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Abstract

Significant sediment–ocean chemical fluxes are produced by the expulsion of sedimentary fluids at continental margins.

Although such fluxes could play a role in global geochemical cycles, few quantitative estimates of their global, or even regional,

significance exist. We carried out a pore water geochemical study of fluids expelled from the Dvurechenskii mud volcano

(DMV) in the Black Sea, with the aim of understanding the role played by mud volcanoes in Black Sea geochemical cycles. The

DMV is presently expelling highly saline fluids particularly enriched in geochemically important species such as Li+ (1.5 mM),

B (2.17 mM), Ba2+ (0.57 mM), Sr2+ (0.79 mM), I (0.4 mM) and dissolved inorganic nitrogen (DIN) (22 mM). A combination of

geochemical indicators shows that this geochemical signature was acquired via organic matter and silicate alteration processes

in the subsurface down to 3-km depth and near-surface gas hydrate formation. We used a simple transport model to estimate the

benthic fluxes of these solutes at the DMV. Our results show that the DMV is expelling fluids at a rather low seepage rate (8–25

cm year�1) resulting in a total water flux of 9.4�10�5 km3 year�1. This gentle regime of fluid expulsion results in Li+, B, Sr2+, I

and DIN fluxes between 3.8�104 and 2.1�106 mol year�1. Surface biogeochemical processes affect the benthic fluxes of Ba2+

such that the deep Ba2+ flux is completely consumed through the precipitation of authigenic barite (BaSO4) in surface

sediments. The Black Sea I cycle is likely to be affected by mud volcanism, if the 50 known Black Sea mud volcanoes share the

rather sluggish activity of the DMV. Mud volcano fluxes of Li, B, Sr and DIN, instead, are too small to affect Black Sea

geochemical cycles. On a global scale, mud volcanism could play a role in the marine cycles of Li, B, Sr, I and DIN if current

estimates of mud volcano abundance are correct.
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1. Introduction

The expulsion of sedimentary fluids at continental

margins generates significant water and chemical

fluxes [1–3]. Fluid–sediment and fluid–rock inter-

actions during sediment burial alter pore fluid

chemistry considerably, such that the expelled fluids

can be chemically very different from seawater.

Diagenetic processes involving organic matter deg-

radation [4], barite dissolution [5,6], desorption/

transformation reactions involving clay minerals [7–

9] and high-temperature reactions with volcanic

ashes and oceanic or continental crust [2,10,11]

concentrate geochemically important species such

as Sr2+, Ba2+, Li+, B, I and dissolved inorganic

nitrogen (DIN) in pore fluids with progressive burial.

Thus, the expulsion of sedimentary fluids is a

potential source in the marine geochemical cycles

of these species.

Estimating the importance of cold seep Sr2+,

Ba2+, Li+, B and I fluxes is important because their

geochemical cycles are applied to solve a large

number of geologic problems. The Li and B cycles,

for example, are used to reconstruct seawater pH

evolution in time and to investigate mid-ocean ridge

hydrothermalism and oceanic crust alteration pro-

cesses [12–15]; the marine Ba cycle is applied in a

number of paleo-oceanographic investigations such

as the reconstruction of paleoproductivity and ocean

circulation [16–19]; the Sr cycle is central in

understanding how carbonate deposition, chemical

weathering and hydrothermal activity have influ-

enced earth’s climate in the geological past [20]; the

I cycle is potentially useful to investigate the

recycling of sedimentary fluids in fore-arc areas

[21].

Much of the difficulty in assessing cold seep

elemental fluxes lies in the scarcity of available flux

measurements. Some indications exist that past and/

or present cold seep fluxes of Li, B and Ba may be

relevant to the regional or global geochemical cycles

of these species [22–27]. Recent estimates of cold

seep Ba fluxes obtained with benthic chambers and

biogeochemical modeling, for example, show that

the cold seep Ba source likely affects Ba cycling in

the Santa Barbara basin [28] and in the Derugin

basin of the Sea of Okhotsk [27]. You et al. [22,23]

observed extreme B and Li enrichments (3 and 0.8
mM, respectively) in sedimentary fluids of the

Nankai and Barbados accretionary prisms. By multi-

plying the concentration of the diagenetically enriched

solutes by the global cold seep water discharge of 1

km3 year�1 [29,30], these authors obtain global B and

Li flux estimates which are significant to the global

cycles of these elements. The importance of the cold

seep Sr, I and DIN fluxes to the marine cycles of

these species, instead, has not been investigated

yet.

Seepage of sedimentary fluids occurs diffusively,

canalized through high-permeability sedimentary or

tectonic pathways, or in association with major

pathways of mud expulsion like mud diapirs and

mud volcanoes [31,32]. Because mud volcanoes expel

fluids originating typically from several kilometres

depth [11,31,33], they are preferential conduits

through which deep, chemically enriched fluids can

reach the ocean. Mud volcanoes offer a unique

possibility to measure chemical fluxes from relatively

large portions of the seafloor. A recent estimate

proposes that 103 to 105 submarine mud volcanoes

exist worldwide [34]. Estimates of Li, B, Ba, Sr, I and

DIN fluxes based on such mud volcano abundances

have not been undertaken yet.

We present a first evaluation of how the expulsion

of diagenetically altered fluids from mud volcanoes

affects the global and Black Sea geochemical cycles

of Li+, B, Ba2+, Sr2+, I and DIN. We investigated

fluids expelled from the Dvurechenskii mud volcano

(DMV), located in the Sorokin Trough of the Black

Sea, using a variety of geochemical indicators to

constrain the source depth and the diagenetic

processes controlling their chemical composition. A

simple transport model is used to estimate the fluid

seepage rate and, from this, to calculate benthic

fluxes. We paid particular attention to how biogeo-

chemical process in surface sediments affect Ba2+

and Sr2+ fluxes. We then make conservative esti-

mates of the volcano fluxes of these species to the

Black Sea water column and compare these esti-

mated fluxes with the major inputs of Sr2+, Ba2+,

Li+, B, I and DIN to the Black Sea from the Danube

River and the Mediterranean. Finally, we use the

estimated worldwide abundance of mud volcanoes to

produce an order-of-magnitude estimate of the global

mud volcano flux of these species. In a companion

paper, we investigate the methane flux from the
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DMV and its relevance to the Black Sea methane

cycle [35].
2. Study area

2.1. Mud volcanism in the Sorokin Trough

The Sorokin Trough is located SE of the Crimean

peninsula (Fig. 1) and is considered to be the

foredeep of the Crimean Alpine range [36]. It was

formed in Oligocene/Early Miocene times and forms

a large, SW–NE-oriented depression 150-km long

and 50-km wide [37]. This area is subject to a N–S-

oriented compressive regime generated by the north-

wards motion of the buried Tetyaev and Shatskii rises

[37]. These structural highs act as rigid buttresses

against which clays of the Maikopian formation

(Oligocene–Lower Miocene) are deformed, become

overpressured and rise diapirically [38]. As a result,

the sedimentary succession in the Sorokin Trough is

pierced by numerous diapiric ridges which have roots

several kilometers deep and are bathymetrically

expressed as SE–NE bathymetric highs [39]. Numer-

ous mud volcanoes are located on the culmination of

these diapiric ridges (Fig. 1), suggesting a genetic
Fig. 1. Side scan sonar image of mud volcanoes in the Sorokin Trough, S

culmination of an ENE–WSW morphological ridge, which is the bathymet

between the Tetyaev and Shatskii Rises. The detail of the Dvurechenskki
link between mud diapirism and mud volcanism

[37,40,41].

2.2. The Dvurechenskii mud volcano (DMV)

The DMV lies on the culmination of an E–W-

trending sector of a diapiric ridge (Fig. 1). A multi-

channel seismic survey across the DMV shows that the

underlying diapiric intrusion is most probably fault-

controlled and extends below themaximumpenetration

of the seismic data (~3.5 km; [41]). Morphologically, it

is a round, flat-topped elevation 800 m in diameter and

80 m in height. Echosounder and deep-tow side scan

sonar surveys indicate that the uppermost 30 m are

composed of acoustically homogeneous sediments

[41]. These surveys imaged mud flows that originate

from the summit of the DMV and extend downslope

along its flanks. During a deep-tow TV survey, patches

of white bacterial mats a few decimeters across were

observed on the summit of the DMV, pointing to

ongoing or recent fluid emission activity [40].

We studied five gravity cores (TGC-2, -3, -5, -7

and -8) and three short cores from multicorers (MIC-

3, MIC-4 and MIC-5) obtained from the summit of the

DMV during the MARGASH cruise of the R/V

Meteor in 2001 (Fig. 2, Table 1; [39]). All cores are
E of the Crimean Peninsula. Most mud volcanoes (MV) lie on the

ric expression of diapiric ridges formed in the compressional regime

mud volcano (rectangle) is enlarged in Fig. 2.



Fig. 2. Bathymetric map of the Dvurechenskii mud volcano which is

a flat-topped feature. The position of five piston cores and three

short cores included in this study is marked. The thick isobath is at

2060-m depth. Fine isobaths are at 5-m depth intervals.
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composed of very fluid, dark grey mud which

contains millimeter- to centimeter-sized rounded rock

clasts. Most clasts are mudstones probably originating

from the Maikopian formation (Ivanov, personal

communication). This matrix-supported sediment has

been described from other mud volcanoes and is

termed dmousse-like mud breccia’ [42]. Small gas

hydrate crystals dispersed in the mud breccia were

observed in all cores from the DMV. Lenticular gas

hydrates were recovered only in core TGC-2. A 2-cm-

thick layer of pelagic sediments is present at the very

top of most cores, suggesting that some time has

passed since the last mud expulsion event. The flat

shape of the DMV summit is probably a consequence

of the high fluidity of the expelled mud which favours

the development of gentle slopes [43]. Similar mud

volcanoes have been described from the Barbados

Accretionary Prism where they are associated with gas

hydrates, high fluid flow rates and gas emissions [31].
Table 1

Sampling sites included in this study

Corea Region of DMV Latit

(8N)

TGC-2 DMV summit, centre 4481
MIC-3 DMV summit, centre 4481
TGC-3 DMV summit, centre 4481
TGC-5 DMV summit, E 4481
MIC-4 DMV summit, SW 4481
TGC-7 DMV summit, SW 4481
MIC-5 DMV summit, W 4481
TGC-8 DMV summit, SW 4481

a MIC—minicorer; TGC—thermistor gravity corer.
3. Methods

3.1. Sampling and chemical analysis

Coring was carried out with a 6-m-long gravity

corer (TGC) and a 45-cm-long multicorer (MIC).

After recovery, gravity cores were split on deck and

rapidly subsampled. Sediment from the multicorer

was cut into slices in the on-board laboratory, which

was kept at 4 8C. Pore water extraction was carried

out at 4 8C in the on-board laboratory.

Pore waters were analyzed on board for dissolved

ammonia (NH4=[NH4
+]+[NH3]) and sulfide (H2S=

[H2S]+[HS
�]+[S2�]) using standard photometric pro-

cedures [44]. Total alkalinity (TA) was determined by

titration immediately after pore water separation [45].

The remaining pore waters were later analyzed in the

shore-based laboratory for dissolved anions (SO4
2�,

Cl�, I�, Br�) and dissolved elements (Na+, K+, Li+,

Mg2+, Ca2+, Sr2+, Ba2+, B (=[B(OH)3]+[B(OH)4
�]), Si

(=[H4SiO4]+[H3SiO4
�])) using ion chromatography

and optical ICP, respectively. Subsamples for dis-

solved element analyses (ICP) were acidified imme-

diately after squeezing to prevent further CaCO3

precipitation. Sediment pH was measured in the 4 8C
laboratory with a pH electrode calibrated using a

buffer prepared in artificial seawater [46]. The porosity

was calculated from the water content assuming a dry

solid density of 2.65 g cm�3. The oxygen isotope

composition of pore water was measured by mass

spectrometry at the Laboratory GCA, Sehnde, Ger-

many. All analytical procedures applied on board and

in our GEOMAR laboratories are documented in detail

at: http://www.geomar.de/zd/labs/laboreumwelt/

Meth_englisch.html.
ude Longitude

(8E)
Water depth

(m)

6.96V 34858.95V 2074

6.99V 34858.81V 2070

7.00V 34858.86V 2071

7.00V 34859.18V 2075

6.88V 34858.80V 2085

6.85V 34858.80V 2087

6.97V 34858.61V 2089

6.95V 34858.63V 2087

 http:\\www.geomar.de\zd\labs\laboreumwelt\Meth_englisch.html 


G. Aloisi et al. / Earth and Planetary Science Letters 225 (2004) 347–363 351
3.2. Setup of the numerical transport model

Rates of upward fluid flow at the DMV were

determined applying a transport model to the inert

tracer chloride dissolved in the pore fluids of short

cores MIC-3, MIC-4 and MIC-5. The model considers

molecular diffusion and advection of dissolved chlor-

ide and is based on the following differential equation:

U
B Cl�½ �
Bt

¼
B

�
U
DCl

H2

B Cl�½ �
Bx

�

Bx
� Um

B Cl�½ �
Bx

ð1Þ

where t is time, x is sediment depth, [Cl�] is the

concentration of dissolved chloride, DCl is the

molecular diffusion coefficient of Cl�, U and H are

sediment porosity and tortuosity, and v is the velocity

of vertical fluid flow. The unknown velocity rate is

determined by fitting the model to the data. The effect

of sedimentation on the advection rate of fluids is not

considered since advection of fluids at cold seeps is

dominated by seepage, rather than by burial [47].

Sediment porosity changes with depth due to

sediment compaction. The depth profile is approxi-

mated using the following exponential function [48]:

U ¼ Uf þ Ui � Ufð Þe�px ð2Þ
where the parameter values for Uf (porosity at infinite

depth), Ui (porosity at zero depth), and p (attenuation

coefficient for the exponential decrease of porosity

with depth) are determined by fitting the porosity

model to the corresponding porosity data.

Sediment tortuosity is calculated from porosity

using the following empirical relation [49]:

H2 ¼ 1� ln U2
� �

ð3Þ
Boundary conditions were defined at the sediment

surface (x=0) and at the base of the model column
Table 2

Parameter values used in the modeling

Parameter Symbol Value

Length of the model column (cm) L 26–38

Average surface sediment temperature (8C) T 10

Chloride concentration at zero depth (mM) Cl0 350

Chloride concentration at depth L (mM) ClL 760–815

Molecular diffusion coefficient of chloride

at T (cm2 year�1)

DCl 441

Sedimentation rate at infinite depth

(cm year�1)

wf 0.03
(x=L=26–38 cm), corresponding to the maximum

depth from which the pore water was collected in the

different short cores. The model was run into steady

state starting from arbitrary initial conditions. Due to

the high flow velocities, steady state was usually

attained within a few years. MATHEMATICA version

4.1 was used to implement the model.

Table 2 summarizes the parameter values which

were used for the modeling of upward fluid flow in

the short core sediment columns.
4. Results

The concentration profiles of Na+, Cl�, Mg2+,

SO4
2�, K+, Si, B, Li+, Ca2+, Sr2+, Ba2+, NH4, H2S, Br

�

and I�, and profiles of d18OH2O, TA and the Br�/Cl�

ratio at sites TGC-2, -3, -5, -7 and -8 are showed in

Fig. 3. The concentration profiles of Na+, Cl�, Mg2+,

SO4
2�, K+, Si, B, Li+, Ca2+, Sr2+, Ba2+, Br� and I�,

and the d18OH2O profile at sites MIC-3, -4, and -5 are

presented in Fig. 4. The results of applying the

transport model introduced in Section 3.2 to the Cl�

profiles of short cores MIC-3, MIC-4 and MIC-5 are

given in Fig. 5.
5. Discussion

5.1. Seepage of hypersaline fluids at the DMV

The geochemical profiles obtained from gravity

cores are remarkably similar from site to site (Fig. 3).

Between roughly 50–100-cm depth and the bottom of

the cores, solute concentrations are constant with depth

and deviate significantly from bottom water values. In

the upper 50–100 cm of sediments, steep concentration

gradients exist between the lower part of cores and

bottom water concentrations. The short cores taken in

close proximity of gravity cores (Fig. 2) provide a

detailed picture of the upper 40 cm of the gradients

observed in gravity cores (Fig. 4). Thus, most solute

concentration profiles show the same trends seen in the

upper part of the gravity cores. In addition, the high

sampling resolution used in the short cores highlights

the concave downward shape of most profiles, a feature

which indicates advective transport of fluids from

below. Confirming this observation, the best fit of the



Fig. 3. Chemical and isotopic composition of pore fluids from gravity cores TGC-2 (n), -3 ( S ), -5 (.), -7 (E) and -8 (z). Arrows indicate the

composition of Black Sea bottom waters.
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model Cl� curves produced with the transport model to

the Cl� data was obtained imposing an advection

velocity varying from 8 cm year�1, at the station
farthest from the centre (core MIC-5), to 25 cm year�1,

at the centre of the DMV summit (core MIC-3). Thus,

the DMV is actively emitting fluids.



Fig. 4. Chemical and isotopic composition of pore fluids from short cores MIC-3 (n), -4 ( S ) and -5 (.). Arrows indicate the composition of

Black Sea bottom waters.
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The constrained seepage rates fall in the lower end

of the range of seepage rates most commonly found at

cold seeps (0–1000 cm year�1; [47,50]). Although the

seepage rates at the DMVare not extremely high, they

have a strong impact on pore water chemical profiles

in the uppermost meters of the DMV sediments. Luff

and Wallmann [47] have shown that when seepage

rates exceed a few centimeters per year, diffusive

exchange between bottom waters and sediment pore

fluids is limited to the upper few centimetres of

sediments. At greater depths, solute concentrations are
dominated by advective transport of fluids from below.

Thus, the composition of fluids below 100 cm in the

gravity cores from the DMV is representative of that of

the deep fluids, possibly modified by diagenetic

processes during transit to the surface. The composi-

tion of the DMV fluids, calculated as the average

composition of pore fluids from all cores below 2-m

depth, is shown in Table 3. The fluids expelled from

the DMV contain 50 g/l of dissolved salts and are thus

hypersaline. Concentrations of Cl�, Br�, I�, Ca2+,

Na+, Ba2+, Li+, Sr2+, B, NH4 and TA are considerably



Fig. 5. Measured (circles) and model (curves) concentration profiles

of Cl� in the surface sediments of the Dvurechenskii mud volcano

(short cores MIC-3, MIC-4 and MIC-5). The short cores are

positioned at increasing distance from the centre (MIC-3) to the rim

(MIN-5) of the Dvurechenskii summit.

Table 3

Comparison between Dvurechenskii fluid and Black Sea water

chemistry

Solute Black

Seaa
DMV

fluidb
([Sol.]/

[Cl�])BS
c

([Sol.]/

[Cl�])DMV
d

Cl� 355 mM 835 mM 1 1

Na+ 300 mM 730 mM 0.85 0.87

Mg2+ 34.8 mM 18.3 mM 9.7�10�2 2.2�10�2

SO4
2� 16.8 mM 0 mM 4.7�10�2 0

Ca2+ 7.5 mM 29.8 mM 2.1�10�2 3.5�10�2

K+ 6.3 mM 4.3 mM 1.8�10�2 5.0�10�3

B 0.27 mM 2.17 mM 7.6�10�4 2.6�10�3

Br� 4.9 AM 1.74 mM 1.4�10�5 2.1�10�3

Sr2+ 57.6 AM 0.79 mM 1.6�10�4 9.5�10�4

Si 0.32 mM 0.54 mM 9.0�10�4 6.5�10�4

I� 0.56 AM 0.34 mM 1.6�10�6 4.1�10�4

Ba2+ 446 mM 0.57 mM 1.3�10�6 6.8�10�4

Li+ 16.8 AM 1.5 mM 4.7�10�5 1.8�10�3

TA 4.3 mM 18.3 mM 1.2�10�2 2.2�10�2

NH4 46.2 AM 22 mM 1.0�10�4 2.6�10�2

H2S 0.37 mM 0 mM 1.0�10�3 0

d18O �1.65x �0.9x – –

a Black Sea bottom water sampled in the Sorokin Trough

during cruise M52-1.
b Composition of Dvurechenskii fluids calculated as average

concentration in the lower part of the DMV gravity cores.
c [Solute]/[Cl�] ratio in Black Sea bottom waters.
d [Solute]/[Cl�] ratio in Dvurechenskii fluids.
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higher than in bottom waters. In particular, the ions

Cl�, Na+, Ca2+, Sr2+ and B are 2 to 12 times more

concentrated in the DMV fluids than in bottom waters.

Extreme enrichments are observed for Li+ (~24 times

bottom waters), I� (~110 times bottom waters) and

Ba2+ (~1000 times bottom waters). Concentrations of

Si and K+, instead, are comparable to bottom water

values while Mg2+ is depleted in the DMV fluids.

SO4
2� and H2S are nearly absent below 1-m depth.

d18O values, at a constant �1x vs. SMOW, are about

1x heavier than modern Black Sea bottom waters.

5.2. Genesis of the DMV fluids

Fontes and Matray [51] show that halite precip-

itates during the evaporation of seawater when a Cl�

concentration of ~5000 mM is attained. The Cl�

concentration of the Dvurechenskii fluid is 810 mM.

Thus, should the high salinity of the Dvurechenskii
fluid be due to evaporation, Cl� will have behaved

conservatively during the evaporation-diagenesis

path. We can therefore use solute/Cl� ratios in the

Dvurechenskii fluid as indicators of diagenesis-

induced chemical alteration of pore fluids. In Table

3 we compare solute/Cl� ratios of the mud volcano

fluid with the same ratios in modern Black Sea

water. Larger solute/Cl� ratios for Ca2+, B, Br�,

Sr2+, Si, I�, Ba2+, Li+, TA and NH4 in the

Dvrurechenskii fluid compared to Black Sea water

indicate that diagenetic processes resulted in a net

production of these solutes. K+/Cl� and Mg2+/Cl�

ratios are smaller in the mud volcano fluid than in

Black Sea water, indicating net consumption of K+

and Mg2+, while the Na+/Cl� ratios of the two fluids

are comparable, indicating either that Na+ has

behaved conservatively or that diagenetic processes

resulted in no net loss or production of Na+.

5.2.1. Organic matter degradation processes

The oxidation of organic matter using sulfate

increases total alkalinity through production of HS�



G. Aloisi et al. / Earth and Planetary Science Letters 225 (2004) 347–363 355
and HCO3
�, and releases NH4, Br

� and I� [11,52,

53]. The Dvurechenskii fluids are free of sulfate and

are significantly enriched in NH4, Br�, I� and

alkalinity (Table 3). In addition, the Br�/Cl� ratio

is considerably higher in the Dvurechenskii fluids

than in Black Sea waters, confirming that extensive

organic matter degradation has taken place. The

absence of sulfide is probably due to sulfide mineral

precipitation at depth.

5.2.2. Sources of Sr and Ba

Ba is present in marine sediments mostly as dbio-
bariteT (BaSO4) formed in sedimentary basins over-

lain by biologically highly productive water col-

umns. Sr can substitute effectively for Ca in

carbonates and for Ba in barite [54,55]. Thus, Sr

and Ba are susceptible of being redistributed

between fluids and authigenic phases during precip-

itation/dissolution processes involving these miner-

als [6,54]. Barium dissolved in cold seep fluids is

thought to originate from the dissolution of barite

below the depth of sulfate depletion of marine

sediments [24]. A deeper source of Ba2+ and Sr2+

possibly is the alteration of sediment-bearing base-

ment rocks, because these elements are abundant in

sedimentary material. It is plausible that the elevated

Ba2+ content of the Dvurechenskii fluids derives

from dissolution of bio-barite. However, this process

cannot be the sole source of Sr2+, given that the Sr/

Ba ratio in bio-barite is only 0.032 [55]. Elevated

Sr2+ concentration in fluids expelled from mud

volcanoes of the Barbados accretionary prism,

however, is interpreted as due to Sr2+ release during

the recrystallization of carbonates [11], and it is

possible that also this process is taking place in

Black Sea sediments.

5.2.3. Silicate alteration processes and source depth

The alteration of silicate materials affects the pore

fluid concentration of several species like Ca2+,

Mg2+, Li+, Na+, B, K+ and Sr2+, producing a pore

fluid chemical signature which depends on the

temperature and on the nature of the alteration

minerals formed [10,11,56]. The best known diage-

netic process involving silicates in marine sediments

is the alteration of volcanic ash [11,57,58]. In

addition to consuming water and concentrating 18O

in the diagenetic clay minerals, this process results in
the depletion of Mg2+, K+ and Na+ and in the

enrichment in Ca2+ of the diagenetic fluids:

volcanic ash+Mg2++K++Na++H2OYsmectite+Ca2+

(4)

The Dvurechenskii fluids are considerably depleted

in Mg2+ and K+ and enriched in Ca2+ (Table 3),

which is consistent with volcanic ash alteration.

Because the nature of the sediments from which the

fluids originate and through which they migrate

before being expelled is not known, it is not

possible to identify the nature of the silicates.

Drilling during DSDP Leg 42A failed to find

volcanic ash deposits in the upper 600 m at Site

379 in the central Black Sea abyssal plain.

However, we cannot exclude that volcanic ash

deposits are present in deeper sedimentary intervals

and that volcanic ash alteration is going on there.

Alternatively, the observed chemical shifts are

produced by the submarine weathering of detrital

silicate minerals. This process has been recently

described from Black Sea sediments where it is

driven by the low pH and high PCO2 of pore waters

[59].

However, the Dvurechenskii fluids are signifi-

cantly enriched in Li and B, suggesting that diagenetic

processes resulted in a net source of Li and B. Since

the low temperature silicate alteration reaction

described above consumes Li and B, this implies the

presence of an important diagenetic source of these

elements for the Dvurechenskii fluids. During pro-

gressive burial Li and B are released to pore fluids

through desorption [9,60]. Li and B are further

released starting from T~50 to 60 8C from pelagic

sediments [7–9] and following clay mineral dehydra-

tion/transformation processes [61,62].

We estimated the maximum temperature experi-

enced by the Dvurechenskii fluids by applying the

empirical lithium and magnesium geothermometer

[11,63]. The concentration of Li+ and Mg2+ in the

deepest gravity core samples was used to calculate the

equilibrium temperature according to the following

formula [11,63]:

t 8C ¼ 2200

log

� ffiffiffiffiffiffiffi
Mg

p

Li

�
þ 5:47

� 273 ð5Þ



Fig. 6. Na+/Cl� relationship in fluids sampled with gravity cores

from the summit of the Dvurechenskii mud volcano. The linear

regression through the Dvurechenskii data points extrapolates to

average seawater and Black Sea Na+/Cl� ratios.

Fig. 7. Comparison of Cl�d18O composition of the DMV fluids

with the model closed system evolution of Cl�d18O values during

silicate alteration processes (path 1), smectite–illite transformation

(path 2), gas hydrate formation (path 3) and evaporation (path 4).

BS—Black Sea water; SW—Seawater; DV—Dvurechenskii fluid.
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where t is temperature (8C) and Mg and Li concen-

trations are in mg/l. The resulting temperature range

for the Durechenskii fluid is 98 to 103 8C. Consid-
ering the regional thermal gradient of 29 8C/km [40],

the estimated depth of provenance of the Dvurechen-

skii fluids is 3 km.

B is often enriched in mud volcanic fluids

following clay mineral, and chiefly smectite–illite

transformations [25,64]. Because the estimated max-

imum temperature for the Dvurechenskii fluids falls in

the range of temperatures (~60–160 8C) where the

smectite–illite clay mineral transformation reaction

takes place [29,65], it seems likely that also the

Dvurechenskki fluids have been affected by the

smectite–illite transformation reaction. Because this

reaction produces water, mud volcano fluids contain-

ing high amounts of B are also considerably fresher

than seawater [64]. The Dvurechenskii fluids, how-

ever, couple high B contents to elevated salinity.

Thus, a supplementary process that enhances salinity

may have contributed in producing the chemical

signature of the Dvurechenskii fluid.

5.2.4. Origin of the high salinity and d18O–Cl� path

The fluids expelled from the DMV are particularly

rich in dissolved Cl and Na (Table 3). Several

processes including seawater evaporation, ash dia-

genesis, gas hydrate formation and dissolution of

halite (NaCl) can result in the formation of hypersa-
line pore fluids [51,58,66–69]. Three of these

(evaporation, gas hydrate formation and ash dia-

genesis) enhance fluid salinity by consuming water,

while only halite dissolution increases salinity by

addition of dissolved ions. With this in mind, a first

discrimination between halite dissolution and the

remaining processes can be made based on the Na+/

Cl� ratio of the expelled fluids. If the elevated Na+

and Cl� concentrations of the Dvurechenskii fluid are

due to water consumption, then the Na+/Cl� ratio

should be similar to that of seawater (~0.86), and the

data should plot on a line with a slope of ~0.86. If,

instead, halite dissolution is providing the Na+ and

Cl� to fluids, the Na+/Cl� ratio should approach

unity, since halite provides equal molar amounts of

Na+ and Cl� upon dissolution. The linear regression

through the Dvrurechenskii Na+ and Cl� data has a

slope of 0.86 (Fig. 6). We can therefore exclude that

the Dvurechenskii fluid is a dsecondary brineT formed

by the dissolution of halite deposits formed in an

evaporitic basin.

Because the water-consuming processes mentioned

above produce changes in the oxygen stable isotope

composition of water, a further discrimination can be

made based on the d18O of the expelled fluids. We

have plotted the data from the DMV on a d18O–Cl�

diagram and compared them with calculated fluid

d18O–Cl� compositions produced by the above

processes of water consumption, considering a start-

ing fluid with d18O and Cl� similar to present day

Black Sea bottom waters (Fig. 7). The evolution of

fluid d18O and Cl� was modelled, assuming a closed
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system Raleigh fractionation behaviour, with the

following equation:

d18Ow Cl�½ �ð Þ ¼ d18Owi � eln
Cl�½ �
Cl�½ �

��
ð6Þ

where d18Owi is the d18O of the starting fluid

(�2.2x), [Cl�]i is the chloride concentration of the

starting fluid (355 mM) and e is the difference in d18O
between (a) water vapour and water during evapo-

ration, (b) gas hydrate and water during gas hydrate

formation or (c) clay minerals and water during ash

diagenesis. Values of e are taken from Friedman and

O’Neil [70] for evaporation at T=25 8C and Matsu-

moto and Borowski [71] for gas hydrate formation.

By analogy to submarine low-temperature alteration

of basaltic rocks, the value of e for ash diagenesis was

set equal to +10x [72,73]. In addition, we plotted the

d18O–Cl� path of a fluid experiencing smectite–illite

transformation, assuming that the water liberated

during this reaction has a d18O between 7.5x and

10x [64,74], with the following two end member

mixing model:

d18Ow Cl�½ �ð Þ ¼ d18Owi

Cl�½ �
Cl�½ �i

þd18Osm 1� Cl�½ �
Cl�½ �i

��

ð7Þ

where d18Osm is the d18O of water liberated from

smectite (7.5–10x) and [Cl�]i is the chloride con-

centration of the starting fluid (355 mM). Thus,

among the processes that increase salinity, evapora-

tion leads to an increase in the d18O of fluids, while

gas hydrate formation and ash alteration lead to a

decrease in fluid d18O. The smectite–illite trans-

formation, instead, freshens pore water and results in

an increase in d18O.

The Dvurechenskii d18O–Cl� data do not plot on

any one of the model curves, but lie between the

evaporation and the ash diagenesis and gas hydrate

formation curves (Fig. 7). This suggests that a

combination of processes produces the d18O–Cl�

signature of the Dvurechenskii fluids. Elevated chlor-

inities associated with volcanic ash alteration have

been observed in sedimentary basins where volcanic

deposits are abundant [58,75]. Drilling during DSDP

Leg 42A, however, showed that volcanic ashes or

basaltic rocks are very scarce in Black Sea sediments.
Notwithstanding, Black Sea sediments are undergoing

intense silicate weathering driven by the dissolution of

detrital silicates [59]. Since detrital silicates make up

up to 60 wt.% of Black Sea sediments [76], the

potential for a significant chlorinity increase exists.

Recent results from ODP Leg 204 show that an

elevated pore water chlorinity (~900 mM) is associated

with rapidly forming gas hydrates, if methane is

transported upwards as gas bubbles [77]. In that

setting, methane bubble transport results in elevated

rates of gas hydrate formation which are necessary to

produce high Cl� concentrations through the ion

exclusion effect. Acoustic flares attributed to intense

methane venting at the DMV have been observed

recently during echosounder surveys (Artemov, per-

sonal communication), suggesting that also at the

DMV gas hydrate formation could increase pore water

chlorinity. Finally, it is possible that Black Sea waters

prior to burial were more saline than modern Black Sea

waters and that part of the salinity of the DMV fluids

was produced prior to burial during evaporation.

However, since the smectite–illite transformation

increases the d18O of fluids (Fig. 7), evaporation

likely is not the sole water-consuming process,

because the resulting fluid would be significantly

more enriched in 18O than the Dvurechenskii fluid.

The most probable scenario is that most of the salinity

anomaly of the Dvurechenskii fluids was acquired

through diagenesis (silicate alteration and possibly gas

hydrate formation), rather than through evaporation.

5.3. Benthic chemical fluxes and relevance to geo-

chemical cycles

Dissolved B and Li, I and DIN behave conserva-

tively in surficial sediments of the cold seep environ-

ment. Thus, the fluxes of these species from the DMV

can be calculated by multiplying the total water flux

from the DMV by their concentration at depth (see

below). The distribution of Ba2+ and Sr2+ in cold seep

sediments, instead, is affected by the precipitation of

strontian barite ((Ba,Sr)SO4) near the seafloor [24,27].

In this process, dissolved Ba and Sr rising with the

seeping fluids react with downward diffusing sulphate

either in the sediment, to form dispersed crystals and

crusts, or in the water column, to form barite chimneys

[24,78]. Ba2+ profiles in short cores from the DMV

show Ba2+ depletions in the top 5 cm of sediments, in



Table 4

Comparison between estimated water, Li, Ba, Sr, B, I and dissolved

inorganic nitrogen (DIN) fluxes from the DMVand the same fluxes

from the Danube River and the Bosporus

DMV

flux

Danube River

flux

Mediterranean

input flux

[Li] (mM) 1.50a 2.15b�10�4 0.026c

[Ba] (mM) 0.57a 3–4.5d�10�4 8.7c�10�8

[Sr] (mM) 0.79a 2–3e�10�3 9.2c�10�2

[B] (mM) 2.17a 0.1–18.6f�10�3 0.42c

[DIN] (mM) 22a ~ 0.01e 0.6c

[I] (mM) 0.4a 4g�10�5 4.8c�10�4

Water flux

(km3 year�1)

9.4�10�5 203h 312i

Li flux

(mol year�1)

1.4�105 5j�107 8.1k�109

Ba flux

(mol year�1)

0 6.9–10.4j�107 2.7k�107

Sr flux

(mol year�1)

7.4�104 4.6–6.9j�108 2.9k�1010

B flux

(mol year�1)

2�105 0.24–4.3j�108 1.3k�1011

DIN flux

(mol year�1)

2.1�106 2.3j�109 1.9k�1011

I flux (mol year�1) 3.8�104 1.4l�107 7.5m�107

a Average concentrations from the deepest samples in the DMV

long cores.
b Mean of major world rivers [80].
c Quinby-Hunt and Turekian [86].
d Kenison-Falkner et al. [81].
e Pawellek et al. [82].
f Lemarchand et al. [15].
g Truesdale et al. [83].
h Berner and Berner [84].
i Unulata et al. [87].
j Calculated from the Danube river discharge and the Danube

River composition.
k Calculated from mean ocean chemistry [86]) and the water

input flux from the Bosporus [87].
l Calculated from the total riverine water discharge into the

Black Sea [85] and the mean I concentration of these rivers [83].
m Luther and Campell [88].
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correspondence to the sulphate penetration depth (Fig.

4), indicating ongoing barite precipitation in surface

sediments of the DMV. At the cold seeps of the

Derugin basin in the Sea of Okhotsk, where seeping

fluids contain 2 mM of dissolved barium, barium

escapes into the water column only at seepage rates

greater than ~50 cm year�1. Thus, at the conditions

prevailing at the DMV sites (seepage rate of 25 cm

year�1 and [Ba] ~0.6 mM) the barium dissolved in the

rising fluids is consumed completely in the sediment

by barite precipitation [27] and no significant benthic

barium flux is expected above the DMV. The Sr2+

profile in the surface sediments of the DMV does not

show evidence of being affected by consumption

processes. This is probably so because the barite Sr

content is relatively low (~4 wt.%; [28,78]). Thus,

precipitation of barite in the shallow sediments of the

DMV likely has a small effect on benthic Sr fluxes. We

thus consider that the benthic Sr flux calculated as the

product of the water flux and the Sr concentration in

the DMV fluids is a reliable maximum estimate.

The fluid flux from the DMV is estimated by

multiplying the area of the DMV crater, obtained from

Fig. 3 (c0.62 km2), by the average of the three seepage

rates obtained by modelling the Cl� profile (16 cm

year�1) and by the average porosity (0.95) in the upper

sediment layer of the three MIC cores. This results in a

total water flux from the DMVof 9.4�10�5 km3 year�1

(Table 4). The fluid discharge from the DMV is more

than 106 times smaller than the Danube river flux and

the water flux into the Black Sea from the Bosporus

(Table 4), which account for the largest part of the water

input to the Black Sea [79]. Li, B, Sr and DIN fluxes

from the DMVare ~102 to 103 times smaller than those

from the Danube River and ~105 to 106 times smaller

than the input fluxes from the Mediterranean through

the Bosporus (Table 4). Thus, fluid expulsion from the

DMV likely has a negligible effect on Black Sea

geochemical cycles of Li, B, Sr and DIN. Fluxes of I

from the DMV are ~103 times smaller than the input

flux from the Bosporus (Table 4). About 40 mud

volcanoes are known from the Sorokin Trough and

about 10 in the central Black Sea (Michael Ivanov,

personal communication). Should thesemud volcanoes

share the rather sluggish activity of DMV, cold seepage

would represent ~5% of the I flux from the Bosporus.

Thus, mud volcanism is a potentially significant source

in the Black Sea I geochemical cycle. This is
particularly so because, at present, the DMV is in a

dormant phase where only dewatering and degassing

into the bottom water occur. Very likely, during active

mud eruption phases, water and elemental fluxes are

probably much higher. In addition, large regions of the

continental margins and of the deep Black Sea remain

unexplored to date, and future research may reveal the

presence of more mud volcanoes. Thus, we consider

our flux estimates to be conservative.

We can use our estimated fluxes of Li, B, Sr, I and

DIN from the DMV to obtain a very rough estimate of
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the global flux of these elements from submarine mud

volcanoes. The estimated number of submarine mud

volcanoes is 103–105 [34]. Supposing that all mud

volcanoes are active and share the activity of the DMV,

we obtain global fluxes of Li, B and Sr which range

from 100 times smaller to the same order of magnitude

of the total inputs to the ocean of these elements (Table

5). The global mud volcano DIN flux, instead, is 102 to

104 times smaller than the total inputs of DIN to the

ocean (Table 5). The global cold seep Li and B fluxes

have been estimated by You et al. [22,23] to be equal to

0.02–0.1�1010 and 0.2�1010 mol year�1, respec-

tively, based on the concentration of Li and B in

accretionary complex sediments ([Li]=200–1000 AM;

[B]=2 mM; [2,22,23]) and on the total water flux from

convergent margins (1 km3; [29]). Our maximum

estimates of the global Li and B fluxes, based on the

existence of 105 mud volcanoes worldwide, are

roughly one order of magnitude greater than those of

You et al. [22,23], indicating that fluid expulsion at

mud volcanoes could play an important role in the

global cycles of these species, as previously suggested

by Kopf and Deyhle [25] for B. The estimated global

mud volcano flux of I is the same order of magnitude

of the riverine input (Table 5), confirming that sedi-

ment–ocean I transport at convergent margins could

play an important role in the marine I cycle [21]. The

chemistry of fluids expelled from other mud volca-

noes, however, may be different from that of the DMV

fluids, as well as flow rates and water fluxes may differ

considerably. Thus, we have produced estimates of the
Table 5

Comparison between estimated water, Li, Ba, Sr, B, I and dissolved inor

volcano fluxes and the input fluxes of these elements to the global ocean

DMV flux Global MV flux (DM

Li flux (mol year�1) 1.4�105 ~108–1010

Ba flux (mol year�1) 0 0

Sr flux (mol year�1) 7.4�104 ~108–1010

B flux (mol year�1) 2�105 ~108–1010

I flux (mol year�1) 3.8�104 ~107–109

DIN flux (mol year�1) 2.1�106 ~109–1011

a (a) Calculated based on the DMV fluxes and the existence of 103–1
b Calculated based on the Atalante mud volcano fluxes [11,31] and th
c Zhang et al. [9].
d Wallmann [20].
e Lemarchand et al. [15].
f Muramatsu et al. [21].
g Berner and Berner [84].
global mud volcano fluxes of Li, Sr and DIN using

data from the Atalante mud volcano on the toe of the

Barbados accretionary prism [11,31]. Because both the

concentrations of these species and the water flux are

smaller at the Atalante mud volcano, compared to

those at the DMV, the resulting global fluxes are

roughly one order of magnitude smaller than those

calculated considering fluxes at the DMV. Although

this exercise shows how poorly constrained the global

mud volcano chemical fluxes are, it also confirms that

fluid expulsion at mud volcanoes may play a role in the

global geochemical cycles of some chemical species.
6. Conclusion

The Dvurechenskii mud volcano expels high-

salinity fluids which were formed during burial by

diagenetic processes. The Ca2+ enrichment and the

K+, Mg2+, and 18O depletion of fluids are consistent

with the alteration of silicate phases (volcanic ashes

and/or detrital silicates). The Li/Mg geothermometer

indicates that these reactions took place starting from

a temperature of roughly 100 8C, which is encoun-

tered at a depth of ~3 km in the sedimentary pile of

the Sorokin Trough. This temperature estimate is

consistent with the enrichment of Li and B in the

diagenetic fluids and falls in the field where the

smecite–illite transformation takes place. In the

shallow subsurface, gas hydrate formation probably

contributes to enhance the salinity of the seeping
ganic nitrogen (DIN) fluxes from the DMV, estimated global mud

V)a Global MV flux (ATL)b Inputs to ocean

~107–109 2.28 – 4.46c�1010

– –

~107–109 3.86d�1010

– 4.4e�1010

– 9.7f�108

~108–1010 7.4 – 8.8g�1012

05 mud volcanoes worldwide [33].

e existence of 103–105 mud volcanoes worldwide [33].
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fluids. Fluids are released to bottom waters at an

average rate of 16 cm year�1, producing a total water

discharge of 9.4�10�5 km3 year�1. Seepage rates are

greatest at the centre of the mud volcano (25 cm

year�1) and decline towards the edge of the active

summit area (8 cm year�1). A significant benthic flux

of I is produced, which could represent ~5% of the

inputs of I to the Black Sea if the 50 known mud

volcanoes of the Black Sea share the rather sluggish

activity of the DMV. Fluxes of other species are either

negligible (Li+, Sr2+, B and DIN) or absent (Ba2+ in

the rising fluids is consumed completely by barite

precipitation processes in the sediments). Mud vol-

canism may play a role in the global marine cycles of

Li, Sr, B, I and DIN if current estimates of mud

volcano abundance are correct.
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