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Abstract. Studying life in the deep, rocky subseafloor involves many layers of technological and methodologi-
cal challenges, and each drilling project or expedition must make a series of choices to address these challenges.
We report on the workflow for sampling hard rock cores for microbiological and biogeochemical research that
was developed and optimized during International Ocean Discovery Program (IODP) Expedition 399. All steps
of the workflow, including selection of the sample and its shipboard homogenization and subsampling for specific

Published by Copernicus Publications on behalf of the IODP and the ICDP.



160 W. J. Brazelton et al.: Interdisciplinary sampling of hard rock cores

analyses, were designed to maximize the potential for interdisciplinary collaborations and syntheses of results.
Furthermore, multiple strategies to minimize and detect potential microbial and organic chemical contamination
of the core samples were employed, including the shipboard detection of a fluorescent chemical tracer pumped
into the drill fluid. Contamination tracer levels were detectable on the exterior surfaces of the core but absent
in the homogenized interiors of most core samples. Based on the experiences and preliminary results of this
expedition, recommendations for processing samples on future expeditions are presented.

1 Introduction

Our biological knowledge of the oceanic crust remains
severely limited, in large part due to the methodological
challenges of accessing and sampling the deep, rocky sub-
seafloor. Most studies that utilize drilling to explore the sub-
seafloor biosphere have relied on samples of marine sedi-
ments or borehole fluids (Becker et al., 2019; Cowen et al.,
2003; D’Hondt et al., 2019; Edwards et al., 2011; Heuer
et al., 2020; Inagaki et al., 2015; Jungbluth et al., 2016;
Kallmeyer et al., 2012; Orcutt et al., 2021; Wheat et al.,
2010), but a complete understanding of the possibilities and
limits of subsurface life also requires effective sampling of
the hard, rocky crust (Edwards et al., 2011; Orcutt et al.,
2011; Sheik et al., 2026; Templeton and Caro, 2023).

Access to the oceanic crust has been enabled primarily by
seafloor drilling expeditions of the International Ocean Dis-
covery Program (IODP). The first investigations of microbial
communities deep within oceanic crust were conducted with
rock cores recovered during Expeditions 301 (basalt from the
Juan de Fuca Ridge: Lever et al., 2013) and 304/305 (gabbro
from the Atlantis Massif: Mason et al., 2010). Since then, a
few IODP expeditions have investigated the density and di-
versity of microbial communities within the rocky crust, in-
cluding Expeditions 330, 336, 357, 360, 390/393, 395, and
399 (Coggon et al., 2024b; Edwards et al., 2012; Früh-Green
et al., 2018; Li et al., 2020; Lissenberg et al., 2024; McCaig et
al., 2025; Motamedi et al., 2020; Parnell-Turner et al., 2025;
Sylvan et al., 2024; Wee et al., 2021; Zhang et al., 2016).
Recent continental scientific drilling projects have also con-
tributed to the optimization of sampling protocols and analyt-
ical procedures for exploring the microbiology of rocky sub-
surface environments (Dai et al., 2021; Magnabosco et al.,
2018; Purkamo et al., 2020; Templeton et al., 2021; Twing et
al., 2025).

IODP Expedition 399 (April–June 2023) pursued several
interdisciplinary scientific goals related to the geology, geo-
chemistry, and microbiology of the Atlantis Massif (McCaig
et al., 2025). The massif is an oceanic core complex where
uplifted mantle and lower crustal rocks are exposed to seawa-
ter, triggering water–rock reactions and creating a hydrother-
mal system that produces the Lost City hydrothermal field
(Blackman et al., 2002; Kelley et al., 2005).

Drilling of a new borehole (Hole U1601C, located 800 m
north of Lost City) during this expedition was much more

successful than expected (Lissenberg et al., 2024). While
previous seafloor drilling of mantle rocks had only reached
∼ 200 m b.s.f., Hole U1601C reached 1268 m b.s.f. The sur-
prising depth of Hole U1601C provided the unexpected
opportunity to document the distribution of life through
> 1.2 km of the Atlantis Massif’s subseafloor, possibly span-
ning environmental conditions from highly favorable to too
extreme for life. Furthermore, the borehole may have reached
zones of the subseafloor where water–rock reactions create a
“chemical kitchen” where organic compounds can be synthe-
sized abiotically (Lang et al., 2025a). Therefore, detection of
low-molecular-weight organic compounds was also a prior-
ity science objective for this expedition.

Here we describe the strategy, workflow, and methods for
sampling hard rock cores employed during Expedition 399.
Because of the unexpected depth of Hole U1601C, > 200 mi-
crobiological samples (whole round cores) were collected,
providing the opportunity to intensively test and optimize
sampling methods. With the recent retirement of the JOIDES
Resolution in mind, we provide this report as a record of the
microbiological methods that were developed for that plat-
form over multiple decades, and we conclude with recom-
mendations for future expeditions that wish to explore the
microbiology of the rocky subseafloor.

2 MBIO rock sample workflow

2.1 Overview

The primary goal of our strategy for selecting and process-
ing hard rock core samples during Expedition 399 was to
maximize the potential for collaborative interdisciplinary re-
search. This goal informed each step of the sample-handling
workflow from initial sample selection to subsampling of
core material for specific measurements and analyses. Addi-
tional goals included the preservation of geological context
for each chosen sample, the ability to conduct time-sensitive
experiments of biological and chemical activities, distribu-
tion of representative subsamples of the same core material
among many different collaborating research groups, the de-
tection of drilling-associated contamination, and handling all
samples with sterile and organic carbon-free techniques in a
controlled environment with minimal air particles and chem-
ical contaminants.
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Figure 1. Overall workflow for shipboard handling of rock core
samples intended for microbiological and organic chemistry analy-
ses.

The overall sampling workflow was designed to reveal
pristine, uncontaminated interior zones of the core material
for microbiological and organic chemical analyses, while en-
abling direct links with later geological and geochemical
analyses (Fig. 1). Early development of the workflow dur-
ing pre-expedition planning was informed by the recommen-
dations of Sylvan et al. (2021) and prior experiences with
Expedition 357 (Hickok et al., 2018; Motamedi et al., 2020;
Orcutt et al., 2017; Pendleton et al., 2021). The final proto-
cols described here closely resemble those of IODP Expedi-
tions 390/393 (Coggon et al., 2024a), with additional mod-
ifications to accommodate simultaneous trace-level organic
geochemical analyses, as the investigation of abiotic synthe-
sis of organic compounds was a major scientific goal of Ex-
pedition 399.

2.2 Sample selection

Within a few minutes of recovery, cores were brought from
the catwalk into the core splitting laboratory and shaken out
into split core liners that had been cleaned and sterilized with
isopropanol. To minimize contamination during sample se-
lection, all personnel examining the core wore masks and
nitrile gloves. Gloves and tools were rinsed with methanol
prior to handling the core material, and all personnel han-
dling and describing the cores removed jewelry from their
hands and wrists to avoid contamination of the core with plat-
inum group elements and gold.

A whole-round sample of the core to be used for micro-
biological and biogeochemical research (hereafter referred
to as the MBIO sample) was selected by a sample selection
team, consisting of one microbiologist, one geologist, one
co-chief scientist, and the core curator. Approximately one
MBIO sample (∼ 10–15 cm in length) was collected from
each 5 m core, although two MBIO samples were collected
from a few cores, and occasionally zero MBIO samples were
collected from a core. After removing the MBIO sample, a

styrofoam insert was placed in the core as a placeholder and
marker of the sample’s location within the core.

A fundamental challenge of selecting MBIO samples is
that they were removed from the core as quickly as possible,
to minimize impact on time-sensitive microbiological sam-
pling, creating a gap in the core record before the rest of the
scientific party were able to examine the core. Therefore, the
primary responsibility of the MBIO sample selection team
was to choose a sample that is biologically interesting while
minimizing the permanent loss of geological information.
Therefore, zones of the core that appeared to be unique or
of particular geological interest were avoided.

In addition to minimizing loss of geological information,
selection of MBIO samples during Exp. 399 also attempted
to balance the targeted selection of features exhibiting vis-
ible signs of biological potential (e.g., indicators of exten-
sive fluid flow and porosity) with a more regular selection of
samples that are representative of the lithological unit. MBIO
samples included “typical” serpentinites and gabbros as well
as contacts between different rock types and particularly in-
teresting and unusual features that might have significant
biological interest. Discussions between the geologist and
microbiologist serving on the MBIO sample selection team
were vitally important for assessing the expected geological
and biological value of each potential sample. Such a delib-
erative approach to sample selection is not always practical.
During IODP Expedition 357, for example, a smaller ship-
board science party required a more standardized approach
to selecting MBIO samples, which were collected from the
end of each core. Targeted selection of particularly interest-
ing zones or attempting to avoid the loss of unique geological
features was not possible due to operational constraints dur-
ing that expedition. For example, shipboard examination of
cores could only be conducted through the transparent core
liner during that expedition.

The selected MBIO sample was photographed in situ be-
fore being removed from the core (Fig. 2), wrapped in a sheet
of polytetrafluoroethylene (PTFE) that had been washed with
10 % hydrochloric acid, and carried to the ship’s microbiol-
ogy laboratory for processing. Previous tests indicated that
PTFE sheeting has minimal lipid and amino acid contribu-
tions, making it well-suited for both microbiological and or-
ganic geochemical analyses (Hickok et al., 2018).

2.3 Shipboard processing of MBIO rock samples

In the ship’s microbiology laboratory, each MBIO sample
was rinsed with a 3.5 % sodium chloride solution (combusted
NaCl dissolved in filter-sterilized Milli Q water), labeled
with its sample ID and core orientation, placed on a sheet
of acid-washed PTFE on top of a rotating turntable, and pho-
tographed with a Foldio 360 system (Orangemonkey). The
Foldio system captured a still image after each 15° rotation
of the turntable, as described for Expeditions 390/393 (Cog-
gon et al., 2024a). These photographs document sample ap-
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Figure 2. The MBIO sample (orange circle) is photographed before
it is removed from the core. This example shows a fractured zone
that was targeted for microbiological investigation. Photo credit: Er-
ick Bravo, IODP JRSO.

pearance prior to homogenization and are intended to assist
later reconstructions of its relationship to the remainder of
the core.

After the MBIO sample was rinsed and photographed, it
was placed in a clean and methanol-wiped stainless steel
rock box and carried to a chemical fume hood containing a
KOACH clean air system (Model T 500-F, Koken Ltd.) and
an ELIMINOSTAT (Shishido Electrostatic Ltd.) air static
eliminator (Fig. 3). A very similar setup was employed dur-
ing Expeditions 390/393 (Coggon et al., 2024a). The use
of the chemical fume hood as the work area during Exp.
399 was determined by administrative concerns regarding the
presence of chrysotile fibers in the serpentinite cores (oth-
erwise, shipboard processing of MBIO samples was unaf-
fected by other shipboard procedural variations introduced
because of concerns regarding chrysotile). Although the neg-
ative pressure environment of the fume hood was not ideal
for contamination reduction, the ability of the KOACH clean
air system to eliminate dust particles within the working area
was confirmed with a portable dust particle detector. In the
future, a positive-pressure work area would be preferable to
further reduce potential contamination of the core samples.

All chiseling, crushing, and subsampling tools were
washed with soap and water, rinsed three times with ultra-
pure water, and wiped with methanol before use. Tools were
not autoclaved due to concerns with potential chemical con-
tamination from the autoclave. Autoclaved tools may be de-
sirable for crushing of samples intended for microbiologi-
cal analyses, but samples crushed with autoclaved tools are
likely to be unsuitable for organic chemistry research. Sim-
ilarly, methanol was used in place of ethanol as the primary
sanitizing agent, because its greater volatility makes it eas-
ier to remove from surfaces and therefore less likely to in-
terfere with downstream organic chemical analyses. Further-
more, the tools were not flamed because combustion of or-

ganic matter generates a complex smear of smaller carbon
compounds that are difficult to track as chemical markers of
contamination. The rock core itself was also not sprayed with
ethanol nor flamed, as has been done in some previous expe-
ditions (Früh-Green et al., 2018; MacLeod et al., 2017; Mo-
tamedi et al., 2020; Wee et al., 2021). Consequently, the tools
could be considered non-sterile and not entirely DNA-free.
As with any similar sample set, regardless of the cleaning
and sterilization procedures, future studies should evaluate
the potential for background contamination originating from
shipboard handling of the samples via the analysis of exten-
sive control samples, as described below.

All chiseling, crushing, and subsampling of the MBIO
sample was conducted within the KOACH clean air system.
The exterior of each core sample was removed with a ham-
mer and chisel, including the top, bottom, and sides of the
whole-round sample’s cylindrical shape. These exterior por-
tions, sometimes > 1 cm thick, were placed into sterile bags
and returned to the section half core liner from where the
MBIO sample was taken for potential description and sam-
pling by the rest of the scientific party. Many of these MBIO
“residues” were used for shipboard physical properties mea-
surements and geochemical analyses.

An alternative technique for removing exterior material
from the MBIO sample using an electric Dremel tool was ex-
plored with a few samples, but this technique was considered
unfavorable due to the production of dust, the likely contri-
bution of hydrocarbon contamination from the tool, and the
lack of significant “residues” available to be returned to the
general core workflow for further descriptions and sampling.

After the exterior material was chiseled away, the interior
rock material was transferred to a different (clean) rock box.
This two-box strategy was intended to limit the transfer of
potential contaminants from the exterior material into the in-
terior portion. The interior zones were crushed with a ham-
mer within the rock box along grain boundaries into roughly
millimeter-sized pieces and subsampled for various microbi-
ological and biogeochemical analyses. Thus, replicate sub-
samples, representative of the whole MBIO sample, were
made available for each downstream analysis. One exception
to this procedure was that intact pieces of each MBIO inte-
rior, prior to homogenization, were collected for future imag-
ing analyses, such as microscopy and spectroscopy. This
strategy of homogenizing all samples on the ship during the
expedition was chosen to avoid the scenario where differ-
ent research groups work on slightly different portions of the
original sample, which can create challenges for synthesizing
results at the publication stage.

A potential disadvantage of this homogenization strategy
is that it can increase the processing time for time-sensitive
analyses such as microbiological and biochemical activity
experiments. A streamlined version of the workflow de-
scribed here could prioritize time-sensitive experiments by
subsetting one portion of the rock core for immediate trans-
fer to a controlled environment such as an anoxic chamber
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Figure 3. Rock core samples are chiseled, homogenized, and subsampled in a stainless-steel rock box placed within a KOACH clean air
system and below an air static eliminator.

or cold room. This approach is typical of microbiological ex-
periments with sediment cores and has also been used with
hard rock cores (e.g., Templeton et al., 2021). Sectioning the
MBIO sample in this way comes at the cost of these experi-
ments being conducted with material that is adjacent to, but
not true replicates of, the homogenized material that is frozen
and distributed for future laboratory-based research such as
DNA sequencing and organic chemistry analyses. Further-
more, a separate shipboard procedure for time-sensitive ex-
periments could require additional personnel resources. The
evaluation of this cost–benefit analysis depends on the ex-
pected environmental gradients of the system being studied
as well as operational constraints.

Manual chiseling and crushing of the MBIO samples con-
sumed most of the shipboard working hours by the four mi-
crobiologists on Expedition 399. A planetary ball mill was
not used for crushing of MBIO samples because no prac-
tical method for cleaning the ball mill equipment between
samples could be conceived. Therefore, the risk of cross-
contamination between samples was judged to be too great.
In contrast, the simple rock box, hammer, and chisel could
be easily cleaned by hand between each sample. An impact
mortar was also used to facilitate crushing particularly hard
rock cores, but with practice, the hammer alone proved to be
the most efficient tool for crushing multiple samples per day.
For some shore-based laboratory analyses, additional pow-
dering of the core homogenate will be necessary, but the ship-
board crushing achieved sufficient homogenization to pro-
duce replicate subsamples.

These procedures were optimized during Expedition 399
in response to the unexpectedly high number of MBIO sam-
ples that were collected (typically 3–4 samples per 12 h shift
for a total of 191 MBIO samples collected from 172 cores in

Hole U1601C), thanks to unusually high rates of drill pen-
etration for hard rocks (Lang et al., 2025b). The complete
MBIO workflow described above was initiated immediately
upon recovery of each core, and subsamples of homogenized
core interiors were typically collected and stored in their final
destinations (freezer, refrigerator, preservative, anoxic cham-
ber, etc.) approximately 2 h after core recovery.

Shipboard processing of so many samples immediately
after recovery was only possible because four microbiol-
ogists were selected for Expedition 399, who could work
in two-person teams in two separate 12 h shifts, supported
by the ship’s technical staff. Expeditions with fewer per-
sonnel available for the processing of MBIO samples will
need to eliminate shipboard crushing and homogenization or
else process fewer samples. Reasonable workloads for expe-
ditions employing one or two microbiologists compared to
three or more microbiologists has been discussed by Sylvan
et al. (2021).

2.4 Tracing of drilling-associated contamination

An important component of the MBIO sampling workflow
during Expedition 399 was the shipboard tracing and de-
tection of drilling-associated contamination. The overall ap-
proach was based on methods developed during many pre-
vious IODP expeditions (Lever et al., 2006; Orcutt et al.,
2017; Smith et al., 2000). Sylvan et al. (2021) recommended
against the use of fluorescent microspheres because of the
difficulty in delivering them to the borehole in a consistent
and quantitative manner (House et al., 2003) and due to their
high rate of false negative detections, especially in environ-
ments where temperatures exceed ∼ 95 °C (Yanagawa et al.,
2013). Accordingly, recent IODP expeditions (including 301,
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360, 366, 376, 385, 390/393, 399, 400, 402, and 403) have
utilized a commercial perfluorocarbon tracer (PFT), which
has very high sensitivity and can be quantitatively mea-
sured if the appropriate equipment is available at the time
of sampling (reviewed by Kallmeyer, 2017). During Expedi-
tion 399, a pure perfluorodecalin fluid (C10F18; mol wt 462;
Oakwood Products P/N 003283; a less volatile alternative to
perfluoromethylcyclohexane) was injected into the drill fluid
without dilution using a high-pressure liquid chromatogra-
phy pump at a variable rate during drilling operations. The
injection rate was automatically tuned to the mud pump rate
to achieve a target concentration of 1 mg PFT L−1 of drilling
fluid with software developed by JOIDES Resolution techni-
cal staff. Occasional software malfunctions resulted in sud-
den spikes of PFT injection into the drilling fluid, and a PFT
injection rate of 0.3–0.5 mL min−1 was manually set dur-
ing software troubleshooting. In general, an injection rate
of 0.3 mL min−1 was sufficient for detection of the tracer
on the exterior of cores, and slightly elevated rates of 0.4–
0.5 mL min−1 provided increased sensitivity for detection of
potential contamination in rinsed and chiseled MBIO sample
interiors.

PFT measurements were conducted according to proce-
dures first described for IODP Expedition 360 (MacLeod et
al., 2017). Samples for PFT measurements were sealed in
20 mL glass headspace vials and heated to 70 °C in a shaking
oven. An aliquot of the headspace was injected into an HP
6890 gas chromatograph equipped with a microelectron cap-
ture detector (GC-µECD) and a megabore separation column
(Rt-Alumina BOND/KCl, 50 m, 0.53 mm ID, 10 µm Agilent
column). Headspace concentrations of the PFT were deter-
mined by calibration with a seven-point standard curve.

Successful delivery of PFT into the borehole during
drilling was confirmed by collecting small pieces of rubble
from each recovered core. PFT levels in these loose rubble
samples were in the range of 1–25 ppb (of headspace) in most
samples. A few extreme outliers up to 257 ppb were the re-
sult of accidental increases in the rate of PFT delivery during
drilling. The fairly consistent and high levels of PFT in loose
rubble samples confirmed the successful delivery of PFT dur-
ing drilling.

Contamination of core samples was tested by collecting
approximately 4 cm3 of the chiseled exterior shavings and
homogenized interiors of MBIO samples during shipboard
sample homogenization. PFT was absent or present at only
trace levels in nearly all samples of crushed interiors from
Hole U1601C (Fig. 4). PFT levels that were below the level
of quantification were divided into two categories: trace (a
visible peak was manually identified but could not be quan-
tified) and zero (no peak could be detected, even by manual
inspection). Exterior shavings of MBIO samples frequently
contained levels of PFT ranging from trace to 5 ppb, whereas
most samples of the revealed interiors contained zero PFT.
Only two interior samples contained quantifiable PFT levels,
and these were very low (0.007 and 0.028 ppb). These results

Figure 4. Detection of perfluorocarbon tracer (PFT) of drilling-
induced contamination in rock cores from Hole U1601C. Samples
for PFT assay were collected from (1) loose rubble during core
shakeout, (2) chiseled whole-round exteriors, (3) whole-round inte-
riors remaining after exterior chiseling, and (4) samples that could
not be chiseled because of their unconsolidated, mushy composi-
tions. Trace= detectable peak but not quantifiable. Zero= no de-
tectable peak. Jittering of data points along x axis (and also along y

axis for Trace and Zero) is for aesthetic purposes only. The number
of data points in each category is reported in boxes.

indicate that drilling-associated contamination, as measured
by PFT, was largely removed from the homogenized interiors
of the MBIO samples.

An estimate of the expected contamination level of drilling
fluid into the rock core samples can be obtained by con-
verting the PFT headspace concentrations to a correspond-
ing quantity of drilling fluid. The detection limit of PFT-
bearing drilling fluid was not measured during Expedition
399, but a limit of 0.004 µL of drilling fluid per gram of rock
was obtained during Expedition 301 using similar equipment
and the same concentration of 1 mg PFT L−1 of drilling fluid
(Lever et al., 2006). Lever et al. (2006) used perfluoromethyl-
cyclohexane instead of perfluorodecalin, but a similar detec-
tion limit can be assumed, at least to a rough approxima-
tion. If 0.004 µL of drilling fluid corresponds to our mini-
mum quantifiable detection of headspace PFT (0.003 ppb),
then we would expect samples with minimal PFT to be con-
taminated with a number of cells corresponding to 0.004 µL
of drilling fluid. Assuming 106 cells per milliliter of drilling
fluid, minimally contaminated samples should have no more
than 4 cells derived from drilling fluid per gram of rock.
Accordingly, samples with high levels of headspace PFT
(e.g., 30 ppb) can be expected to have ∼ 104 cells from
drilling fluid per gram of rock.

A subset of MBIO samples from Hole U1601C could not
be chiseled to reveal interior zones because of their uncon-
solidated, often crumbly nature (Fig. 4). Attempting to sepa-
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rate exterior surfaces from these mushy samples proved to
be impractical. These samples appeared to have high bio-
logical potential, however, precisely because of their highly
porous, apparently altered compositions. Therefore, instead
of being discarded, these non-cohesive samples were rinsed
with the sterile 3.5 % NaCl solution and then directly homog-
enized and subsampled without sectioning of exterior and in-
terior zones. As expected, PFT levels in these non-cohesive
unchiseled MBIO samples were similar to those of exterior
shavings and higher than those of isolated interiors. The de-
tection of PFT in unchiseled samples demonstrates the suc-
cess of the PFT detection procedure and that volatilization of
PFT during sample handling, for example, does not prevent
its detection. Furthermore, the higher level of PFT in unchis-
eled samples compared to chiseled samples is evidence that
decontamination of the core is necessary and that manually
chiseling exterior surfaces is an effective means for remov-
ing drilling-associated contamination. Downstream microbi-
ological and geochemical results from these unchiseled sam-
ples with high PFT levels should be interpreted with caution.
Nevertheless, these mushy, highly altered rocks were among
the most biologically interesting samples collected during the
expedition and should not be ignored. Future research could
potentially distinguish native taxa from likely contaminants
using DNA sequencing analyses, for example.

The lack of drilling-associated contamination in the MBIO
interiors does not indicate the lack of any other kinds of con-
tamination (Labonté et al., 2025). All types of contamina-
tion that occur after drilling, including any potential contam-
ination that might occur during the shipboard processing of
MBIO samples described here, are not measured by the PFT
analysis. To that end, samples of ambient air dust were col-
lected from the ship’s microbiology laboratory throughout
the expedition, as well as many samples of the ship’s tap wa-
ter, drilling mud, surface seawater, and bottom seawater near
the borehole. These samples will serve as potential contami-
nation sources to be evaluated by future laboratory research,
including DNA sequencing (e.g., Motamedi et al., 2020).

This comprehensive monitoring of drilling-associated con-
tamination was implemented and largely executed by the
shipboard technical staff, especially the two chemistry lab
specialists. Because these procedures require specialized
equipment and technical familiarity with drilling operations,
it would not be practical for project scientists to carry them
out without training and assistance. Therefore, we recom-
mend that budgeting personnel resources required to carry
out daily monitoring of drilling-associated contamination
should be a major component of pre-expedition planning.

3 Considerations for future research

3.1 Sampling for interdisciplinary collaborations

The MBIO sample processing workflow was designed to
maximize the potential for collaborative, interdisciplinary re-

search via two specific mechanisms. The first is that the
procedures described above produced plenty of homoge-
nized material that could be subsampled and distributed to
as many analyses as desired. For example, a subsample of
every MBIO sample homogenate was collected for geochem-
istry analyses to complement the full suite of microbiologi-
cal analyses including cultivation, metabolic activity experi-
ments, cell counts, DNA sequencing, lipid molecular charac-
terization, and organic chemistry. A portion of these MBIO
subsamples intended for geochemistry were used for ship-
board total carbon/inorganic carbon calorimetry assays, and
the remaining material was shared among multiple members
of the scientific party for future research.

Widespread distribution of the MBIO homogenates in this
way provided additional samples for geochemical research
to complement those sampled from the core in the standard
way. The additional geochemical data also benefit the mi-
crobiology team because they are generated from the same
homogenized material used for microbiological analyses.
This can be especially valuable in subseafloor environments
with small-scale gradients or highly heterogenous litholo-
gies, where measurements conducted on nearby samples lo-
cated only centimeters apart in the same core section can
yield significantly different results. Furthermore, the criteria
used to select core samples intended for microbiological or
geochemical research can be quite different; microbiologists
are attracted to unusual and altered rocks while geochemists
may be more likely to seek samples that are un-weathered
and representative of the core.

The second mechanism for facilitating collaborative re-
search was the return of chiseled shavings of MBIO sample
exteriors to the core for further description and sampling by
the rest of the scientific party. When the potential value of
these “residues” or “off-cuts” became evident, efforts were
made to chisel the exteriors in a manner that produced larger,
more intact pieces, sometimes even preserving their orienta-
tion in the core. By making these pieces available to the sci-
entific party, essential shipboard data could be obtained from
a part of the core that had been removed, partially recovering
what would otherwise have been a permanent gap in the core
record.

Because these MBIO off-cuts were not collected in the
standard way for shipboard measurements (e.g., not cut as
standard cubes), validation tests were conducted to assess
their suitability. For example, shipboard measurements of the
density and porosity of irregularly shaped MBIO samples
were found to be within 5 % of shore-based measurements
of cube samples (Dickerson et al., in review, 2026).

3.2 Recommendations

We recommend this MBIO sample processing workflow to
future seafloor drilling expeditions that wish to facilitate mi-
crobiological research. Specifically, the most important prin-
ciples are
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– the tracing of drilling-induced contamination with the
ability to evaluate the efficacy of the removal of this
contamination from processed samples during the ex-
pedition so that shipboard procedures can be adjusted
where necessary;

– the distribution of homogenized MBIO samples among
the scientific party, not only microbiologists, to maxi-
mize the number of analyses that can be conducted on
the same sampled material;

– the inclusion of multiple microbiologists (at least two
and preferably four or more) in the shipboard scientific
party to enable rapid processing of MBIO samples as
well as time-sensitive experiments;

– the use of simple tools that are easy to clean and sanitize
between samples, not only to remove microbial contam-
inants but also problematic organic molecules such as
hydrocarbons.

One improvement that was lacking during Expedition 399,
but that we recommend for future expeditions, is the cre-
ation of a clean room for MBIO sample handling. Although
the KOACH air purifier system appeared to perform well, it
represents only a small area within a large and busy labo-
ratory. Samples and supplies must be frequently moved into
and out of the area covered by the KOACH system, creat-
ing abundant opportunities for the transfer of dust and other
potential contaminants into the sample processing area. In-
deed, dust particles from ambient air in the laboratory has
been shown to be the dominant source of contamination into
low-biomass subseafloor rocks collected during IODP Expe-
dition 357 (Motamedi et al., 2020; Pendleton et al., 2021). An
enclosed, controlled environment with air purifiers and suf-
ficient space for multiple workers would greatly reduce the
probability that samples are exposed to significant contami-
nation during shipboard processing. The “super-clean room”
of the Kochi Core Center is ideal (Heuer et al., 2017), al-
though a shipboard implementation would require modifica-
tions. A further potential improvement would be to chisel
and homogenize samples within an oxygen-free chamber, al-
though this is unlikely to be practical for immediate ship-
board processing of large numbers of hard rock cores.

4 Conclusions

The MBIO sample workflow employed during IODP Ex-
pedition 399 succeeded in producing hundreds of homoge-
nized subsamples from > 200 hard rock core samples, while
tracking and mostly eliminating drilling-associated contam-
ination. Portions of almost every MBIO sample were made
available to the entire scientific party, facilitating future in-
terdisciplinary collaborations and syntheses of results. These
procedures and results are presented in the hope that they
benefit future studies of the deep subseafloor biosphere.
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