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Abstract

A previously unknown pattern of multiple bottom-simulating reflections (BSRs) occurs on high-resolution reflection seismic
data in the Danube deep-sea fan, associated with acoustic features indicating free gas. Our study provides evidence that this pattern
is developed in relation with the architecture of distinct channel—levee systems of the Danube fan. Channel—levee systems hosting
multiple BSRs act as relatively sealed gas-bearing systems whose top is situated above the base of the gas hydrate stability zone
(BGHSZ). Inside these systems, free gas accumulates below the BGHSZ under a combined lithological, structural and
stratigraphical control.

The uppermost BSR marks the current equilibrium BGHSZ, for a gas composition of more than 99% methane. Model-derived
depths of the BGHSZ for different gas compositions and pressure—temperature conditions show that multiple BSRs would
correspond to the BGHSZ either for (1) layers of gas hydrates with high contents of heavy hydrocarbons or hydrogen sulphide, or
(2) stable climatic episodes with temperatures between glacial values and the present-day conditions. As the gas hydrate
compositions required by hypothesis (1) are in sharp contradiction with the general background of the gas composition in the study
area, we suggest that multiple BSRs are most probably relics of former positions of the BGHSZ, corresponding to successive steps
of climate warming. In this case, they can provide sea-bottom paleotemperature values for these episodes, and hence they are
potential new proxies for deciphering past climate conditions.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Gas hydrates are crystalline solid compounds con-
sisting of a gas molecule surrounded by a cage of water
molecules, which form under specific conditions of high
pressure and low temperature. They occur either on land
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in polar settings associated with permafrost, or in
oceanic sediments along continental margins. The
depth of the hydrate layer is limited by temperature
increasing with depth, in relation with the local
geothermal gradient. Many gases may form hydrates
(including several low-carbon-number hydrocarbons,
carbon dioxide, nitrogen, and hydrogen sulphide), but
most natural gas hydrates consist mainly of methane
(Kvenvolden, 1995). General interest currently focusing
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on gas hydrates in marine sediments is mainly due to: (1)
the environmental consequences of gas releasing at the
seafloor, as a possible contributor to the greenhouse
effect, (2) their impact on the seafloor stability, as a
potential submarine geohazard, and (3) the fuel resource
potential of the gas hydrates, as they contain a great
volume of methane.

Bottom-simulating reflections (BSRs) are the typical
seismic signature for most oceanic occurrences of gas
hydrates. They consist of a reversed polarity reflection
that approximately parallels the sea floor and crosscuts
the acoustic bedding structure of the sediments. The
presence of a free gas zone beneath the BSR is attested
by high reflectivity and has been confirmed by drilling
(e.g., MacKay et al., 1994; Holbrook et al., 1996; Taylor
et al., 2000). It is currently considered that the BSR
reflects the acoustic impedance contrast at the interface
between sediments containing gas hydrates and the
underlying low-velocity gas-charged sediments, and
that it thus marks the base of the gas hydrate stability
zone (BGHSZ).

Uncommon double BSRs have been reported on the
Norwegian margin (Posewang and Mienert, 1999;
Andreassen et al., 2000), in the Nankai Trough off
central Japan (Matsumoto et al., 2000; Foucher et al.,
2002; Baba and Yamada, 2004) and at Hydrate Ridge on
Cascadia continental margin (Shipboard Scientific Party
ODP Leg 204, 2002; Bangs et al., 2005). While the
upper BSR is generally interpreted to represent the
current BGHSZ, the origin of the lower BSR has
remained controversial. Several interpretations have
been proposed, such as a relic of a former position of
the BGHSZ (Posewang and Mienert, 1999; Matsumoto
et al., 2000; Foucher et al., 2002; Baba and Yamada,
2004; Bangs et al., 2005), a current equilibrium feature
associated with layers of gas hydrates with distinct
compositions (Posewang and Mienert, 1999; Andreas-
sen et al., 2000), or the lower boundary of a transitional
zone between gas hydrates and free gas (Baba and
Yamada, 2004). Alternatively, other processes not
associated with gas hydrates such as transition from
opal-A to opal-CT may create a normal-polarity
diagenesis-related BSR (Hein et al., 1978; Berndt et
al., 2004).

Here we present the first occurrence of an excep-
tional pattern with multiple BSRs on the northwestern
margin of the Black Sea. Our study provides evidence
that this pattern is related to the architecture of the
Danube deep-sea fan, and analyses the origin of
multiple BSRs, attempting to define the potential
significance of this finding for marine geological
research.

2. Regional background

Our study area is located on the northwestern margin
of the Black Sea, downslope of the shelfbreak (Fig. 1).
The sedimentary architecture of this zone is marked by
the presence of a major turbidite system: the Danube
deep-sea fan. The Danube fan is a large mud-rich fan,
essentially composed of a succession of stacked
channel-levee systems that are emplaced during
successive sea-level lowstands (Wong et al., 1994;
Popescu et al., 2001). Typically, channel—levee systems
in mud-rich fans are lenticular sedimentary units with
coarse-grained sediments at the channel axis, and finer-
grained, well-stratified alternations of sand and mud in
the lateral levees (Manley et al., 1997; Normark et al.,
1997). Only one channel-levee system in the Danube
fan was active at a time. The most recent system is the
Danube channel, that overlays other channel-levee
systems and is directly connected to the Danube canyon
(Popescu et al., 2001; Fig. 1). Fan growth is interrupted
since the last sea-level rise (Popescu et al., 2001).

Gas hydrate occurrence in the Danube fan has been
known since the first hydrate discovery in shallow
subbottom sediments (Yefremova and Zhizhchenko,
1974, cited in Ginsburg and Soloviev, 1998). More
recently, the presence of gas hydrates in deep sediments
was inferred from BSR observations in the southern part
of the fan (du Fornel, 1999; Ion et al., 2002). It was
suggested that these hydrates have a biogenic origin.
However, information on this topic is rather limited (see
Ginsburg and Soloviev, 1998 for a review). To date,
other analyses of hydrates in this area are not available.

3. Data and methods

Our investigation is based on high-resolution reflec-
tion seismic data acquired during the BlaSON surveys
of IFREMER and GeoEcoMar (1998 and 2002). Data
were obtained using consecutively two seismic sources:
a GI gun (central frequency 70 Hz) and a miniGI gun
(central frequency 150 Hz). The receiver was a 24-
channel streamer, 300 m long. We processed the data
using Landmark’s ProMAX software. The conventional
processing flow included CDP gather formation,
velocity analysis, removal of noisy traces, normal
moveout correction and stack, migration, and seabed
mute. No amplitude corrections were applied. Analysis
of seismic attributes and trace visualization was done
using Seismic Microsystems’ Kingdom Suite software.

We used modeling to determine the depth of the
BGHSZ under different pressure—temperature (P—7)
conditions. Modeling is based on calculation of (1)
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Fig. 1. Areas of BSR occurrence in the Danube deep-sea fan A, B, C (shown by light grey shading). Axis of major channel-levee systems are
indicated by dark grey shading. Broad tracklines show multiple BSRs, and associated numbers specify how many BSRs occur. Locations of profiles
shown in Figs. 2, 3, 4 and 6 are indicated. The inset box shows the location of the study zone in the Black Sea.

hydrate stability curves using the CSMHYD program
(Sloan, 1998), and (2) temperature lines corresponding
to a linear geothermal gradient of 30 °C/km based on the
Black Sea geothermal database (Vassilev and Dimitrov,
2002), for a seafloor temperature of 9.1 °C determined
by SIPPICAN measurements during BLASON cruises
(Lericolais, 2002). Intersection of (1) and (2) corre-
sponds to the BGHSZ.

Pore water salinity is an important parameter for
evaluating the hydrate stability conditions. Presently, the
Black Sea has a salinity of 17.5%o in surface waters and
22.3%o in deep waters (Murray et al., 1991). Still, pore-
water and diatoms analyses from DSDP 42B drilling in
the central Black Sea showed dominant fresh water
stages in the Quaternary deposits, corresponding to
phases of isolation of the Black Sea (Ross, 1978). This is
in agreement with fauna analysis for the last glacial
indicating a salinity of ca. 5%0 (Chepalyga, 1985).
Knowing that deposition in the Danube fan occurred
essentially during lacustrine lowstands, and was quasi-
interrupted during marine highstands (Wong et al.,
1994), we assumed a mean pore water salinity value of
5%o.

Acoustic velocity in sediments could not be precisely
evaluated due to technical characteristics of the

acquisition system (too short streamer). To convert
travel-time in depth, we considered minimum and
maximum velocity values of 1600 and 1800 mV/s,
respectively, in agreement with velocity analysis in
similar environments (Posewang and Mienert, 1999;
Lidmann et al., 2004).

4. Results
4.1. BSRs and gas-related seismic facies

We mapped three areas of BSR occurrence in the
Danube fan, located between 750 and 1830 m water
depth (A, B, C in Fig. 1). In the zones A and B, situated
in the southern part of the fan, we detected an unusual
succession of two, three or four BSR-type distinct
reflections with similar amplitude, all of them sub-
parallel to the seafloor, showing reversed polarity and
crosscutting the sedimentary structure (Figs. 2A, 3, 4, 5;
Figs. SM1, SM2, SM3 in suppl. mat.). A fifth very weak
and discontinuous BSR possibly lies below the four-
BSR occurrence (Figs. 2A, 5). The depth of each BSR
increases with water depth, and thus with pressure. The
uppermost BSR (BSR1) continues laterally as the upper
limit of an area containing seismic reflections of
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Fig. 2. Quadruple (quintuple?) BSR across zone B, location in Fig. 1. A: Part of seismic reflection profile b039-GI. Seismic facies are indicated.
ER =enhanced reflections, AT =acoustic turbidity. Dashed lines show top and bottom of the channel-levee system. Dotted line shows top of free gas.
B: Interpretation of the seismic image. Grey area is the hydrate stability zone (HSZ), circles indicate free gas. Note that free gas concentrates at the

channel axis. Amounts of free gas also occur below BSRs 2, 3 and 4.

anomalously high amplitude, underlain by acoustic
turbidity (Figs. 2A, 3, 4). Small patches of enhanced
reflections also appear below lower BSRs. In the
northern zone C, the BSR appears either as a defined
reflection with reversed polarity, or as an upper limit of
enhanced reflections, mimicking the seafloor (Fig. 6). A
faint double BSR occurs locally below the widespread
BSRI1 (Fig. 6). As a general rule, the BSRs are less clear
on data acquired with a higher frequency source (Figs. 3
and 6) as compared with lower frequency data (Figs. 2
and 4), which is in agreement with previous multi-
frequency studies of the BGHSZ (e.g., Vanneste et al.,

2001). A low-frequency conventional industry-seismic
profile across the zone C shows that the two BSRs have
a reversed polarity (C. Dinu, personal communication,
2005). They are thus similar to BSRs in areas A and B.

This association of BSRs, enhanced reflections and
acoustic turbidity indicates the presence of gas hydrates
and free gas in the sediment pore space (e.g., Taylor et
al., 2000). BSR1 and its prolongation along the bottom-
simulating boundary at the top of the enhanced
reflections are interpreted to represent the limit between
gas hydrates and free gas, and thus the current BGHSZ
(Fig. 2B). High amplitude anomalies located beneath this
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Fig. 3. Triple BSR across zone B: part of seismic reflection profile b102b-miniGI, location in Fig. 1. Seismic facies and limits are indicated as in

Fig. 2.

interface suggest that free gas occurs under the gas
hydrate-bearing sediments (Fig. 2). Interestingly,
amounts of free gas below lower BSRs are locally
attested by segments of enhanced reflections that change
amplitude where they cross multiple BSRs (Fig. 5,
SM1). This gas appears to focus along specific sedi-
mentary horizons, probably in relation with their higher
permeability. High amounts of free gas are not required

to create these reflections, as gas concentration may be as
low as a few percent of the sediment pore space.

4.2. Linking multiple BSRs to geological background
Gas and hydrate seismic features show an obvious

relationship with the architecture of the Danube deep-
sea fan. Occurrences of gas and hydrates correspond to
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Fig. 4. Double BSR across zone A: part of seismic reflection profile b038-GlI, location in Fig. 1. Seismic facies and limits are indicated as in Fig. 2.
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Fig. 5. A: Detail of the multiple BSRs shown in Fig. 2A (display in black—white—red scale). Some of the enhanced reflections change amplitude
where they cross BSR1 but also lower BSRs 2, 3 and 4, indicating that free gas occurs locally beneath multiple BSRs. Note the polarity of the sea floor
reflection defined as a strong amplitude black phase followed by a red phase, and the reversed polarity of the BSRs marked by a red phase followed by
a black phase. B: Visualization of CDP 4610 of profile b039-GI, showing that multiple BSRs are phase-reversed relative to the sea floor. For
interpretation of the reference to colour in this figure legend, the reader is referred to the web version of this article.

specific channel—levee systems (A, B, C in Fig. 1). In all
cases: (1) the BGHSZ is visible only on a limited
segment inside the channel-levee system, (2) multiple
BSRs crosscut the parallel horizons of the levee that is
situated downslope of the channel axis (considering the
present seafloor gradient) and terminate against the base
of the channel-levee system, and (3) free gas accumu-
lation corresponds to the channel axis area (Figs. 2—4).
This gas facies masks the channel deposits, and is
different from High Amplitude Reflections (HAR
seismic facies) strictly confined at the channel axis,
that typically characterize these deposits in channel—
levee systems with no indication of gas (see Figs. 3 and
5 in Popescu et al., 2001).

Multiple BSRs in the Danube fan occur exclusively
as part of a defined pattern: a gas-bearing channel—-levee
system whose top is situated above the BGHSZ (Fig.

2b). This pattern is developed around a gas accumula-
tion at the channel axis corresponding to coarser-grained
deposits with higher porosity, and thus reflecting a
lithological control. Trapping gas inside this particular
channel reservoir was favored by burial under the fine-
grained stratified levees of the subsequent system,
which resulted in the formation of relatively sealed
isolated gas-bearing systems. Additionally, the typical
lenticular shape of the channel-levee systems created
topographic highs only partially buried, resulting in an
anticlinal BGHSZ (Fig. 2) that is able to form a
structural trap for free gas (Kvenvolden, 1998). In the
lateral levees, free gas concentrates where the stratified
deposits are sealed up-dip by the BGHSZ in a
stratigraphic type gas trap (Fig. 2; Kvenvolden, 1998).

We can thus define a specific pattern of relatively
closed gas and hydrate accumulations under a combined
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Fig. 6. Double BSR along zone C: part of the seismic reflection profile b007-miniGI, location in Fig. 1. Seismic facies are indicated as in Fig. 2.

lithological, structural and stratigraphic control. This
pattern represents the background for the formation of
multiple BSRs, and most probably influences the
multiple BSR-forming processes. We would argue that
similar patterns could occur as well in other deep-sea
fans in the World Ocean if sufficient amounts of gas are
available, eventually including multiple BSRs.

5. Discussion: origin of multiple BSRs
5.1. Characteristics of multiple BSRs

The occurrence of multiple BSRs proves that the
processes at the BGHSZ are more complex than
previously thought. As shown above, interpretation of
the seismic facies indicates that the upper BSRI
represents the active BGHSZ. To verify this interpreta-
tion, we calculated the theoretical depth of the BGHSZ
under the present conditions for different gas composi-
tions in a fresh pore water system (5%o) (Fig. 7A).
Because pore water salinity is an important parameter
that is based on general information at the basin scale
and not on direct measurements in the study area (see
Section 3) we also checked the stability curves for
minimum (0%o) and maximum (35%o) salinity values,
and the reliability of the assumed value of 5%o (Fig.

7B). Calculations showed that BSR1 is consistent with
the equilibrium BGHSZ under the present-day condi-
tions for a gas composition of more than 99% methane,
and for fresh pore water (salinity 0—5%o, Fig. 7). This
result is in agreement with the common interpretation
of the upper BSR in all double BSRs occurrences
(Posewang and Mienert, 1999; Matsumoto et al., 2000;
Foucher et al., 2002; Baba and Yamada, 2004; Bangs
et al., 2005).

As regards lower BSRs, they clearly do not represent
seismic artifacts, given that we identified multiple BSRs
consistent in pattern across the study area, on data
acquired with different sources at different times.
Several common points exist between our multiple
pattern and previous observations of double BSRs:

a. The lower BSR mimics the classic equilibrium BSR
(Posewang and Mienert, 1999; Matsumoto et al.,
2000; Foucher et al., 2002; Baba and Yamada, 2004;
Bangs et al., 2005). Also in our case, multiple BSRs
have a similar location and water-depth dependence
as the upper hydrate-related BSR, which implies that
the forming process is pressure and temperature
controlled in a similar fashion. In addition, sub-
bottom depth of multiple BSRs increasing with water
depth clearly distinguishes them from opal-A/opal-
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Fig. 7. Model-derived depth of the BGHSZ for the multiple BSRs
shown in Fig. 2. Hydrate stability curves are calculated for different
gas compositions and pore water salinities, under the present-day P—T'
conditions. Intersection of the hydrate stability curves with the
geothermal gradient (Temperature line) corresponds to the BGHSZ.
The depth of each BSR is shown within an error margin, due to
imprecise evaluation of the sound velocity in sediments. A. BSR1
corresponds to the BGHSZ for a gas composition with more than 99%
methane. B. BSR1 corresponds to the BGHSZ for fresh pore water 0—
5%o, considering gas compositions of 100% methane (solid line) and
99% methane+ 1% ethane (dotted line).

CT BSRs that show a constant depth below the
seafloor (Berndt et al., 2004). Consequently, our
results confirm that the formation of multiple BSRs is
caused by processes involving gas hydrates.

b. The lower BSR usually has a reversed polarity
compared with the sea floor, similar to the classic
BSR (Matsumoto et al., 2000; Foucher et al., 2002;
Baba and Yamada, 2004; Bangs et al.,, 2005).
Likewise, all multiple BSRs in our pattern show
reversed polarity (Fig. 5). The reversed polarity
reflects a negative acoustic impedance contrast,
which for the equilibrium BSR is associated with
low velocity free gas below the BGHSZ (Holbrook et
al., 1996). The only exception is the case reported by
Posewang and Mienert (1999) showing normal
polarity. However occurrence of free gas beneath
the lower BSR is suggested by low velocities
(Andreassen et al., 2000). In our case, enhanced
reflections are sometimes located below multiple
BSRs, and indicate that amounts of free gas may lie
beneath lower BSRs (Fig. 5; Fig. SMI in suppl.
mat.). We thus infer that the presence of free gas
below the surfaces corresponding to multiple BSRs
contributes to create these reflections. Furthermore,
this evidence requires that the multiple BSR-forming
process should be able to account for the occurrence
of this gas.

c. Lithological information about the sediments hosting
the double BSRs (Shipboard Scientific Party ODP
Leg 204, 2002; Baba and Yamada, 2004) shows a
type of sedimentary facies similar to our case: mud-
dominated stratified sediments with intercalations of
sand. This convergence suggests that the mechan-
isms causing the multiple BSRs should be compat-
ible with this specific facies.

Beyond these common points, the multiple BSRs in
the Danube fan show remarkable particular character-
istics that may contribute to advance understanding of
these features:

a. Multiple BSRs occur as groups of successive re-
flections, implying that the process that produced
them has a repetitive character. In addition, this
feature is in contradiction to the idea that double
BSRs could represent the boundaries of a transitional
zone between hydrates and free gas, as proposed by
Baba and Yamada (2004).

b. Multiple BSRs form in relatively isolated gas-
bearing systems, controlled by the architecture of
the Danube deep-sea fan deposits. As the formation
of gas hydrates in partially closed systems may lead
to specific physical changes to the sediment
(Clennell et al., 1999), these conditions need to be
considered in the investigation of the processes
forming multiple BSRs.
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Based on these features, the origin of the lower BSRs
can be theoretically explained by two alternative
hypotheses: (1) they are equilibrium features reflecting
layers of gas hydrate with distinct compositions, or (2)
they represent paleo-BSRs associated with former
positions of the BGHSZ (Posewang and Mienert,
1999). However, in practice, there is currently no
evidence reported in the literature concerning either the
stratification of gas hydrates with different composi-
tions, or the preservation of the BGHSZ remnants after
changes of P-T conditions. Moreover, drilling at a
double BSR site on Hydrate Ridge did not conclusively
resolve this problem: analysis of the gas composition do
not support the hypothesis of stratified gas hydrates
(Shipboard Scientific Party ODP Leg 204, 2002), but
this may be due to unspecific sampling and/or gas
disturbances (G. Bohrmann, personal communication,
2004). Consequently, until new direct information
becomes available, any discussion on this topic is
inevitably limited to theoretical assumptions. Under
these circumstances, we used modeling to test the
compatibility of these alternative hypotheses against
the generally known background of multiple BSR
occurrences.

5.2. Are multiple BSRs current equilibrium features?

The hypothesis that the multiple BSRs could be
current simultaneously active features is based on the
fact that different gas compositions correspond to
different depths of the BGHSZ (Sloan, 1998). Multiple
BSRs would thus represent the bases of successive layers
of hydrates with distinct compositions. In principle, gas
hydrates may contain small hydrocarbons (methane,
ethane) and non-hydrocarbons (N,, CO,, H,S) in
structure I, but also heavier hydrocarbons in structures
IT and H. In reality most natural hydrates in deep marine
sediments are composed mainly by methane (>99%) in
structure I, commonly with a microbial origin (Kven-
volden, 1995). Nevertheless, thermogenic gas hydrates
with high amounts of heavier hydrocarbons have been
described in near surface sediments in association with
deep migration, from oil provinces in the Golf of Mexico
(Sassen et al., 2001) and from mud volcanoes in the
Caspian Sea (Ginsburg and Soloviev, 1997). Mixtures in
different proportions of microbial and thermogenic gas
commonly occur, and gas hydrates with distinct origins
sometimes coexist in the same accumulation (e.g.,
Milkov et al., 2005). Also, gas hydrates composed of
methane and H,S have been found on the northern
Hydrate Ridge, in shallow sediments confined to the
active sulphate reduction zone (Kastner et al., 1998).

Hydrate composition is clearly a complex parameter.
Nevertheless our model was forced with the general
background of the gas hydrate composition in the study
area. Gas hydrates in the Black Sea consist mainly of
methane, with variable amounts of CO, and N,
(reviewed by Vassilev and Dimitrov, 2002). Higher
hydrocarbons occur in hydrates associated with mud
volcanoes, still methane is the main component: 93.3—
99.9% in the central Black Sea (Ginsburg and Soloviev,
1998) and >99.5% in the Sorokin Trough (Blinova et
al., 2003). Although gas hydrate sampled in shallow
sub-bottom sediments in the Danube fan was considered
to form from in situ biogenic methane (Ginsburg and
Soloviev, 1998), direct analyses of the hydrate compo-
sition in this area are not available. Concerning gas
content in deep sediments, analysis of DSDP 41B cores
in the southern Black Sea indicated biogenic methane
and CO,, sometimes including traces of ethane
decreasing with depth (Ross, 1978).

To test the hypothesis of the equilibrium BSRs we
calculated the depth of the BGHSZ under the present P—
T conditions, for different hydrate compositions con-
sisting in mixtures of methane and CO,, N,, H,S,
respectively (Table 1 in suppl. mat., Fig. 8A), and in
variable mixtures of methane, ethane and propane
(Table 2 in suppl. mat., Fig. 8B). Our results show
that the BGHSZ depth is not significantly affected by
the presence of CO,, and slightly rises with increasing
content of N, (Fig. 8A). The components that may
account for lowering the BGHSZ to the depth of BSR4
are (Fig. 8):

— H,S (at 5.1-5.6%), and

— ethane C2 (at 26.3-28.5%), or mixtures including
significant amounts of higher hydrocarbons, such as
propane C3 (5% C3+17% to 23.5% C2 in structure
II, or 5% C3+37.4% to 47.2% C2 in structure I; and
10% C3+32% to 34.3% C2 in structure II, or 10%
C3+46% to 50% C2 in structure I).

Consequently, the lower BSRs would correspond
either to mixed methane—H,S hydrates, or to hydrates
with major contents of higher hydrocarbons. None of
these options is in agreement with the generally reported
composition of gas hydrates in the Black Sea. Moreover,
the occurrence of deep layers of gas hydrates with such
compositions was not attested so far by hydrate samples
recovered from deep drilling, as they always contain
>99% methane (Kvenvolden, 1995). An additional
dilemma is the potential process that could separate gas
mixtures in up to five discrete compositions through the
same sediments, with a top layer of more than 99%
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methane and coexisting laterally with unseparated gas.
In this respect, we consider that the formation of
multiple BSRs as active phase boundaries separating
hydrates with different compositions is highly unlikely.
However, as long as data from drilling through the
multiple BSRs are not available, to specify the gas
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composition of deep hydrate samples, this hypothesis
remains theoretically valid.

5.3. Are multiple BSRs relict features?

Alternatively, multiple BSRs may represent paleo-
BSRs associated with former positions of the BGHSZ.
In this case, they would be relict features that marked
periods of steady state in the P—7 conditions. Shifting of
the BGHSZ between two stable episodes reflects P—T
changes. If pressure variations have a quasi-instanta-
neous effect, temperature change at the seafloor
propagates gradually through the sediment, so that
stable P—T conditions would be marked at the BGHSZ
with a constant time delay. Generally, P—T changes are
in relation with global climatic cycles, local variations of
the sediment load, or tectonic uplift. Our model does not
consider recent tectonic uplift that was not attested in
the Black Sea. Likewise, we assumed that sediment
load above multiple BSRs was constant because they
are located distally or outside the most recent deposi-
tional area corresponding to the Danube channel. In
contrast, climatic changes causing sea level and bottom
temperature variations obviously represented a major
control on the P—T variations at the seafloor.

Commonly, it is considered that sea bottom
temperatures of the glacial ocean were lower than
today by 2-5 °C (e.g., 2.6-4.3 °C in Labeyrie et al.,
1992; 2-4.4 °C in Adkins et al., 2002). A rapid
warming with up to 5 °C after the Younger Dryas is
described on the Norwegian margin by Mienert et al.
(2005). For the Black Sea this type of information is
currently unavailable. As regards the sea level variations,
the recent history of the Black Sea is a succession of
phases of isolation and reconnection to the open ocean,
whose timing and amplitude are still heavily disputed

Fig. 8. Model-derived depth of the BGHSZ for the multiple BSRs
shown in Fig. 2, under the present-day P—T7"conditions. Variation of the
BGHSZ depth is function of the gas hydrate composition. Intersection
of the BSR depth with a given curve indicates the gas hydrate
composition that could create this BSR. A. BGHSZ depths for hydrate
compositions consisting in mixtures of methane and CO,, N, and H,S,
respectively (based on Table 1 in suppl. mat.). BSR4 corresponds to
the BGHSZ for hydrates with 5.1-5.6% H,S. B. BGHSZ depths for
hydrate compositions consisting in variable mixtures of methane C1,
ethane C2 and propane C3 (based on Table 2 in suppl. mat.). Curves
are calculated for 0% C3 (C1 and C2 only), 1% C3, 5% C3 and 10%
C3. The limit between hydrates in structure I and structure II is
indicated (beyond this limit, C3 does not form hydrate). BSR4
corresponds to the BGHSZ for hydrates with 26.3-28.5% C2 (for 0—
1% C3), with 5% C3 in structure II (for 17% to 23.5% C2), or in
structure I (for 37.4% to 47.2% C2), and with 10% C3 in structure II
(for 32% to 34.3% C2) or in structure I (46% to 50% C2).
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(reviewed in Popescu et al., 2004). Nevertheless, all
estimates are situated 0 to 150 m below the present day
level. Accordingly, in order to determine potential
former P-T conditions corresponding to multiple
BSRs, we calculated the depth of the BGHSZ for sea
floor temperatures 0 to 5 °C lower than today, and for sea
levels between 0 and — 150 m, considering a gas hydrate
composition of more than 99% methane (Table 3 in
suppl. mat.). The resulting diagram shows the variation
of the BGHSZ depth with the temperature change for a
given sea level, and defines temperature changes that are
needed to lower the BGHSZ at the depth of each multiple
BSR (Fig. 9). This diagram indicates that for any sea
level between 0 and —150 m, a sea floor paleotempera-
ture 3.6—4.6 °C lower than today would correspond to
the lowermost BSR4. Similarly, BSR3 represents the
equilibrium BGHSZ for bottom temperatures 2.9-3.9 °C
below the present one, whereas BSR2 corresponds to a
1.6-2.6 °C cooling. Assuming that BSR2 corresponds to
the last Black Sea lowstand (—90 m, Popescu et al.,
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Fig. 9. Model-derived depth of the BGHSZ for the multiple BSRs
shown in Fig. 2, under potential former P—7 conditions (based on
Table 3 in suppl. mat.). Curves are calculated for sea levels situated at
0, —30, =60, —90, —120 and — 150 m, and for seafloor temperatures 0
to 5 °C lower than today, considering a gas composition of 99%
methane, 1% ethane. AT is the difference between the current
temperature and the paleotemperature at the seafloor. Present
conditions correspond to A7=0 for a sea level at 0 m. Intersection
of the BSR depth with the curve corresponding to a given sea level,
indicates the seafloor paleotemperature. For a sea level at —90 m
during the last lowstand (Popescu et al., 2004), BSR2 corresponds to a
paleotemperature 1.9-2.4 °C lower than today. For any sea level
between 0 and —150 m, BSR3 and BSR4 correspond to paleotem-
peratures lower than today by 2.9-3.9 °C and 3.6—4.6 °C, respectively.

2004), bottom paleotemperature for this episode should
be 1.9-2.4 °C lower than today (Fig. 9).

These model-derived temperature changes are in the
range of values indicated by studies of the glacial
bottom temperatures in the World Ocean (Labeyrie et
al., 1992; Adkins et al., 2002). Therefore, our results
show that multiple BSRs are compatible with successive
steps of stable climatic episodes, with temperatures
between glacial values and the present-day conditions.
The main question that arises from this finding regards
the possible processes that may lead to the preservation
of former BGHSZ after shifting of the equilibrium
conditions. Normally, when the BGHSZ moves upward
hydrate destabilization introduces free gas above the old
BSR, which could destroy impedance contrast and thus
reflectivity. However, this gas would tend to migrate
upward to the new HSZ (cf. methane recycling process
of Paull et al., 1994). In our case, this migration appears
to be directed up-dip along the stratification planes, to
concentrate beneath the subsequent BSR (Fig. 2). As
amounts of free gas are preserved beneath the old BSR
(Fig. 2), different concentrations of gas above and below
this surface probably account for the conservation of the
acoustic impedance contrast.

The preservation of free gas beneath a paleo-BSR
after the upward shift of the BGHSZ is a puzzling
feature. To explain it, Foucher et al. (2002) calculated
the duration of persistence of a reflective free gas layer
assuming no advective transport, and obtained a
maximum of ca. 10000 yr. Also, Bangs et al. (2005)
showed that, under little or no fluid advection, free gas
below a paleo-BSR could remain stable enough to
prevent BSR from dispersing quickly by diffusion. We
though feel that in our case, this mechanism alone could
hardly explain the coexistence of up to 4 BSRs
preserved at the same degree. Alternatively, Posewang
and Mienert (1999) inferred that an enigmatic diagenetic
process could have marked a former BGHSZ. To date,
diagenetic effects of gas hydrates on hosting sediments
are poorly known, still several studies outlined dif-
ferent aspects such as formation of authigenic siderite
from decomposition of methane hydrate (Matsumoto,
1989), diagenesis of magnetic minerals (Housen and
Musgrave, 1996) or physical changes associated with
the presence of hydrates, like dewatering (Clennell et
al., 1999) and permeability clogging at the BGHSZ
(Nimblett and Ruppel, 2003).

Based on the main characteristics of multiple BSRs
(Section 5.1.), this process should be able (1) to act at
the BGHSZ, (2) to be able to account for the localised
presence of free gas in specific sedimentary strata,
(3) to affect fine-grained sediments (mud with sand
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intercalations), and (4) to occur repeatedly. Also, its
development appears to be related to relatively closed
gas-bearing systems. The formation of gas hydrates in
such systems may lead to water depletion in the host
sediments, resulting in changes of the physical proper-
ties of the sediment (i.e., overconsolidation, Clennell et
al., 1999), and possibly in the formation of permanent
permeability seals. In addition, other types of dewater-
ing-related processes may occur. A likely candidate
could be the smectite-to-illite reaction that is known to
provide a seal for fluid migration in clay-rich sediments
(Freed and Peacor, 1989). Although dehydration of
smectite typically occurs at temperatures and/or pres-
sures higher than those characterizing the BGHSZ,
recent studies evidenced that this reaction can be also
microbially promoted and develop rapidly under low P—
T conditions (Kim et al., 2004). However, to our
knowledge, a hydrate-related occurrence of the smec-
tite-to-illite reaction has not been demonstrated so far.
Clarification of the preservation mechanisms of former
positions of the BGHSZ is a complex question, and
further information from drilling is indispensable to
answer it conclusively.

Nevertheless, the above lines of evidence suggest
that the hypothesis of multiple paleo-BSRs is the most
plausible in our case. Therefore, multiple BSRs can be
regarded as potential frozen proofs of former environ-
mental conditions, able to provide sea-bottom paleo-
temperature values for distinct stable climatic episodes.
Our model shows that for a given gas composition and
any sea level, the paleotemperature at the sea floor
corresponding to a multiple BSR can be evaluated
within an error margin of 1 °C (Fig. 9). Uncertainty can
be largely reduced through better definition of para-
meters, when further information (such as acoustic
velocity) becomes available.

6. Conclusions

Our results provide evidence that multiple BSRs
occur at several locations in the Danube fan, and that
they are consistent in pattern across the study area. This
pattern is developed in relation with the architecture of
distinct channel-levee systems that act as relatively
sealed gas-bearing systems. Free gas accumulation
beneath the current BGHSZ is controlled lithologically
(by the coarser grained deposits at the channel axis),
structurally (by the anticlinal shape of the BGHSZ) and
stratigraphically (by up-dip sealing of the stratified
levees).

The uppermost BSR represents the active BGHSZ, as
shown by the absence of free gas above this BSR,

combined with its pressure—depth behaviour and
reversed polarity. Model-derived depth of the BGHSZ
is consistent with this interpretation for a gas compo-
sition of more than 99% methane. Characteristics of the
lower BSRs indicate that their forming mechanism
involved the presence of gas hydrates. Free gas occurs
locally beneath each multiple BSR, and most probably
contributes to create these reflections. As direct
information from drilling is not available, the origin of
multiple BSRs was evaluated based on modeling of the
BGHSZ depth. Our results show that multiple BSRs are
most probably relics of former positions of the BGHSZ,
corresponding to stable cold climatic episodes. In this
case, they may represent valuable keys to our under-
standing of the global climatic history.
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