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Abstract. We report a new sampling strategy for collecting representative samples of drill core. By splitting the
core with a diamond saw into working and archive halves, the saw cuttings constitute a “channel” sample, the
best subsample from which to obtain an average mineralogical and geochemical composition of a core. We apply
this procedure to sampling core of the lower oceanic crust in the Hess Deep obtained during Expedition 345 of
the Integrated Ocean Drilling Program (now International Ocean Discovery Program).

Our results show that particles produced by sawing range from sand to clay sizes. Sand- and silt-sized cut-
tings can be sampled with a spatula, whereas clay-sized particles remained in suspension after 12 h and could be
collected only by settling, aided by centrifuge. X-ray diffraction (XRD) analysis and Rietveld refinement show
that phyllosilicates were fractionated into the clay-sized fraction. Thus, collection of both the sedimented frac-
tion and the clay-sized suspended fraction (commonly > 15 wt % of the total) is necessary to capture the whole
sample. The strong positive correlation between the recovered sample mass (in grams) and length of core cut
demonstrates that this sampling protocol was uniform and systematic, with almost 1.4 g sediment produced per
centimeter of core cut. We show that major-element concentrations of our channel samples compare favorably
with the compositions of billet-sized samples analyzed aboard the JOIDES Resolution, but the results show that
individual billet analyses are rarely representative of the whole core recovered. A final test of the validity of our
methods comes from the strong positive correlation between the loss on ignition (LOI) values of our channel
samples and the H2O contents calculated from the modal mineralogy obtained by X-ray diffraction and Rietveld
refinement. This sampling procedure shows that grain-sized fractionation modifies both mineralogical and chem-
ical compositions; nevertheless, this channel sampling method is a reliable method of obtaining representative
samples of bulk cores. With the ever-increasing precision offered by modern analytical instrumentation, this
sampling protocol allows the accuracy of the analytical results to keep pace.
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1 Introduction

Fundamental questions about the dynamics of plate tectonics
require the most statistically robust knowledge of the com-
position of the oceanic crust produced with variable spread-
ing rates. Slow spreading rates may produce more alkali-rich
magmas, whereas fast spreading may produce more mafic
magmas with higher percentages of melting (e.g., Regelous
et al., 2016). In addition, the state of alteration to hydrated
minerals may play an important role in defining the density
and seismic properties of the oceanic crust. An understand-
ing of the consequences of the destruction of oceanic crust
during subduction at convergent plate margins requires de-
tailed knowledge of the extent of hydration and related alter-
ation mineralogy of the recycled slab. These variables con-
trol the flux of fluids returned to the mantle. This in turn af-
fects both petrologic (e.g., hydration melting) and geophysi-
cal (e.g., dehydration embrittlement) behavior of these rocks
(e.g., Raleigh and Paterson, 1965; Meade and Jeanloz, 1991;
Hacker et al., 2003; Bourdon et al., 2003; Manning, 2004;
Ranero et al., 2005).

Progress in defining the properties of the oceanic crust has
been stymied by the lack of knowledge of the composition
of the lower oceanic crust. Our knowledge of the chemical
and mineralogical composition of the oceanic crust is biased
toward the more accessible volcanic rocks and sheeted dikes
from mid-ocean ridge basalt (MORB) (e.g., Stewart et al.,
2002, 2005; Blackman et al., 2011; White and Klein, 2014).
Analysis of lower crustal lithologies by core and dredged
samples provides some answers (e.g., Mével and Stamoudi,
1996; Natland and Dick, 1996; Pedersen et al., 1996; Dick
et al., 1999; Manning et al., 1996; Lissenberg et al., 2013),
but such studies are limited by small individual sample size
and by lack of structural context. In particular, the chem-
ical composition and especially the modal mineralogy of
lower plutonic oceanic crust at fast-spreading axes are not as
well known as slower spreading centers (Arai and Matsuk-
age, 1996; Coogan et al., 2002; Arai and Takemoto, 2007;
Gillis et al., 2014e). There is a large body of literature on
the use of reflectance spectroscopy for determining the min-
eralogy of rocks from the planetary scale (e.g., remote sens-
ing of Mars and Earth) to the microscopic scale. For exam-
ple, micro-imaging infrared spectroscopy as applied to the
Samail ophiolite, Oman (Kelemen et al., 2020), is an advance
in detecting whole-core mineralogy but is so far only semi-
quantitative. Greenberger et al. (2021) used the X-ray diffrac-
tion (XRD) data from Kelemen et al. (2020) to map mineral
distributions in oceanic crust from Oman. They were able
to determine spatial distributions of a number of minerals
and mineral groups in core, with claimed accuracy of 68 %–
100 % compared with XRD identifications. Micro-imaging
infrared spectroscopy can identify mineral families (Green-
berger et al., 2021) with a spatial resolution of∼ 250 µm, but
the method does not discriminate well among important min-

eral groups (e.g., quartz from two feldspars, phyllosilicates,
oxides, sulfides, zeolites).

This gap in data from the lower crust was one of the pri-
mary motivations for drilling the lowermost ocean crust at
the fast-spreading East Pacific Rise on Expedition 345 to the
Hess Deep (Gillis et al., 2014e). First-order questions ad-
dressed there included (1) what are the compositions of the
primitive plutonic rocks that comprise the lower magmatic
crust, and (2) what is the state of alteration of that crust? Dif-
ferent approaches used to calculate the bulk major-element
compositions of oceanic crust (e.g., Gillis et al., 2014a) are
presently still debated (White and Klein, 2014). The major
point of contention relates to the composition of the lower
oceanic crustal component of the total crust (e.g., Coogan,
2014). Here the lack of quantitative data for the gabbroic
lower oceanic crust leads to additional uncertainty.

In this study we describe a sampling strategy that allows
us to acquire representative samples of all the cores of lower
crustal rocks recovered from Expedition 345 to the Hess
Deep. We provide results demonstrating the viability of the
sampling method, we present data on the modal mineralogy
and major-element compositions of these cores, and we com-
pare our results with those of traditional methods of analyz-
ing centimeter-sized billets subjectively sampled from parts
of cores. Deasy et al. (2021) presented the quantitative chem-
ical results of our study and applied them to interpreting mag-
matic processes in the lower crust and in an updated estimate
of the composition of fast-spreading oceanic crust.

2 Background on sampling protocols

Samples of oceanic crustal rocks are available from limited
coring, dredging, and collecting from submersible dives, but
sample size and sample density are typically small, yielding
to the conflicting interests and needs of different scientific ex-
periments, as well as to the preservation of the archival half
of the core. In the absence of other analytical data, sample se-
lection for chemical analysis is necessarily subjective and as
such can be statistically unsystematic. The analysis of a small
specimen may be representative of only that particular sam-
ple, and extrapolations to the composition of a related out-
crop, core, igneous unit, and especially crustal segment can
only be made with increasing uncertainty (e.g., Potts, 1987).

Small sample sizes employed for the analysis of hy-
drothermal alteration are especially limiting. Reactions and
structures responsible for alteration have been identified
(e.g., Lecuyer and Reynard, 1996; Manning and MacLeod,
1996; Manning et al., 1996; Frost et al., 2008; Meyer et al.,
2013; Deasy et al., 2014; Nozaka and Fryer, 2011; Marks
et al., 2013, 2014; Nozaka et al., 2016, 2017), but their net
effect on modifying the bulk mineralogy of the protolith is
not well understood (e.g., Gillis et al., 2005) and stands to
be improved. In fact, no analyst, with even the best analyt-
ical methods, will be able to correct data for errors related
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to unsystematic sampling (Heinrichs and Hermann, 1990).
An analysis of an entire core comes much closer to produc-
ing the data needed to assess the effects of alteration on bulk
compositions.

Representative sampling strategies are well established in
geochemical ore prospecting (e.g., Heinrichs and Hermann,
1990). Linear sampling, i.e., channel sampling, provides rep-
resentative samples for mineralogy and chemical analysis
(Sinclair and Blackwell, 2002), and such linear sampling has
been widely applied in the metal mining and coal industries
(e.g., Agterberg, 2012; Stanton, 1986; Swanson and Huff-
man, 1976). In surface exposures this involves cutting a lin-
ear channel, typically 10 cm deep, across the fresh outcrop
face (Cornish, 1966). The exact shape of the channel has lit-
tle influence on the sample quality, but a uniform volume of
sample needs to be guaranteed over the total length of the
channel (Heinrichs and Hermann, 1990). An additional rep-
resentative sampling method in ore prospecting equivalent to
a channel sample is the “Bohrmehlprobe”, where the fine-
grained material obtained from drilling rock-blasting holes
is collected for analysis (Heinrichs and Hermann, 1990).
NASA has recently used a similar drilling sampling strat-
egy with the Curiosity rover on Mars for quantitative mineral
compositions with the CheMin instrument (Bish et al., 2004,
2013). Finally, Hart et al. (1999) followed the philosophy of
a linear channel sample within the scientific drilling commu-
nity by trimming a 1 cm wide wedge off the edges of several
lengths of Ocean Drilling Program (ODP) core. Their highly
successful “strip” sample did produce representative samples
of core, but it also consumed a large percentage of the pre-
cious core recovered and so was never repeated within the
ocean drilling programs.

Identifying a sample representative of the mineral or
chemical composition of an entire length of core was es-
pecially challenging for the recent IODP Expedition 345,
Site U1415, to the Hess Deep for several reasons. First, the
billets (typically 2× 3× 3 cm, 15 to 30 g) used in chemical
analysis (Gillis et al., 2014d) are too small to adequately
sample the many varieties of gabbroic rocks that contained
oikocrysts of clinopyroxene up to 5 cm in diameter. The same
is true for samples with modal variations and layering that
occur on the scale of up to 10 cm (Gillis et al., 2014d; Koepke
et al., 2013). The most limiting property of the core is the
heterogeneous distribution of alteration. It is typically asso-
ciated with fractures and faults whose occurrence is equally
heterogeneous, and the scales of alteration vary from mi-
crometers to meters in width. The scale and distribution of
these structures is much too large to be captured propor-
tionally in typical IODP sample pieces, and the alteration
typically dismembers the core into irregular-sized pieces.
Moreover, billets are typically cut from well-indurated core,
thereby biasing sampling against altered material. Thus, the
analysis of billets cannot be representative of the bulk rock
or even the drilled units.

Another uncertainty in the study of IODP cores stems from
the method of obtaining modal mineralogy. Modal miner-
alogy is typically determined by “visual core descriptions”
(VCDs; Gillis et al., 2014c), where a scientist estimates by
eye the volume percent of each magmatic and alteration min-
eral. These are subject to uncertainties derived from the sev-
eral scientists involved in both identifying the mineralogy
correctly and in estimating modal percentages of each min-
eral accurately. These errors are not systematic, because six
or more scientists may be involved in the estimate of mag-
matic and alteration mineralogy of the many pieces of core.
In addition, it is often difficult, if not impossible, to obtain an
accurate identification let alone an accurate modal estimate
of fine-grained alteration minerals. It is well known from oil
reservoir characterization studies that visual estimates are of-
ten twice as high as point-counted values (Lucia, 2007). As
a result, visual estimates can be inaccurate if not calibrated
with point-counted methods.

Here we describe a new method of obtaining a representa-
tive sample of hard-rock core: a channel sample of the drill
core. These samples were obtained by meticulously collect-
ing all of the cuttings, slurries, and rinse water from the lin-
ear or “channel sample” of the core produced by the saw as it
cut each of the 42 cores into working and archive halves on
IODP Expedition 345 to the Hess Deep (Gillis et al., 2014c).
A distinct advantage of this method is that it did not con-
sume any new volume of core. These representative samples
were then used to determine (1) the modal mineralogy by
collecting X-ray powder diffraction data and using Rietveld
refinement methods to determine the total wt % of each min-
eral (Wintsch et al., 2013), (2) the major- and trace-element
compositions (Deasy et al., 2021), and (3) Sr isotopic com-
positions (Deasy et al., 2014; Wintsch et al., 2019). This new
method has distinct advantages over traditional methods used
in past IODP expeditions as described below.

3 Methods

In this section we provide detail on new methods of chan-
nel sampling, i.e., the systematic collection of rock mate-
rial removed during the separation of cores into working
and archive halves. The chemical analytical methods are de-
scribed in Deasy et al. (2021). During IODP Expedition 345,
42 cores were recovered “in situ” with the label “R.” Other
samples were of rock that collapsed into the hole and com-
monly produced “pebbly” material, having been ground by
the rotary drilling process. These “ghost” or “G” samples
(Gilles et al., 2014c) were maintained but were not systemat-
ically sampled in this study, because their position in the hole
could not be firmly established. The results of these miner-
alogical and chemical analyses confirm that this is a robust
method of sample collection.
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Figure 1. A schematic diagram showing the processes involved in
collecting the channel sample of the drill core. Larger particles pro-
duced in cutting the core (a) are sedimented in the plastic hous-
ing, whereas smaller particles are flushed into a large carboy (b). A
coarser-grained sedimented subsample is produced by allowing the
sample to settle for 12 h. Clay-sized particles remaining in suspen-
sion (c) are isolated by using a centrifuge.

3.1 Sample collection

In accordance with IODP procedures (see Gillis et al.,
2014c), all 42 cores recovered during IODP Expedition 345
were cut in half lengthwise to produce an archive half and
a working half. The sawing process cut a channel ∼ 1.5 mm
wide in the 57 mm diameter core. The fragments produced
by sawing were typically < 200 µm in diameter. Some frag-
ments were up to 2 mm in diameter, and many particles were
reduced to clay size. The standard procedure aboard the D/V
JOIDES Resolution (JR) had been to discard these cuttings
back to the ocean, thereby wasting the opportunity to acquire
this precious and otherwise “free” sample.

Our sampling procedure on the JR was as follows: after
the core was removed from its plastic casing, the core pieces
were thoroughly washed and rinsed of all drilling mud using
the distilled water produced on the JR. Beyond cleaning the
core of contaminants, it had to be optically clean for digital
imaging purposes. The samples were then cut on a new dia-
mond saw that was enclosed on five sides by a plastic hous-
ing (Fig. 1a). Together with the spray guard at the front of
the saw, all water and cuttings sprayed from the sample were
contained within the housing or collected through a drain into
buckets or carboys (Fig. 1b).

After all pieces in any one core (typically 0.5 to 1.5 m
long) were cut, we collected all of the particles pro-
duced from sawing the slot. The coarser grains, including
millimeter-sized fragments, sedimented to the bottom of the
plastic housing of the saw, and as much as possible of this
sedimented material was collected using a plastic spatula.
Any remaining particles were collected by rinsing the shut-
tle, mounts, and farther reaches of the housing with a strong

spray of distilled water and capturing this rinse water through
the drain into buckets or carboys (Fig. 1b). Final rinsing en-
sured the complete capture of all particles of all grain sizes
in any given section of core. This procedure effectively col-
lected all of the material in the 1.5 mm wide saw cut, aver-
aged over the entire 0.5 to 1.5 m core. Furthermore, the final
wash left the saw and housing clean for cutting the next sec-
tion of core and for the collection of the next channel sample.

The resulting slurry of particles, or cuttings and rinse wa-
ter was left to settle for at least 12 h to allow all silt-sized
and larger particles (those greater than ∼ 4 µm) to settle
to the bottom of the 37 cm tall bucket (e.g., Lewis, 1984;
Fig. 1b). The supernatant suspension was then decanted from
the bucket, leaving a thick slurry of particle sizes ranging
from ∼ 4 µm up to several millimeters. This slurry was then
air-dried, weighed, and retained for X-ray diffraction and
chemical analysis.

The suspension, then free of silt-sized particles, was
passed through a 10 µm sieve to capture any lingering coarser
particles (Fig. 1c). In practice the material on the sieve never
exceeded 0.1 g. This material was later added to the sedi-
mented 4 to 200 µm subsample. A 2 L aliquot of the remain-
ing 5 to 35 L of suspension was then decanted into 50 mL
centrifuge tubes, which were centrifuged at 2000 rpm for
10 min, removing particles < 4 µm. This clay-sized material
was then washed in alcohol, dried in air, and weighed, pro-
ducing the yield of < 4 µm material in grams per 2 L. The
volume of the remaining suspension was then measured in a
burette to±5 mL. Excess suspension water could then be dis-
carded, minimizing the need to store more than a few buckets
of rinse water at a time. The total mass of clay-sized particles
was then calculated. The final weight of the bulk samples of
each core was calculated by weighted averages of the sed-
imented and suspended subsamples; that is, bulk sample =
suspended sample + sedimented sample.

3.2 X-ray diffraction

Sedimented subsamples for this analysis were reground un-
der acetone to a fine powder using an agate mortar and pes-
tle. Powdered samples were loaded into Ti mounts with cavi-
ties 35 mm× 28 mm× 1 mm depth and analyzed on an auto-
mated Bruker D8 diffractometer with a Cu anode and a SolX
energy-dispersive detector at room temperature and ∼ 20 %
relative humidity. Samples were measured from 2–70◦ 2θ
with a step size of 0.02◦. Rietveld refinements (Bish and Post,
1993) were performed using the TOPAS 5 software package
(Bruker AXS). The limits of detection by XRD methods are
∼ 1 wt %m depending on the mineral and the count time used
for data collection.

The Rietveld method allows for the independent refine-
ment of modeled mineral properties, including the preferred
orientations of grains in the sample mount as well as com-
positional parameters such as Fe /Mg occupancy in olivine,
pyroxenes, amphibole, and chlorite, and the Ca /Na ratio in
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plagioclase. To maximize the fit of the model to the measured
diffraction signal, the effects of crystallite size and crystal
strain on peak shape were also considered.

3.3 Loss on ignition (LOI)

Each sample was first dried for 10–12 h at 100 ◦C. Next,
2.5 and 0.1200 g of the sedimented and suspension subsam-
ples, respectively, were weighed on a Mettler Toledo™ bal-
ance. Ignition at 1000 ◦C took place for 2 h within a Car-
bolite™ 1100 ◦C chamber furnace. The weight difference in
percent between the pre-ignited powder and the ignited ma-
terial is reported as loss on ignition (LOI). The 2.5 g proce-
dure is routinely used at the Bergen Geoanalytical Facility
of the University of Bergen for igneous rocks. The analyti-
cal quality control for the 0.1200 g sample material method
was performed while measuring two commercially available
international reference materials: basalt BIR-1 (−0.5 wt %)
and gabbro MRG-1 (1.2 wt %). These data overlap with re-
ported reference values for these materials within the Geo-
ReM database (http://georem.mpch-mainz.gwdg.de, last ac-
cess: 21 October 2021).

4 Assessment of methods and results

In the sections above, we report in detail the methods by
which we collected and processed channel samples of drill
core. In this section we analyze the results of our sampling
in several ways to evaluate whether our methods have been
appropriate, systematic, or even necessary. We follow this
by exploring mineral and chemical fractionation between the
sedimented and suspended subsamples, and we then com-
pare our analyses of major elements in channel samples with
those obtained by analyzing selected billets on board the JR.

4.1 Recovery of cuttings

To evaluate whether our sampling methods were systematic,
we compare the total recovered channel sample (sedimented
+ suspended subsamples) with the length of core cut using
data from all 42 cores. As most pieces of core were cylin-
drical, measurements of the length of core are a good proxy
for the volume of core consumed by the cut. The correlation
of the mass of sample recovered with the length of core cut
(Fig. 2) is rather good with an R2 value of 0.86; the best cor-
relation is with cores longer than∼ 1 m. There is a weak cor-
relation of length of core to total alteration, and that could ex-
plain the higher yield of grams recovered from these crumbly
cores. The good correlation demonstrates that our methods
were systematic, leading to a surprisingly large ∼ 1.3 g of
sample recovered per centimeter of core cut. With a 1.5 mm
slot cut into the 57 mm diameter core, the amount of material
recovered is 3.3 % of the core.

Figure 2. The relationship between total grams of sample collected
and centimeters of core cut, illustrating that the sampling methods
were systematic and that ∼ 1.3 g cm−1 of cut core was recovered
from this process.

Figure 3. Graph comparing the weights of sedimented and sus-
pended fractions in 42 core samples from Site 1415, Hess Deep.
Equal weight fractions would follow the 50 % line. The data show
that the suspended sample was generally > 10 % of the total sam-
ple, but some samples produced a suspended subsample that was
> 30 % of the sedimented subsample.

4.2 Sedimented vs. suspended subsamples

To determine if collection of the suspended sediment in addi-
tion to the sedimented sample is quantitatively necessary, we
compare the mass of sedimented particles recovered (Fig. 1b)
with the mass of clay-sized suspended particles (Fig. 1c) for
all 42 cores recovered. This comparison (Fig. 3) shows that
a typical core produced between 30 and 200 g of sedimented
sample. It also shows that between 5 and 40 g of suspended
subsample were extracted from the suspension. This consti-
tutes between 5 and 20 % of the total sample and over 33 %
of the bulk in very short cores. There is a weak correlation
between short cores and percent alteration minerals, which
could explain the higher yield of suspended material in the
short cores. We conclude that the relative amount of sus-
pended material can be significant, and its collection is nec-
essary for the characterization of the total sample.
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4.3 Potential contamination

Several sources of contamination of our samples are possi-
ble. Cuttings created by the active drilling were flushed into
the ocean with seawater and did not interfere with ship-board
analyses. Cores were brought to the surface in plastic pipes,
insulating them from the metal drill stems. After the core was
extracted from the plastic pipe, it was thoroughly washed and
rinsed with distilled water produced on board the JR. In addi-
tion to avoiding contamination, the cores needed to be devoid
of particles to allow for whole-round photographic recording.
We employed a new saw with new blades to eliminate con-
tamination from samples cut on prior expeditions. The lubri-
cating fluid for the saw was distilled water that provided no
inorganic contaminants. A comparison of the concentrations
of Ni vs. V (Fig. 4d) measured in our channel samples and
in the billet samples shows that the range of channel sample
compositions lies within the field defined by the billet con-
centrations. Neither data set shows outliers that could suggest
contamination by any drilling or sawing tools that would con-
tain these metals.

One last source of contamination could be the drilling mud
that was used in “mud sweeps” to flush out sidewall frag-
ments that may have fallen into the hole. To explore this pos-
sibility of contamination by drilling mud that might have sur-
vived washing of the core, we tested for the presence of Ba
in the suspended and sedimented subsamples. Given the high
concentration of barite in the mud, its presence would sig-
nal lingering contamination in the core. We expected barite
to fractionate into the sedimented subsample because of its
high density. Evidence that density contributes to fraction-
ation between the sedimented and suspension subsamples
comes from the higher concentration of Cr (Fig. 4c) and V
(Fig. 4a), presumably in oxides, by up to a factor of 2 into
the sedimented sample (Fig. 4c). Barium, however, does not
follow this fractionation relationship. In contrast its concen-
tration in the suspended fraction is more than 2 times that in
the sedimented faction (Fig. 4a). Furthermore, the concentra-
tions are not larger than found in billets analyzed on board the
JR (Gillis et al., 2014b, their Table T1). We infer from these
results that neither barite nor drilling mud contaminated our
samples (see also Sect. 4.6).

4.4 Mineral fractionation between suspended and
sedimented samples

To determine whether any mineral fractionation occurred be-
tween the coarser sedimented subsample and the suspended
clay-sized subsample, mineral modes of both size fractions
were determined by X-ray diffraction and Rietveld refine-
ment (Fig. 5). The results of these analyses show that the
same suite of minerals is present in both the sediment and
the suspension fractions, but that the magmatic minerals are
fractionated into the coarser sedimented subsample. Plagio-
clase and clinopyroxene are enriched by 50 % in the sedi-

ment, whereas olivine (modeled as Fe-forsterite in the Ri-
etveld refinement) is 2 to 5 times more abundant in the sed-
iment. In contrast, the phyllosilicates are fractionated into
the suspension. Chlorite and serpentine are nearly twice as
abundant in the suspension, and talc and amphibole can be
more than 5 times as abundant. Prehnite analcime and Ca-
thomsonite show the least tendency to fractionate.

Such fractionation is not unexpected. Phyllosilicates
would predictably cleave easily along their basal cleav-
age planes, producing thin, small-diameter platelets. These
would thus dominate the clay-sized fraction in the miner-
alogy of the suspension. Fragments of plagioclase, clinopy-
roxene, and olivine with weaker or no cleavage would re-
main coarser and would dominate the sedimented sample.
Prehnite, where abundant, might be expected to follow these
magmatic minerals as it also has only one good direction of
cleavage, but it fractionates into the suspended sample where
it is present in low concentrations. This might be explained
by its fine grain size in some samples where it is associ-
ated with plagioclase alteration (e.g., Früh-Green et al., 1996;
Frost et al., 2008; Fig. 6). The conclusion from these results
is that the collection of the suspended subsample is impera-
tive to recover representative samples of these altered mafic
rocks to avoid bias against the alteration minerals.

4.5 Chemical fractionation between suspended and
sedimented samples

With the identification of the phyllosilicate fractionation into
the suspended subsample, a sympathetic chemical fraction-
ation is expected. Both FeO and MgO occur in magmatic
and alteration minerals, but the phyllosilicates are concen-
trated in the suspended subsample. A comparison of the con-
centrations of these elements (Fig. 7a, b) shows no signifi-
cant fractionation in olivine gabbro and troctolite in Hole P.
However, in rocks from the more highly altered Hole J, FeO,
MgO, Co (Fig. 4a), Eu (Fig. 4b), and Ni (Fig. 4c) do frac-
tionate into the suspension to varying degrees. The Mg# (
atomic MgO / (MgO+FeO)) is also higher in the suspended
subsample, likely due to its higher concentration of serpen-
tine (see Fig. 5). This is obvious where Mg#s of suspended
and sedimented subsamples are compared (Fig. 7c). Never-
theless, the Mg# of the bulk rock is largely determined by the
sedimented sample (Fig. 7d).

A comparison of CaO with Na2O concentrations shows
that CaO is fractionated into the sedimented subsample
(Fig. 8a), whereas Na2O is concentrated into the suspended
subsample (Fig. 8b). This reflects the higher concentrations
of Ca-rich plagioclase, clinopyroxene, and prehnite in the
former and of Na-rich clay minerals in the latter. This inter-
pretation is consistent with the fractionation of V, Sc, Cr, and
most rare-earth elements (REEs) also into the sedimented
subsamples and of Ba and Eu into the suspended fraction
(Fig. 4). The modest fractionation of Sr into the sedimented
sample (Fig. 4a) is a surprise given that its likely host, pla-
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Figure 4. Graphs showing the distribution of selected trace elements between the suspension subsample and the sedimented subsample.
(a) Ba is strongly fractionated into the suspension subsample, whereas the reverse occurs with V. (b) Little fractionation of REEs occurs with
the possible exception of Eu into the suspended subsample. (c) Little fractionation occurs with Ni, but Cr is fractionated into the sedimented
subsample. (d) The correlation of the concentrations of Ni and V measured in our channel samples and in the billet samples is very good,
suggesting no detectable contamination in the channel samples.

Figure 5. Graph comparing the weight percent (wt %) of the miner-
als in the sedimented subsample with the weight percent of the clay-
sized minerals in the suspended subsample in cores from Hole J as
determined by X-ray diffraction and Rietveld refinement. The graph
shows that magmatic minerals fractionated into the sedimented sub-
sample whereas phyllosilicates fractionated into the suspended sub-
sample.

Figure 6. Cross-polarized light images of minerals from Hole J,
Site U1415. (a) A sample of troctolite from Unit III (J19R1_39-
45), showing prehnite (Prh) replacing plagioclase (Pl) and serpen-
tine (Srp) replacing olivine (Ol), forming a mesh texture in a pla-
gioclase+ clinopyroxene (Cpx) host. (b) A prehnite vein cutting Pl
and Cpx in gabbro from Unit II (J8R3_114-116). (c) Ca-thomsonite
(Th, very low birefringence) replacing Pl in gabbro Unit II (J8R3
114–116). (d) The alteration of Ol by amphibole (Amp) and by ser-
pentine + magnetite (Mt) and the alteration of Pl + Ol by chlorite
(Chl) in sample J7G1 44–46.
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Figure 7. A comparison of the concentrations of MgO and FeO∗ (total) in sedimented and suspended fractions of the channel samples. Solid
line: 1 to 1, no fractionation. Dashed lines: ±1 % envelope. (a) Graph showing that there is no systematic fractionation of FeO∗ between
sedimented and suspended samples. (b) Graph showing that MgO tends to be fractionated into the suspended sample, reflecting the relatively
high concentration of MgO-rich phyllosilicates. (c) The comparison of the Mg# between suspended and sedimented samples shows the effect
of phyllosilicates raising the Mg# in the suspended sample. (d) Graph showing that the larger mass of the sedimented sample dominates the
Mg# of bulk sample.

gioclase, is fractionated into the sediment (Fig. 5). The Sr
content of prehnite and zeolite partially fractionated into
the suspended sample probably contributes to this behav-
ior. Figure 8c shows the corresponding higher Ca#s (atomic
Ca / (Ca+Na)) in the sedimented subsample. However, as
was found in the Mg system, the Ca# is dominated by the
sedimented sample because of the relatively low concentra-
tion of CaO and Na2O in the suspended subsample. Conse-
quently, the Ca# of the bulk sample follows that of the sedi-
mented sample (Fig. 8d).

4.6 Comparison of chemical compositions of channel
samples and billets

We compare the chemical compositions of billets (typically
2× 3× 3 cm) from Hole J analyzed aboard the JR (Gilles
et al., 2014b) with the chemical compositions of bulk chan-
nel samples analyzed by Deasy et al. (2021). Instrumen-
tal analytical analysis in both studies was similar with the
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) method on the JR and ICP-AES (major ele-
ments) with inductively coupled plasma mass spectroscopy
(ICP-MS, trace element) measurements reported in Deasy et
al. (2021). This comparison for SiO2 (Fig. 9), MgO (Fig. 10),

and two trace elements (Fig. 11) shows a general agreement
between the two data sets, in spite of the differing sampling
strategies. The agreement improves where averages of billet
compositions are compared to the respective channel sample
of the same core. In particular, the average concentrations
of SiO2, MgO, Sr, and V of five billet compositions from
Core 8R come close to recovering the composition of the
channel sample (Figs. 9, 10, 11). The results for Sr and V
from Core 8 (Fig. 11) also show that where five billets are
analyzed their average more closely approaches the concen-
trations in the channel sample. The results also support the
conclusion in Sect. 4.3 that there is no evidence for contami-
nation in the concentration of trace elements analyzed in the
channel samples.

On the other hand, individual billets are the only way to
target anomalies in bulk compositions. For example, two bil-
lets from Core 13R sampled anorthosite and troctolite with
very different MgO contents (Fig. 10) and moderately differ-
ing SiO2 contents (Fig. 9), while the average of MgO con-
centration did come close to the concentration in the channel
sample. Clearly, the advantage to analyzing billet-sized sam-
ples of a core is to identify heterogeneity in the composition
of a core. However, the average of these local compositions
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Figure 8. A comparison of the concentrations of CaO and Na2O in sedimented and suspended fractions of the channel samples. Solid
line: 1 to 1, no fractionation. Dashed lines: ±1 % envelope. (a) The higher concentration of CaO in the sedimented subsample reflects the
higher concentration of CaO in plagioclase, clinopyroxene, and prehnite. (b) Na2O is fractionated into the suspended subsample, reflecting
its phyllosilicate host. (c) Graph showing the higher Ca# in the sedimented subsamples, consistent with the higher concentration of Ca in
magmatic minerals. (d) A comparison of the Ca# in the sedimented subsample with the Ca# in the total sample. The similarity snows that
the sedimented subsample dominates the Ca# in the total sample.

does not necessarily produce a representative composition of
a longer length of core.

The agreement between values of loss on ignition (LOI)
measured in billets with H2O calculated from crystallogra-
phy is not good (Fig. 12). In this case the LOI of the billets
is significantly less than the values measured for the chan-
nel samples. This relationship is probably best explained by
the fact that the billets were selected for the cohesive nature
of the material being sampled. By avoiding veins and altered
fractures, these billets provide a better estimate of the com-
position of the unaltered igneous rocks. However, if the goal
is to estimate the composition of a lithology as captured in
the core, alteration and all, then the channel sample provides
a better estimate by sampling more of the altered material.
Still, the core did separate during drilling along some altered
fractures and even the analyses of the channel samples gives
a minimum estimate of the altered material and the LOI that
would have been sampled by the full core.

4.7 Correlation of modal mineralogy with geochemistry

One goal of the channel sampling described here is to ana-
lyze the bulk mineralogy and the bulk chemical composition
independently. To determine if the chemical and XRD meth-
ods employed are consistent with each other, we compare
their results. Unfortunately, this comparison is not straight-
forward, because the XRD methods with Rietveld refinement
provide quantitative estimates of the wt % of each mineral
and the compositions of many solid solutions. An exception
is plagioclase in which the unit cell volumes of albite and
anorthite differ by less than 1 %, such that X-ray peak po-
sitions are not sensitive to composition. The H2O content,
however, offers an exception that does allow this compari-
son. The wt % of each hydrated mineral can be used to cal-
culate the wt % of H2O in that mineral. We compare the sum
of these values with the LOI for the same sample as reported
by Deasy et al. (2021) in Fig. 13. The comparison does show
a strong correlation but with the LOI slightly higher than the
H2O calculated from crystallography. It is possible that small
amounts of hydrated minerals below the detection limit of
XRD methods (< 1 wt %) are present but at such a low con-
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Figure 9. The comparison of bulk SiO2 analyses of channel sam-
ples (x axis) from core from Hole J with the analyses of billets
(y axis) analyzed aboard the JR from the same cores. Where more
than one billet was analyzed from a single core, they are joined
by dotted vertical lines that correspond to the SiO2 concentrations
of the channel samples. Average compositions of the billets are in-
dicated by the bolder symbols. The close correspondence among
many samples shows a general agreement of the two sampling
methods. However, the averages or single billet compositions of 6
out of 11 samples lie outside a 1.0 wt % band (yellow), showing that
average compositions of billets do not yield representative compo-
sitions of the whole core.

centration that their presence could not explain the discrep-
ancy in Fig. 13. However, a comparison of the LOI with the
actual measured H2O on the JR (Gillis et al., 2014b, their Ta-
ble T1) shows the same higher value for LOI. This demon-
strates that the LOI is responding to the weight loss of not
only structural H2O but also of CO2, SO2, halogens, and H2O
adsorbed on surfaces. Thus, the good fit of LOI with wt %
H2O calculated from crystallographic data supports a con-
clusion that each method is responding to the same material
equally.

5 Recommendations

In order to make collection of this valuable channel sample of
core more efficient and less labor intensive, we recommend
the following modifications to the methods described above.
The volume of water used to capture the suspended fine frac-
tion should be minimized. This can be accomplished by re-
cycling and filtering the (distilled) lubricating water from the
bottom of the saw housing with a pump. Although rinse wa-
ter for washing the saw and housing would still be required,
recycling would minimize the volume of water holding the
suspension by as much as 75 % for a long core. For ease in
cleaning, the saw housing should be coated with Teflon.

Figure 10. The comparison of bulk MgO concentrations of channel
samples from core from Hole J with the analyses of billets analyzed
aboard the JR from the same cores. The concentrations of MgO in
single billets and from averages of billets from 9 out of 11 cores
differ by more than 0.5 wt % (yellow band) from the compositions
of the channel samples of the same cores, showing that analyses of
billets do not yield representative compositions of the whole core.

Figure 11. A comparison of the concentrations of Sr and V in chan-
nel samples from Cores 3 and 8 in Hole J with the analyses of bil-
lets analyzed aboard the JR from the same cores. The average con-
centrations of Sr and V in five billets from Core 8 approaches the
concentrations in the channel sample more closely than does the
average of the concentrations in three billets from Core 3.

A major rate-limiting step in sampling was the time
needed for collection of the suspended material using a nor-
mal tube centrifuge. When the rate of core recovery was high,
the rate of production of rinse water was much higher than
could be processed by filtering and centrifuging the water.
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Figure 12. The comparison of the values of weight loss on ignition
(LOI) from channel samples of the bulk cores from Hole J (this
study) with values analyzed aboard the JR from billets cut from the
same cores. The values of LOI from billets are as much as 40 %
smaller than found in the bulk core samples.

Figure 13. A comparison of the measured weight loss on ignition
(LOI) with the wt % H2O calculated from the sum of the wt % of
each hydrated mineral calculated using the Rietveld refinement (this
study). The diagram shows that LOI values slightly exceed the cal-
culated H2O contents (see text).

Use of a continuous-flow centrifuge would greatly increase
the efficiency of the onboard collection of the suspended ma-
terial. The slow recovery of core on Expedition 345 gave us
time to collect the suspended samples, but this situation will
hopefully not be repeated.

Staffing would also need to be increased. During Expe-
dition 345, scientists from petrology and geochemistry took
on double shifts to accomplish this sampling. With a greater
rate of core recovery, a minimum of three scientists would be
necessary for 24 h sample recovery. A fourth scientist would
probably be necessary with continuous core recovery. If an-
alytical work were to be performed on board, then one sci-
entist would be sufficient to conduct all the XRD studies, but

three geochemists would be needed for the greatly increased
number of samples to be analyzed.

Improvements in our analytical instruments are giving us
ever-increasing precision in the compositions of rocks and
minerals, even to the parts per trillion (ppt) levels of detec-
tion. However, without improvements in our sampling pro-
tocol, the accuracy of any analytical result will not improve.
We have presented here a sampling strategy that will keep
pace with advancements in analytical capabilities that will
lead to both a more precise and a more accurate understand-
ing of Earth materials in general, as well as to a deeper un-
derstanding of the mineralogical and chemical composition
of the lower oceanic crust.

6 Discussion and conclusions

The results above show that the method of channel sampling
produces a reliable, representative data set of the core in-
volved without consuming any new split of the valuable core.
In fact, the yield is a significant ∼ 1.3 g cm−1 of cut core
(Fig. 2), a recovery of 3.3 vol % of the core. We find no evi-
dence for contamination of our channel samples (Figs. 4, 9,
10, 11). Bulk chemical compositions of core are not attain-
able through an average of the compositions of subjectively
selected billet-sized samples (Figs. 9, 10). An important re-
sult of this work is the discovery that there is significant min-
eral and thus also chemical fractionation between the sedi-
mented material and the suspended clay-sized particles pro-
duced during cutting the core; thus, both size fractions must
be sampled and analyzed to produce a representative sample
of the bulk core. The collection of the suspended subsam-
ple is time-consuming, but because it commonly makes up
> 10 % of the bulk sample (Fig. 3) and because phyllosil-
icates are selectively fractionated into it (Fig. 5), it cannot
be ignored. Thus, neither the sedimented subsample nor the
suspended subsample alone is representative of the bulk core
composition. The results also show that the proportion of the
sample in the suspension cannot be predicted, because there
is no correlation between the mass of the sediment and sus-
pended fractions. Added together, however, there is a good
correlation between the total grams sampled and the centime-
ters of core cut (Fig. 2). Thus, the data demonstrate that only
the weighted average of the two size fractions yields a repre-
sentative bulk sample.
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