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Abstract

We have designed, built, tested, and deployed a novel device to extract porewater from deep-sea sediments in
situ, constructed to work with a standard multicorer. Despite the importance of porewater measurements for
numerous applications, many sampling artifacts can bias data and interpretation during traditional porewater
processing from shipboard-processed cores. A well-documented artifact occurs in deep-sea porewater when car-
bonate precipitates during core recovery as a function of temperature and pressure changes, while porewater is
in contact with sediment grains before filtration, thereby lowering porewater alkalinity and dissolved inorganic
carbon (DIC). Here, we present a novel device built to obviate these sampling artifacts by filtering porewater in
situ on the seafloor, with a focus near the sediment-water interface on cm-scale resolution, to obtain accurate
porewater profiles. We document 1-10% alkalinity loss in shipboard-processed sediment cores compared to
porewater filtered in situ, at depths of 1600-3200 m. We also show that alkalinity loss is a function of both
weight % sedimentary CaCO3 and water column depth. The average ratio of alkalinity loss to DIC loss in
shipboard-processed sediment cores relative to in situ porewater is 2.2, consistent with the signal expected from
carbonate precipitation. In addition to collecting porewater for defining natural profiles, we also conducted the
first in situ dissolution experiments within the sediment column using isotopically labeled calcite. We present
evidence of successful deployments of this device on and adjacent to the Cocos Ridge in the Eastern Equatorial
Pacific across a range of depths and calcite saturation states.

Accurate porewater measurements are necessary for myriad
oceanographic and geochemical applications: modeling fluxes of
nutrients and major ions (Berelson et al. 1987; Martin
et al. 1991; Sun et al. 2016; Hou et al. 2019); sediment diagenesis
(Froelich et al. 1979; Sayles 1979; Emerson et al. 1980; Jahnke
et al. 1994); paleoclimate reconstructions (Schrag et al. 1996;
Higgins and Schrag 2012; Blattler et al. 2019); constraining
model projections of the oceans’ response to climate
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perturbations (Archer et al. 1998; Sulpis et al. 2018), among
many others. Of particular interest to our group is an effort to
understand benthic carbonate diagenesis, dissolution fluxes
(Jahnke et al. 1997; Martin and Sayles 2006; Berelson
et al. 2007), and address the sediment vs. water-side control of
alkalinity fluxes from carbonate dissolution, that is, identifying
to what extent dissolution occurs at or below the sediment-
water interface (SWI) (Boudreau 2013; Sulpis et al. 2017).

The invasion of anthropogenic CO, leads to acidified sur-
face water eventually making its way to the deep ocean. There
is evidence in the geologic record that Earth has naturally
corrected for high concentrations of CO, and returned to a
state of equilibrium (Foster and Rohling 2013) via reactions
on the deep-sea floor that neutralize acid, but this process is
thought to occur on the order of 10,000yr (Archer
et al. 2009). Critical outstanding questions remain regarding
precisely how fast dissolved CO, will react with CaCOj3, how
this reaction occurs as a function of seawater saturation state,
and where in the sediment column dissolution occurs. How-
ever, typical porewater processing, for example, collecting a
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sediment core and filtering, squeezing, or centrifuging sedi-
ment to isolate porewater, can result in sampling artifacts
associated with pressure and temperature changes that alter
the concentrations of porewater species. Much work remains
to be done studying carbonate dissolution at and below the
SWI, in large part because of the challenges associated with
obtaining artifact-free carbonate chemistry porewater profiles.

One outstanding question regarding benthic carbonate dis-
solution studies relates to the role of organic carbon respira-
tion and carbonic acid formation as a driver of dissolution
(Emerson and Bender 1981). Whether this process occurs
mainly at the SWI or deeper within the sediment column is
difficult to assess without artifact-free, high-resolution profiles.
Although carbonate dissolution Kkinetics have recently been
well studied in the lab (Subhas et al. 2015; Dong et al. 2018;
Naviaux et al. 2019a) and water column (Dong et al. 2019;
Naviaux et al. 2019b, summarized by Adkins et al. 2021), accu-
rate porewater profiles and in situ carbonate dissolution exper-
iments will also help complete our understanding of
carbonate dissolution kinetics. Because of the importance of
studying benthic carbonate chemistry and because of the
inherent difficulties of obtaining artifact-free porewater, we
developed a novel instrument to collect filtered porewater in
situ from deep-sea sediments and to perform the first in situ
benthic dissolution rate experiments.

Conducting measurements in situ has long been recognized
as a way to obviate pressure and temperature artifacts associated
with sample return to the surface. The work with in situ pH,
pCO,, and O, microelectrodes (Reimers et al. 1992; Glud
et al. 1994; Hales et al. 1994) provided breakthrough capabilities,
yet they could not probe more than a few cm into the sediment
column, potentially not reaching below the depth of oxygen
penetration which is necessary to study the suite of diagenetic
reactions occurring in shallow sediments. The WHIMP harpoon
sampler was developed to compare porewater collected in situ to
that collected through traditional methods of porewater extrac-
tion, that is, core recovery and squeezing (Sayles et al. 1973).
Sayles et al. (1973) found that Ca and Mg were depleted, and K
enriched in cores processed onboard a ship compared to in situ
collection. This harpoon system was the basis for several founda-
tional in situ porewater studies (Sayles et al. 1976; Murray
et al. 1980; Sayles 1981), in which ex situ depletions and enrich-
ments were further documented and attributed to the pressure
effect, that is, the pressure decrease from seafloor to surface
drives changes in saturation states and mineral solubilities. A
whole-core squeezer was modified to operate in situ to capture
high-resolution porewater in the top few cm (Sayles and Dickin-
son 1991). This and subsequent similar devices led to important
studies on carbonate chemistry in Atlantic Ocean sediments
(Martin et al. 2000). A rapid equilibration in situ peeper system
employed passive diffusion of porewater through filters over sev-
eral days and was able to measure spatial variability and hetero-
geneity due to bioturbation/irrigation (Aller et al. 1998). We
have built on some of these ideas to develop our in situ
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porewater sampler. Notably, we have focused on collecting high-
resolution porewater profiles from the top few cm below the
SWI through 30 cm, as well as conducting the first carbonate dis-
solution rate experiments, in situ within deep-sea sediments.

The traditional method of collecting porewater, via sedi-
ment core collection and on-board filtration or centrifugation,
allows the porewater to interact with sediment grains as the
collected core travels through the water column to an environ-
ment with decreased pressure and often increased tempera-
ture. Temperature changes can cause certain ions to adsorb or
desorb to sediment particles, such as the observed increases of
K and CI and decreases of Mg and Ca (Bischoff et al. 1970). It
was later discovered that if sediment cores are brought down
to in situ temperatures before porewater extraction, the
enrichments or depletions can be reversed (Bischoff and
Sayles 1972). However, the pressure artifact cannot be reversed
and causes the saturation state of CaCOsj to rise, resulting in
carbonate precipitation within the core, lowering both
porewater alkalinity (Murray et al. 1980) and dissolved inor-
ganic carbon (DIC) (Sauvage et al. 2014). CaCOj is more likely
to precipitate onto existing nucleation sites, especially existing
carbonate grains, rather than spontaneously in solution.
Therefore, even though isolated porewater will experience the
same pressure and temperature changes as sediment cores, the
lack of nucleation sites in the isolated porewater will hinder
CaCOs precipitation. Sauvage et al. 2014 demonstrated that
this sediment-induced artifact was a function of the time a
recovered core spent at low pressure prior to porewater extrac-
tion, but there are many other factors that could affect the
magnitude of this alkalinity artifact, as we show here.

To investigate deep-sea porewater chemistry and conduct
CaCOs3 dissolution experiments, we built Sampling In situ
PorewateR (SIPR) to accomplish the following goals:

1. Filter deep-sea porewater in situ, thereby avoiding artifacts
induced by pressure and temperature changes during sedi-
ment core recovery when water remains in contact with
sediment grains.

2. Capture centimeter-scale resolution porewater profiles of
carbonate chemistry parameters, among other constituents,
specifically focused near the SWI.

3. Perform isotopically labeled calcite dissolution rate experi-
ments in situ within sediment porewater.

Materials and procedures

Overview of in situ porewater sampling

The overarching purpose of SIPR is to separate porewater
from sediments in situ, thereby avoiding recovery artifacts.
SIPR was designed to be attached to a multicorer, a standard
oceanographic tool. As described below, all SIPR components
mount onto a multicorer, preserving the ability to collect cores
as well as deploy SIPR for in situ porewater collection. Any
ship that can deploy a multicorer (4 or 8 unit corer) can thus
deploy SIPR.
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Two different SIPR designs enter the sediment as the multi-
corer frame hits the seafloor: the “needles” and the “blades”
(Fig. 1). Blades and needles are mounted on the multicorer
Spyder, the inner part of the multicorer which drives the core
tubes into the sediment under normal operation. Shortly after
inserting the needles or blades into the sediment, porewater is
drawn through filters from various depth horizons from
0 (SWI) to as deep as 30 cm.

The basic flow of operations is as follows (Fig. 2): multicorer
is lowered to the seafloor from a cable attached to the ship;
needles and blades are inserted into sediment; syringes are
triggered via computer-controlled burn wire to draw porewater
through filters and into a storage coil; after drawing porewater,
a pinch mechanism (also fired by burn wire) prevents further
suction before the device is removed from seafloor; multicorer
is lifted from seafloor and received on-board where porewater
samples are allocated for analyses or stored for at-home mea-
surements. Time between multicorer recovery and partitioning
of samples is less than 5 h. Table 1 provides descriptions and
part numbers for all purchased parts; Table 2 provides descrip-
tions for custom-made parts.

The Ocean Instruments MC-800 has eight positions available
for core attachment. We use four slots for needles and/or blades
and the other four slots for standard multicorer tubes. Thus, dur-
ing one deployment, porewater is collected in situ and cores

MC-800
Multicorer

Syringes (g, j, k)

Pinch plate (f)

Quartz glass
sample coils (i)

12

Short blade (b, €)
Foot (h)
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obtained for ex situ porewater extraction. Each draw from either
blades or needles collects eight samples from separate depths.
Each blade or needle collects porewater from a place on the sea-
floor that is ~ 50 cm away from the next blade or needle. There-
fore, porewater samples from one deployment represent spatial
variability within about 1.5 m? of the seafloor.

Needles

The needles are individual polycarbonate cylinders,
0.25 cm inner diameter, 20 cm long, that hold a Rhizon filter
stick inside a pointed tip with 1-cm-tall open windows
(Fig. 3a,d). The Rhizon stick is secured inside the needle by an
o-ring seal. Fight needles reside on one platform, and each
needle can be adjusted in height, with a range of 1 cm below
SWI to 20 cm deep. These needles resemble the harpoon used
by Sayles et al. (1976), except each needle draws only one
sample and depth resolution can be focused near the SWI.

Blade

The blade is a SIPR filter system that was designed as a sec-
ond method to collect porewater with the added benefit that
it can also be used to conduct in situ carbonate dissolution
experiments. The blade is made from Delrin plastic 1 cm thick
and 30 cm wide. “Window” openings are machined into both
sides, directly opposite each other, at varying depths to hold

I
\ 30cm

Aluminum
pressure case

Light

---- Camera

&

Needles (a, d)
Long blade (c, €)

\ "4

Fig. 1. SIPR assembled on multicorer. Letters correspond to those in Fig. 3. Not shown are core tubes attached to every other slot on Spyder, or lead

bricks that help drive the Spyder into the sediment.
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Multicorer 2-4h Multicorer lands Oh nef(!ilat:jseisn:;‘gte d
deployed off ship on seafloor 1% .
into sediment
1h |
Burn wire triggers . . .
syringes to g?aw 2-8h Filtered 0.25h Burn wire triggers
porewater through »| porewater stored > pinch to halt
filters 9 in quartz coils syringe suction
0.25h
Burn wire triggers .
foot to lock in place 0.5h Multicorer lifted 2-4h R re'\:l;l;t';:;e:m
at sediment—water from seafloor " deck
interface
3-5h
v

Porewater is
allocated or stored
for various analyses

Fig. 2. Flow chart of SIPR operations. Timing intervals are programmed into the computer sent down with the multicorer.

Supor filters (0.45 ym), secured and sealed with two o-rings
and a frame held against the filter with six screws (Fig. 3b,c,e).
Blades come in two lengths, the short blade has windows

Table 1. Purchased parts.

down to 11 cm, with filters spaced 0.5 cm apart near the SWI;
the long blade has filter windows as deep as 30 cm below the
SWI. Like the needles, the blade filter window openings are

Part Description Part no. Vendor
Multicorer Eight sample tubes with an effective penetration of > 45 cm MC-800 Ocean Instruments
Rhizon filters 0.15 um pore size, 5 cm porous part, flat tip, 2.5 mm OD, 19.21.23F Rhizosphere
glass fiber strengthener, PE/PVC tubing 12 cm, female luer
Supor filters 0.45 um pore size, 25 mm 60172 Pall
Polypropylene net filter 25 pm pore size, 25 mm PP2502500 Millipore
13C calcite Sieved to 18-53 um. Geometric surface area of 0.064 m? g~ SKU 492027 Sigma Aldrich
NaF Sodium fluoride powder 201154-5G Sigma Aldrich
PVDF (Kynar) tubing 0.0625" ID, 0.125” OD 51105K21 McMaster-Carr
Tygon tubing 0.125"”1D, 0.25” OD F-4040-A Tygon
Silicon tubing 0.125” 1D, 0.188” OD 06422-04 Cole-Parmer
Syringes 2.5 cm” ID, 60 mL capacity 628426 Codan (Sweden)
Syringe springs 7" long extension spring, 4.165 Ibs per inch 7749N879 McMaster-Carr
O-ring (inner) Buna-N-019 9452K73 McMaster-Carr
O-ring (outer) Buna-N-022 9452K76 McMaster-Carr
Burn wire 7 x 7 stainless steel nylon-coated wire. 40 Ib test CM49-40T-A AFW
Heat-shrink tubing 25' length, 0.06” ID 7856K41 McMaster-Carr
Arduino Uno computer Rev3 Micro-controller with Adafruit data logging shield, A000046 Arduino
mechanical relay shield, custom circuit board
Tilt meter ADXL335-5V ready triple-axis accelerometer to 163 Adafruit
record angle in x, y, z directions and acceleration
Camera and light package Benthic underwater camera and light, rated to 2800 m N/A Group B Inc.
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Table 2. Custom-built parts fabricated at USC.

In situ deep-sea porewater collection

Part Material

Description

Needles
Blade Delrin plastic

Polycarbonate plastic

0.25 cm ID, 20 cm long, 1 cm diameter, tip with 1 cm tall sample port
Short blade: 11 cm long, 30 cm wide, 1 cm thick

Long blade: 30 cm long, 30 cm wide, 1 cm thick

Sample coils Quartz glass
Foot Delrin plastic

Pressure case Aluminum

0.5cm ID, 0.7 cm OD. 30 mL capacity
9 x 9 x 1.25 cm rectangular plate
47 cm long cylinder 15 cm OD with walls 2.54 cm thick, can withstand pressure > 4000 m

1 cm tall, thus defining the vertical resolution per sample. For
both the needles and blades, sample windows were spaced
such that porewater drawn would not overlap with adjacent
samples. Both needles and blades are fitted into a retaining
plate that (1) connects the blade to the multicorer, (2) provides
some resistance to overpenetration, and (3) prevents or slows
overlying water (OLW) from channeling down toward filter
windows.

Carbonate dissolution experiments

In addition to collecting porewater for natural porewater
profiles, we also built the blades to conduct in situ carbonate
dissolution experiments within the sediment column. To con-
duct a dissolution experiment, the blade filter is replaced by a
heat-sealed filter “sandwich” containing 2-10 mg of isotopi-
cally labeled Ca'*COj; (calcite) grains. Labeled calcite grains
were purchased from Sigma-Aldrich and wet sieved to 18-
53 pm using 18.2 MQ DI water. Porewater is drawn past these
grains and, accounting for isotopic exchange, an enriched
8'3C DIC signal will appear if dissolution occurs. A model
translating 8'3C ratios into gross and net CaCO; dissolution
rates is the topic of another study (H. A. Barnhart unpubl.).
The actual amount of carbonate dissolved is small enough that
DIC and alkalinity are unchanged by the process, allowing
these samples to still be used for defining porewater gradients.

Sample coils

Porewater is drawn through the blade or needles, then
through a short piece of polyvinylidene flouride (PVDF) Kynar
tubing (< 10 cm) into quartz glass coils (Fig. 3i). Quartz glass
(0.5 cm ID, 0.7 cm OD) was chosen because it does not allow
gas diffusion and introduces no artifacts in DIC, alkalinity, or
silica. Tests were conducted in the lab to ensure that these
constituents did not change in seawater incubated for 6-12 h
in the coil. The inner diameter (0.5 cm) of the quartz coil was
chosen to minimize mixing between fill water and porewater
during sample draw. Coils are designed to conserve space and
provide some structural support for otherwise fragile tubing.
Each set of quartz coils is secured in a clear polycarbonate box
for additional security. The coils have an internal volume of
30 mL. For samples without labeled calcite grains in filters,
that is, “natural samples,” the entire 30 mL is removed,

homogenized, then partitioned for analyses. For samples with
labeled calcite grains in filters, that is, “dissolution
experiments,” aliquots of 7-8 mL are removed in sequence, to
capture a time sensitive signal of 8'*C during dissolution.

Pinch

Once triggered, there is no mechanism to stop suction from
the syringe until it hits a set screw at 55 mL, even if the device
is removed from the sediment. Therefore, a pinching appara-
tus was designed to prevent suction before the multicorer is
lifted from the seafloor (Fig. 3f). The pinch is a spring-loaded
guillotine apparatus, held up by a burn wire, that pinches
eight short lengths of flexible tubing closed at a programmed
time. These short pieces of tubing are part of the continuous
draw stream, so when they are pinched shut, there can be no
more suction.

Syringes

The plungers of 60-mL Codan syringes were modified with
an eye bolt attached to springs (Fig. 3g,j,k). The syringes and
springs are mounted into a custom-machined rack. The rack
holds the springs in the extended position, acting to pull the
plungers up. The plungers are held down by a piano hinge
that is secured by a burn wire. At a programmed time, the
burn wire releases the hinge and allows the springs to pull up
the plungers. This is when suction begins and porewater is
drawn through SIPR filters. The negative pressure created by
suction is at most 30 psi (21 dbar), which is negligible in com-
parison to water pressure at our sites, ranging from 1279 to
3256 dbar, and therefore does not affect the saturation state of
calcite in a meaningful magnitude. These syringes were cho-
sen because they work well in deep-sea applications, for exam-
ple, benthic landers (Kononets et al. 2021).

Foot

A “foot” was designed to initially estimate the location of
the SWI in relation to the multicorer frame, and thereby the
depth of the SIPR windows. The foot has a rectangular Delrin
plate attached to a geared shaft that is free to slide relative to
the multicorer (Fig. 3h). This plate gently rests on the seafloor
when the multicorer lands (confirmed by the camera), then
locks in place via burn wire by the spring-loaded pressure of a
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Fig. 3. SIPR components. (a) Needles, (b) short blade, () long blade, (d) exploded needle showing Rhizon filter and o-ring, (e) exploded blade filter show-
ing Supor filter with polypropylene net filter, two o-rings, and six screws holding down window covering, (f) pinch plate, (g) syringe rack showing 60-mL
syringes with springs to pull plungers, (h) foot to record SWI position, (i) quartz coils in protective box, (j) syringe rack detail showing burn wire holding
down the piano hinge that restrains the syringe plungers, (k) syringe rack detail showing burn wire released and syringe plungers pulled up by springs.
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locking gear. Once back on deck, the position of the foot is
measured relative to the multicorer which defines how deep
each of the SIPR windows were relative to the SWI. Two of
these devices are attached on opposite sides of the multicorer
to establish the position of the SWI and determine if the sea-
floor is sloped.

Tubing and fittings

The tubing that connects SIPR parts is designed to mini-
mize internal volume, prevent the diffusive loss of CO,, and
avoid contamination of measured constituents. Minimal
lengths of PVDF tubing are used between the blade/needles
and quartz coils; PVDF is used between quartz coils and pinch
plate; silicon tubing in the pinch plate; and Tygon between
pinch plate and syringes. Luer lock two-way valves and barbs
are used to connect tubing.

Computer and pressure case

An aluminum pressure case (10 cm ID, 47 cm length, rated
to 10,000 m) holds an Arduino computer and 12 1.5-V D bat-
teries (2 parallel sets of 6 batteries in series for 9 V output).
The computer controls a bank of relays (on a circuit board that
we fabricate) that fire burn wires at specified times. A tilt meter
on the electronics package records changes in the x, y, and
z dimensions, informing if the ship’s cable ever displaced the
multicorer while sitting on the seafloor for 6-12 h. The burn
wire program is set prior to deployment, allowing for the time
to get the multicorer to the seafloor (typically deployed at
40 m min~'). Because the pressure case is the ground for the
electrical circuit, it is mounted on the multicorer with care to
isolate it with rubber sheeting so it does not ground to the
frame.

Camera

A camera and light are also attached to the multicorer for
several purposes: (1) observe position of blades and needles on
the SWI, (2) record syringe draw rates, and (3) observe poten-
tial disturbance of multicorer during deployment. The Group
B Inc. camera and light are housed in their own pressure cases
that are rated to 2800 m water depth. Therefore, the camera
and light can only be deployed up to this depth, even though
the computer pressure case and multicorer can be deployed
deeper. The camera and light package can be programmed to
turn on and off at specified times and can record up to 6 h of
video footage. As shown in Fig. 1, we attach the camera and
light low on the multicore to capture both syringe draw rate
and insertion of the blades and needles into sediment.

Fill water

The tubing and sample coils must be filled with a liquid
prior to deployment to prevent tubing collapse as a result of
deep ocean pressures. This “fill water” must have a chemical
tracer to distinguish between fill water and porewater, as the
waters will inevitably mix during collection. Fill water should

In situ deep-sea porewater collection

have carbonate parameters somewhat similar to the sample,
minimizing error when correcting for mixing. Here, we have
spiked surface seawater with fluoride (starting concentration
of 1.3 ppm F~, spiked to 10 ppm F~) and measured its dilution
using a fluoride electrode. The [F] in a mixed sample deter-
mines how much fill water is present, and the other measured
constituents can be corrected with a two-endmember mixing
equation. As demonstrated by mixing experiments in the lab
at typical flow rates (Fig. 4), porewater with < 1% fill water is
collected beyond the 6-mL closest to the fill water-sample
water interface.

Burn wire

We use burn wires to actuate autonomous deep-sea opera-
tions. A single wire consists of a nylon-coated stainless-steel
fishing leader (40 Ib test) covered in heat-shrink tubing for
added abrasion resistance. A small section (~ 2 mm) of the
coating is removed at the desired burn location, exposing the
bare wire to seawater. When the batteries in the pressure case
are programmed to fire, the resulting current is sufficient to
corrode the wire. The circuit is completed through seawater
when electrons leave the steel (producing Fe'?) and travel
through seawater to the aluminum pressure case, which serves
as the ground. The exposed steel corrodes in approximately
2 min and releases whichever piece it held. Figure 3 shows an
example of burn wire holding down syringes (Fig. 3j) and
then, upon corrosion (Fig. 3k), allowing the springs to pull up
syringe plungers.

Maintaining seafloor position

If the multicorer is jostled or in any way disturbed by the
ship’s cable during a deployment, the blades and needles will
move and compromise sample integrity. To mitigate potential
disturbance, an extra 5-10 m of cable is paid out after the mul-
ticorer has landed. A Benthos glass float is attached 20 m
above the multicorer to help float the cable so it does not get
tangled on the multicorer. In addition, we devised a simple
“stiff arm” consisting of a 2.54-cm-diameter 3-m-long polyvi-
nyl chloride (PVC) pipe attached to the cable immediately
above the Benthos float via hose clamps. The float keeps the
cable off the multicorer and this stiff arm keeps the cable from
wrapping around the float. In addition, dynamic positioning
on the R/V Sally Ride (the ship on which we made our deep-
sea deployments) maintained lateral position within 150 m?
(<15 x 10 m in latitude and longitude) for up to 12 h. During
deployments described in this paper, we were subject to 0.5-
1.5 m waves and winds 5-20 knots.

Validation of methods

Porewater draw depth

Windows on the blade were spaced such that 60 mL of
porewater (the maximum volume drawn), centered in the
window, would not overlap with adjacent windows. By draw-
ing 60 mL (even though collecting only the last 30 mL for
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Fig. 4. Mixing experiment in sample coil initially filled with fluoride spiked seawater, with 16 mL sample porewater drawn into coil. The dashed line indi-
cates hypothetical plug flow with no mixing. Solid circles are data points, and the solid line connects data points.

analyses), and assuming 74% porosity (lowest porosity at these
field sites), the calculated radius of sample collection is
2.7 cm. The blade windows and needles are spaced 6 cm apart
minimum, so overlapping sample volume is not likely. How-
ever, flow through muddy sediment is not likely to be per-
fectly uniform in all directions and is more likely to draw from
shallower sediments where the porosity is higher. We con-
ducted lab testing to confirm that SIPR windows draw
porewater from the intended sediment horizon. Tests were
conducted in the lab by inserting needles, blades, and Rhizon
filters (inserted horizontally to mimic core Rhizon processing)
into a container of muddy sediment. Porewater profiles from
both SIPR methods indicated that needles and blades draw the
same water as Rhizons, with the depth horizon centered
around the midpoint of the filter. Bottom water entrainment
into shallow SIPR windows will also contaminate samples. Lab
testing with isotopically spiked OLW showed that when the
retaining plate is securely placed on the sediment, bottom
water entrainment is negligible.

OLW channeling/initial drawdown

Another concern was that during insertion of the blade or
needles, OLW would be carried down into the sediments or
move through channels opened during insertion. Needle and
blade windows have internal volumes of 1 and 0.6 cm?,

respectively, that are exposed as multicorer travels through
the water column. This volume is filled with OLW before
insertion into sediment. A lab test was conducted by filling a
bucket with mud and seawater, spiking OLW with '*C and
inserting the blade into the mud. By measuring the '3*C signal
from sample DIC, we determined how much OLW is brought
down in this process. As expected, this volume was at most
1 mL. Thus, we know that in addition to the fill water, there is
also an extra ~1 mL OLW that enters the window prior to
sample draw. To obviate this contamination of our sample, we
aim to draw more porewater than the 30 mL volume of the
sample coil. That way, this OLW contamination is flushed
out. If less than 30 mL was drawn, the first 6 mL of porewater
was discarded to account for mixing of fill water and OLW
with porewater (Fig. 4).

Flow rate

Knowing the porewater draw rate into the sampler helps us
determine deployment timing and is also important in calcu-
lating dissolution rate from the labeled carbonate experi-
ments. Flow rate is determined by either (1) dividing volume
recorded on syringe by suction time or (2) observing the speed
of syringe plunger movement via a camera. Syringes often
draw the maximum volume, so the first method is not always
viable, thus reported rates from Stas. 2 to 5 are those viewed
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from the camera. Rates from Sta. 1 are from the first method of
determining flow rate, as that site was deeper than the camera’s
depth rating of 3000 m. Both syringe travel and camera yield
similar flow rates, as did lab testing which showed that volume
draw vs. time is generally a linear function after 0.5 h. An exam-
ple of flow rates from Sta. 2, characterized primarily by carbonate
clays, is shown in Fig. 5. Natural samples have filters on both
sides of the blade, whereas dissolution samples have a filter on
only one side and therefore draw more slowly than natural sam-
ples. Obtaining a full draw (>50 mL) takes at least 2 h. Average
natural sample flow rates are reported in Table 3. Flow rates vary
among different sediment types and the rate is often fastest in
the upper 5 cm, but otherwise does not scale with depth. The
flow rates we found during deep-sea deployments in muddy sed-
iments (Table 3) were comparable to those found during testing
off the San Pedro Shelf (400 m). Clearly, the draw rate in sandy
sediments was very fast compared to muds.

Field results and discussion

The tests described above validated that SIPR works as
intended in the lab, and the following measurements verified
the performance of SIPR in the field. Because of the low volume
collected from SIPR (maximum 30 mL in sample coils), all ana-
lyses must be run on the smallest amount possible. Table 4
summarizes the analyses run and relevant instrument informa-
tion. Total alkalinity was measured using the mvMICA system
(X. Liu unpubl.), able to determine alkalinity on 1.5 mL of sam-
ple with a precision of 2 yM. mvMICA is novel in its low vol-
ume requirement, but it was built upon established methods
(Liu et al. 2006, 2011, 2013; Wang et al. 2007).

Heterogeneity

It is possible for heterogeneity in natural sediment systems
to drive differences in porewater profiles not due to any arti-
fact or instrument malfunction. To test the extent that

In situ deep-sea porewater collection

heterogeneity impacts SIPR profiles, we utilized the adjustable
nature of the needles. At a test station in San Clemente Basin
(1975 m water depth), all eight needles were set to the same
depth (20 cm). The needles were laterally spaced 2 cm from
one another and occupied an area of 24.4 cm?. Aside from
one needle that leaked (leaks are diagnosed by high % fill solu-
tion in sample water), the remaining seven needles contained
an average dissolved silicate value of 292.6 yM with a standard
deviation of 7.3 uM. This is the same value within error from
blade windows at the same depth. The variability in [Si] values
is only slightly higher than our analytical precision (+ 2%, one
standard deviation of replicates). These results confirmed that
in situ samples drawn from the same depth yield similar con-
centration values. It also suggests that, at least in San Clemente
Basin, any natural heterogeneity in porewater [Si] must be
smoothed out by our sampling or does not exist. However, we
do recognize that heterogeneity will exist in sediments, largely
due to infaunal activity, but this was not observed in San
Clemente Basin and would be expected to be less common at
deeper sites further from coastal upwelling. We also recognize
that heterogeneity in other constituents, such as carbonate
parameters, may be greater than for dissolved [Si].

Sample depth

As is true with any porewater profile work, assigning depth
to a particular sample is key to defining the profile shape. We
have three independent methods of determining depth of the
blade and needle windows:

1. Relative depth: The foot is designed to sit on, and
thereby mark, the SWI. The foot is a physical method to
compare where the blades and needles are in space, relative
to the SWI. Upon recovery of the multicore, the location of
the feet was measured to assign temporary depths and to
ensure that the blades and needles were inserted into the
sediment. There are 2 feet on the multicorer, so their
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Fig. 5. SIPR flow rates at Sta. 2, as seen via camera. A subset of sediment depths is indicated.
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Table 3. Stations visited on Cocos Ridge in November to December 2021. Sediment characteristics and SIPR draw rates reported.

Water Porosity Average SIPR Weight %
Station # Station coordinates depth (m) Sediment type range (%) flow rate (mL h™ ") CaCOs range
1 6°47.08'N, 88°15.65'W 3223 Low carbonate clay 84-94 7 0-18
5 6°35.99'N, 86°41.75'W 2911 Medium carbonate clay 81-93 6 10-33
2 5°57.48'N, 87°57.40'W 2650 Medium carbonate clay 78-88 13 57-64
3 5°10.17'N, 86°35.59'W 1630 High carbonate clay 74-83 70 75-81
4 4°48.72'N, 88°37.31'W 1274 Foraminiferal sand 74-80 3600 91-93

position relative to the frame is extrapolated to the blades
and needles, providing relative depth of SIPR windows
between multiple blades and needles.

2. Visual depth: The camera field of vision captures one
blade to provide evidence of the depth of blade penetra-
tion. The video captures insertion of a blade into the sedi-
ment and shows if the multicorer was disturbed during the
suction time. The multicorer was never displaced from the
sediment in all nine deployments. From markings on the
blade, the camera provides visual evidence of the penetra-
tion and thus the window depths.

3. Chemical depth: For each deployment, dissolved silicate
[Si] profiles were compared between SIPR blades/needles and
shipboard-processed cores filtered with Rhizons (Fig. 6).
Cores have definite depth assignments due to the relatively
gentle insertion of the multicorer into sediment and
resulting interface preservation. Previous work with [Si] gives
us confidence that shipboard-processed cores reflect accurate
porewater gradients near the SWI (McManus et al. 1995;
Berelson et al. 1997; Hou et al. 2019).

From three shipboard-processed cores, we generate an aver-
age [Si] porewater profile. The top 0-10 cm of core profiles was
fitted with a linear, second, or third order polynomial (best
fit). SIPR blades/needles were then shifted in depth, up or

down, to minimize the difference in SIPR and core [Si], pro-
ducing a “silica depth.” Each blade/needle set must only have
one depth offset by which all windows are shifted. On aver-
age, this [Si] adjustment in depth was <+ 1 cm compared to
relative depth. This [Si] depth adjustment of in situ samples
does not change the magnitude of the concentration change,
only the position relative to the SWI. After the [Si] depth cor-
rection, individual blades and needle sets collapse onto the
core [Si] gradient (Fig. 6b).

We consider the chemical depth assignment to be the most
accurate. Relative depth can be influenced by seafloor topogra-
phy; visual depth only applies to half the blades or needles
that fit in the field of vision. Most importantly, where we have
camera evidence of blade penetration, the assigned chemical
depths agree with visual depths.

We found a difference between in situ and ex situ dissolved
[Si] deeper in the core (>10 cm; Fig. 6). The in situ dissolved
[Si] profiles reach higher values than the ex situ core profiles.
This offset is seen after we adjust core [Si] for a temperature
correction (McManus et al. 1995). We do not have a ready
explanation for this offset but have perhaps documented yet
another pressure/temperature/precipitation artifact between in
situ and ex situ porewater collection. Unless stated otherwise,
reported sediment depths are in terms of this silica correction.

Table 4. Analyses performed on in situ collected porewater. Except for dissolved silicate, all analyses were run on-board.

Precision (one

Volume standard deviation
Analysis Instrument (reference) (mL) Standard of replicates) Lab
DIC Picarro Cavity Ring-Down Spectrometer 4 Dickson CO, reference 23 umol kg’1 Berelson (USC)
(Subhas et al. 2015) material seawater
8'3C of DIC Picarro Cavity Ring-Down Spectrometer 4 (same water ~ Optical calcite powder ~ 0.15%o0 Berelson (USC)
(Subhas et al. 2015) as DIC)
Total alkalinity Minimal volume multiparameter 1.5 Dickson CO; reference 2 uM Byrne (USF)
inorganic carbon analyzer material seawater
(mvMICA) (X. Liu et al. unpubl.)
pH mvMICA (X. Liu et al. unpubl.) 1.5 N/A 0.001 Byrne (USF)
Dissolved silicate Spectrophotometer (Hou et al. 2019) 1 Artificial seawater 2% Berelson (USC)
Fluoride Orion fluoride electrode (Rix et al. 1976) 1 TISAB 0.1 ppm Adkins (Caltech)
10

ASUIOIT suowo)) dANLa1) d[qedtjdde ayy £q pauIdA03 o1e SI[ONIR Y (9SN JO SI[NI J0J AIRIQIT AUIUQ AJ[IA\ UO (SUONIPUOI-PUB-SULID} W00 AS[1m ATRIqI[aul[uo//:sdny) suonipuo) pue sWLd ] ay) 39S “[770T/71/0T] U0 Areiqry auluQ AS[1A ‘0€S01 EWOl/Z001 01/10p/wod Ad[im Areiqidurjuo-sqndoyse;/:sdny woly papeojumoq ‘0 ‘9585 THS 1



Cetiner et al.

(a) Relative depth assignment

Dissolved silicate (uM)
250 300

0w
To Tgdag . ey 4
A

Blade 2, Drop 1
Blade 3, Drop 1
Blade 4, Drop 1
Needles, Drop 1
Blade 3, Drop 2 ¢

Blade 5, Drop 2 A

Blade 6, Drop 2 L4
Needles, Drop 2

Shipboard-
processed cores

Sediment depth (cm
N
o

wW
o
R W= RS

F 2% uncertainty

40"

In situ deep-sea porewater collection

(b) Chemical depth assignment

Dissolved silicate (uM)

(1) 5¢ 200 250 300 350 400
0 A\ O T T T 1
¥ FE W, 0a o
') "
Y v
g0 "E%
3
S ¢ S
= ¢
5 »
£ .
(1)307 A
@ .
LN
40 -

Fig. 6. Sta. 2 dissolved silicate from in situ porewater (blue) and ex situ shipboard-processed core porewater (yellow), before (a) and after (b) silica
depth correction. Arrows denote CTD bottom water values. Different blue colors and symbols represent individual blades over two deployments, demon-
strating the reproducibility of SIPR devices. Uncertainty of [Si] measurements is 2%.

In addition, [Si] can diagnosis bottom water entrainment
into shallow SIPR windows. If a sample falls off the trend
defined by the majority of data and has a lower [Si] value, that
is, closer to bottom water, we assume that sample must have
had channeling of bottom water into the sample window, and
is therefore removed from further analyses.

Alkalinity in situ vs. cores

There is a known artifact that occurs when dissolved Ca*"
and CO3~ ions precipitate as CaCO3 onto existing nucleation
sites (for example, sediment grains) as pressure and tempera-
ture change during core recovery from deep water prior to
porewater filtration (Murray et al. 1980; Sauvage et al. 2014).
Due to this artifact, alkalinity is lowered in porewater
extracted from cores processed on-board. Our data confirm
this artifact and demonstrate how it impacts the profile gradi-
ent and structure (Fig. 7). This artifact not only reduces the
maximum alkalinity value, but drastically changes the slope
and shape of the profile, especially in the top few
cm. Importantly, fluxes calculated from core profiles would be
much lower than those from porewater collected in situ.

Alkalinity artifact vs. sedimentary CaCO3

To investigate potential explanations for this alkalinity
sampling artifact, the alkalinity loss from ex situ shipboard-
processed cores relative to in situ porewater was compared to
weight % CaCOj in sediments (Fig. 8). This comparison is
made more robust by our range in weight % CaCOj3: between
1630 and 3223 m water depth, we collected sediments that
range from O to 80 weight % CaCO;. The magnitude of the
artifact was quantified by taking the average of all SIPR points
within 1 cm intervals, taking the average of all core points
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within 1 cm intervals, then calculating the % loss between
SIPR and core values at each cm horizon. Weight % CaCO3
was measured by sectioning cores at 1-2 cm intervals, grind-
ing the sediment to a powder, then acidifying the sediment
with 10% H3PO, in an evacuated container to convert CaCO3
to CO,. This CO, was then measured on a Picarro Cavity
Ring-Down Spectrometer.

Three potential mechanisms for alkalinity loss were exam-
ined in this study: (1) the effect of weight % CaCO3 (higher
weight % CaCOj3; has more potential for alkalinity loss by pro-
viding more nucleation sites onto which carbonate can
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Fig. 7. Sta. 2 porewater alkalinity from in situ vs. ex situ (shipboard-
processed cores) filtered porewater. SIPR points represent all blades and
needles over two deployments. Arrow denotes CTD bottom water value.
Error bars are smaller than size of point.
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Fig. 8. Porewater alkalinity lost from shipboard-processed cores relative
to in situ porewater vs. weight % CaCOs in sediment core samples. Data
are binned for every 1-2 cm interval.

precipitate); (2) the effect of water column depth (based on
the known relationship between pressure, temperature, and
the saturation state of carbonate); and (3) time between core
recovery and processing (as found by Sauvage et al. 2014).
Sites deeper than 2600 m (Stas 1, 2, and 5) exhibit a trend of
more alkalinity loss with increased carbonate content. Con-
trary to the pressure artifact definition, Sta. 1, the deepest site,
shows the smallest, albeit non-negligible, alkalinity artifact
and it is the core with the lowest % CaCOj3. From 3200 to
2600 m, weight % CaCOs is positively correlated with % alka-
linity loss in ex situ processed cores.

However, Sta. 3 at 1600 m has the highest weight %
CaCOs, yet has an average alkalinity artifact smaller than that
at Sta. 2, where there is less sedimentary carbonate. Therefore,
weight % CaCOsj is not the only factor influencing alkalinity
loss in cores; water column depth may also play a role, as
could other sedimentary features and composition.

Last, we compared time between core recovery and
processing to see if this impacted alkalinity. Sauvage
et al. 2014 measured an average loss of 8.9% alkalinity in cores
due to CaCO; precipitation after waiting 3-7 h to extract
porewater, compared to cores processed in <2 h. Our cores
were placed in a cold van until they reached bottom water
temperature. Three cores were processed for porewater at each
station; the time between core recovery and Rhizon-processing
ranged from 8 to 27 h. There was no systematic difference
among the alkalinity profiles from three cores/station
processed at different times. We believe that we do not see the
same sampling time artifact as Sauvage et al. 2014 because our
shortest wait-time is longer than their longest wait-time and
this effect can only be seen within the first 2 h after recovery.

Alkalinity loss was also compared to DIC loss in cores rela-
tive to SIPR (Fig. 9). The premise being if carbonate precipita-
tion were responsible for this artifact, an Alk : DIC (A) loss
ratio of 2 : 1 would be diagnostic of this mechanism. Both
alkalinity and DIC losses were calculated by taking the average
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Fig. 9. Alkalinity and DIC loss (A) in shipboard-processed cores com-
pared to in situ filtered SIPR porewater at all stations. Alkalinity : DIC 2 : 1
ratio line. A DIC uncertainty: +32.5 umolkg~'. A Alkalinity uncer-
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of all SIPR points within 1 cm intervals and subtracting the
average of all shipboard-processed core points for the same
horizon. Although there is significant scatter in the data, pos-
sibly due to the relatively high uncertainty of our DIC mea-
surements (£ 23 ymol kg’l), the average alkalinity loss/DIC
loss is equal to 2.2, consistent with the signal expected from
carbonate precipitation.

Assigning mechanistic controls of this artifact is beyond
the scope of this work, but we believe this is the first study to
show a large range of this alkalinity artifact as a function of
deep-sea sediment type and depth. Weight % CaCOj3; and
water column depth are demonstrated as important factors
contributing to artifact magnitude; as others have suggested
(Murray et al. 1980; Sauvage et al. 2014), carbonate precipita-
tion during core recovery is the likely driver.

In situ carbonate dissolution experiments

At all stations, we conducted the first in situ carbonate dis-
solution rate experiments in sediments. Isotopically labeled
calcite grains were placed in blade windows for porewater to
be drawn past. A measured enrichment of §'*C in DIC comes
from two processes: isotopic exchange at the solid—solution
interface and calcite dissolution. The first necessary measure-
ment is to define the ambient §'*C DIC profile (Fig. 10a) in
the absence of any labeled carbonate. As porewater is drawn
past labeled calcite grains, isotopic exchange between the
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Fig. 10. Sta. 5 5'3C of DIC. (a) Ambient in situ profile, and (b) ambient profile and results of in situ calcite dissolution experiments. Dissolution experi-
ments shown (diamonds) are the aliquot farthest from the porewater—fill water interface. Yellow band indicates potential range of isotopic exchange sig-

nal. Note change in x-axes. Sta. 5 has OLW with Qc,icite = 0.89.

grains and adjacent porewater can occur independently of dis-
solution. Such isotopic exchange signals have been docu-
mented in benchtop experiments in supersaturated seawater
(Subhas et al. 2015). The relative contributions of §'3C from
isotopic exchange and dissolution is currently being studied
(H. A. Barnhart unpubl.). However, based on in situ dissolu-
tion experiments in supersaturated porewater, we estimate the
effect of isotopic exchange is 10-20%o0. An example from Sta.
5 (OLW Qcaicite = 0.89) shows significant enrichment relative
to ambient 8'C beyond the exchange estimate, indicating a
contribution to the §'C signal from net carbonate dissolution
(Fig. 10b). This occurs at the highest magnitude in the top
8 cm, likely where sediment is oxygenated, evidence of aero-
bic respiration-driven dissolution (Emerson and Bender 1981;
J. E. P. Cetiner unpubl.). Dissolved manganese is depleted in
these porewaters from the SWI to 8 cm (F. J. Pavia pers.
comm.), indicative of the oxygen penetration depth. These
results show that in situ dissolution experiments are a viable
method for quantifying carbonate dissolution rates in sedi-
ments and qualitatively defining depth of dissolution.

Summary

SIPR was built to filter porewater from deep-sea sediments
in situ, avoid sampling artifacts associated with traditional
core recovery methods, and obtain high-quality samples for
accurately characterizing porewater carbonate chemistry (DIC,
8'3C of DIC, Total Alkalinity, and pH). SIPR was successfully
deployed nine times on and adjacent to the Cocos Ridge in
the eastern equatorial Pacific, from 1300 to 3200 m, filtering
porewater from sediment types ranging from low to high car-
bonate clay and foraminiferal sand. In comparing alkalinity
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profiles from in situ and ex situ shipboard-processed cores, the
ex situ porewater exhibits a significant reduction in alkalinity,
attributed to carbonate precipitation in cores, consistent with
the ratio of alkalinity to DIC loss of 2.2. This artifact leads to a
large difference in the steepness of the gradient (dC/dz) of in
situ vs. ex situ profiles. This difference in gradient slope and
shape will have profound impacts on the calculated fluxes of
carbonate parameters from deep-sea sediments. We also
established that this artifact (loss of 1-10% alkalinity) is a con-
sequence of sediment % CaCOj; and the water depth from
which cores were processed ex situ.

Comparison to existing methods

Traditional methods for collecting deep-sea porewater
include filtering from cores using Rhizons, centrifugation, and
whole-core squeezers. Compared to these methods, SIPR is
more time-intensive in both preparation and deployment: 20—
24 person-hours for cleaning, blade/needle prep in lab, and
deck prep (attaching all parts to multicorer, setting up elec-
tronics), and 6-18 h total deployment time. Despite these
time constraints, it is clear that in situ porewater collection is
necessary to generate high-resolution and accurate porewater
profiles for carbonate species.

Comments and recommendations

SIPR was built with a future application for trace metals in
mind, hence every surface that touches the porewater is
metal-free. The multicorer and parts attaching SIPR to the
multicorer are metal, but porewater is never in contact with
these surfaces. Porewater is filtered through a Supor filter, pul-
led through Delrin plastic (blade) or polycarbonate sheathing
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(needle), drawn through plastic tubing, and stored in quartz
glass sample coils. Sample coils could be fabricated from plas-
tic for trace metal applications, so long as there is no need to
measure gas species. Further testing would need to be con-
ducted to ensure these surfaces remain trace metal clean after
acid washing, for example. Other work has clearly docu-
mented the sampling artifact of additional constituents
besides carbonate species, such as O, (Glud et al. 1994), the
nitrogen system (NH}, NO3, NO3) (Aller et al. 1998), and dis-
solved organic matter (Hall et al. 2007), all of which would
therefore require in situ filtration to obtain the most accurate
porewater profiles, and for which SIPR could be adapted and
deployed. SIPR would also be suitable for anoxic environ-
ments, as the quartz sample coils are gas impermeable and
allow for separation between porewater (anoxic) and fill water
(oxic). In addition to deep-sea studies, SIPR has potential for
coastal applications as well. In sandy sediments, it is difficult
to collect full cores due to the resistance to core penetration in
sands. We demonstrated that SIPR is capable of collecting in
situ porewater from sands up to 35 cm deep at Sta. 4 (data not
shown). SIPR has a water column depth constraint set by the
pressure case, which was built for use with the Alvin submers-
ible and rated to 10,000 m.

In summary, through 3 yr of testing, we have developed a
unique oceanographic instrument that will serve to further
benthic chemistry research by providing tens of milliliters of
artifact-free, in situ filtered porewater for carbonate chemistry
constituents, among other applications. Pairing in situ
porewater profiles with other in situ techniques (for example,
pH and O, microprofiling, benthic chambers, eddy correlation
studies) could lead to deeper understanding of carbonate dis-
solution on the seafloor.

Data availability statement
All data used in this paper are presented in the figures. Data
sets are available upon request.
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