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Abstract
We investigated the influence of high-CO2 hydrothermal seepage on element cycling, early diagenetic pro-

cesses, and meiobenthic communities in sediments of a coral reef in Papua New Guinea. Based on fluid flow veloc-
ities, determined from temperature gradients, and element concentrations, the solute fluxes from the seeps were
estimated, showing that seepage through sediments can be a source of nutrients but also of potentially toxic ele-
ments to the reef ecosystem. The sediment pore waters consisted of up to 36% hydrothermal fluids, enriched in
As, Si, Li, Mn, Fe, Rb, and Cs relative to ambient seawater. During their ascent to the seabed, the acidic fluids
reacted with the sediments, leading to increases in total alkalinity, nutrients, and alkali elements in the fluids.
Mixing of hydrothermal fluids with seawater within the sediments lead to precipitation of redox-reactive species,
including Fe-oxides, but the sediment pore waters were still a source of trace metals to the water column. Presence
of the low-pH fluids in the sediments resulted in dissolution of sedimentary carbonates and left behind finer-
grained volcanoclastic sands containing As, Cr, and Ni in concentrations toxic to biota. These finer-grained sedi-
ments had a reduced permeability, reducing the rate of remineralization of organic matter. Benthic meiofauna
and nematode abundance and functional diversity were relatively lower at sites with hydrothermal seepage
through the sediment. As benthic and pelagic processes are tightly coupled, it is likely that the changes in benthic
biogeochemical processes due to sediment acidification will also affect epibenthic and pelagic communities.

Tectonics are crucial for life as they return buried elements
to the biosphere that would otherwise have become perma-
nently unavailable for primary production and the rest of the
food web. A major exchange pathway for returning elements
to the Earth’s surface is hydrothermal seepage, which supplies
vast amounts of metals and other chemical species to the
ocean (Resing et al. 2015). Deep-sea hydrothermal systems are
hotspots of biodiversity as the reduced, chemical species in
the advected fluids provide chemical energy for chemosyn-
thetic communities in an otherwise sparsely inhabited
environment (Jørgensen and Boetius 2007). The ecosystems of

shallow-water hydrothermal seeps are more complex than their
deep-sea counterparts as, in addition to the chemosynthetic
organisms, typical shallow-water benthic communities are pre-
sent, the latter being fuelled by photosynthesis and heterotro-
phic processing of organic matter transported into the
sediments. Hence, CO2-rich shallow-water hydrothermal seeps
are natural analogues for studying the effects of ocean acidifica-
tion on ecosystems and biogeochemistry (Aiuppa et al. 2021).
Such seeps allow the study of the functioning of entire commu-
nities and specimens that have been exposed to low-pH condi-
tions for long periods of time.

Large numbers of hydrothermal seeps are found in the
“Ring of Fire” surrounding the Pacific Ocean; many of them
are located in coral reefs and are ideal sites for studying the
effects of ocean acidification on biota, as reefs harbor an enor-
mous biodiversity and depend on calcification, a process that
is challenged by low-pH conditions. Reef-building corals build
large, permeable reef frameworks and host photosynthetic
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algae, which add to the reef’s primary productivity. In addi-
tion, microphytobenthos (Werner et al. 2008) and macro-
phytes make reefs unusually productive habitats, even though
they usually inhabit oligotrophic waters. Reef sediments
(Werner et al. 2006) and coral substrates (Rasheed et al. 2002)
play crucial roles in the filtering and recycling of elements.
Surface layers of reef sediments are often coarse-grained. In
permeable, sandy surface-layers seawater often percolates up
to several centimeters into the sediment, allowing increased
microbial colonization and efficient uptake of organic matter
and electron acceptors and release of the products of minerali-
zation (Ahmerkamp et al. 2020). The released nutrients are
subsequently available for the primary producers. This inten-
sive recycling of organic material via permeable sediments
contributes to the reef productivity and biodiversity.

Several studies have explored the impact of hydrothermal
fluids on the geochemistry and ecology of shallow-water envi-
ronments. Such sites were used as natural laboratories for ocean
acidification and documented its effects on seagrass growth
(Hall-Spencer et al. 2008), coral diversity (Fabricius et al. 2011),
bacterial and metazoan community structure (Hassenrück
et al. 2016; Smith et al. 2016; Molari et al. 2018), and bivalve
populations (Martins et al. 2021). In addition to the acidifying
effects of CO2, input of toxic compounds from seeps can have
strong effects on the ecosystem (Vizzini et al. 2013). Pore waters
in hydrothermally influenced sediments often have low pH,
high temperature, and high levels of reducing compounds
(e.g., H2S, Fe) compared to the overlying water column
(Wenzhöfer et al. 2000). The advected hydrothermal fluids can
also be enriched in Mn, As, Sb, Cr, Pb, Cd, Cu, and Zn and occa-
sionally in nutrients (e.g., Si, NH4; Sedwick and Stueben 1996,
Pichler et al. 1999a). The composition of the upwelling hydro-
thermal fluids can be altered by mixing with oxic seawater below
the seabed, precipitating constituents in the subsurface sedi-
ments or at the seawater-seabed interface (Pichler et al. 1999b).

This study assesses the effects of CO2-rich, hydrothermal
fluids on sediment and pore water biogeochemistry, and esti-
mates the input of solutes associated with the seepage into the
water column at a shallow-water (0.5–6 m) seep site in Papua
New Guinea, where hydrothermal fluids are advected within a
fringing coral reef. We determined the specific chemical signa-
tures of the seep fluids to understand their origin, their forma-
tion process and the changes they undergo before they are
released into the shallow-water sediments and water column.
We studied meiofauna as a proxy for the influence of the seep-
age on the benthic ecosystem and discuss the effects of the
hydrothermally influenced sediments and fluids on early dia-
genetic processes and the ecology of the coral reef ecosystem.

Methods
Study site

This study was conducted in the coastal waters of
Normanby Island (9.49�S, 150.49�E), Papua New Guinea.

The study site is located south of Upa-Upasina in the north-
western part of Normanby Island (Fig. 1b). Here, the tropi-
cal shallow-water shelf hosts a patchy distribution of
individual corals, coral reef structures, macroalgae, and
seagrass beds between open sediment patches. Submarine
hydrothermal seepage occurs within this fringing coral reef
at a water depth of 0.5–6 m, about 10–200 m from the
shore. The tidal range at the sites is < 0.9 m with longshore
currents between 2 and 4 cm s�1 and an average water resi-
dence time of ~ 2.5 h (Smith et al. 2016). Along the reef
slope, hundreds of gas bubble streams emerge, covering an
area of about 200 � 40 m, and fluids are advected through
sediments and coral reef areas. Occasionally, more focused
gas discharge sites are present. The emanating gas mainly
consists of CO2 (> 99% CO2), with traces of methane, but
no detectable H2S (Fabricius et al. 2011). Whereas seeps can
be defined as point sources of fluid release and vents of gas
streams, both types occur simultaneously at all fluid flow
sites at this location and are referred to as “seeps” in this
paper. In May–June 2013 and April 2014 five of the largest,
bubble streams-emitting sediment patches were sampled by
scuba diving and snorkeling. These sites were named (from
North to South) Seagrass (dominated by Halophily ovalis),
Red Patch, Yellow Patch, Site 3.1, and Site 4 (Table 1;
Fig. 1c). The sediments in the patches had a thickness of
> 0.5 m and no sediment fluidization was observed. The
seep sites were compared to a shallow “non-seepage” site
(3 m average water depth, coarse-grained sediments), which
did not show any visible seepage or temperature effects
within the sediments. Previously recorded pH changes in
the water column at this location were similar to other
values along the coast (Fabricius et al. 2011); however, we
cannot exclude that this site might occasionally be exposed
to seawater containing a diluted hydrothermal component
from the close-by seepage area. A deep “non-seepage” site
(12 m average water depth, finer-grained sediments), was
located approximately 500 m to the southeast of the seep-
age area, and was also not subject to advection of hydro-
thermal fluid through sediments.

Bottom water chemistry dynamics
Redox potential (Eh), pH, and tidal range (measured using

pressure) were measured using RBR loggers (XR-420, RBR Ltd).
The pH sensors were calibrated using NBS buffers (Mettler
Toledo AG) at 29�C (i.e., in situ temperature) and values were
converted to the total pH scale. The bottom water temperature
was measured using HOBO Pendant temperature loggers tied
to the RBR loggers. The loggers recorded the data 2–5 cm
above the sediment surface for a continuous period of 5–11 d
in May (23rd May to 2nd June at Site 3.1, Seagrass and Site 4)
and June 2013 (4th June to 8th June at shallow “non-seepage”
site and Red Patch). During these periods, the wave activity
was low.
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Element fluxes and turnover rates
High-resolution profiles of O2, pH, and redox potential
(Eh) in seep sediments

Microsensors for O2 and redox potential were built, cali-
brated, and deployed as described previously (Revsbech 1989;
de Beer et al. 2013). The oxygen microsensors, with a tip size
of 150–300 μm, were calibrated in situ using the bottom
water oxygen concentration and the anoxic pore water of
deeper sediments. Redox potential microsensors were cali-
brated with standard redox buffers (191 mV and 468 mV,
Omnilab-Laborzentrum GmbH & Co. KG). Needle-type
microelectrodes (MI-407, 0.8 mm needle diameter, Microelec-
trodes, Inc.) were used for measuring pH (calibrated as
described above). All sensors were mounted on a profiling
lander, that is, a light frame and a titanium cylinder for the
hardware, as described previously (de Beer et al. 2013), and
the maximum distance between sensors was 11 cm. The pro-
filing lander was programmed to obtain 10 cm deep vertical
profiles in 250 μm steps during each deployment. Per investi-
gated site 1–3 deployments (3� Seagrass; 3� Red Patch; 2�
Yellow Patch; 2� Site 3.1, 2� Site 4; 1� shallow “non-

seepage” site, and 1� deep “non-seepage” site) were success-
fully performed. Individual profiles are deposited in the PAN-
GAEA database (https://doi.pangaea.de/10.1594/PANGAEA.
857884).

Fluid upflow velocities
Temperature profiles were measured with commercially avail-

able temperature sensors (Pt1000, UST Umweltsensortechnik
GmbH) that were also mounted on the profiling lander. Profiles
were measured in the direct vicinity of gas streams (all sites
except Seagrass) and > 1 m away from gas streams (all sites
except Yellow Patch, where measurements in the vicinity of the
gas streams were not possible). The temporal variability of pore
water temperature was assessed by measuring 20 sequential pro-
files at the same location at Site 4 and the shallow “non-
seepage” site.

Fluid upflow velocities v were derived from concave
temperature profiles indicating upflow (Eq. 1) by applying a
one-dimensional differential equation for heat transport
through a saturated porous medium as previously used by
Grevemeyer et al. (2006):
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Fig. 1. (a) Location of the study site (D’Entrecasteaux Islands, Papua New Guinea; black box) and (b) offshore Normanby Island/Upa-Upasina (red
dot); black lines indicate the 20 m isobaths; (c) schematic map of the sampling area; black squares represent sediment samples and white dots represent
water column samples.
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Tz�T0ð Þ
TL�T0ð Þ ¼

e
βz
L �1
eβ�1

, ð1Þ

where Tz is the depth-dependent temperature, z is the depth,
T0 is the uppermost temperature measurement, TL is the tem-
perature at the deepest measured depth, and

β¼ v c0 ρ0 L κ
�1: ð2Þ

In Eq. 2, c0 is the specific heat capacity of the fluid, L is the
length between T0 and TL, ρ0 is the density of the fluid, and κ

is the thermal conductivity. Average pore water temperature
and salinity were used to calculate c0 (4008–4046 J kg�1 �C�1),
ρ0 (1012–1020 kg m�3), and κ (0.65–0.67 W m�1 �C�1) using
the R package “oce” (Kelly and Richards 2018). v was calcu-
lated by fitting β to the temperature profiles, using tempera-
ture measurements from below 2 cm sediment depth, that is,
excluding temperature changes due to bedform-induced pore
water advection. Advection rates were defined as zero when
pore water temperatures deviated by less than 0.5�C from the
water column value.

The advective effluxes (Jadv) of elements into the water col-
umn were calculated from their pore water concentrations C
and the modeled upflow velocities using:

Jadv ¼Cv: ð3Þ

Potential oxygen consumption rates
Potential oxygen consumption rates in the permeable sedi-

ments were measured ex situ using the percolation method of
de Beer et al. (2005) modified by Polerecky et al. (2005). Pore

water oxygen concentrations were monitored using planar
oxygen optodes designed for ratiometric read-out with an RGB
camera (Larsen et al. 2011) with a sensing area of 50 � 10 mm
that were glued vertically to the inside of an acrylic core liner
(5 cm diameter). The planar optodes were calibrated in air-
saturated and anoxic seawater. Sediments were sampled in
these cores (n = 3 per site) and experiments were performed at
in situ temperature (29�C). For this, bottom water was drained
through the sediment cores using a peristaltic pump
(30 mL min�1) until the pore water was oxygenated. Upon
stopping the percolation, the initial decrease of oxygen con-
centration over time was monitored in 1 mm depth intervals
to a maximum depth of 4.5 cm. These potential oxygen con-
sumption rates were then corrected for porosity. The areal
oxygen uptake rates were obtained by integrating the poten-
tial oxygen consumption rates over the oxygen penetration
depths measured in situ with the microsensors.

Sulfate reduction rates
Sulfate reduction rates were measured ex situ using a whole

core injection method (Jørgensen 1978). Sediments were sam-
pled with acrylic core liners (2.6 cm diameter) and pre-
incubated in the dark at 29�C for 6 h before the start of the
experiment (n = 2–4). Sediment cores were injected through
silicone-filled ports at 1-cm depth intervals with 10–20 μL of
35SO2�

4 (approximately 200 kBq), incubated for 6–7 h in the
dark, sliced in 2-cm depth intervals, and fixed in an equal vol-
ume of 20% zinc acetate. Sulfate reduction rates were deter-
mined by single-step chromium distillation (Røy et al. 2014).
Areal sulfate reduction rates were calculated by integrating the

Table 1. Sampling sites with corresponding water depths, approximate sizes of the sediment patches, pH, and physical sediment
properties; the area containing these seep sites (in total ~ 400 m2) is approximately 8000 m2. pH, porosity, and mean grain size are
average values (� SD) over the core depth (complete data presented in Supporting Information Table S1); permeability is given for the
upper 4 cm. At the Seagrass site, Red Patch (each 50 m2 in area), and at Site 3.1 (100 m2 in area) two cores were sampled and
analyzed.

Site

Average
water

depth (m)*
Approximate
size (m2) pH

Permeability
(� 10�10 m2) Porosity

Mean
grain

size (phi)

Seagrass

Seagrass

3 ~ 50 7.3 � 0.3

n.d.

0.19 (� 0.03)

0.23 (� 0.05)

0.4 � 0.0

n.d.

1.5 � 1.6

n.d.

Red Patch

Red Patch

6 ~ 50 6.5 � 0.1

6.8 � 0.3

0.3 (� 0.0)

n.d.

0.4 � 0.1

0.3 � 0.0

1.7 � 1.0

0.9 � 1.2

Yellow Patch 3 ~ 100 6.9 � 0.3 n.d. 0.4 � 0.7 1.1 � 0.7

Site 3.1 4 ~ 100 7.1 � 0.1 0.3 (� 0.01) 0.4 � 0.0 2.4 � 0.1

Site 3.1 6.4 � 0.2 n.d. 0.4 � 0.1 2.3 � 0.0

Site 4 5 ~ 100 6.1 � 0.3 0.53 (� 0.03) 0.4 � 0.0 1.6 � 0.3

Shallow “non-seepage” site 3 — 7.8 � 0.0 n.d. 0.3 � 0.1 0.7 � 0.8

Deep “non-seepage” site 12 — 7.9 � 0.1 1.0 (� 0.13) 0.5 � 0.0 1.0 � 0.2

n.d., not determined.
*Tidal range < 0.9 m (Smith et al. 2016).
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volumetric sulfate reduction rates over the upper 10 cm of the
sediment.

Sediments, pore water, and water column sampling
For geochemical analyses, three sediment cores (7 cm diam-

eter) were taken next to each other at each site using 30 cm
long acrylic core liners. One core was used to extract pore
waters at 2 cm depth intervals with Rhizons (type: CSS, Rhizo-
sphere Research Products, pore size < 0.2 μm, length 5 cm).
Pore water subsamples were fixed with 10 μL of thermally dis-
tilled concentrated HNO3 for cation analyses (0.5 mL), pre-
served with zinc acetate for analyses of sulfide and anions
(0.3 mL), and fixed with saturated mercuric chloride in gas-
tight glass vials with no headspace for analyses of dissolved
inorganic carbon (DIC, 2 mL), total alkalinity (TA, 2 mL), and
nutrients (1 mL). Multiple cores for pore water extraction were
taken at Site 3.1 and Red Patch. The second core was used to
sample the sediment solid phase at 2 cm intervals. Subsamples
for porosity, grain size measurements and geochemical and
mineralogical analyses were stored at 4�C. The pH of the sedi-
ment was determined in the porosity subsamples immediately
after sampling with a pH electrode calibrated as described
above. The sediments of the third core were sliced into 2 cm
intervals and frozen at � 20�C for carbon and Fe(III) analyses.

Fluids from focused seeps emerging directly through
gravely ground (Seagrass Seep) and through a sandy patch at
Site 3.1 (Site 3.1 Seep) were sampled with syringes (100 mL)
that were filled by inserting tubing into the seep opening. At
Red Patch, seepage was more diffuse and the water column
above the patch was sampled with a Niskin bottle that was
closed manually ~ 20 cm above the seafloor. At both “non-
seepage” sites the water column was sampled with a Niskin
bottle close (< 0.5 m) to the seabed. Syringes and Niskin bot-
tles were emptied into acid cleaned polyethylene bottles and
acidified with thermally distilled concentrated HNO3.

Sediment geochemistry and properties
The mineralogy of the sediments was determined on

selected samples by X-ray diffraction on a Philips X’Pert Pro
diffractometer, using CuKα radiation (35 kV, 40 mA) at angles
from 2� to 76� with a step size of 0.02� and acquisition time of
1.2 s per step. Mineral phases were qualitatively identified
with the Philips XPert software based on the PDF database
from the JCPDS (Joint Committee on Powder Diffraction
Standards).

The element compositions of selected samples from each
site were determined by X-ray fluorescence (XRF, Philips
MagiX-proWavelength dispersive XRF spectrometer, fitted
with a 4 kW Rh end-window X-ray tube) on fused glass beads
for major elements and on pressed powder pellets for minor
elements.

Porosities were calculated from the loss of water after dry-
ing the sediment at 60�C, assuming a density of 2.6 g cm�3

for silicate-dominated sediments (i.e., seep sediments) and

2.7 g cm�3 for carbonate-dominated sediments (i.e., “non-
seepage” sediments). Grain size was measured with a settling
column. Sediment permeability of the upper 4 cm was mea-
sured with the falling-head method (n = 3).

Sediment samples (n = 3) for carbon analyses were freeze-
dried, pulverized, and used for total carbon and organic car-
bon determination using an elemental analyzer (Euro EA
3000, EuroVector). Prior to measurement of organic carbon,
the samples were decalcified in silver cups by addition of HCl.
Total inorganic carbon was calculated as the difference
between total carbon and organic carbon.

Reactive solid-phase Fe(III) was measured on frozen samples
in the upper 8 cm of selected seep sediments and the shallow
“non-seepage” site. The method is based on the extraction
methods described by Kostka and Luther III (1994), using 0.2–
0.5 g of frozen sediment and 10 mL of the respective extrac-
tion solution, but extraction steps were combined in a two
times two-step extraction. Briefly, amorphous Fe oxides were
first extracted with ascorbate solution and then Fe(III) from
poorly crystalline Fe and magnetite was extracted with a
degassed ammonium oxalate solution. In a 2nd subsample,
most major Fe oxides were extracted with a citrate–acetate–
dithionite solution and afterward the ready available Fe(III)
bound to sheet silicates was extracted with 0.5 mol HCl. The
Fe2+ and total Fe content of the leachate was determined
using the Ferrozine method (Viollier et al. 2000). Fe(III) was
calculated as the difference between total Fe and Fe2+.

Pore water geochemistry
Pore water concentrations of Na, Mg, K, Si, B, Sr, Fe, and

Mn were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES, Thermo Scientific Icap 6500
duo) and concentrations of Ca, Li, Ba, Rb, As, Co, Cs, and Ni
by inductively coupled plasma mass spectrometry (ICP-MS;
Thermo Scientific X-Series II) after diluting samples with 3%
thermally distilled HNO3. Measured concentrations of certified
reference material for metals (CASS-4, Nearshore Seawater Ref-
erence Material) were mainly within � 4% (Li, Mn, Co, Cs)
and 10% (Ni, Ba) of the certified values, except for As, which
had a larger discrepancy (� 19%). Instrument drift was
assessed by addition of an internal standard (Re, In, and Be)
during the ICP-MS measurements and analysis of one stan-
dard as an unknown every 10 samples for ICP-OES measure-
ments. External reproducibility of the analyses was better than
� 6% for all elements.

Anions (SO4 and Cl) were measured by ion chromatogra-
phy (Dionex ICS 2500) with 9 mmol L�1 Na2CO3 as the elu-
ent. Repeated analysis of International Association for the
Physical Sciences of the Oceans (IAPSO) seawater standard
and single anion standards showed a reproducibility
of � 0.5 mmol L�1 (2%) for SO4 and � 20 mmol L�1 (4%)
for Cl.

TA was determined by titration against 0.002 mol L�1 HCl
using a mixture of methyl red and methylene blue as an
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indicator. Analyses were calibrated against IAPSO seawater.
DIC was measured using an Apollo SciTech DIC analyzer (AS-
C3), using a LI-COR CO2/H2O (LI-7000) infrared analyzer to
detect CO2 released from the sample after acidifying with 10%
H3PO4; values might be underestimated due to outgassing dur-
ing sampling. H2S was determined photometrically according
to Cline (1969). Phosphate and ammonium concentrations
were measured with a QuAAtro nutrient analyzer. All biogeo-
chemical pore water data are deposited in the Pangaea data-
base (https://doi.pangaea.de/10.1594/PANGAEA.858033).

To determine the origin of the fluids, 87Sr/86Sr isotope
ratios of selected pore water samples were determined by ther-
mal ionization mass spectrometry (TIMS). Strontium was iso-
lated from the rest of the sample matrix using an ion
exchange resin. Briefly, a sample aliquot containing approxi-
mately 1 μg of Sr was loaded onto a column containing 50 μL
of Sr-Spec resin. The matrix was eluted with 3 mol L�1 HNO3

and the Sr fraction was then collected in MilliQ water. The
purified Sr sample was dried and loaded onto a single Ta fila-
ment using a Ta activator solution and 87Sr/86Sr ratios were
measured with a Thermo Fisher Triton Plus TIMS using a static
routine with amplifier rotation and a 88Sr beam intensity of
2 V for 300 ratios. Results were normalized to a 86Sr/88Sr ratio
of 0.1194 using an exponential correction. The standard error
(� 2SE) of an individual analysis was < 13 ppm. The long-term
reproducibility of analyses of the NIST 987 standard was
0.710243 � 0.000021 (� 2SE).

Meiofauna abundance
Sediment samples for meiofauna analysis were collected at

the shallow “non-seepage” site, Red Patch, Site 3.1, and Site
4 using core liners with an inner diameter of 5 cm, which
were precut in 2 cm steps and taped (n = 3). The sediments
were vertically sectioned in 2 cm slices, down to a maximum
depth of 8 cm. All sample sections were preserved in a 4%
seawater-buffered formalin solution. Meiofauna were extracted
from the samples through triple density centrifugation with
the colloidal silica polymer LUDOX TM 40 (Heip et al. 1985)
and rinsed with freshwater on stacked 1-mm and 32-μm mesh
sieves. The fraction retained on the 32-μm mesh sieve was pre-
served in 4% Li2CO3-buffered formalin and stained with Rose
Bengal. All metazoan meiobenthic organisms were classified at
higher taxon level and counted under a stereoscopic micro-
scope (Leica MZ 8, 16�5�). Nematodes, 50 per sediment layer
(where possible) were randomly handpicked with a fine nee-
dle, transferred to glycerine (De Grisse I, II, and III) (Seinhorst
1959), mounted on glass slides, identified to genus level based
on the Nemys website (Guilini et al. 2016), and allocated to
functional feeding groups based on Wieser (1953) (selective
deposit feeders—1A, non-selective deposit feeders—1B, epi-
stratum feeders—2A, and predators/scavengers—2B).

To test for differences between sites in meiofauna and nem-
atode densities, a one-way ANOVA was performed. When sig-
nificant between-site differences were observed, a Tukey HSD

post hoc comparison test (at α = 0.05) was applied to identify
the sites responsible for the observed differences. Patterns in
nematode community composition were explored with non-
metric dimensional scaling based on a Bray–Curtis similarity
matrix and between-site differences were tested with a permu-
tational permanova, both using the vegan package (Oksanen
et al. 2019). All statistical analyses were performed using the
free statistical environment R (v.4.0.2) (R Core Team 2020).

Results
Seepage dynamics

The pH, temperature, and Eh of the bottom water varied with
the tides, with pH and Eh minima and temperature maxima cor-
relating with low tide (Fig. 2). Thus, seepage was enhanced at
low tide. At the shallow “non-seepage” site, pH variations were
very modest (< 0.2 units), but temperature and Eh were variable,
showing that the water column might have been influenced by
seepage, although the temperature variability might also come
from natural changes in the thermocline. The relative changes
in pH, Eh, and temperature were different between the different
sites; largest changes in pH were recorded at the Seagrass site
and highest shifts in Eh were observed at the Red Patch.

Element fluxes and turnover rates
In situ measurements of O2, pH, and Eh

The in situ profiles of O2, pH, and Eh in the overlying water
column and the uppermost 8 cm of the sediments at the seep
sites were characterized by low pH and Eh, and rapid oxygen
depletion below the seabed (Fig. 3). The oxygen penetration
depth was lower at the seep sites compared to the shallow
“non-seepage” site, either due to enhanced oxygen consump-
tion or upward advective flow of anoxic seep fluids. In all seep
sites the pore water pH reached values of < 6–7. The redox
potential showed a sharp decline just below the sediment sur-
face and often decreased to negative values a few centimeters
below the seabed, indicating reduced conditions close to the
seabed. The profiles in the shallow “non-seepage” site showed
no influence of seepage, with a pore water pH above 7.5 and
an Eh close to bottom water levels.

Potential oxygen consumption and sulfate reduction rates
Seepage lead to elevated potential volumetric oxygen con-

sumption rates (Supporting Information Fig. S1). The rates at
the shallow “non-seepage” sites were low and constant with
depth, while rates at seep sites were 2–5 times higher and
often increased with depth. Although seep sediments have
enhanced consumption rates, the areal oxygen uptake rates,
calculated from the potential volumetric rates multiplied by
the oxygen penetration depth (Fig. 4b), are mostly lower than
at the shallow “non-seepage” site (Fig. 4c), due to the reduced
oxygen penetration depth.

In all sediments, the areal sulfate reduction rates were 1–2
orders of magnitude lower than areal oxygen consumption
rates (Fig. 4d; Supporting Information Fig. S2). As sulfate
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reduction might have occurred below our sampling depths,
the rates may be underestimated. Sediments at seep sites had
much lower sulfate reduction rates (0–1.1 mmol m�2 d�1)
than at the shallow “non-seepage” sites (1.9–2.6 mmol m�2

d�1, (Fig. 4d), except for the Seagrass site that had relatively
high sulfate reduction rates (up to 6.6 mmol m�2 d�1). In
summary, rates of organic matter mineralization were
decreased by seepage and elevated in seagrass areas.

Fluid upflow velocities and element effluxes
Measured temperature profiles and modeled fluid upflow

velocities are presented in Fig. 5. In the seep sites the tempera-
ture rapidly increased with depth (0.3–1.2�C cm�1). “Non-

seepage” sites showed no temperature increase, thus upflow
velocities were 0. Within the seepage area, the fluid upflow
velocities varied temporally and spatially, which is indicated
by the range in velocities given in Table 2.

Fluid upflow velocities and element concentrations within
seep sediments were patchy as there are complex mixing pro-
cesses proceeding in the sediments, including the one-
directional seepage of fluids from the subsurface and the for-
mation of convection cells (Wenzhöfer et al. 2000; Haeckel
et al. 2007). In addition, the tide will influence fluid outflow
velocities. Other uncertainties in calculating net releases from
sediments are that locations and intensities of bubble streams
can vary with time (Flohr et al. 2021) and some of the released
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fluids might be entrained back into the sediment through the
convection of the fluid. To accommodate the fact that there
will be areas with higher fluxes (e.g., close to fluid release
points) and areas with low or no fluxes (e.g., ingression of sea-
water through convection cells), a range of element effluxes
for each site are presented in Table 2. The fluxes of the differ-
ent elements varied hugely. Of the biologically important ele-
ments, N and P effluxes were high, but also the lower fluxes of
trace metals (Ni, Fe, Co, As) may have significant biological
impacts (Table 2).

Composition and physical properties of sediments
Sediments at most seep and “non-seepage” sites were domi-

nated by sand (72–95%) with a typical porosity of about 0.3–
0.5 (Table 1, Supporting Information Table S1). Sediments
from the “non-seepage” sites consisted of coarse calcite; the
seep sediments were dominated by much finer silicate mate-
rial. The shallow ‘non-seepage’ site was highly permeable
(1 � 10�10 m2), while the permeabilities in seep sediments
were 2–5 times lower (Table 1). All sediments had low organic
carbon content (Fig. 4a), with the highest values found at the
Seagrass and the “non-seepage” sites. Mineralogical analyses
showed that seep sediments were rich in quartz, plagioclase,
K-feldspar, and antigorite (a serpentine mineral formed under
low-grade metamorphosis). Both “non-seepage” sites con-
tained Mg-rich calcite and aragonite. XRD and sequential

extractions confirmed that amorphous iron oxides were pre-
sent at all seep sites, with especially high levels of reactive iron
found at Red Patch (Supporting Information Fig. S3).

The major element composition was similar in all seep sites
(Supporting Information Table S2). When calculating the rela-
tive abundances of major elements in both “non-seepage” sites
on a carbonate-free basis, the distribution of major elements
was similar in “non-seepage” and seep sites (Supporting Infor-
mation Fig. S4). This indicates that the silicate sands found at
the seep sites had been stripped of carbonate by acid seepage.
An exception was Red Patch, which had about 2–3 times
higher content of Fe, Mg, and P (Supporting Information
Table S2). This coincided with highest contents of As, Cr, Co,
and Ni, indicating a volcanic origin. Sediments at Site 3.1 and
the Seagrass site were enriched in Cr compared to the “non-
seepage” sites, but not in As or Co. Site 4 was only enriched in
Ni compared to the “non-seepage” sites (Table 3).

Chemical composition of pore waters and focused seep
fluids

The pore water composition in seep sediments differed
profoundly from that of “non-seepage” sediments (Fig. 6;
Supporting Information Table S3; Fig. S5). The seep site pore
waters were enriched in As, Li, Si, Rb, Sr, Ba, and Ca, were
depleted in Na, Mg, and K and had elevated TA and DIC con-
centrations compared to the “non-seepage” sites. Strongest

Fig. 3. Exemplarily in situ microsensor profiles of oxygen (O2, white dots), redox potential (Eh, orange line), and pH (black line). No in situ pH profile
was measured at Red Patch, but pH analyses of pore water samples (Supporting Information Table S1) indicated that the pH was decreased within the
sediments.

Lichtschlag et al. Hydrothermal seepage in coral reefs

574



enrichments were found at Site 3.1 and Red Patch, especially
in As. Seep pore waters were depleted in SO4 and Cl, with low-
est values again at Site 3.1 and Red Patch.

The geochemical signature of the seep fluids emerging
through gravely ground (focused seep fluids), was similar to
that of the seep pore waters, that is, depleted in Mg, Cl, and
SO4 and enriched in Li, redox-reactive elements (including Fe
and Mn), and NH4 compared to ambient seawater (Supporting
Information Table S4). No sulfide was detected in any of the
fluids.

The 87Sr/86Sr isotope ratio of the pore water from the
“non-seepage” site was 0.709132, close to modern seawater
(~ 0.7091; Mokadem et al. 2015). Pore waters from Site 4 also
had 87Sr/86Sr ratios (0.709143) close to seawater. The
87Sr/86Sr isotope ratios of pore waters from the other seep
sites varied between 0.705032 and 0.705062, with lowest

values measured in the 3.1 focused seep fluids (Supporting
Information Table S5), indicating reaction of the fluid in the
subsurface.

Composition of the hydrothermal fluid endmember
The SO4 concentration of the pore water was used to calcu-

late the relative contributions of the original, undiluted hydro-
thermal fluid (i.e., the fluid endmember) to the pore waters
and to determine the fluid endmember composition. In prin-
ciple, also Mg could be used for this calculation
(as hydrothermal fluids are Mg- and SO4-free due to the quan-
titative removal of both compounds from seawater during
high-temperature seawater–rock interactions; Bischoff and
Seyfried 1978); however, in sediment-hosted hydrothermal
systems, Mg can be added to the fluid as it percolates through
the sediments (Sedwick and Stueben 1996). The decrease in

Fig. 4. (a) Organic carbon content in the upper 4 cm, (b) oxygen penetration depth, (c) areal oxygen consumption rates (integrated over the oxygen
penetration depth), (d) areal sulfate reduction rates (integrated over 10 cm), and (e) total meiofauna density from the upper 4 cm of sediments from the
seeps and shallow “non-seepage” sites; n.d. = not determined.
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sulfate concentration could also come from sulfate reduc-
tion in the sediments; however, the measured sulfate reduc-
tion rates were very low in the seep sediments (Fig. 4). The
calculations showed that the pore waters consisted of up to
36% hydrothermal fluid (Table 2). Calculated endmember
Cl, Na, Si, and Mg concentrations were similar to those
reported for other shallow-water seeps, while concentrations
of Ca, Li, B, Sr, and PO4 were higher (Supporting Informa-
tion Table S6).

Meiofauna and nematode communities
All meiofauna species (nematodes, copepods, amphipods,

nauplius larvae, and tardigrades) were strongly reduced by
seepage (Supporting Information Fig. S6) and the community

composition was also strongly influenced by seepage. Some
species were actually favoring from seepage. Meiofauna and
nematodes were most abundant in the upper two centimeters
of the sediment, and their abundance decreased with increas-
ing sediment depth. At the shallow “non-seepage” site the
decrease in abundance with depth was gradual, but it was
much steeper at the seep sites, falling by 85–87% between 0–2
and 2–4 cm depth, again showing that the seep sites repel
meiofauna.

Although rather low in abundance, the nematode commu-
nity was quite diverse, with 48 genera encountered in the
upper 4 cm of all sites, belonging to 17 families. Nematode
total density was higher at the shallow “non-seepage” site
(661 � 87 ind. 10 cm�2) than at the seep sites (141 � 128,

Fig. 5. (a–e) Fluid upflow is indicated by the concave shape of the temperature profiles (black line). Fluid upflow velocities were calculated from fitting β
(Eq. 2) to the temperature profiles (cyan). In both “non-seepage” sites (f), and one profile from Red Patch (b) and Site 4 (e), constant temperature pro-
files suggest no upflow. For the concave profile at Site 4 and the shallow “non-seepage” site averages of 20 continuously measured profiles are shown.
Note the different temperature scales.
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55 � 49 and 11 � 8 ind. 10 cm�2 in Red Patch and Site 4 and
Site 3.1, respectively; one-way ANOVA F3,8 = 41.01,
p < 0.001). As shown in Fig. 7, the nematode community com-
position differed significantly between the four sites (per-
manova pseudo-F3,8 = 3.48, p = 0.001), with locations
explaining nearly 60% of the variability in community com-
position (permanova R2 for “site” = 0.57). The most abundant
genus Odontophora at the shallow “non-seepage” site (20%)
occurred in Red Patch and Site 4 as well in comparable contri-
butions (Supporting Information Table S7), but much lower
absolute numbers. The Epsilonematid genera Epsilonema,
Perepsilonema and the Draconematid genus Dracograllus jointly
contributed 14–20% to the shallow “non-seepage” site com-
munity, but were virtually absent at the seep sites (< 0.2%).
Seep sites in turn, were primarily inhabited by Cyatholaimidae
(Paracantonchus and Paradesmodora) and Oncholaimidae such
as the genus Oncholaimus (up to 37% and 32% in Site 3.1,
respectively), Chromadoridae (Hypodontholaimus and
Dichromadora, up to 58% in Red Patch) and Desmodoridae
(mainly Spirinia; 52% in Site 4; Fig. 7; Supporting Information
Table S7). Functional diversity in terms of feeding types
changed dramatically from the shallow “non-seepage” site to
the seep sites: selective deposit feeding nematodes were
virtually absent in the seep sites, whereas the contribution of
epistrate feeders (i.e., nematodes feeding on [benthic] dia-
toms), predators, and scavengers increased (Supporting Infor-
mation Fig. S7).

Discussion
Origin and evolution of fluids in Normanby Island
sediments

The fluids advected through the sediments at the
Normanby Island seeps have a hydrothermal signature, with
high concentrations of dissolved trace metals and Si, Li, Ca, B,
Rb, and Sr and reduced concentrations of Mg, Cl, and SO4 rel-
ative to seawater (Supporting Information Table S3).

Plots of element concentrations vs. SO4 (Fig. 6) and the low
standard deviations of the calculated hydrothermal fluid
endmember for conservative elements (Supporting Informa-
tion Table S6) indicate a single hydrothermal fluid source.
87Sr/86Sr isotopic ratios of the pore waters and seep fluids
extrapolate to a value of ~ 0.7039 in the endmember fluid,
which is slightly lower than the value of volcanic rocks in the
vicinity of the sampling site (dacites from Normanby Island:
87Sr/86Sr = 0.70436, Smith and Compston 1982). Mass bal-
ance considerations indicate that the geochemical signature of
the seep fluids cannot be entirely explained by simple mixing
between the hydrothermal fluid and seawater endmembers,
but rather the seep fluids have reacted with the sediments as
they are advected toward the sediment surface. Element/Cl
ratios of the more mobile alkali elements (Li, Rb, Cs) and Sr, B,
and Si are relatively high compared to typical vent fluids from
sediment-free hydrothermal systems (Von Damm 2001,
Supporting Information Table S6), which is indicative of

Table 2. Percentage hydrothermal fluid component in the pore waters, ranges of fluid upflow velocities and of effluxes of selected ele-
ments from the seep sites. Fluxes are calculated by multiplying the fluid upflow velocities with the lowest and highest concentrations of
the specific elements in the pore water (Supporting Information Table S3).

Seagrass Red Patch Yellow Patch Site 3.1 Site 4

% Hydrothermal fluid component — 18–32% — 32–36% 7%

Fluid upflow velocities (m d�1) 0.12 0.18–0.52 0.25–0.59 0.09–0.10 0.09–0.21

Efflux (mmol m2 d�1) Mg 2800–3300 3600–11,700 6000–15,700 1800–2400 2100–5400

Ca 610–680 950–3150 1210–3230 410–670 420–1020

K 560–700 690–2250 1210–3090 360–490 400–1080

Li 1.5–2 14–71 4–9 1–14 1–3

Si 4–11 73–367 21–68 3–72 4–28

B 20–25 43–175 47–119 14–34 16–42

Sr 4–5 22–84 10–27 3–16 3–8

Fe 0–1 1–29 3–25 0–5 17–50

Efflux (μmol m2 d�1) NH4 960–3950 3800–16,850 1050–2480 330–4090 1210–4250

PO4 60–280 90–490 120–280 0–90 40–190

Rb 60–90 520–1880 190–850 60–430 50–120

Ba 6–11 51–244 23–83 4–64 4–9

Mn 110–400 590–3420 120–1100 0–1010 80–280

As 50–60 20–1020 60–590 10–130 50–130

Co 0–2 0–12 6–19 0–19 3–14

Cs 0–3 0–370 19–123 4–85 0–1

Mo 5–12 1–27 9–64 0.3–7 2–4

Ni 6–34 8–171 117–276 4–28 57–443
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leaching from the overlying sediments at moderate tempera-
tures (James et al. 2003). Weathering of carbonates is further
indicated by the relatively high TA concentrations (up to
20 mmol L�1, Supporting Information Table S3) in seep fluids.
Similarly enhanced TA values coupled with high alkali ele-
ment/Cl ratios have been reported, for example, in CO2-rich
hydrothermal fluids in the Okinawa Trough (de Beer
et al. 2013). Chloride concentrations in pore waters were
depleted compared to seawater and the Cl concentration of
the hydrothermal fluid endmember is about 50% that of sea-
water (~ 250 mmol kg�1, Fig. 6a). Low Cl concentrations may
be due to phase separation in the subseafloor (Butterfield
et al. 1990), or in the case of shallow-water hydrothermal
seeps, due to the ingression of freshwater (Pichler
et al. 1999a).

The presence of NH4 (Supporting Information Table S3) in
the pore waters of the seep sediments could be indicative of

diagenetic or thermogenic organic matter degradation by the
percolating CO2-rich fluids (e.g., Sedwick and Stueben 1996).
PO4 is usually depleted in hydrothermal fluids (Wheat
et al. 1996); however, in our study sites some PO4 is present,
possibly due to iron reduction in surface sediments with
release of P absorbed to the Fe-oxides (Poulton and
Canfield 2006).

Concentrations of redox-reactive metals in the pore waters
and seep fluids are relatively low (Supporting Information
Table S3) compared to typical hydrothermal fluids (Von
Damm 2001), and there is little correlation between metal
concentrations and concentrations of SO4 (Fig. 6). Mixing
between hydrothermal fluids and oxic, pH-neutral seawater
likely results in precipitation of metal (oxyhydr)oxides
(Pichler et al. 1999b). At seeps, mixing with seawater can
occur through the formation of centimeter- to meter-sized
convection cells below the seabed (Wenzhöfer et al. 2000;

Fig. 6. Correlations between SO4 and Cl, Li, Si, Fe, Mn, and correlation of SO4/Sr and
87Sr/86 Sr. In (a) the solid black line indicates the correlation and

the dashed line indicates seawater Cl/SO4 extrapolation.
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Haeckel et al. 2007). The temperature distributions, the vari-
ability of the microsensor profiles and the high variability in
fluid flow rates (Fig. 3; Table 2) indicate that conditions for
metal precipitation within seabed sediments are met. More-
over, carbonate dissolution will raise the pH of the pore
waters, which can also promote metal precipitation. In sup-
port of this, highest concentrations of metals in pore waters
(Fe, Mn, Ni, Co) correlate with lowest pH conditions in the
sediments (Site 4, Supporting Information Fig. S5).

Ecological consequences of advection of hydrothermal
fluids

As discussed above, the chemical composition of the seep
fluids reflects advection of hydrothermal fluids, reactions
between fluids and sediments and mixing with seawater in
the shallow subsurface. As a result, warm, low-pH fluids are
present in the coral reef sediments. These fluids contain no
dissolved sulfide and are enriched in dissolved metals and
some nutrients compared to ambient seawater. Input of these
solutes into the near-surface sediment and the overlying water
column can have an impact on the local coral reef ecosystem.

Ecotoxicological effects
Accumulations of hydrothermally derived metals in sedi-

ments of shallow-water seeps often reach levels that could
have adverse effects on biology (Vizzini et al. 2013).
Normanby Island consists of serpentinized ultramafic rocks,
gneiss with mafic dikes, volcanic rocks and granodiorites

(Little et al., 2007). The composition of sediments from “non-
seepage” sites with the carbonates removed, was similar to
that of the seep sites (Supporting Information Fig. S4), hence
it is the dissolution of carbonates by the low-pH fluids that
has led to the accumulation of the metal-rich volcanoclastic
sand. At high concentrations, metals contained in sediments
can be toxic to infauna and to assess the potential for eco-
toxicological effects, the sediment metal contents are com-
pared to quality guidelines for marine sediments in Table 3. In
sediments from all seep sites Cr and Ni contents were at levels
that are frequently associated with biological effects. It is nota-
ble that at Red Patch, As, Cr, and Ni contents were one order
of magnitude higher than the threshold for frequently nega-
tive effects on fauna (Long et al. 1995, Table 3). This can be
related to the precipitation of iron oxides at this site; however,
it is not clear why more iron and other redox-sensitive ele-
ments precipitated here compared to the other sites, but simi-
lar patchy phenomena have been observed before (Pichler
et al. 1999b). Thus, in addition to high-CO2, low-pH, and ele-
vated temperature, the high heavy metal contents of the sedi-
ments could be a key factor for explaining the drastic
reduction in sediment meiofauna in the seep sites (Fig. 4e), as
also suggested for the bacterial community at the same seeps
(Hassenrück et al. 2016). The seep sediments also constitute a
less attractive hiding place for demersal plankton, which
reside in the sediments at night and were notably reduced at
the seep sites (Smith et al. 2016).

Remineralization and changes in community structure in
seep sediments

Sediments are important for the remineralization of organic
matter in coral reef environments, with early diagenetic pro-
cesses typically dominated by oxygen respiration and sulfate
reduction (Werner et al. 2006). We found a clear reduction in
oxygen consumption rates in most seep sites. A reduced sup-
ply of oxygen is visible from the lower oxygen penetration at
the seep sites (Figs. 3, 4) and the presence of reduced com-
pounds in the advected fluids will further reduce pore water
oxygen levels. The reduction in grain size and the lower per-
meability of the seep sediments, caused by carbonate dissolu-
tion, will also reduce the advective exchange between pore
water and bottom water and hence the supply of organic mat-
ter and oxygen to surface sediments (Huettel et al. 2007). This
reduced availability of oxygen and carbon can limit aerobic
respiration in higher organisms and may also be an explana-
tion for the decrease in the relative abundance of certain
Flavobacteria at the Normanby seeps (Hassenrück et al. 2016),
many of which are known to be aerobic degraders of complex
organic compounds.

When oxygen is depleted many microorganisms are able to
use alternative electron acceptors, for example, sulfate. How-
ever, also sulfate reduction rates were very low at most seep
sites. Low sulfate reduction rates are consistent with a decrease
in the relative abundance of known sulfate reducers of the

Fig. 7. Nonmetric multidimensional scaling plot (stress = 0.09) of the
nematode community in the 0–4 cm sediment of the shallow “non-seep-
age” and seep sites (n = 3).
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deltaproteobacterial family of Desulfobacteriaceae at these
sites (Hassenrück et al. 2016). Sulfate availability did not limit
sulfate reduction rates (Supporting Information Fig. S2) and
only may become limiting at low millimolar sulfate concentra-
tions (Jørgensen et al. 2019). The moderate increase in temper-
ature in the seep sediments cannot have decreased sulfate
reduction. Low pH can reduce sulfate reduction rates
(Bayraktarov et al. 2013) and the abundance of sulfate
reducers (Sievert et al. 1999). However, our data indicate that
low organic matter supply is the main limitation for sulfate
reduction. In support of this, sulfate reduction rates decreased
with the organic carbon content of the sediments (Fig. 4a,d)
and depth, where typically less degradable organic carbon is
present. Organic carbon supply as limiting factor is further
supported by the higher sulfate reduction rates in seep sedi-
ments colonized by seagrass. Despite smallest grain sizes and
lowest permeabilities, sulfate reduction rates in seagrass seep
sediments were similar or even higher than at the shallow
“non-seepage” site. Seagrass is known to fuel sulfate reduction
in sediments by supplying organic carbon, for example,
through the exudation of organic matter via leaves, roots, and
rhizomes (Barr�on et al. 2014) and the settling of suspended
organic material by reduction of local hydrodynamics by
seagrass canopies (Gacia and Duarte 2001). These mechanisms
resulted in the highest sedimentary organic carbon content
and sulfate reduction rates in the Seagrass site.

Ecological consequences for the reef habitat
Toxic metals, reduction in oxygen and total organic carbon

availability can have immediate effects on life in sediments.
Nematodes are usually quite resilient to environmental stress
(Molari et al. 2018). Our results showed that the abundance of
meiofauna and nematodes and the functional diversity of
nematodes were reduced in seep sediments (Fig. 4e). This has
been attributed to the prevalent environmental conditions,
especially low pH and high temperature, in the sediments
(Zeppilli and Danovaro 2009; Molari et al. 2018). Whereas the
shallow “non-seepage” site was inhabited by small-sized
Epsilonematidae and Draconematidae typical for dynamic sed-
iments, only genera exhibiting tolerance to extreme and
chronic high pCO2/low pH conditions are able to exploit the
harsh seep sites (e.g., Oncholaimus). The species Oncholaimus
campylocercoides has been frequently reported in seep/venting
sites (Zeppilli and Danovaro 2009, Molari et al. 2018). The
reduced total organic carbon supply due to decreased perme-
ability implies a reduced food source for meiofauna at seeps.
Vice versa the highest abundance of meiofauna and highest
functional diversity (feeding types) of nematodes were found
in the shallow “non-seepage” site, where organic carbon sup-
ply was 2.5 times higher than in the seep sites. The higher
food availability (total organic carbon and higher microbial
diversity) enabled the selective deposit feeding nematodes to
thrive here. Similar to the reduction in functional richness in
nematode communities, the microbial communities had a

significantly reduced diversity in the seep sediments
(Hassenrück et al. 2016). Meiofauna community structure in
seeps is thus influenced by the pore water chemistry, reduced
supply of organics and by a reduced diversity and density of
the microbiota (foodweb effect; Zeppilli and Danovaro 2009).
Vice versa, the lower meiofauna abundance in seep sediments
may result in a reduced grazing pressure on microorganisms,
particularly in deeper sediment layers.

Coastal regions host rich and diverse biological communi-
ties and the advection of hydrothermal fluids could be both
advantageous and deleterious for the local reef ecosystem
above the sediments. Fluxes of metals from the sediments into
the overlying water column, including Fe and Mn (Table 2),
vary between sediment patches and also with time within one
patch, but are overall relatively high, that is, of the same order
of magnitude as the oxygen uptake rates by the sediment.
Some Fe and Mn likely persist in the fluids as they mix with
seawater, because Mn oxidation rates are slow and the rela-
tively low pH will increase the solubility of Fe. Also, complexa-
tion of Fe with organic material, as found at shallow-water
hydrothermal systems, can prevent oxidation and precipita-
tion of iron (Kleint et al. 2017). Thus, in addition to high CO2

concentrations and low pH, relatively high concentrations of
Fe can be released into the photic zone. This might have posi-
tive effects on primary production above the sediment surface
as iron can be a limiting or co-limiting micronutrient for phy-
toplankton in many oceanic surface waters (Nielsd�ottir
et al. 2012). As the water residence time on the reef is roughly
2.5 h (Smith et al. 2016) and tides have a strong effect on the
seepage rates (Fig. 2), we expect fast transport of seep fluids
away from the release site. Fe released from shallow-water
hydrothermal seeps could also be important, for example, for
reef algae (Entsch et al. 1983). Inputs of other metals from the
seeps, including Mn, Co, Ni, and As may also affect the coral
reef ecosystem. Mn can be a key trace element for coral symbi-
onts and can enhance coral resistance to temperature-induced
bleaching (Biscéré et al. 2018). By contrast, increased concen-
trations of other metals, such as Co and Ni, can decrease coral
growth rates (Biscéré et al. 2015, 2017). Although As can be
toxic, it was not found to accumulate in coral-inhabited seep
sites with high As concentration in the fluids (Pichler
et al. 2000).

In addition to the metals, essential nutrients such as NH4

and Si and occasionally PO4 were present in the pore waters of
Normanby Island seep sediments and will be advected into
the water column. Comparing areal release rates with litera-
ture values of nutrient uptake in coral reefs (Webb et al. 1975;
Steven and Atkinson 2003), the amount of NH4 released from
the seep sites was on average 6 mmol m�2 d�1, which is close
to natural turnover of N in coral reefs (� 1 to 7.8 mmol m�2

d�1). Similarly, average phosphate input into the ecosystem
from the sediment patches (~ 0.3 mmol m�2 d�1) was compa-
rable to the range for natural phosphate cycling (0.35–
3.8 mmol m�2 d�1). Hence nutrient inputs from seeps might
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be beneficial to the reef environment. Due to its high concen-
tration in the hydrothermal fluids, the average Si flux from
the seep sediments (125 mmol m�2 d�1) was nearly 85 times
higher than the highest flux we have found from coral reef
sediments in the literature (� 0.02 to 1.5 mmol m�2 d�1,
Ullman and Sandstrom 1987). Increased Si supply from
shallow-water hydrothermal seeps could thus stimulate the
growth of silicate incorporating organisms like diatoms and
sponges. Total release rates from the seepage area were
2.1 mol d�1 NH4, 0.1 mol d�1 PO4, and 45 mol d�1 Si.

Conclusions
Shallow-water hydrothermal seeps, such as offshore Normanby

Island, are extreme environments with unique biogeochemical
conditions originating from the advection of CO2- and metal-
rich fluids. The geochemistry of pore waters and sediments
around the hydrothermal seeps is strongly affected by the
hydrothermal fluids, but also by reactions between the fluids
and the sediments, organic matter degradation and precipita-
tion of redox reactive metals. We have shown that the quanti-
ties of nutrients released from the sediment into the water
column are sufficient to have an effect on the ecosystem, as
they are comparable to or even higher than natural turnover
rates in coral reefs. These fluxes could have positive, albeit
local, effects on the pelagic ecosystem. In the sediments, by
contrast, the advection of hydrothermal fluids has negative
effects on the benthic environment, changing the community
structure and the efficiency of carbon degradation. This occurs
either directly, through the accumulation of toxic metals and
through decalcification, or indirectly through a decreased sup-
ply of organic carbon and oxygen into the sediments due to
changes in sediment permeability.
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