented method does not yet allow
the accurate determination of ultra-trace element concentra-
tions in depleted dunites from the oceanic crust–mantle tran-
sition nor mantle peridotites as low as those analysed by ICP-
MS after acid digestion, and some elements such as HFSE
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Figure 11. Comparison of the chondrite-normalized (normalization values from Barrat et al., 2012) REE patterns obtained for the reference
materials (a) BIR-1a and (b) BHVO-2 and for (c) the gabbro CM1A-6Z-2, 12–17 cm after LA-ICP-MS analyses of one-time milled pressed
powder pellets (left) and of two-time milled pressed powder pellets (centre). The determined concentrations show a greater variability after
only one milling step, and the averaged compositions (right) differ significantly from the results obtained both after the second-step milling
and for the replicates.

are still difficult to determine precisely. Indeed, mantle peri-
dotites and especially dunites are known to be highly de-
pleted in trace elements with concentrations in middle Rare
Earth Elements such as Sm or Eu or in other elements such as
Ta, Th or U, regularly below 1 ng g−1 (for solely the Oman
ophiolite, e.g. Gerbert-Gaillard, 2002; Godard et al., 2000,
2008; Hanghøj et al., 2010; Le Mée et al., 2004; Monnier
et al., 2006; Rospabé, 2018; Rospabé et al., 2018b, 2019;
Takazawa et al., 2003). In addition, the signal during solu-
tion ICP-MS measurements generally has a greater stability

than laser ablation signals. Here we show both for the refer-
ence materials and OmanDP core samples that the accuracy
and precision decrease with decreasing element concentra-
tions (Figs. 5, 7 and 10), allowing us to consider the unreli-
able results, at first order, to be directly related to instrumen-
tal limitations. However, the obtained results are promising,
and further adjustments of the operating conditions could im-
prove this safe, “dry” (acid-free) method to routinely analyse
trace to ultra-trace elements at sea during ocean drilling op-
erations. It could be adapted to other research topics such
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as (paleo-)volcanism (e.g. Sato et al., 2020) and applied to
other materials such as sedimentary cores for chemostrati-
graphic studies – for the analysis of metal- and/or REY-rich
sediments as an example for recent studies in the North Pa-
cific Ocean (Tanaka et al., 2020a, b; Yasukawa et al., 2018,
2020) – and be extended to the analysis of other chemical
elements which were not investigated here.

In addition to a possible analytical limitation regarding ac-
curate assessment of very low concentrations, a few other
limitations have to be considered in the application of this
new technical tool on-board the D/V Chikyu. In particular,
this procedure needs more time to perform the second milling
step for the preparation of fine-grained pressed powder pel-
lets and for the laser ablation analyses in comparison with the
one-time milled pellets routinely analysed by XRF for their
concentrations in major, minor and some trace elements.

– The diameter of the agate balls used for the second
milling step was 20 mm. A smaller diameter could be
used. For example, 10 mm-large balls have been ac-
quired and used on-board the D/V Chikyu during Leg 4,
following Leg 3 during which we developed the method
described in the present article (Kelemen et al., 2020),
but agate balls even smaller than 10 mm exist. The use
of such smaller agate balls has two potential advan-
tages. First, it could allow us to mill the samples more
quickly, allowing time gains during the sample prepa-
ration procedure. Second, it could allow us to mill the
powder to a finer grain size that could in turn make the
pressed powder pellets more homogeneous and thus the
signal more stable during measurements and the results
more reliable. In addition, a wet milling using water for
the second milling step might further reduce the grain
size and improve the pellet homogeneity, as shown by
Garbe-Schönberg and Müller (2014) and Peters and Pet-
tke (2017). Accordingly, a possible “nugget effect” as
evoked earlier (see also Peters and Pettke, 2017) could
be minimized.

– Following the different steps tested during Leg 3, it ap-
pears that a minimum of three analyses on each sam-
ple is the minimum required to account for the sample
powder heterogeneity so that the averaged compositions
are adequately close to reference or preferred values. In
the examples we presented and especially for the dunite
samples that are particularly depleted in (ultra-)trace el-
ements, we decided to perform a minimum of five or
six measurements per sample to improve the repeatabil-
ity and more accurately determine the lowest concentra-
tions. Further improving the two-step milling process
could allow for a reduction in the number n of repli-
cate measurements, especially if an analytical sequence
is made of alternating analyses on reference glasses and
pressed powder pellet samples to ensure the measure-
ments are not affected by the different matrix.

– The current procedure requires changing of sample pel-
lets – and thus opening of the laser ablation sample cell
– between each sample. An alternative design for the
two-time milled pellets, with a smaller diameter, could
allow loading of two or more samples at the same time
in the laser ablation sample cell. In addition, modifica-
tions to the settings of the laser ablation system could
allow us to set a laser spot larger than the maximum
size (100 µm large in diameter) used in the present study
and thus be complementary to the improvement of the
preparation procedure of the pressed powder pellets.

– In the course of the 30 d-long Leg 3, during which we
developed the presented method, we did not perform a
procedural blank related to (1) the crushing of the sam-
ples and to (2) the second milling step and pressed pow-
der pellet preparation.

a. Indeed, it has been shown that the milling can
slightly contaminate the powder (Peters and Pet-
tke, 2017), especially with metals and trace ele-
ments when using a crusher with steel jaws. Af-
ter the 14 and 7 mm crushing steps, samples were
sieved at 250 µm, and smaller particles that passed
through were discarded to avoid possible cross-
contamination with the previously crushed sam-
ple and possible tiny steel sequins from the jaws.
The contamination of the powder by the steel jaws
during the next two crushing steps would result
in tiny sequins irregularly distributed within the
pressed powder pellets and subsequently would al-
low highly variable ablation signals for a given el-
ement compared to the homogenized signal during
the replicate solution analyses of the same samples
(same powders). The good correlation between el-
ement concentrations measured by laser ablation
and replicate analyses for many elements allows
us to estimate such potential contamination as un-
likely or very limited – we processed five or six
measurements per sample, while probably tens of
measurements would be required to get a homo-
geneous integration of the whole sample plus the
potential, irregularly distributed contamination to
reproduce the replicate values if the powder was
contaminated during the sample crushing step. In
the present study, such contamination is thus con-
sidered unlikely, and the inaccurate measurements
associated with poorer precision observed for the
elements with the lowest concentrations are at first
order attributed to instrumental limitations. In addi-
tion, the used Jaw Crusher Retsch BB50 was new,
and this model is well adapted to gently crush small
samples, but to check the possible blank contri-
bution could be useful through time to ensure the
crushing step does not contaminate the samples af-
ter many uses of the crusher.
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b. Concerning the second milling step and pressed
powder pellet preparation, we used Prolene film to
isolate the surface powder from the load, as de-
scribed in Sect. 2. In addition, the ablation sig-
nal was integrated in calculations after only a few
seconds to discard potential surface contamination.
The reliable results obtained for the three anal-
ysed reference materials show that the second step
milling and pressed powder pellets preparation do
not induce any contamination.

– In the present study, 29Si was used as an internal stan-
dard and the calculations performed using the SiO2 con-
tent (reference values or certificate for standards, deter-
mined by XRF on-board during Leg 3 for the OmanDP
samples). We chose this internal standard as SiO2 was
expected to be highly concentrated in all the analysed
reference materials and core samples. As an example,
42Ca, which is regularly used as an internal standard for
laser ablation analyses, could not be applied to dunites
that have a too low CaO content. However, the milling
bowl and balls are made of agate, and it cannot be ruled
out that the balls could be slowly abraded over time
and possibly variably contaminate the powder with sil-
icon. Such contamination can be excluded concerning
the second milling step as we were able to precisely de-
termine the chemical compositions for the three anal-
ysed standards (Sect. 3.1), but the first milling step us-
ing two different sizes of agate balls could eventually be
more critical through time. In the present study, we were
able for many elements to reproduce by laser ablation
analyses, using 29Si as an internal standard, the repli-
cate values obtained by solution analyses using other
internal standards (In, Re and Be for gabbros, In or Tm
for dunites). In the course of future ship-board opera-
tions, other internal standard elements could be adapted
for the trace element analyses at sea, particularly for
lithologies with a low silica content (e.g. carbonates).

– The argon gas supply on-board the D/V Chikyu is cur-
rently limited to 4230 L (90 bottles each with a capac-
ity of 47 L at a pressure of 14.7 MPa). In case new Ar
bottles cannot be delivered during drilling operations
(i.e. if the drilling site is too far from the coast), (1) the
sample selection and the analytical schedule have to be
well organized and the operating conditions optimized
to cover the duration of the cruise according to the ex-
pected goals and/or (2) to plan an increase in the Ar gas
supply capacity of the D/V Chikyu. Otherwise, He is
frequently used as a carrier gas before being mixed with
Ar downstream of the ablation cell. In the present study,
we used an Ar gas line only, and a different procedure
coupling the use of both He and Ar could be adapted to
increase the instrument sensitivity.

An alternative to the analysis of whole-rock trace element
concentrations is the in situ analysis in minerals. The Lab
Street Deck of the D/V Chikyu is equipped with a sam-
ple preparation room where thin sections and epoxy mounts
for separated minerals can be prepared. In this way during
Leg 3, laser ablation analyses have been performed on epoxy
mounts containing pyroxenes separated from the CM core
mantle harzburgites, and replicate analyses performed at the
IES-AS laboratory (Taiwan) were in good agreement with re-
sults obtained on-board. Similarly, the method presented here
could thus be applied for the trace element analysis of thin
sections prepared from heterogenous materials or of epoxy
plots prepared for separated minerals.

5 Conclusion

We presented a “dry” safe method to assess whole-rock trace
to ultra-trace element concentrations in mafic and ultramafic
rocks from the oceanic lithosphere, developed to be used
at sea. The reliability of the results obtained for the refer-
ence materials (BHVO-2, BIR-1a and JP-1) and for gabbro
and dunite samples from the Oman ophiolite (OmanDP Hole
CM1A) is shown for concentrations as low as 1–2 ng g−1,
especially for Rare Earth Elements. This method can be well
adapted for a low-resolution study of the chemical evolutions
along cores recovered during scientific ocean drillings, espe-
cially in light of the major element compositions previously
obtained by XRF and/or for the study of more specific inter-
vals along the cores. Sixty years after the initiation of Project
Mohole in 1961 that initially aimed to drill under the oceans
in order to cross the Moho and reach the Earth’s mantle, this
striving target for Earth scientists has not yet been achieved.
The perspective of the Mohole to Mantle (M2M) drilling
project that could be conducted within the next few years
in the Pacific Ocean using the D/V Chikyu (Michibayashi et
al., 2019; Morishita et al., 2019; Teagle and Ildefonse, 2011;
Umino et al., 2021) is a stimulating motivation for the de-
velopment of new on-board techniques and instruments that
could contribute to make this ultimate objective of the scien-
tific ocean drilling a success. Alternatively, this method could
be improved and/or adapted for other materials recovered in
the course of future ocean drillings as well as for other chem-
ical elements of interest in addition to the 37 elements inves-
tigated here (transition elements and Ga, Li and LILE, REE,
HFSE, Y, Pb, Th, and U).

Data availability. The whole-rock (ultra-)trace element concen-
trations obtained by LA-ICP-MS for the pressed powder prepared
for the three reference materials BHVO-2, BIR-1a and JP-1 are
given in Table 2. The measured elements discussed for the Oman
Drilling Project CM gabbros and dunites, both obtained by LA-ICP-
MS on-board the D/V Chikyu and replicate analyses after Leg 3, are
given in the Supplement.
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Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/sd-30-75-2022-supplement.
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