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Abstract
The benthic boundary layer plays a crucial role in the exchange of trace metals between surface sediments

and the water column. So far it has been difficult to study dissolved–particulate interactions of trace metals in
this highly reactive interface layer due to the lack of suitable sampling methods. We developed a new device,
called Benthic Trace Profiler (BTP), which enables simultaneous sampling of near-bottom water and suspended
particles in high depth resolution within the first 3 m above the seafloor. The device was tested successfully in
the Baltic Sea. The concentrations of several trace metals (Co, Ni, Cu, Zn, and Cd) in the collected bottom
waters overlapped with concentrations in water column samples above collected with conventional methods.
This observation indicates that the sampling device and method is trace metal clean. The trace metals Fe and
Mn showed concentration gradients within the benthic boundary layer indicating an upward diffusive flux. This
observation is consistent with a diffusive benthic flux of these trace metals across the sediment–water interface,
which was independently verified using pore-water profiles. Suspended particles can be used to study precipita-
tion processes and to determine the carrier phases of trace metals. The BTP fulfilled all the intended require-
ments as it allowed a simultaneous, uncontaminating and oxygen-free sampling of seawater and suspended
particles to gather high-resolution profiles of dissolved and particulate trace metal concentrations above the sea-
floor. The device closes the gap between water column and sediment sampling and helps researchers to better
understand trace metal exchange processes across the ocean’s lower boundary.

Several trace metals (TMs) are essential micronutrients
required for marine life. They are part of many enzymes,
which catalyze important biological functions such as photo-
synthesis (Fe, Mn, and Cu) and carbon fixation (Co, Zn, and
Cd). Because of generally low concentrations in the surface
ocean the availability of TMs can regulate and (co-)limit pri-
mary productivity (Morel 2003; Saito et al. 2008; Moore et al.
2013; Morel et al. 2014; Lohan and Tagliabue 2018). Further-
more, sedimentary TM signatures can be used as proxies to
infer marine biogeochemical cycling and redox conditions in
the geological past (Brumsack 2006; Tribovillard et al. 2006;
Sweere et al. 2016; Scholz 2018; Algeo and Liu 2020).

Trace metal fluxes across the sediment–water interface at
ocean boundaries play an important role in regulating oceanic
TM concentrations. In particular, sediments underlying oxy-
gen minimum zones are a source for Fe, Mn, and Co and a

sink for Ni, Cu, Zn, and Cd (Brumsack 2006; Böning et al.
2009; Little et al. 2015; Plass et al. 2021). However, the pro-
cesses that are involved in benthic TM cycling are not fully
understood. The benthic boundary layer may play a key role
in modulating TM fluxes. This layer is characterized by high
rates of chemical reactivity and exchange of dissolved and par-
ticulate matter between the water column and the seafloor
(Boudreau and Jorgensen 2001). Depending on the prevailing
redox conditions, TM precipitation can take place. For exam-
ple, when dissolved Mn is released from anoxic sediments, it
can reprecipitate in the bottom water through oxidation pro-
cesses and therefore be returned to the sediment (Sundby and
Silverberg 1985; Pakhomova et al. 2007). Similarly, after
release from the sediments reduced Fe can be oxidized to
poorly soluble Fe(III) by oxygen, nitrate, or nitrite (Scholz
et al. 2016; Heller et al. 2017; Schlosser et al. 2018). Further-
more, when hydrogen sulfide escapes the sediment, TM
removal from bottom water through sulfide precipitation can
take place (especially CdS, which has a low solubility) (Jacobs
et al. 1985; Sundby et al. 1986; Plass et al. 2020). Sampling of
suspended particles at the benthic boundary is required to
constrain these precipitation reactions and also to determine
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by which carrier phase TMs are delivered from the water col-
umn to the sediment surface. The respective importance of
different carrier phases is in many cases poorly constrained.
For example, TM sequestration by phytoplankton and delivery
with fresh organic material, TM scavenging by inorganic parti-
cles (e.g., metal oxides) or refractory organic material, and TM
sulfide precipitation can contribute to the particulate supply
of TMs to the sediment (Böning et al. 2004; Audry et al. 2006;
Rigaud et al. 2013; Little et al. 2015; Ciscato et al. 2018). Fur-
thermore, the biogeochemical conditions leading to TM pre-
cipitation in near-bottom waters need to be evaluated in order
to gain further insights into benthic TM cycling and fluxes.
This can ultimately help to better constrain the oceanic mass
balances of TMs and to predict how environmental conditions
impact the availability of TMs to marine organisms in the sur-
face ocean.

Devices and procedures for TM sampling of the water col-
umn are well established, in particular by the GEOTRACES
program (Scor Working Group 2007; Cutter and Bruland
2012), but fail in the benthic boundary layer. The conven-
tional sampling methods by GO-FLO bottles cannot reach
close enough to the seafloor. These bottles are commonly
lowered only to a maximum depth of 5 m above the seafloor
to avoid damage to and contamination of the bottle by touch-
ing the seafloor and sampling of artificially resuspended parti-
cles. Furthermore, as GO-FLO bottles are lowered vertically,
the samples represent an integrated signal over the height of
the bottle (typically > 1 m), which is an unsatisfying vertical
resolution close to the seafloor. On the other hand, sampling
of seawater right above the seafloor is often conducted by the
aid of a multiple corer and by collecting the water overlying
the sediment (� 20–30 cm) or by attaching a Niskin bottle to
the frame of a multiple corer. By this method, only a single
sample representing the first few centimeters to decimeters or
meter above the seafloor can be collected. Furthermore,
resuspension of sediments to the bottom water or admixing of
oxygen during core retrieval and recovery can lead to mixing
of pore water and bottom water and/or artificial TM scaveng-
ing. With both methods mentioned, it is not possible to cap-
ture concentration gradients in the first few meters above the
seafloor.

To close the gap between water column and sediment sam-
pling, bottom water samplers (e.g., K.U.M., MARUM) and ben-
thic landers or vehicles equipped with sampling bottles (Guo
and Santschi 2000) or peristaltic pumps and syringes
(Holtappels et al. 2011) have been developed. However, these
instruments consist of a metal frame (or contain metal parts)
and/or are equipped with Niskin bottles with metal springs in
the interior. Therefore, these instruments are well suited for
sampling of nutrients or organic compounds but do not meet
the requirements for contamination-free TM sampling. In
addition, the sampling bottles are open while the devices are
lowered to the seafloor so that resuspended particles rather
than naturally suspended particles are collected upon

placement at the seafloor. Furthermore, not all sampling bot-
tles are suited for in-line filtration under oxygen free condi-
tions or particle sampling.

To overcome these problems a team of engineers and scien-
tists designed and custom-built a new device, which fulfills
the following requirements:

1. Close the gap between water column and sediment
sampling.

2. Simultaneous sampling of suspended particles and seawater
in the benthic boundary layer.

3. Sampling at several adjustable depths above the seafloor to
resolve vertical gradients.

4. Sampling with a low risk of contamination.
5. Sampling under oxygen-free and/or in situ redox

conditions.

Use materials and procedures
Sampling site

The Benthic Trace Profiler (BTP) was tested successfully dur-
ing two short cruises of RV Alkor in October 2018 and March
2019. Our sampling location Boknis Eck (54�31.20N,
10�02.50E) has a water depth of around 30 m and is located in
the southwestern Baltic Sea at the entrance of Eckernförde Bay
(Fig. 1). Boknis Eck is a time series station, which has been
studied and sampled by marine scientists in Kiel for more than
60 yr. The site is monitored on a regular basis for physical and
chemical water column properties such as temperature, salin-
ity, oxygen, dissolved nutrients, and chlorophyll (see https://

Fig 1. Sampling site Boknis Eck in the southwestern Baltic Sea.
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www.bokniseck.de/de/home for data). A strong seasonal vari-
ability of the biogeochemical conditions in the water column
is characteristic for this site. The seasonal phytoplankton
bloom in spring is accompanied by intense export production
of organic material. Seasonal stratification during summer and
early fall together with organic matter respiration leads to oxy-
gen depletion culminating occasionally in the occurrence of
sulfidic conditions within the deepest water layers at Boknis
Eck (within few meters above the sediment). In contrast, dur-
ing the winter period, the water column is generally well ven-
tilated and fully oxygenated (Smetacek 1980; Hansen et al.
1999; Bange et al. 2011; Lennartz et al. 2014). Due to the sea-
sonal changes in oxygen and redox conditions, Boknis Eck is
well suited to study how these different biogeochemical condi-
tions impact TM cycling within the benthic boundary layer.
Moreover, since the seafloor at Boknis Eck is located within a
local bathymetric depression with a seasonally stratified water
column and strongly reducing conditions in the sediment,
concentration gradients within the near-bottom waters are
likely to be established.

Sampling system and operating mode
All the individual features of the novel bottom water sam-

pler, described in the following paragraphs, are displayed in
technical drawings in Fig. 2. The BTP consists of a titanium
frame with a height of roughly 3 m. Five modified GO-FLO
bottles (General Oceanics) with a volume of 2.5 liters each are
attached horizontally to the frame at adjustable depths
(default is 0.3, 0.9, 1.5, 2, and 2.6 m above the seafloor). The
sampling depths can be adjusted to the expected thickness of
the benthic boundary layer and concentration gradients. Dur-
ing our test cruises, we intended to sample the transition
between the seafloor, which can be sampled using a multiple
corer, and the open water column, which can be sampled by
conventional sampling bottles. The main goal was to evaluate
whether our approach is TM clean and capable of resolving
TM concentration gradients within this transition zone. The
heights of the GO-FLO bottles above the seafloor was chosen
accordingly, that is, minimal and maximal possible distance
from the seafloor to prevent penetration of the lowermost bot-
tle in the sediment and minimize the distance between the
BTP and water column profiles.

The sampling bottles are equipped with a plastic gear to
their opening mechanism (Fig. 3). The gear on the bottles is
attached to a gear transmission on the frame, which is con-
trolled by a programmable electric motor (K.U.M. Umwelt-
und Meerestechnik Kiel GmbH) that steers the opening and
closing of the sampling bottles. The motor is powered by a
battery pack (24 x Emmerich NiMH-Akku SUB-C 4000mAh
ZLF) within a deep-sea certified pressure housing. Before the
sampling bottles are attached to the device, they are filled
with deionized water (Milli-Q, Millipore) and closed manually
to avoid implosion due to the increasing hydrostatic pressure
under water. The device is then lowered to the seafloor using

the winch and wire of a research vessel. The Profiler is con-
nected to the wire with a swivel shackle and equipped with a
fin allowing it to align with the prevailing current. Floats are
attached to the wire above the instruments to prevent it from
entangling in the BTP. The bottom weights (24 � 14 kg) that
promote the sinking of the Profiler through the water column
are coated with plastic to preclude metal contamination. A
bottom plate prevents the profiler from sinking into the sedi-
ment. Once placed on the seafloor, a bottom contact sensor is
triggered and after a programmed period of time (e.g., 15 min)
the sampling bottles are opened by the electric motor and gear
transmission. The delay between the placement of the device
and the opening of the bottles allows particles that were
resuspended to settle down and/or to be transported away by
currents. Once the bottles are opened, the deionized water is
replaced by denser (saline) near-bottom water including natu-
rally suspended particles. After another programmed period of
time (e.g., 5 min), the bottles are closed again and the device
is raised back to the ship’s deck. As an alternative to the auto-
matic opening and closing mechanism, the deployment can
also be monitored visually and remotely controlled using a
deep-sea telemetry. Visual observation during some test
deployments suggested that 15 min are sufficient to let
resuspended particles disappear. In addition, it is planned to
equip the BTP with a transmissometer in order to be able to
monitor particle concentrations over the deployment time.
After recovery, the sampling bottles are detached from the
frame and taken to the lab, where they are attached to a
custom-built rack (Fig. 3).

The following sampling procedure corresponds to
GEOTRACES standards (Cutter et al. 2010) and recommenda-
tions by Planquette and Sherrell (2012). An inert gas line
(argon) is connected to the bottles pressure valve. The gas cre-
ates an overpressure (� 0.2 bar) to collect the water samples
and particles under oxygen-free conditions through the sam-
pling spigot. During our test cruises, suspended particles were
collected on 0.2 μm polyether sulfone filters (Supor, diameter
47 mm). The near-bottom water was collected in 250 mL low-
density polyethylene (LDPE) bottles. Salinity was measured on
each near-bottom water sample to assure that the deionized
water in the sampling bottles was replaced completely by
ambient seawater. The near-bottom water was acidified to a
pH < 2 with subboiling distilled HNO3. After the near-bottom
water was sampled (� 1 h after recovery of the BTP), the filter
holder was immediately transferred into a glove bag filled with
argon to prevent oxidation reactions. Inside the glove bag, the
filter holders were opened and the filters containing the
suspended particles were collected and stored in Analyslides
(Pall Laboratory). Subsequently, the filters were vacuum sealed
and frozen until total digestion or sequential extraction
followed by TM analyses or synchrotron radiation-based X-ray
analyses. These solid phase analysis and the corresponding
interpretation are not the focus of this manuscript and will be
presented in a separate publication. All materials used for
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Fig 2. Technical drawing of the BTP. The different views are displayed to visualize the individual features of the Profiler (upper left: side view; upper right:
front view; lower left: top view; lower right: trimetric view). Numbers indicate dimensions in millimeters.
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sampling (sample bottles, tubing and filters) were acid cleaned
and rinsed thoroughly with deionized water before usage fol-
lowing GEOTRACES standards (Cutter et al. 2010).

Ancillary sampling and measurements
General water column properties such as temperature,

salinity, and oxygen concentrations were determined using a
CTD sensor system. To test the TM concentration results
obtained by our new sampling method, we additionally took
water column samples using a conventional TM clean sam-
pling method following the GEOTRACES protocol (Cutter
et al. 2010). For this purpose, GO-FLO bottles were clamped to
a noncontaminating cable, lowered through the water column
and triggered with messengers at five depths (5, 10, 15, 20,
and 25 m). The GO-FLO bottles were always deployed before
the BTP (� 30 min) to avoid water column contamination due
to sediment trailing off the sampler’s bottom plate on recovery
(which could create an artificial match between results from
the two sampling systems). In the ship’s laboratory, the col-
lected water column samples were processed identically to bot-
tom water samples: an inert gas line (argon) was attached to
create an overpressure (0.2 bar) and the water sample was col-
lected in LDPE bottles and acidified to a pH < 2 with sub-
boiling distilled HNO3.

To identify and quantify benthic diffusive TM fluxes across
the sediment–water interface, we took short sediment cores
(� 30 cm depth with overlying bottom water) with a multiple
corer. The overlying bottom water was collected and filtered
through 0.2 μm cellulose acetate syringe filters (Sartorius) imme-
diately after retrieval. The core was then transferred to a glove
bag filled with argon and sliced into depth intervals. These sam-
ples were then centrifuged to separate solid sediment and pore
water. The supernatant pore water was filtered in another argon
filled glove bag and transferred to acid cleaned LDPE bottles.
Pore-water and supernatant bottom water samples were acidified
to pH < 1 with subboiling distilled HNO3. Separate nonacidified
pore-water samples were used to measure hydrogen sulfide con-
centrations (U-2001 Hitachi spectrometer) using a standard pho-
tometric technique (Grasshoff et al. 1999). Additional
uncentrifuged sediment samples were collected in preweighed
plastic cups to determine water content and porosity.

An estimate for the turbulent eddy diffusivity (DT) within
the benthic boundary layer was derived from another cam-
paign in September 2018, which took place in the area of
Boknis Eck. During the Baltic Sea Gas Exchange Experiment
(RV Alkor cruise Al516), a microstructure probe (MSS 90L of
Sea & Sun Technology) was deployed from a small boat
obtaining full depth profiles of microstructure velocity shear
at 17 stations with three profiles each. The MSS was equipped

Fig 3. BTP during deployment in the Baltic Sea (left); close-up of modified sampling bottle and gear transmission mechanism (upper right); in-line filtra-
tion of samples in the ship’s lab (lower right).
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with two airfoil shear sensors and standard CTD sensors.
Seven of the stations were deep enough (> 23 m) to show a
benthic boundary layer consistent with that seen in October
2018 and March 2019 at Boknis Eck. The measured micro-
structure velocity shear within the benthic boundary layer was
used to estimate the turbulent dissipation rate (Oakey 1982),
which subsequently is the base to estimate the diapycnal dif-
fusivity (Osborn 1980), that is, the turbulent eddy diffusivity
perpendicular to density isolines. Further details on micro-
structure data processing and calculations may be found in
Fischer et al. (2013).

TM analysis
For TM analysis of water column and near-bottom water sam-

ples, we followed a preconcentration method using an automated
preconcentration device (SeaFAST) (Rapp et al. 2017). Briefly, a
15 mL sample was pH-buffered to 6.4 with an ammonium acetate
buffer (1.5 M) before it was loaded onto a chelating resin column
where the seawater matrix was rinsed off. The TMs were then col-
lected by eluting the column with acid (1 M subboiling distilled
HNO3). For the preconcentration of TMs from pore-water sam-
ples, we followed the same procedure but with a half-automated
device (Preplab), due to the lower volume of sample available. For
this method, 1 mL of pore water was required and the buffer addi-
tion and sample loading was conducted manually.

The preconcentrated samples were analyzed by high resolu-
tion inductively coupled plasma mass spectrometry (HR-ICP-
MS; Thermo Fisher Element XR). TM concentrations were
quantified by standard addition (Mn, Co) and isotope dilution
(Ni, Cu, Zn, and Cd). Accuracies and detection limits of this
method are listed in Plass et al. (2020, 2021). The analytical
error was determined through error propagation of the stan-
dard deviation from replicate measurements of samples and
standards.

Diffusive flux calculations
The diffusive fluxes (FD) of Fe and Mn across the sediment–

water interface were determined by Fick’s first law of diffusion:

FD ¼�ϕDsed
dC
dx

� �
ð1Þ

In this equation, ϕ represents porosity and dC/dx is the con-
centration difference between the uppermost pore-water sam-
ple (0–1 cm sediment depth) and the lowermost GO-FLO
bottle of the BTP. We assume that TM concentrations in the
lowermost GO-FLO bottle provide a better estimate of the TM
concentrations immediately above the seafloor than bottom
waters overlying the sediment in multiple corer tubes (see the
introductory paragraphs). The effective molecular diffusion
coefficient of a TM in the sediment (Dsed) was derived from
the diffusion coefficients in seawater (Dsw) under standard
conditions (Li and Gregory 1974) and adjusted to in situ tem-
perature, pressure and salinity by applying the Stokes–Einstein
equation and by dividing by tortuosity (Boudreau 1997):

Dsed ¼Dsw= 1� ln ϕ2� �� � ð2Þ

A negative flux is directed from the pore water into the bot-
tom water. All input data and diffusive fluxes are listed in
Table 1.

In analogy to the diffusive benthic flux across the
sediment–water interface, the turbulent flux across the ben-
thic boundary layer was calculated as follows:

FT ¼�DT
dC
dx

� �
ð3Þ

In this equation, DT is the turbulent eddy diffusivity and dC/
dx is the vertical concentration gradient over the depth range
sampled by the BTP.

Assessment
During our two sampling campaigns, we observed differing

physicochemical conditions in the water column (Fig. 4) and
differing concentration gradients of hydrogen sulfide in the
surface sediment (Fig. 5). In October 2018, the water column
was more stratified and the deep water was characterized by
lower oxygen concentrations (130 μM O2) compared to the
cruise in March 2019 (250 μM O2). The surface sediment was
highly sulfidic during October when hydrogen sulfide concen-
trations reached up to 3 mM within the first few centimeters

Table 1. Input data for diffusive flux calculations and diffusive fluxes of iron and manganese.

Element
Sampling
season

Bottom water
concentration*

(μM)

Concentration at
sediment

surface (μM) Porosity

Effective molecular
diffusion coefficient

(cm2 s�1)

Diffusive flux
(mmol m�2

yr�1)

Fe Oct 0.018 1.33 0.94 4.37�10�6 �3.4

Fe Mar 0.026 25.08 0.93 3.22�10�6 �47.3

Mn Oct 0.204 18.24 0.94 4.26�10�6 �45.8

Mn Mar 0.007 21.22 0.93 3.14�10�6 �39.0

*Measured in the lowermost GO-FLO bottle of the BTP.
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of the sediment core. In contrast, during the March campaign,
no hydrogen sulfide was present at the sediment surface and
H2S concentrations remained below 1 mM within the first few
centimeters of the sediment core. As the mobility and cycling
of TMs is dependent on redox conditions (Sundby et al. 1986;
Morford and Emerson 1999; Tribovillard et al. 2006; Scholz
and Neumann 2007; Scholz et al. 2011; Rigaud et al. 2013;
Rapp et al. 2020), the differing redox-conditions during our
test deployments are expected to affect TM gradients close to
the seafloor.

Comparison of TM concentrations in near-bottom water
and water column samples

To identify potential contamination of samples obtained by
our new sampling device, we compared TM concentrations in
samples taken with the BTP to concentrations in water column
samples taken above with GO-FLO bottles according to the
widely applied GEOTRACES protocol. The concentrations show
some variability as a function of water depth and season (Fig.
6). However, in general, there is a good agreement between con-
centrations obtained by the two different sampling methods.
With the exception of one sample in the Fe profile of the March
campaign (Fig. 6b), TM concentrations in near-bottom waters
are generally consistent with the range of concentrations
observed in the water column above (Table 2). Most notably,
the concentrations of Zn, a TM that is highly prone to contami-
nation (Cutter and Bruland 2012), matched well with water

column concentrations. Given the generally consistent concen-
tration range in the open water column and near-bottom water,
we see no evidence for contamination.

TM concentrations in the water column were variable
between sampling campaigns. This seasonal concentration
change was also reflected in near-bottom water samples col-
lected with the BTP. During October, the concentrations of
Ni, Cu, Zn, and Cd were around half or less than half com-
pared to the March campaign. This observation could be
related to enhanced TM sequestration by phytoplankton and
organic material during and after the productive season
(Sundby et al. 1986; Kremling et al. 1997; Brügmann et al.
1998; Pohl and Hennings 2005; Bruland and Lohan 2006;
Scholz et al. 2011; Noble et al. 2012; Rigaud et al. 2013; Rapp
et al. 2019). In addition, more reducing and sulfidic condi-
tions in the bottom water and/or sediment before/during the
October campaign may have led to TM removal into sulfide
minerals (Sundby et al. 1986; Brügmann et al. 1998; Pohl and
Hennings 2005; Rigaud et al. 2013).

Some near-bottom water samples were characterized by ele-
vated concentrations of Co (March), Zn, and Cd (both March
and October) relative to the water column above, but without
clear depth trend toward the seafloor. This observation could
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be related to TM release from organic-rich particles within the
benthic boundary layer (Scholz and Neumann 2007; Plass et al.
2021). Highly elevated and increasing concentrations toward the
seafloor were observed for Fe and Mn. This type of profile is
indicative of a sedimentary source of these elements at our study
site (see following Section). Concentration maxima of Fe and Mn
at 20 m water depth during the October campaign (Fig. 6a)

could be related to lateral supply from anoxic sediments sur-
rounding the bathymetric depression of Boknis Eck.

Comparison of concentration gradients in near-bottom
waters to benthic fluxes

The BTP was designed to detect TM concentration gradients
within the benthic boundary layer. In particular, Mn showed
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Fig 6. Dissolved (< 0.2 μm) trace metal concentrations in the water column (blue) and near-bottom water (orange) at Boknis Eck during the sampling
campaign in October 2018 (a) and March 2019 (b). The analytical errors derived by error propagation are shown as black bars. The gray shaded area
represents the seafloor. Note differing axes scales for Mn and Cd in (a) and (b).

Table 2. Concentration range of trace metals within the water column and within near-bottom waters.

Oct Mar

Water column Bottom water Water column Bottom water

Fe (nM) 6.2–25.1 17.4–23.1 6.2–12.8 8.6–26.1 (125)

Mn (nM) 14.7–168.7 88.0–204.4 0.26–2.2 1.5–6.7

Co (nM) 0.29–0.45 0.29–0.40 0.11–0.23 0.04–0.29

Ni (nM) 4.3–5.3 4.9–5.9 10.0–11.0 9.3–10.0

Cu (nM) 3.1–4.6 2.9–4.2 8.2–25.2 5.9–6.3

Zn (nM) 2.1–4.1 2.9–10.4 9.4–18.2 14.1–17.4

Cd (nM) 0.28–0.42 0.37–0.48 0.31–1.52 0.37–2.60
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a clear concentration gradient within the near-bottom waters
during the October campaign. The concentration of Mn in-
creased almost linearly from 88.0 to 204 nM within the water
layer sampled by the BTP. During March, only the sample
from immediately above the seafloor (0.3 m) was characterized
by elevated Mn (6.7 nM) and Fe (26.1 nM) concentrations
compared to the overlying water column (Mn: 1.5 nM, Fe: 8.5
nM). The distance over which Mn and Fe concentrations in
bottom water decline can be explained by differing oxygen
concentrations in the bottom water during the two cam-
paigns. Under more reducing conditions in October, Mn and
Fe concentrations decrease more steadily over the 3 m sam-
pled by the BTP (Fig. 6a), which may be related to slower oxi-
dation kinetics at lower oxygen concentrations (Fig. 4)
(Millero et al. 1987; von Langen et al. 1997). By contrast,
under more oxygenated conditions in March, Mn and Fe oxi-
dation take place more rapidly, which is why the positive con-
centration anomaly is limited to the lowermost BTP sample
(Fig. 6b). The differing Fe gradients in October and March sug-
gest that no oxygen contamination took place during sam-
pling as this would have resulted in rapid Fe oxidation and
precipitation as Fe (oxyhydr)oxide.

The trend of differing Mn and Fe concentrations in near-
bottom water during our two test cruises is consistent with
the temporal evolution of pore-water profiles and diffusive
benthic fluxes. The pore-water profiles of Mn and Fe (Fig. 5)
show downward increasing concentrations across the
sediment–water interface, which is indicative of a sedimentary
Mn and Fe efflux (Table 1). The diffusive benthic Mn flux was
about equal in October and March (October 2018:
�46 mmol m�2 yr�1, March 2019: �39 mmol m�2 yr�1). By
contrast, the diffusive benthic flux of Fe was higher during
March, when the conditions were overall less reducing
(October: �3.4 mmol m�2 yr�1, March �47 mmol m�2 yr�1).
This opposing trend can be explained by the differing ten-
dency of Fe and Mn to form sulfide minerals. Manganese is
relatively mobile under anoxic-sulfidic conditions. By con-
trast, Fe is precipitated as Fe monosulfide (FeS) and subse-
quently converted to pyrite (FeS2) under anoxic-sulfidic
conditions (Berner 1970; Rickard and Morse 2005). Since Fe
concentrations in sulfidic pore water are limited to < 1 μM
(Rickard 2006), the diffusive benthic Fe flux decreases upon
transition from anoxic-ferruginous (Fe-rich) to sulfidic condi-
tions within the surface sediment (Scholz et al. 2014).

Provided that the turbulent eddy diffusivity in the benthic
boundary layer is known, the TM gradients obtained with the
BTP can be used to estimate vertical diffusive fluxes. These flux
estimates can then be compared to other components of the
TM budget within the benthic boundary layer, for example,
the sediment efflux. As an example, we use the Mn gradient
observed during the October campaign (Fig. 6a) combined
with an estimate of the turbulent eddy diffusivity to quantify
vertical diffusive Mn transport across the benthic boundary
layer. As there was no simultaneous measurement of turbulent

eddy diffusivity during the BTP deployment, we use an esti-
mate for DT in the benthic boundary layer, which is derived
from microstructure measurements conducted nearby in Sep-
tember 2018 (see Method Section). The seven microstructure
stations selected show a close hydrographic similarity to the
October 2018 CTD profile, particularly in the stratification in
the benthic boundary layer, which varies from N2 = 0.7
� 10�4 s�2 to N2 = 7.8 � 10�4 s�2 in September vs. a value of
N2 = 2 � 10�4 s�2 in October. Above the benthic boundary
layer of 1.5–4 m thickness lies the strongly stratified water col-
umn with N2 at least an order of magnitude larger than below.
The corresponding values for DT vary between 0.1 � 10�4

m2 s�1 and 5 � 10�4 m2 s�1 for the benthic boundary layer,
with an average of 1.3 � 10�4 m2 s�1. Above the benthic
boundary layer DT reduces distinctly to values between 10�6

and 10�5 m2 s�1. Assuming that the hydrographic similarity
implies similar diffusive mixing, we may estimate DT within
the benthic boundary layer to be of the order of 10�4 m2 s�1.
The uncertainty of this estimate is rather high and may be on
the order of factor 10, as mixing estimates from microstructure
profiles usually have uncertainties of factor two, plus taking
into account the variability of DT found in September 2018,
and the uncertainty how comparable the regimes in
September and October really are.

Adopting a DT of 10�4 m2 s�1 and dC/dx of 40 μmol m�4

yields an upward directed Mn flux of �126 mmol m�2 yr�1.
Considering the large uncertainties that are associated with
the methods applied (eddy diffusivity and concentration gra-
dient across the sediment–water interface), we note that this
estimate is generally of the same order of magnitude as the dif-
fusive benthic Mn efflux (�46 mmol m�2 yr�1) (Table 1). This
observation confirms that sedimentary Mn release and trans-
port across the benthic boundary layer are connected. How-
ever, the uncertainties of the two flux estimates are too high
to estimate other components of the budget like Mn removal
rates. During future campaigns, microstructure measurements
should be conducted during the BTP deployment. Such an
approach could be used to determine how much of the
sediment-derived TMs can be transported across the benthic
boundary layer into the open water column.

Previous studies on oxygen transport within the benthic
boundary layer revealed that current dynamics play an impor-
tant role in modulating sedimentary oxygen uptake in
dynamic seafloor environments (Koopmans et al. 2021;
Reimers and Fogaren 2021). Physical measurements over mul-
tiple BTP deployments may help to evaluate if variable cur-
rents and the associated oxygen dynamics affect TM transport
and removal within the benthic boundary layer.

Discussion
Our results demonstrate that the BTP is well suited for the

sampling of TMs that are prone to contamination. The sam-
pling height and distances are suited to detect changes in
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concentration profiles within near-bottom waters. Further-
more, the height of the sampling bottles above the seafloor is
variable and can be adjusted to the requirements of the respec-
tive seafloor environment or study.

During our test cruises, we were able to detect elevated TM
concentrations close to the seafloor (0.3 m) using the BTP. A
water column sampling campaign based on GO-FLO bottles
alone would have failed to detect these gradients, because
these sampling devices cannot be lowered this close to the sea-
floor, thus leaving a blind spot at the benthic boundary. On
the other hand, when elevated concentrations in bottom
waters above the seafloor are derived from measurements of
bottom water overlying sediment cores, it is uncertain
whether these are natural or due to mixing of pore water and
bottom water during core retrieval and recovery. In addition,
it is unclear whether elevated concentrations persist at greater
distance from the seafloor as revealed here for Mn during the
October campaign using the BTP. In more general terms, our
observations underscore that near-bottom waters are an
important transitional environment where TM fluxes from the
sediment are modulated and transmitted to the open water
column. In future applications, the BTP should be accompa-
nied by further simultaneous or near-simultaneous physical
monitoring of the water column and of the benthic boundary
layer. Velocity profiles could help characterize the benthic
boundary layer, help estimate lag time before opening BTP bot-
tles, and help estimate vertical shear and turbulent diffusivity
near the bottom. When combining the BTP deployment with
simultaneous microstructure measurements, it may be possible
to determine vertical diffusive fluxes more precisely and decide
whether concentration gradients derive from TM precipitation
or simple dilution. In this context, it is important to note that
the new sampling device can be used without contaminating
samples with oxygen. Therefore, it is possible to detect natural
concentration gradients that arise from redox-controlled TM
precipitation within the near-bottom water.

As the BTP has no limit in deployment depth, it is not lim-
ited to deployment in coastal or shelf environments; it is also
well-suited for deep-sea research, for example, in the context
of studies on the impact of mining of Mn nodules or on sedi-
ment-hosted hydrothermal systems. Another potentially
important field of application of the BTP is studies on the so-
called boundary exchange of rare earth elements (REEs) (espe-
cially neodymium [Nd]). It has been suggested that marine
sediments represent a major source of Nd to the ocean
(Abbott et al. 2015a,b), which has implications for the appli-
cability of Nd isotopes as a tracer for past ocean circulation.
However, the processes by which Nd and other REEs are
remobilized and how sedimentary fluxes affect water mass sig-
natures are still poorly constrained (Haley et al. 2017). The
BTP is a suitable tool to investigate how water mass and sedi-
mentary REE and Nd isotope signatures are affected by ben-
thic fluxes and interactions with suspended particles close to
the seafloor.

Future benthic studies of dissolved TM concentrations (and
isotopes) in combination with the analysis of suspended parti-
cles will give valuable information about TM fluxes, precipita-
tion processes, and carrier phases. Combined with the
evaluation of environmental conditions, this will help to bet-
ter understand and quantify TMs cycling and fluxes at the
ocean’s lower boundary.
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