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ARTICLE INFO ABSTRACT

Keywords: Mud volcanoes (MVs) are potential conduit migration pathways for deep thermogenic DOM. In this study, we
DOM investigated the dissolved organic matter (DOM) of porewater in a MV in the Canadian Beaufort Sea and

EEM-PARAFAC compared dissolved organic carbon (DOC) and fluorescent DOM (FDOM) between the MV and a reference site
Mud ‘g’l_cgno (RS). The chemical and isotopic compositions (Cl~, §'%0 and 8D) of porewater from the MVs indicated that these
E:;&lezt fluids are derived from a mixture of seawater, meteoric water, and clay dehydration, causing a freshening of the

porewaters. Interestingly, the porewaters in the MV exhibited DOC concentrations up to 14 times higher than
those in the RS. This high DOC concentration was attributed to a higher concentration in the deep fluid moving
upwards through the MV, and in minor part to processes such as particulate organic matter sulfate reduction,
anaerobic oxidation of methane and higher biological activity in the MV sediments. The fluorescence results
showed the presence of four components in both MV and RS sites, which included two humic-like, one microbial
humic-like, and a protein-like component. All the four fluorescent components increased with depth, showing a
good linear relationship with DOC. However, the DOC-normalized fluorescence in the porewater DOM was on
average 3 to 7 times lower in the MV, suggesting that the DOM molecules have undergone thermogenic processes
in the deep sediments, and that shallow processes do not affect significantly the FDOM composition. Our results
highlight that fluids migrating from the deep sediment through the MV can be an important source of ther-
mogenically altered DOM to the shallow sediments and overlaying water column.

redox conditions, biological community, and sediment texture)
(Burdige, 2007; Burdige and Komada, 2015; Chen and Hur, 2015; Dang

1. Introduction

Dissolved organic matter (DOM) in marine sediments plays a key
role in carbon and nitrogen remineralization as well as in carbon pre-
servation in sediments (Burdige and Komada, 2015). Marine sediments
are also considered to be an important source of DOM to the overlying
seawaters. It has been estimated that DOC flux from coastal and con-
tinental margin sediments can reach ~350 TgCyear™ ! (Burdige and
Komada, 2015), which is comparable to that estimated for rivers
(Raymond and Spencer, 2015). The characteristics of the DOM released
from sediments to the overlying water can affect the quantity and
quality, and further the reactivity of DOM in the water column. The
physical, chemical, and biological factors shaping the DOM properties
in porewaters are affected by the conditions of the sediment itself (e.g.,
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et al.,, 2014; Henrichs, 1992; Komada et al.,, 2016; Qualls and
Richardson, 2003; Schulz et al., 1994). Komada et al. (2013) suggested
that sediment porewaters are indeed a mixture of compounds with
different reactivity and isotopic signature. Therefore, porewater DOM is
variable in time and space.

Mud volcanoes (MVs) are a unique environment found at seafloor,
associated to the release of a large amount of methane and the presence
of chemosynthetic biological communities (Losekann et al., 2008).
Their eruption is characterized by the so-called “mud breccia”, a mix-
ture of hydrocarbon gas (mainly CH,4), carbon dioxide, nitrogen, he-
lium, water, oil, mud and rock fragments (Cita et al., 1989; Kopf, 2002;
Mazzini and Etiope, 2017). The morphology of the MV as well as the
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sources of the fluids and sediments composing the mud breccia are
highly variable and depend on the geological settings. The fluids' and
sediments' ascent within the MVs has been attributed to their buoyancy.
However, some recent studies proposed the porosity waves as a me-
chanism for the upward migration of deep fluids (Connolly and
Podladchikov, 2016; Yarushina et al., 2015). A detailed review on mud
volcanism was recently proposed by Mazzini and Etiope (2017).

The exact number of marine MVs is still unknown. However, Milkov
(2000) estimated that approximately 10 to 10° deep water MVs exist
worldwide, which are known to continuously expel fluids even during
dormant periods (Ddhlmann and de Lange, 2003). The chemistry of the
extruding fluids is the result of the fluid sources, sediment-water in-
teractions occurring along the vertical conduits and to the character-
istics of the environment, such as porosity, temperature and pressure
gradients, the presence of gas hydrates, local tectonics, etc. (Mazzini
and Etiope, 2017). Oxygen and hydrogen stable isotopes (5§'%0 and D)
have been used as tracers in hydrological studies. Isotope fractionation
will result from differences in the physical and chemical properties of
the environment. Therefore, they can reflect the contribution of dif-
ferent sources and processes (Clark and Fritz, 1997; Gat, 1996; Kendall
and Caldwell, 1998; Minami et al., 2018; West et al., 2014).

Many studies have been conducted on these environments to un-
derstand their geological settings and/or the chemistry of the extruded
fluids (Dahlmann and de Lange, 2003; Haese et al., 2006; Li et al., 2014;
Loher et al., 2018; Pohlman et al., 2010). None of these studies, how-
ever, have paid any attention to the DOM in these unique environ-
ments. To the best of authors' knowledge, no study has been conducted
to directly measure the DOM concentrations and/or properties in MV
porewaters, although a few studies mentioned the importance of the
DOM in similar environments. For example, Valentine et al. (2005)
suggested that the DOC coming from a methane seep in the North Pa-
cific might support the heterotrophic community, which in turn, facil-
itates the mobilization and degradation of autochthonous organic
matter. Pohlman et al. (2010) have also suggested that sedimentary
microbes could produce methane-derived DOC, in addition to carbon
dioxide, from methane metabolism. Based on the estimates of the
abundance of MVs (Milkov, 2000) using A'*C and 8'3C measurements,
it was estimated that a potential flux of methane-derived DOC to the
global deep ocean could be equivalent to 1.7 x 10'° to
1.7 X 102 mol yr~*. Meanwhile, Dittmar and Koch (2006) identified a
major thermogenic DOM component in the deep Southern Ocean sea-
water using Fourier transform-ion cyclotron resonance technique (FT-
ICR-MS), highlighting the importance of this DOM component in global
biogeochemical cycles. These previous studies signified the need for
quantification and characterization of DOM in mud volcanoes.

The optical properties of DOM have been extensively utilized in the
last decade to characterize and identify the sources of organic matter in
a wide range of environments. In particular, the fluorescence excita-
tion-emission matrices (EEMs) coupled with parallel factor analysis
(PARAFAC) allow the identification of the main groups of fluorophores
and the capacity to distinguish between autochthonous and allochtho-
nous sources of DOM (Chen et al., 2016; Osburn et al., 2016a; Walker
et al., 2009; Wang et al., 2013; Yang et al., 2017).

This study aims to 1) characterize the DOM in the porewater of a
MVs in the Canadian Beaufort Sea using the concentration (DOC) and
its fluorescence properties and 2) delineate the DOM sources of pore-
water in the MVs based on the DOM quantity and the quality (fluor-
escence) as well as other chemical properties of the fluids (i.e., anions
concentration, and oxygen and hydrogen isotopes). For this purpose,
porewaters from four sites in a mud volcano (MV) region and one re-
ference site (RS) in the Canadian Beaufort Sea were analyzed for the
organic and inorganic properties.

Paull et al. (2015) confirmed the presence of this mud volcano at
420 m depth in the continental slope of the Canadian Beaufort Sea. The
expulsion and consequent accumulation of the mud were attributed to
overpressured biogenic methane. The chemical properties of the pore
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waters (between 0 and ~700 cm below the sea floor) in the MV (low
chlorinity, high sodium, negative 8'0, and D) were explained by a
mixture of seawater, meteoric water and clay dehydration.

2. Methods
2.1. Study area

Three mud volcano structures were first revealed at ~282m,
~420m, and ~740 m depth by multibeam bathymetric mapping data
collected on the continental slope of the Canadian Beaufort Sea in 2009
and 2010 (see http://www.omg.unb.ca/Projects/Arctic/google/for
data catalog). Subsequent cruises were conducted in the fall of 2010
(2010-035-WD), 2012 (2012004PGC), 2013 (2013005PGC), and 2016
(2016006PGC) on the Canadian Coast Guard Icebreaker Sir Wilfred
Laurier (SWL) and in the fall of 2013 (ARA04C), 2014 (ARA05C), and
2017(ARAO08C) on the South Korean Icebreaker Araon to investigate the
shelf edge and slope of the Canadian Beaufort Sea. Remotely operated
vehicle (ROV) video observations and water column acoustic anomalies
showed that these are young and actively forming features experiencing
ongoing eruptions (Jin and Shipboard Scientific Party, 2018; Paull
etal., 2015). The 420-m mud volcano is the biggest structure among the
three volcanos. Its size is comparable with the Haakon Mosby Mud
Volcano in the Barents Sea which is a typical example of an active
marine mud volcano (Milkov et al., 2004). Details on the MV mor-
phology and on the geological settings of this area can be found in
(Paull et al., 2015). Briefly, the continental slope of the Canadian
Beaufort Sea area is underlain by a thick sedimentary sequence of
Mesozoic and Quaternary strata (Grantz and Hart, 2012). The Qua-
ternary shelf sediments contain ice bonded permafrost down to 700 m
and gas hydrates to 1200 m below sea floor (Paull et al., 2015 and re-
ferences therein). Previous studies in the shelf edge and slope of the
Beaufort Sea showed the occurrence of brackish porewaters associated
with the decomposition of permafrost and regional hydraulic gradients
(Frederick and Buffett, 2014; Paull et al., 2011, 2015; Taylor et al.,
2013).

2.2. Sample collection

The samples were collected during the ARAO8C cruise on September
2017 on board of the South Korean icebreaker, Araon. Sediment cores
were taken using a box corer at four MV sites (Station 15, 16, 17, and
18) and one reference site (RS, Station 21). The RS is located > 1 km far
from the border of the MV (Fig. 1, Table S1) and at the same depth
(420 m). The influence of the emerging fluids from the MV is therefore
negligible. Porewaters were slowly extracted from each core at ap-
proximately 8, 16, 24, 32 and 40 cm below seafloor (cmbsf) by using
acid-washed Rhizon samplers (Rhizosphere Research Products). The
extracted fluid samples were immediately filtered through a 0.2 um,
acid-washed polytetrafluoroethylene filter and stored in acid-washed
polypropylene bottles at —20°C until analysis. This preservation
method was chosen due to the long time needed to receive the samples
to the laboratory (~2 months) and we assume that it does not affect
significantly the fluorescence properties of the DOM, as shown by Otero
et al. (2007).

2.3. Analytical methods

After the porewater samples were melted at room temperature,
dissolved organic carbon (DOC) was measured by a TOC analyzer
(Shimadzu TOC-L) through high temperature catalytic oxidation.

Fluorescence excitation-emission matrices (EEMs) were measured
with a Hitachi F-7000 fluorescence spectrophotometer. Excitation
ranged 220 and 500nm with a 5-nm interval, while emission en-
compassed between 280 and 550 nm with a 1-nm interval. The drEEM
toolbox (Murphy et al., 2013) was used to perform EEMs correction
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Fig. 1. Sampling area and sites. The bathymetry lines on the left figure are drawn every 100 m.

(e.g., blank subtraction, inner filter correction, and Raman normal-
ization) and PARAFAC analysis. The inner filter correction was per-
formed within the toolbox according to the following equation

FPE = [.F
where I is a correction matrix calculated as follows
IAaermzwo,s(A,lex +A%em)

The absorbance (A,) was measured in a 1cm quartz cuvette by
using a Shimadzu UV-1800 UV spectrophotometer between 230 and
700 nm at 0.5nm interval. More detail on the inner filter correction
procedure within the toolbox can be found in Murphy et al. (2010).

The validation of the PARAFAC model was made by split half ana-
lysis and percentage of explained variance (99.63%). Specific fluores-
cence intensities of the PARAFAC components (C*) were calculated by
dividing the fluorescence intensities of each sample by its DOC con-
centration. The C* provides the information on the changes in the
composition of the fluorescent DOM (FDOM) pool as an intrinsic metric
(Korak et al., 2014). By using corrected EEMs, the index of recent au-
tochthonous DOM contribution, or biological index (BIX), was calcu-
lated as the ratio of the fluorescence intensity at the emission wave-
length of 380nm to 430nm at an excitation wavelength of 310 nm
(Huguet et al., 2009).

The following measurements on porewaters chemical composition
were performed according to Gieskes et al. (1991) and Kim et al.
(2013). The chloride (C1™) concentration and alkalinity were measured
by titration with silver nitrate (AgNO3) and with 0.02 N HCI, respec-
tively. The reproducibility of C1~ and alkalinity was monitored by re-
peated analyses using the International Association of Physical Sciences
of the Oceans (IAPSO) standard seawater and was < 2% and < 0.5%,
respectively. NH,* and PO,>~ were measured spectrophotometrically
(Shimazu UV-2450) at 640 nm and 885 nm, respectively, at the Korea
Institute of Geoscience and Mineral Resources (KIGAM). Sulfate
(S04%7) was analyzed by ion chromatography (ICS-1100, Dionex) at
the Korea Basic Science Institute (KBSI). Total Fe and Mn were mea-
sured using an inductively coupled plasma atomic emission spectro-
scopy (ICP-AES; Optima 8300, Perkin Elmer, USA) at the KBSI. IAPSO
standard seawater was also repeatedly analyzed to verify the analytical
quality of the instruments and analytical reproducibility was better
than + 2% (n = 3).

The isotopic composition (8D and §'%0) of the porewater was de-
termined at the KIGAM with a wavelength-scanned cavity ring-down
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spectroscopy (L2120-i, Picarro) according to Jung et al. (2013). All 6D
and 8'80 values were denoted by delta (8) notation relative to a stan-
dard (Vienna Standard Mean Ocean Water; VSMOW), where §
(%0) = [(Rsampie/Rreference) — 11 X 1000 and R represents 2H/'H and
180/'€0. The analytical results were normalized with international
standards: IAEA-VSMOW?2, -SLAP and -GISP with assigned 8'0 and 8D
of 0%o0 and 0%o, —55.50%0 and —427.5%o, and —24.76%0 and
—189.5%o0, respectively. Analytical reproducibility of §'®0 and 8D
were * 0.1%o and * 0.5%o, respectively.

3. Results

To compare the characteristics of DOM and fluid chemistry in the
porewaters of four MV versus RS sites, the average ( = standard de-
viation) of each parameter for the four MV sites are taken into account.
The data for each station are reported in Table S2.

3.1. PARAFAC results

PARAFAC analysis validated a four-component model (Fig. 2).
Component 1 (C1) showed two excitation peaks with the primary one
at < 250nm and a secondary peak at 300 nm. The emission spectra
exhibited a maximum at 425 nm. Component 2 (C2) showed both ex-
citation and emission maxima at longer wavelengths with respect to C1.
The excitation had a peak at < 250 nm and a broad shoulder with the
maximum at 384 nm, while the emission presented a broad shoulder
with the maximum at 526 nm. Component 3 (C3) had two excitation
maxima at < 250nm and 295nm, and the emission maximum at
378 nm. Component 4 (C4) exhibited one excitation maximum at
270 nm and one emission peak at 309 nm.

3.2. Fluid composition and isotopic properties (MV versus RS sites)

The downcore profiles of porewater in the MV showed a decrease of
chloride and sulfate, together with an increase of alkalinity, phosphate,
and ammonium (Fig. 3, Table 1, Table S2). In the reference station (RS),
on the contrary, these parameters showed a constant profile with depth
(Fig. 3, Table 1, Table S2). Chloride concentration at the MV had the
maximum value in the uppermost samples (8 cmbsf), ranging from 516
to 565 mM (average 540 = 21 mM), which was similar to those of the
Canadian Beaufort seawater (559 mM) (Paull et al., 2015), 2018) and
the RS in this study (556 mM). The values exhibited a decreasing trend
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Table 1
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Inorganic properties of porewaters in the mud volcano sites (average *+ standard deviation of four stations) and a reference site.

Station Depth Cl™ (mM) Freshening (%) Alkalinity (mM) SO~ (mM) NH,* (mM) PO~ (uM)  8'®0 (%0 VSMOW) 8D (%0 VSMOW)
(cmbsf)
Mud Volcano 8 540.4 + 20.7 3.5 + 3.2 15.4 + 8.4 17.3 + 85 0.203 + 0.210 30.6 + 248 —0.11 + 0.18 -1.79 + 1.55
sites 16 484.6 + 9.2 131 = 1.6 25.4 * 5.9 6.7 = 58  0.406 = 0.419 62.7 * 22.8 —0.43 * 0.16 —4.85 + 1.99
24 446.2 + 41.7 20.0 + 7.5 28.6 * 8.5 7.6 = 7.6 0703 = 0.559 92.5 + 195 —0.88 * 0.22 -9.39 + 2.39
32 400.4 + 49.6 28.2 + 8.9 359 + 7.4 4.2 + 47 1.009 + 0.722 120.7 + 39.7 —1.49 + 0.24 —15.21 + 2.48
39 344.2 + 329 383 + 5.9 43.7 + 5.8 14 + 1.4 1.240 + 0.492 137.1 £ 51.1 —2.08 = 0.19 —21.55 = 2.40
Reference site 8 556.1 2.9 27.8 0.004 n.d. 0.31 1.47
16 556.1 2.9 27.9 0.029 8.8 - -
24 545.9 3.8 27.9 0.069 n.d. 0.29 1.25
32 545.9 3.8 28.1 0.071 nd. - -
39 545.9 4.7 27.5 0.240 1.9 0.27 1.69

—: not measured; n.d.: not detected.

with depth, ranging between 313 and 391 mM (average 344 += 33 mM)
at ~40 cmbsf in the MVs.

By using the measured chloride values in the MV site, a freshening
ratio was calculated at each depth, expressed as a percentage of the
seawater value, using the following equation (Kim et al., 2013):

Clg, — Cly,
Clg,

sw

Freshening = x 100

where Clp,, is the chloride concentration in the porewater of MV sites
and Clg,, is the value in the Canadian Beaufort seawater (i.e., 559 mM).

The freshening ratio in the uppermost samples ranged between 0
and 7.6% (average 3.5 * 3.2%) and sharply increased with depth,
ranging between 30.0 and 43.8% (average 38.3 *+ 5.9%) at 40 cmbsf
(Table 1 and Table S2).

Alkalinity in the RS had the values similar to the Canadian Beaufort
seawater (2.2mM, Paull et al., 2015) at all the depths (average of
3.7 = 0.7mM). In contrast, it was ~5 times higher (15.4 = 8.4 mM)
in the uppermost samples and ~9 times higher at 40 cmbsf in the MV
site compared to that in the RS (4.7 mM) (Fig. 3). Sulfate concentration
showed constant values with depth in the RS (27.8 + 0.2 mM), similar
to those in seawater from the same area (28.9 mM, Paull et al., 2015),
while it decreased with depth in all the MV sites and showed a con-
centration of ~0 mM below ~30 cmbsf at stations 17 and 18 (Fig. 3,
Table S1). Phosphate and ammonium of the uppermost samples in the
MV sites were on average higher than that in the RS with increasing
trends shown with depth (Table 1, Table S2).

The isotopic compositions (8'80 and 8D) of the RS samples showed
positive values, constant with depth (Fig. 4, Table 1), while these values
in the MV site became more negative with depth (Fig. 4, Table S2). The

5180 (%o vsMow) i
5 4 3 2 -1 1
: : : . : Lo

o MV o2

o RS =
— LMWL -0 2
X Paull etal. 2015 =
--20 >
N
L-30 O
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O F -40

L .50

Fig. 4. 880 versus 8D for the samples collected in the mud volcano (MV) sites
(stations 15, 16, 17), in the reference site (RS), and those measured by Paull
et al. (2015). The line is the projection of the local meteoric water line (LMWL)
for Inuvik, Canada (http://www-naweb.iaea.org/napc/ih/IHS resources_gnip.
html).
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data of the MV samples were displaced from the mixing line between
seawater and meteoric waters (approximated by the local meteoric
water line, LMWL) (Fig. 4).

3.3. Comparison of DOM between MV versus RS sites

DOC concentration in the uppermost sample in the RS was
~6mgL~'. A slight increase of DOC was observed at 16 cmbsf
(10.5mgL™ 1Y), and then it showed a decreasing downward trend,
reaching 5mgL~" at 40 cmbsf (Fig. 5). In the MV, the DOC ranged
between 14 and 49mgL~' in the uppermost samples (average

DOC (mg L)
0 20 40 60 80
*
09 —O— RS
—o— MV
Y Seawater
| - .
| .

10 4
—~ 20 1
o
(2]
£
£
S
<
o
[
a

30 4

40 A

Fig. 5. DOC vertical distribution in the in the mud volcano sites (MV,
average *+ standard deviation of the four stations), in the reference site (RS)
and in bottom seawater. The concentration of bottom seawater in the Canada
Basin is from Griffith et al. (2012).
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Fig. 6. Fluorescence components vertical distribution in the in the mud volcano sites (MV, average + standard deviation of the four stations) and in the reference

site (RS).

28 + 16mgL™") and increased up to 64-72mgL~! at ~40 cmbsf
(average 69 = 4mg L™1). All the MV sites showed a similar downcore
profile of DOC with a steep increase in the concentration below 24
cmbsf (Fig. 5, Table S2).

DOC showed good linear relationships with chloride concentrations
(R?=0.75, p < .0001, n=24), with alkalinity (R®= 0.84,

20

p < .0001, n=24), and with sulfate concentrations (R®= 0.74,
p < .0001, n = 24) (Fig. S1). In the MV, DOC had also a good corre-
lation with the freshening ratios (R* = 0.64, p < .0001, n = 19).

In the MV, the downcore profiles of the four fluorescent components
were similar to those of DOC, showing increasing trends with depth,
although it was less pronounced for C2 (Fig. 6). The total fluorescence
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Fig. 7. Vertical distribution of BIX values in the mud volcano sites (MV,
average * standard deviation of the four stations) and in the reference site
(RS).

showed indeed a good linear relationship with DOC concentrations
(R? = 0.62, p < .0001, n = 25). In the RS, there was no increasing or
decreasing trend with depth. A relatively high fluorescence intensity
was consistently observed at 16 cmbsf for all four components. Such a
variation was less marked for C3. The differences in the fluorescence
intensities between the MV and RS were not so pronounced as those of
DOC.

The BIX was different between the MV and the RS, with the average
values 1.5-2 times higher in the MV versus the RS. The variations in the
index with depth were very small in both RS and MV (Fig. 7).

In order to exclude the DOC concentration effects from the fluor-
escence dynamics, the fluorescence intensities of the components were
normalized by the corresponding DOC in the MV and RS sites. Further,
since no major difference was found in the downcore profiles of the four
DOC-normalized components in the MV (Fig. S2), the results for the
total fluorescence (calculated as the sum of the fluorescence of the four
components for each sample) are presented here. The DOC-normalized
fluorescence showed an entirely different behavior from the original
fluorescence data. It is noteworthy that the fluorescence in the RS is ~3
to 7 times higher than in the MV sites (Fig. 8). Despite the normal-
ization, the vertical trend of the total fluorescence in the RS still re-
mained unchanged. On the contrary, the DOC-normalized fluorescence
intensities of the MV samples showed different dynamics with respect
to the original fluorescence (Fig. 8) with much less downward varia-
tions.
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Fig. 8. Vertical distribution of the total fluorescence normalized by DOC con-
centration in the mud volcano sites (MV, average + standard deviation of the
four stations) and in the reference site (RS).

4. Discussion
4.1. Origins of the four fluorescent components

The spectra of the four components validated by PARAFAC analysis
were compared with those previously reported in the literature by using
the OpenFluor database (Murphy et al., 2014). The comparison with the
database found 26 matches with a similarity score > 0.95 (Table S2),
with components originating from a wide range of environments.
Moreover, the components were comparable with those from other
porewater systems not present in the database (Chen et al., 2016; Luek
etal., 2017; Wang et al., 2013; Yang et al., 2017) (Table S2). C1 and C2
showed excitation and emission maxima at long wavelengths, these
characteristics have been usually attributed to terrestrial humic-like
fluorescence (Goncalves-Araujo et al., 2015; Osburn et al., 2016a,b;
Stedmon et al., 2007; Walker et al., 2009). However, some laboratory
experiments showed that these components could also be related to the
activity of sulfate-reducing bacteria in anoxic sediments (Luek et al.,
2017) or to the release by cyanobacteria (Bittar et al., 2015) and phy-
toplankton (Fukuzaki et al., 2014). C3 showed an emission maximum at
lower wavelengths with respect to C1 and C2. According to the previous
reports, its signal can be attributed to the so-called microbial humic-like
fluorescence (Chen et al., 2016; Yamashita et al., 2010; Yang et al.,
2017). C4 had excitation and emission maxima typical of protein-like
fluorescence, which may be associated with the presence of tyrosine
(Chen et al., 2016; Graeber et al., 2012; Yamashita et al., 2013).
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4.2. Differences in porewaters geochemistry and DOM between the MV
versus the RS

Porewaters from the MV sites clearly revealed the occurrence of
fluid freshening, which can be triggered by processes such as gas hy-
drate dissociation, meteoric water input, and dehydration reactions
(Kastner et al., 1991; Kim et al., 2013; Paull et al., 2015). When gas
hydrate dissociation occurs, both 8D and 8180 values are enriched (e. g,
Déahlmann and de Lange, 2003; Hesse, 2003) with depleted Cl~ con-
centration. The values of 8D and §'®0 in the MV were not consistent
with this reaction, thus this process was excluded as a source of
freshening. The good relationship between §'80 and 8D of the MV
samples and their displacement from the LMWL (Fig. 4) indicated that
the simple mixture of seawater and meteoric water cannot fully explain
the origin of these fluids. Since the geothermal gradient at this MV has a
high value of ~2°C/m (Paull et al., 2015), clay dehydration can be
another potential source for the freshening. In general, clay dehydra-
tion (i.e. smectite-illite transformation) occurs between 60 and 160 °C
(Freed and Peacor, 1989; Kastner et al., 1991; Kim et al., 2013; Reitz
et al., 2011) and produces waters with positive 8180, negative 8D, and
low Cl™ values (Ddhlmann and de Lange, 2003; Kastner et al., 1991;
Kim et al., 2013). However, this isotopic trend of clay dehydration is
difficult to recognize in the shallow porewater when this fluid is mixed
with meteoric water having depleted §'%0 and 8D values (Kim et al.,
2013; Paull et al., 2015). Hence, it can be postulated that the fluid
freshening in the MV may be derived from the mixed sources (or end
members) of meteoric water and clay dehydration. These results are in
good agreement with those reported by Paull et al. (2015) in the same
area (Fig. 4). The similarity between §'%0 and 8D, sulfate and chloride
values between this study and Paull et al. (2015) indicates that the
sources of the porewater are the same.

By using the relationship between §'®0 and Cl~ (Fig. $3) it was
possible to estimate a §'%0 value of —5.9%o of the freshwater compo-
nent (8204, containing both clay-derived and meteoric water) at zero
Cl™. The 8'®0 of clay dehydration-derived water (8180clay) was calcu-
lated according to Hensen et al. (2004) at 60 and 160 °C, temperature
range reported for the clay minerals dehydration process. The §%0
values obtained were 17.9 and 8.5%o at 60 °C and 160 °C, respectively.
A two-component mixing relationship was then used to estimate the
contribution of the two end-members (clay and meteoric water) ac-
cording to the following calculation.

Slsoclay' % clay + 818Ornet' % met = 8180fw~

By using a 8'80 value of —22%o for the meteoric waters (5§'%0,e)
reported by (Gwiazda et al., 2018), it was estimated that clay dehy-
dration contributes ~40 to 53% (assuming the temperature of 60 °C and
160 °C, respectively) to the freshwater in the MV.

Meanwhile, the positive values of 8'80 and 8D, the higher chlori-
nity, and the constant values of these parameters with depth in the RS
suggest that these porewaters may be influenced by seawater only.

The freshening ratio gives an estimate of the degree of mixing be-
tween seawater and the emerging freshwater. Seawater seems to be
predominant in the uppermost sample (8 cmbsf) as indicated by the
freshening ratio of ~3%. Moving deeper, the influence of freshwater
was more pronounced, reaching a freshening ratio of 38% at the 40
cmbsf. The good correlation between DOC and the chloride/freshening
ratio suggest that the fresher waters moving upward from the deeper
sediments contain a higher DOC concentration. This can give an ex-
planation to the higher DOC concentration in the MV versus the RS and
the higher DOC concentrations in the deeper MV sediments. However,
the low R? of the relationship between DOC and chloride (0.75, Fig. S1)
suggests that there might be other factors shaping the final DOC con-
centrations.

The high abundance of methane (Lee et al., 2018; Paull et al., 2015),
the decrease in SO,>~ and the increase in alkalinity, suggest the pre-
sence of in-situ microbially-mediated processes such as particulate or-
ganic matter sulfate reduction (POCSR: 2CH,0 + SO,*>” —
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H,S 4+ 2HCO®™) and anaerobic oxidation of methane (AOM:
CH,4 + SO42~ —HS™ + HCO* + H,0). These processes have been also
observed in Arctic porewaters (Chen et al., 2016), although Chen et al.
reported these processes occurring in the deeper sediments compared to
those of the current study. Lee et al. (2018) showed the presence of a
microbial community mediating AOM in the upper 2m sediments of
this MV. They also estimated that the contribution of this process to the
organic carbon pool is low. The POCSR can also contribute to the DOC
pool (Hong et al., 2014; Komada et al., 2016), however, the marked
increase in alkalinity suggest that this process mainly produce inorganic
carbon.

The increase of DOC can be also attributed to the direct release from
microorganisms. The direct and/or indirect contribution of biological
activity is also supported by higher BIX values in the MV versus the RS,
suggesting more abundance of DOM with biological sources in the MV.
The biological release of DOC has been previously reported at different
seep environment in the Hydrate Ridge (Valentine et al., 2005), where
enhanced heterotrophic microbial activity was observed at the seep
sites compared to a reference site. These authors highlighted the im-
portant role of the advective DOC flux as a source of energy for the
microbial community. The deep DOC may stimulate the microbial
community, which can, in turn, release autochthonous organic mate-
rials. Moreover, a laboratory experiment demonstrated an exponential
increase in DOC concentration with increasing temperature (up to
~100 °C) through abiotic processes (Lin et al., 2017).

In the RS, the increases in DOC and FDOM at 16 cmbsf corresponded
to the increases of Fe and Mn (Table S2). This observation suggests that
this slight increase might be attributed to a reductive dissolution of
Fe—/ Mn-oxides, which can release the absorbed materials into the
porewaters (Chen and Hur, 2015; Deflandre et al., 2002; O'Loughlin
and Chin, 2004; Sierra et al., 2001).

The fluorescence results indicate that the FDOM properties in the
MV sites are similar to those previously reported for porewaters in other
areas (Chen et al., 2016; Wang et al., 2013; Yang et al., 2017), sug-
gesting that the peculiarity of this environment might not affect the
main fluorescent composition of porewater DOM. The similar vertical
distribution of the four fluorescent components further suggests that
within the investigated depth there was not a change in FDOM com-
position. Only C3 showed slightly different dynamics with respect to
the other three components, with the higher fluorescence intensity in
the MV versus the RS sites, which supports a potentially higher biolo-
gical activity in the MV.

It is noteworthy that the DOC-normalized fluorescence in the MV
sites was considerably lower than that of the RS (3 to 7 times). This
suggests that there might be some factors quenching the fluorescence in
the MV porewaters. Factors such as pH, the presence of metals (e.g. Fe)
and oxygenation during and/or after sampling can affect DOM fluor-
escence. Considering the narrow range of variation of the pH both in
depth and between the MV and the RS (Table S2) we can exclude a
significant effect of pH on FDOM (Spencer and Coble, 2014). DOM-
metal binding can also quench the fluorescence. However, the con-
centration of the measured metals (e.g. Fe) was higher in the RS site
than in the MV sites (Table S2), thus we should have a higher
quenching in the RS. We, therefore, excluded a significant quenching
effect of metals (i.e. Fe). Regarding a possible effect of the oxygenation
of the samples after extraction, several precautions were taken to keep
the oxygenation at a minimum (vacuum extraction, immediate filtra-
tion, and freezing). Moreover, taking into account the results of Luek
et al. (2017), we assumed that, even if there is a quenching effect due to
oxygenation, this would be minimum compared to the difference be-
tween the MV and RS sites. A lower fluorescence might be attributed to
an intrinsic lower fluorescence of the molecules released by in situ
biological activity. This hypothesis can, however, be excluded con-
sidering the results of Luek et al. (2017), which showed an increase in
fluorescence in correspondence with sulfate reduction and sulfate-re-
ducing bacteria activity in an incubation experiment with anoxic
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sediments. Finally, the lower fluorescence of the MV samples may result
from the thermal quenching of the fluorophores at high temperatures.
Previous studies showed that a higher thermal maturity increases the
concentrations of the fluorophores leading to a deterioration of fluor-
escence emission by increasing quenching phenomena (Pradier et al.,
1991 and references therein). According to Pradier et al. (1991), or-
ganic matter fluorescence starts to decrease when its thermal maturity
enters the oil window (temperature > 60 °C). The porewaters in the
MV sites are indeed affected by higher temperatures with respect to the
RS as demonstrated by Paull et al. (2015), which showed that geo-
thermal gradient was significantly higher in the MV sites (~2°C/m)
than in the RS (~0.08 °C/m). Clay dehydration, which is one of the end
members of these mixed fluids, can also occur at the same temperature
(= 60 °C). Baker (2005) also pointed out the importance of the thermal
quenching phenomenon and suggested that the difference in the
quenching can be attributed to the different sources and chemical
nature of the specific fluorescent compounds. The constant values with
depth of the DOC-normalized total fluorescence in the MV indicate
invariant DOM composition within the depths investigated.

From the results of DOC-normalized fluorescence, we can hy-
pothesize that most of the DOM in the surface sediments of the MV is
coming from the deeper sediments and has undergone thermogenic
processes. This is in agreement with the identification of thermogenic
compounds in deep-sea water DOM (Dittmar and Koch, 2006). Shallow
processes seem not to affect significantly FDOM composition. However,
more specific analysis (e.g. C isotopes, FT-ICR-MS) should be carried
out in order to confirm this hypothesis.

5. Summary and conclusions

This study reported, for the first time, direct measurements of the
porewater DOM properties in the 420 MV in the Canadian Beaufort Sea.
The results highlighted a significant freshening of the porewaters
within the MV, confirming previous findings on this site. The emerging
fluids are characterized by a DOC concentration up to 14 times higher
than the RS, signifying the high contribution that this area can have to
deep seawater DOC. The very low DOC-normalized fluorescence in the
MV sites was attributed to the thermogenic processes affecting these
fluids in the deeper sediments. This parameter (DOC-normalized
fluorescence) might, therefore, be a useful proxy to identify the deep
fluids DOM undergone thermogenic processes. The similarity of the
FDOM components, identified using PARAFAC analysis, with porewater
in other environments suggest that this peculiar environment might not
affect the characteristics of DOM fluorescence. The results of the in-
trinsic fluorescence suggested that the main factor controlling the DOM
properties in this environment is the input from the deep fluids and that
the in-situ processes do not significantly affect FDOM composition.
However, it must be taken into account that what we observed is the
result of several processes occurring within the MV that cannot be
quantified and are difficult to discriminate with the available mea-
surements. More specific analysis (e.g. C isotopes, FT-ICR-MS) and
deeper samples are therefore needed to confirm our hypothesis.

In general, the findings of this study highlighted the importance of
MV in the deep waters carbon cycle, especially because the extrusion of
fluids is a continuous process in time. In order to improve the global
estimates of DOC from sediments and its relevance in the deep waters,
further studies are needed to estimate the flux of DOC from these areas,
by direct measurements, and to gain information on the reactivity of the
released DOM.
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