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Abstract

High-resolution 2D seismic data reveal the character and distribution of up to four stacked
bottom simulating reflectors (BSR) within the channel-levee systems of the Danube deep-sea
fan. The theoretical base of the gas hydrate stability zone (GHSZ) calculated from regional
geothermal gradients and salinity data is in agreement with the shallowest BSR. For the
deeper BSRs, BSR formation due to overpressure compartments can be excluded because the
necessary gas column would exceed the vertical distance between two overlying BSRs.

We show instead that the deeper BSRs are likely paleo BSRs caused by a change in pressure
and temperature conditions during different limnic phases of the Black Sea. This is supported
by the observation that the BSRs correspond to paleo seafloor horizons located in a layer
between a buried channel-levee system and the levee deposits of the Danube channel. The
good match of the observed BSRs and the BSRs predicted from deposition of these sediment
layers indicates that the multiple BSRs reflect stages of stable sealevel lowstands possibly
during glacial times. The observation of sharp BSRs several 10,000 of years but possibly up
to 300,000 years after they have left the GHSZ demonstrates that either hydrate dissociation
does not take place within this time frame or that only small amounts of gas are released that
can be transported by diffusion. The gas underneath the previous GHSZ does not start to

migrate for several thousands of years.

1. Introduction
A bottom simulating reflector (BSR) in seismic reflection data is a common indicator for gas
hydrates in marine sediments. It is a distinct reflector that is caused by the negative
impedance contrast between high-velocity gas-hydrate-bearing sediments above and low-
velocity gas-bearing sediments below (Hyndman and Davis, 1992). It follows the base of the
gas hydrate stability field and is consequently sub-parallel to the seafloor, frequently
crosscutting reflectors and stratigraphic sequences. On many occasions, the BSR is patchy

and discontinuous, depending on the geology, as gas is more likely trapped in highly



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

permeable layers bounded by impermeable layers (Judd and Hovland, 2007). The gas hydrate
stability field is controlled by pressure, temperature (bottom-water temperature and
geothermal gradient in the sedimentary column), salinity, and gas composition (Shipley et al.,
1979). In the marine environment, gas hydrates primarily consist of methane and dominantly
form in crystallographic structure I (e.g. Sloan, 1998).

Studies showed that free-gas concentrations of only a few percent of the pore volume
below the hydrate-bearing zone are sufficient to create a distinct BSR (e.g. Andreassen et al.,
2007; Haacke et al., 2007, and references therein). Higher amounts of gas below a BSR may
build up overpressure and lead to low-frequency events in seismic data, since high-frequency
components of the seismic energy are absorbed by gas (Geletti and Busetti, 2011). The BSR
can be used to derive information about the thermal state at its location, including the local
and regional heat flow as well as thermal anomalies that are indicated by a BSR out of
equilibrium due to higher or lower temperatures and fluid flow (Hyndman et al., 1992;
Grevemeyer and Villinger, 2001; Wood et al., 2002).

The formation of two or more BSRs located a few tens of meters above each other has
been reported from multiple sites (Foucher et al., 2002; Popescu et al., 2006; Geletti and
Busetti, 2011), but their causes are not well understood. In most of these studies, the
shallowest BSR is considered as the seismic manifestation of the current base of the gas
hydrate stability zone (BGHSZ). The additional BSRs are usually weaker in amplitude and
can occur with normal or reversed polarity compared to the seafloor reflection. Suggested
explanations for the occurrence of multiple BSRs include different gas compositions (Geletti
and Busetti, 2011), top and base of the free gas zone (Tinivella and Giustiniani, 2013), top
and base of the hydrate-bearing zone (Posewang and Mienert, 1999), overpressure conditions
below the depth of the theoretical BSR (Tinivella and Giustiniani, 2013), BSRs unrelated to
gas and gas hydrates (Berndt et al., 2004), and BSRs representing former stable conditions for

the BGHSZ (Foucher et al., 2002; Netzeband et al., 2005; Popescu et al., 2006). The latter are
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often related to distinct changes in the glacial-interglacial cycles (Bangs et al., 2005; Davies et
al., 2012).

One of the most spectacular examples of multiple BSRs has been reported by Popescu
et al. (2006) for the Danube deep-sea fan in the Black Sea, where up to four different BSRs
with reversed amplitude are observed. These BSRs were observed in small segments of 2D
seismic profiles that crossed a buried channel-levee system in water depths between 1000 m
and 1500 m. All BSRs observed in that study are sub-parallel to the seafloor. Popescu et al.
(2006) excluded that these BSRs reflect gas hydrate layers for different gas compositions as
they are in sharp contradiction with the general background of the gas composition in the
study area. The authors concluded that the deeper BSRs are paleo-BSRs corresponding to
stable cold climatic episodes of the Black Sea. In their model, the authors calculated the depth
of the BGHSZ based on the current seafloor for sealevel lowstands and bottom-water
temperatures for different glacial periods, but they assumed a constant sedimentary
overburden during the glacial cycles.

Here, we show that the deeper BSRs are unrelated to the current seafloor topography and
that the sediment overburden was not constant during the last glacial cycles. We use new 2D
seismic data to investigate the character and distribution of multiple bottom-simulating
reflections in the vicinity of a channel-levee system in the Danube deep-sea fan. The multiple
BSRs consequently require a new explanation taking into account the asymmetric deposition
of the Danube levee sediments. Therefore, we tested two hypotheses that may explain the
formation of the lower BSRs. The first hypothesis is that overpressured gas pockets exist
below the BSR leading to different depths at which hydrates are stable. The second hypothesis
is that the multiple BSRs are indeed paleo-BSRs caused by the complex interplay between
bottom water temperature and sealevel variations and the depositional history of the Danube

deep-sea fan during glacial periods.
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2. Geological Setting
The deep-sea fans of the Danube and Dniepr rivers are located in the northwestern part of the
Black Sea (Fig. 1) and began to develop at about 900 ka BP (Winguth et al., 2000). They are
the result of sediment discharge by the rivers Danube, Dniepr, Dniestr and Bug during the last
glaciation (Winguth et al., 2000; Popescu et al., 2001). The continental shelf is up to 120 km
wide and the Danube deep-sea fan developed downslope of the shelf break at about 100 m
water depth down to the abyssal plain in 2200 m water depth (Wong et al., 1997). The
canyons and channels of the fan are characterized by erosional processes on the upper slope
and by depositional processes on the middle and lower slope (Popescu et al., 2001). Eight
seismic sequences were identified in the Danube deep-sea fan, consisting of stacked channel-
levee systems, overbank sediments and mass transport deposits (Wong et al., 1997).

The most recent active channel of the Danube fan is the Danube channel (Fig. 1),
which was connected to the mouth of the Danube river by the Viteaz canyon at the shelf break
(Popescu et al., 2001). The erosive Viteaz canyon terminates in a channel-levee system at
about 800 m water depth (Lericolais et al., 2013) and developed during the last glacial period
about 25 ka BP when the sealevel was up to 150 m lower than today (Winguth et al., 2000).
As observed in other river fans of the northern hemisphere, the right-hand (western) levees are
more pronounced than the left-hand (eastern) levees because of the Coriolis force (Popescu et
al., 2001). Several older channels can be identified from the bathymetry such as a channel
westwards of the Danube channel named SUGAR channel in this study (Fig. 1).

The upper limit of the gas hydrate stability zone (GHSZ), calculated for the observed
bottom water temperature of 9 °C and a limnic pore water salinity of 3, is located in a water
depth of 665 m. This is supported by the observation of numerous gas flares in water depths
shallower than 665 m and much fewer gas flares at greater water depth in parts of the Danube
fan (Bialas, 2014), and other areas of the Black Sea such as the Dniepr fan (Naudts et al.,

2006) or the Don-Kuban fan (Romer et al., 2012). The expelled gas is primarily composed of
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methane of biogenic origin with concentrations of 99.1 — 99.9 % (Poort et al., 2005; ROmer et

al., 2012; Bialas, 2014).
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Fig. 1 A: Location of the study area in the northwestern Black Sea. B: Overview map of the
study area in the Danube deep-sea fan. GHSZ = gas hydrate stability zone, HMCS = 2D high-
resolution multichannel seismic survey, RMCS = 2D regional multichannel seismic survey.
Bathymetry and seismic data were acquired during R/V Maria S. Merian cruise MSM34 in
2013-2014.

3. Data and Methods

All data presented in this study were collected during cruise MSM34 onboard the German
research vessel MARIA S. MERIAN from December 2013 to January 2014. A total of 26 2D
regional multichannel seismic (RMCS) profiles were recorded using a 1050 m long streamer
with 168 channels and a group distance of 6.25 m (Bialas, 2014). Sixteen profiles were
acquired across the Danube fan with a spacing of 5 km and lengths of 45 — 110 km, and 10
profiles were acquired in downslope direction with a length of 40 — 70 km (Fig. 1).

Additionally, a 2D high-resolution multichannel seismic survey (HMCS) was acquired
using a 62.6 m long streamer with 40 channels and a group distance of 1.56 m. Eight profiles

were recorded over an area of two merging channel-levee systems: three profiles along the
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channel’s direction (14 km length each) and five profiles across the channels (11 km length
each). A 105/105 in® GI gun was used as a source for the RMCS survey, and a 45/45 in® GI
gun was used for the HMCS survey. The shot interval was 5 s. After navigation processing,
Omega (WesternGeco) was used for signal-processing, stacking, semblance picking (only
RMCS) and true-amplitude time migration. No gain was applied during processing. The
RMCS data has a CDP spacing of 3.12 m and a center frequency of 70 Hz, and the HMCS
data has a CDP spacing of 1.56 m and a center frequency of 130 Hz. As the short streamers do
not allow for semblance analysis of the HMCS data the velocity information of the RMCS
profiles was extrapolated to the HMCS area. Both the RMCS and HMCS profiles were
converted from time to depth domain using the RMCS-derived velocity information and
cross-checked with P-wave velocities from ocean bottom seismometers that were available in
the study area (Bialas, 2014).

Multibeam bathymetry data were collected during the entire RMCS survey using the ship-
mounted EM122 echosounder (Kongsberg). The resulting map comprises a grid of 25 m x 25
m resolution.

In order to calculate an average temperature gradient, we assumed that the location of the
shallowest BSR corresponds to the present BGHSZ. We fitted the methane hydrate phase
boundary that was calculated using the SUGAR Toolbox (Kossel et al., 2013) for different
temperature gradients in the interval between the seafloor and the shallowest BSR.

4. Results
The multiple BSRs were imaged by three different recording systems, which confirm their
existence more than 10 years after their discovery as described by Popescu et al. (2006). This
observation also rules out that the BSRs are ephemeral features, or the product of incorrect
processing or artifacts.

4.1 Character and distribution of multiple BSRs
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Fig 2 A: 2D HMCS line 1107 across the SUGAR channel-levee system. The location is
shown in Fig. 1. B: Interpreted section showing the general character of the four stacked
multiple BSRs. C-E: Insets with different colour scale highlight the positive polarity of the
seafloor (C) and the negative polarities of the reflections underneath the shallowest BSR 1 (D)
and BSRs 2-4 (E).

The shallowest BSR occurs in depths of about 320-380 m below the seafloor and generally
runs parallel to the seafloor. It can be identified in large patches throughout the Danube deep-
sea fan, as already observed in previous studies (Popescu et al., 2006; Bialas, 2014).

The reflection amplitudes are generally low in an almost transparent seismic facies above the
BSR, while they are high and of reversed polarity below the BSR (Figs. 2C, D). The
appearance of the BSR is continuous and sharp where it crosscuts strata (Fig. 2B). Where it is
parallel to the strata, the BSR is characterized by an abrupt amplitude increase with depth.

The strongest amplitudes below the BSR are observed underneath the eastern levee, where
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several high-amplitude reflections pass from below the BSR into the transparent zone while
undergoing a phase reversal at the BSR (Fig. 2D). The observed increased amplitudes below
the BSR are often limited to individual reflectors that underlie a reflector of weaker amplitude
(Fig. 2D).

Three additional BSRs are observed in the MCS data, named BSR 2-4 from top to
bottom, and underlying the shallowest BSR described above (Figs. 2B, E). These BSRs are
generally weaker in amplitude compared to the shallowest BSR, but they also represent a
sharp and continuous boundary towards increased amplitudes below. Each of the additional
BSRs shows reversed polarity compared to the seafloor. Some BSRs cross the same strata
(Fig. 2B) while they exhibit slightly varying individual dips.

The stack of BSRs 2-4 is only observed in the well-stratified levee deposits of a buried
channel-levee system (BCL) identified in the subsurface (Fig. 3). The BSRs are generally
limited to the western levee of the BCL, but on few RMCS profiles we also observed the BSR
stack in the eastern levee (Fig. 3B) where the overburden is thicker compared to the western
levee (Fig. 3A). The multiple BSRs are not observed in or underneath the channel axis, and

the reflections of all BSRs fade out where they intersect with the base of the BCL (Fig. 3A).

5 Offsel ] 10 T 25 &0
e&;h[m] , BCL | o 443740 | LA
2t < western levee IchannelI ~ A - CL channel axis
-1300 axis g - :

-1400

SUGAR
channel

Fig. 3 A: 2D RMCS line 09 across the SUGAR channel (red unit) and the western Danube
channel levee (green unit) in the northeast. A buried channel-levee system (BCL) is identified
in the subsurface (blue unit), underneath layer A (brown unit). The multiple BSRs (yellow
lines) are solely observed in the levees of the BCL. Time frames for the deposition of the
different facies units are adapted from the interpretation of Winguth et al. (2000) (Figure 4 in
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their study). Three paleo seafloors were defined for the modelling of the BGHSZ under paleo
conditions (black lines PSF A-C). B: Extent of the BCL based on seismic data and
highlighting the occurrence of more than one BSR. Locations of A and B are shown in Fig. 1.
An uninterpreted version of the seismic section is presented in the Supplementary material.
The BCL is overlain by the outer levee deposits of the Danube channel (Fig. 3A). A sediment
unit (layer A) exists between the BCL and the Danube levee and is characterized by an
average thickness of about 80 m. The structure of layer A is homogeneous and layered sub-
horizontally. Earlier studies by Winguth et al. (2000) indicate the depositional ages of the
main depositional units in this area. The Danube levee was deposited over the past 75 ka

during the last major glacial cycle, and the BCL was deposited during the period of 500 — 320

ka BP. Layer A consequently was deposited during the period of 320 — 75 ka BP.

4.2 Thermal modelling
The thermodynamic stability of gas hydrates depends on local pressure, temperature, gas
composition, and pore water salinity (Sloan, 1998). In the Black Sea the bottom-water
temperature of 9 °C is well constrained by numerous studies and is remarkably uniform on
regional and temporal scales (Degens and Ross, 1974; Vassilev and Dimitrov 2002). The gas
composition in our model is assumed to be pure methane because of the §*C values of CH,
between -84%o0 and -70%o observed in the surface sediments at seeps and in the BSR areas of
the study area (unpublished data). Due to past limnic phases of the Black Sea, the pore water
salinity in the sediments decreases rapidly from ~22.3 at the seafloor (Ozsoy and Uniilata,
1997) to ~2-5 in shallow subbottom depth as observed in DSDP cores (Calvert and Batchelor,
1978) and surface sediment cores from our study area (Soulet et al., 2010). A geothermal
gradient of 24.5 °C/km = 0.5 °C/km fits best along the northeastern area of the SUGAR
channel at HMCS line 1107 where the slope is gentle and the topographic effects are minimal
(Fig. 4A). Below the SUGAR channel and its western levee, we observe an increasing
mismatch with the BSR-derived temperature of up to 2 °C lower compared to the regional

temperature field (Fig. 4A).



238

239

240
241
242
243
244
245
246
247
248

249

250

251

252

253

254

255

256

257

258

259

260

1300 N Fig. 48
1400 |- geafioo! — |
SEA — ‘/ :
1500 | PSE ]
——— pSEB —
- — _ pSEC —1
E 1600 |- —
E o —
E 1000 temperature at
3 o | 51 '_,,-“""" g‘ sea boncm:g"C\
1800 |_ \

1900 |

2000

1000 2000 3000 4000 5000 6000 T000 8000
Distance [m]

Fig. 4A Interpretated 2D HMCS line 1107 from Fig. 2, reduced to the relevant horizons of
this study. The BSR is plotted as a pink line. The theoretical BGHSZ fits best to the BSR with
a regional geothermal gradient of ~24.5 °C/km below the northeastern levee where the
topographic effect is expected to be minor. Towards the channel and western levee, the
mismatch between the shallower base of the gas hydrate stability zone (BGHSZ) and the
bottom simulating reflector (BSR) indicate a local thermal gradient that is up to 5 °C/km
lower compared to the regional temperature field (blue arrows). B: Phase diagram illustrating
the stability conditions of methane hydrates at the location depicted in A. PSF = paleo
seafloor.

5. Discussion

5.1 Thermal state of the channel-levee system
With each BSR showing reversed polarities compared to the seafloor reflection and increased
amplitudes underneath, we can confirm that the impedance contrast causing the crosscutting
BSRs in the seismic data is most likely caused by free gas. The regional temperature gradient
of ~24.5 °C/km that we derived from the BSR temperature at the location of the multiple
BSRs is lower compared to temperature gradients of other studies (30 °C/km; Popescu et al.,
2006; Vassilev and Dimitrov, 2002). A possible explanation for this difference might be
incorrect velocity estimates used by Popescu et al. (2006) for depth conversion of their
seismic data. Lacking alternative velocity information, Popescu et al. (2006) converted travel
time to depth by assuming velocities between 1600 m/s and 1800 m/s based on velocity

profiles from the Storegga site offshore Norway published in Posewang and Mienert (1999),
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and from the Dniepr deep-sea fan as published in Lidmann et al. (2000). However, our
velocity analysis of the RMCS profiles and OBS data indicate that the seismic velocity
increases from 1485 m/s at the seafloor up to 1950 m/s at BSR level in 380 m depth. Thus, the
depth of the BSRs might be underestimated in the studies of Popescu et al. (2006), which
consequently leads to a higher geothermal gradient derived from the shallower BSR.
Below the western levee of the SUGAR channel, the BSR-derived temperature indicates a
local geothermal gradient even lower than ~24.5 °C/km (Fig. 4A). This observation suggests
that the gas hydrate system of the Danube deep-sea fan is not in a steady state. The misfit may
have been caused by rapid levee deposition. However, in the multiple BSR area, the
temperature field is likely equilibrated, as the BSR 1 is in good agreement with the theoretical
BGHSZ. This match between predicted and observed BSR 1 is particularly important. In the
absence of deep sources for heat flow variations (e.g. volcanic intrusions), it is expected that
with increasing depth the thermal field is increasingly in steady state, as the effects of surface
processes are averaged out by thermal diffusion.

The levee deposits of the Danube fan extend far into the area of the SUGAR channel.
With increasing distance from the Danube channel, the thickness of the levee deposits
decreases, which leads to a thicker overburden above the eastern levee of the BCL compared
the western levee (Fig. 3). Considering the thickness variations of individual sedimentary
layers (Figs. 2 and 3), it is evident that the sediment load above the multiple BSRs grew
during the past glacial cycles and was not constant as stated by Popescu et al. (2006). As we
also observe multiple BSRs in the eastern levee of the BCL modeling these BSRs from
current seafloor depth would require high variations of pressure and temperature. This
introduces large errors when the BSRs are linked to ranges of lower bottom-water

temperatures during stable cold climate periods, as noted by Popescu et al. (2006).
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5.2 Multiple BSRs due to overpressure compartments
Methane hydrates are stable under high pressure and low temperature (Kvenvolden, 1995),
with temperature controlled by bottom-water temperature and the regional geothermal
gradient. Pressure, on the other hand, is mainly controlled by hydrostatic pressure in the
relevant sediment depths (Berndt, 2005) and hence, increases linearly with depth. As a result,
the base of gas hydrate stability is defined by a sharp boundary. If, however, the pore pressure
is above hydrostatic conditions, the base of gas hydrate stability moves towards greater
depths. Fluid overpressure can be caused by fluid volume changes (i.e. due to temperature
increase, fluid hydrocarbon generation from kerogen, or H,O release in the smectite-illite
transformation reaction), fluid movements (due to buoyancy or osmosis), or compaction (e.g.
reservoir compaction due to tectonic stress or rapid deposition) (Tacket and Puckette (2012)
and references therein). Overpressures can also be caused by free gas, for which the amount
of pressure increase depends on the height of the gas column. The presence of free gas is not
only indicated by the BSRs but also by bright spots of varying intensity, which are observed
beneath each BSR (e.g. the high amplitude zone in Fig. 2).

Stepped or tiered overpressure systems have been reported from several sedimentary
basins, such as the North Sea Basin (3.4 km depth; Heritier et al., 1979), the Sacramento
Basin (1.8 km depth; Tacket and Puckette, 2012), or the Anadarko Basin (3 km depth; Al-
Shaieb et al., 1994). These overpressure systems are linked to permeability barriers in the
sediment column and are observed in much greater depths compared to the typical thickness
of the GHSZ, which ranges between 0 m and 900 m (e.g. Wallmann et al., 2012).

In order to test whether overpressured compartments in the subsurface may form
pockets of stable gas hydrates, we calculated a 1D model for a location in 1460 m water depth
with four sharp BSRs (location in Fig. 2B) and a regional geothermal gradient that is assumed
to be stable at 24.5 °C/km. The gas composition for all BSRs was assumed to be pure

methane and the pore water salinity was set to 5.
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The resulting phase boundary for stable methane hydrates at this location is in a depth
of 1827.5 m below sea surface, fitting well with the shallowest BSR in a depth of 1828 m
(Fig. 5). The required pressures for stable methane hydrates at BSRs 2-4 are the sum of the
hydrostatic pressure at the respective depths and the overpressures Ppgsr2.3.4-
Based on the overpressures required for stable methane hydrates above the deeper BSRs, we
calculated the required height of the gas column generating this pore overpressure:

Hpsr2,34 = Popsrz,34/8* (Pw — Pc,) (1)

where Hpgro 3.4 1S the height of the gas column, Ppgsr2,3.4 are the overpressures for each of the
multiple BSRs, g is the gravitational acceleration (9.81 m/s®), p,, is the density of the

formation water (1025 kg/m°), and Pcu, IS the density of methane, which depends on the
temperature and pressure. pcy, Was thus calculated separately for P and T at each BSR level,

using the SUGAR toolbox (Kossel et al., 2013).

Table 1 Overpressure parameters required for stable methane hydrates at each BSR level.

Reflector | Depth Hydrostatic | Total Po Lithostatic | Density | Gas
below pressure required | [MPa] pressure® | of column
sea [MPa] pressure [MPa] methane | height
surface [MPa] [kg/m?3] [m]
[m]

Seafloor | 1460 +/-

5

BSR 1 1828 +/-
10

BSR 2 1941 +/- | 19.5 25.7 6.2 22.6 - ~196.9 ~766
10 23.6

BSR 3 1980 +/- | 19.9 28.9 9.0 23.9 - ~211.7 ~1134
10 25.0

BSR 4 2011 +/- | 20.2 31.8 11.6 24.5 - ~223.1 ~1474
10 25.6

%lithostatic pressure derived from density using a density-velocity correlation (details are

provided in the Supplementary materials)

The 1D calculation for the selected site shows that the calculated gas column heights for

piercing the phase boundary for stable methane hydrates are 24-36 times higher than the
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vertical distance between two BSRs. For example, the vertical distance between BSRs 2 and 3
is ~39 m, whereas the required height of the gas column underneath BSR 2 would be ~766 m
(Table 1). This gas column height exceeds the range of gas column height required for fault
reactivation at Blake Ridge (150-290 m; Hornbach et al., 2004), seal failure in the North Sea
(263 m; Karstens and Berndt, 2015), or sediment doming offshore New Zealand (37-121 m;
Koch et al., 2015).

Data for lithostatic pressure in the Danube fan were unavailable for this study.
Therefore, we calculated likely lithostatic pressure profiles from density using a density-
velocity correlation (table 1). More details of the calculation are provided in the
Supplementary materials. Furthermore, we compared the lithostatic pressures to
measurements from the Mississippi delta in the Gulf of Mexico, which is located in a
comparable setting to the Danube deep-sea fan. During IODP expedition 308, measured
lithostatic pressures were in the order of 18.6 kPa/m (Behrmann et al., 2006). The lithostatic
pressures (Fig. 5) show that the required pressures for stable gas hydrates at the multiple
BSRs likely exceed lithostatic pressure.

DSDP cores from site 379A show an increase in salinity into the hypersaline stage
starting at ~350 m below the seafloor (Calvert and Batchelor, 1978), which is in the depth
range of the deeper BSRs at our study site. An increase in pore water salinity results in a shift
of the phase boundary towards higher pressures (Fig. 5). The top of the hypersaline stage lies
probably in greater depth at the Danube fan compared to the DSDP site, due to greater

sediment thickness.
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Fig. 5 Phase diagram for pure methane hydrates at our model site in 1460 m water depth. The
calculated BGHSZ of our 1D model fits well with the location of BSR 1. The required
overpressures at each BSR level (green arrows, see Table 1) are likely above lithostatic
pressure for the multiple BSRs (P, red area, calculated with a density-velocity correlation
based on two different approaches as described in the Supplementary material. Red dashed
line: lithostatic pressure measured in the Gulf of Mexico). The increased pore water salinity
(S) is plotted as a dashed black line, indicating a further increase in overpressure with
increasing salinity for stable methane hydrates at the BSR levels. The location for this model
is shown in Fig. 2B.

Based on our calculations, it is unlikely that pockets with overpressured gas are present in the
Danube fan area and cause the observed BSRs. Lithological boundaries, which would support
the formation of pressure compartments, are not observed. Instead, the same strata are crossed
by two or more BSRs at the same location (Fig. 2). Some patches below each BSR may be
gas-charged as suggested by their high amplitude contrast and polarity change. However, the

height of the gas column beneath each BSR appears to be small, as indicated by the overall

small amplitude attenuation below each BSR with almost no loss in frequency content.



368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

5.3 Multiple BSRs caused by temporally changing pressure and temperature

conditions in different limnic phases
If the multiple BSRs can be linked to events of climate change (i.e., sealevel variations,
changes in bottom water temperatures), the sedimentation above the BCL has to be taken into
account. The deposition of the western Danube levee above the BCL lead to an asymmetrical
growth of the overburden above the BCL, which is thicker towards the Danube channel in the
northeast (Fig. 3). Deposition of the western levee occurred over a relatively short time of 75
ka BP during the last major sealevel lowstand (e.g. Winguth et al., 2000; Popescu et al.,
2001). Therefore, we need to find the corresponding paleo seafloors (PSFs) for these events.
These horizons can be found in layer A, which is located between the BCL and the base of the
Danube levee (Fig. 3). This layer was well mapped by cross-correlating the available seismic
data along the study area. The thickness of this layer is in the range of ~70 m to ~120 m.
According to Winguth et al. (2000), the age of this layer is in the range of 75 ka to 320 ka and
thus spans at least three major limnic phases of the Black Sea (Manheim and Shug, 1978;
Muratov et al., 1978).

Due to the large uncertainty of the real age of layer A (drilling data are not available),
we defined and picked three reasonably spaced horizons representing the PSFs in layer A. We
used these PSFs for modelling the BGHSZ at paleo levels: The upper boundary of layer A
was assumed to correspond to the paleo seafloor for BSR 2 (PSF A), the lower boundary was
assumed to correspond to BSR 4 (PSF C), and a horizon in the center of layer A (PSF B) was
assumed to correspond to BSR 3 (Fig. 3).

We observed that in the multiple BSR area, the present-day BSR is stable and follows
the temperature field (Fig. 4A). Therefore, it is reasonable to test paleo pressure and
temperature conditions for the PSFs as boundary parameters for the paleo BSRs. In our 2D
model approach, we calculated the BGHSZ for each of the PSFs under assumed paleo

conditions, which included a 120-150 m lower sealevel compared to today (e.g. Ryan et al.,
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1997; Lericolais et al., 2009) and a lower bottom water temperature than today’s 9°C. Poort et
al. (2005) inferred a temperature decrease of 2.0-5.5 °C at about 7.1 ka BP, while Soulet et al.
(2010) reconstructed 4 °C for the last glacial maximum based on 820 porewater data.
Because 4 °C is also the density maximum for fresh water, we used this value as a start for the
model, but also ran it with higher temperatures of 5 °C and 6 °C. The pore water salinity was
kept at 5.

In this approach, the temperature gradient in the sediments was set as a variable,
because we expected a higher temperature gradient in the upper sediment column due to the
lower bottom-water temperature. By varying the temperature gradients, we fitted the modelled
BGHSZ for the individual PSFs to the paleo-BSRs. The model shows a good fit of the
BGHSZ models to the corresponding paleo-BSRs for temperature gradients in the range of 35
—37.5 °C/km at 4 °C bottom water temperature and for a 150 m lower sealevel. The results
are shown for the two profiles HMCS line 1107 (Fig. 6 A-C) and RMCS line 09 (Fig. 6 D-F).
Lowering the sealevel by only 120 m instead of 150 m results in slightly higher (by ~0.5
°C/km) temperature gradients, whereas an increase of the bottom water temperature by 1 °C

results in a reduction of the required temperature gradients by 2.0-2.5 °C/km.
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Fig. 6 Model results for matching the paleo BSRs with the paleo seafloors. A-C: Results for
HMCS line 1107 near the SUGAR channel. The BGHSZ (red line) is calculated from the
paleo seafloor (PSF, light blue) and compared to the paleo BSRs (dark blue). Model
parameters are described in the discussion. D-E: Results for RMCS line 09, where the paleo
BSR stack is also observed further to the northeast.

Our results show that it is possible to link the paleo BSRs to paleo seafloor horizons in

layer A (Fig. 6). The depositional history of layer A indicates that the paleo BSRs reflect

stages of stable sealevel lowstands under glacial conditions. The glacial-interglacial cycles are

more distinctive in the Black Sea compared to other areas due to the isolation from the
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Mediterranean during sealevel lowstands. The preservation of paleo BSRs may have been
favored by the development of the Danube deep-sea fan under lacustrine conditions (Popescu
et al., 2001) controlled by rapid sealevel changes in the order of 120-150 m.

However, high uncertainties beyond small-scale misfits of modelled BGHSZ and
paleo BSRs are associated with our model approach. The largest uncertainties originate from
the choice of the PSF horizons, which are exchangeable as they are all deposited sub-parallel.
Only drilling into this layer can provide more certainty. The errors of the PSFs and the BSRs
are mainly related to uncertainties in the velocities, but also to the picking accuracy, static
errors, and imaging problems. High uncertainties of the model are also related to the paleo
parameters (bottom-water temperature and paleo sealevel). Taking all these uncertainties into
account, we estimate that an average geothermal gradient of 355 °C/km best reflects stable
conditions for the paleo BSRs.

The question remains whether the derived temperature gradient for the paleo BSRs is
reasonable. Even though we have to estimate larger errors for the range of the geothermal
gradients, the geothermal gradients are nevertheless higher (35£5° C/km) compared to the
regional geothermal gradient derived from the shallowest BSR (24.5 °C/km). The only
temperature data that is available from greater depth is from DSDP core 379A in the central
Black Sea and is in the range of 32 — 38 °C/km (Erickson and VVon Herzen, 1978). These
results indicate that the paleo BSRs probably reflect the true geotherm of the Black Sea basin.
Today’s lower geothermal gradient derived from the shallow BSR temperature is still
influenced by the increase of the bottom water temperature from about 4 °C to today’s 9 °C
since the last glacial maximum (Appendix A, Fig. Al). We therefore suggest that the thermal
system in the Danube fan still adapts to this change and is not in steady state .The BGHSZ
will probably become shallower over the next tens of thousands of years (also pointed out by

Poort et al., 2005) as the geotherm increases due to thermal diffusion.
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5.4 Preservation of paleo BSRs

The observation of multiple BSRs, which mimic several older seafloors and are partly at steep
angles to the present-day seafloor, provides unequivocal evidence that the BSRs must be old
structures. The limited age control that exists for the Danube fan suggests that the BSRs must
be at least several 10,000 years old and possibly as much as 300,000 years old. After a change
of stability conditions by sediment loading due to rapid deposition, the regional geothermal
gradient would start to equilibrate by heat conduction from below the GHSZ. This would lead
to the dissociation of the lowermost gas hydrates and latent heat absorbed during the
dissociation might subsequently cause cooling from this endothermic reaction. Depending on
how high the hydrate saturation above the BSR is, cooling would increasingly buffer the
temperature field, but, even with high hydrate saturation the dissipation of the cooling
presumably should not take longer than a few decades. Consequently, we conclude that
despite buffering by latent heat, it is unlikely that gas hydrates still exist above the paleo

BSRs, as they would start to dissociate immediately once they leave the stability field.

Dissociation of hydrates should lead to free gas formation within the former GHSZ,
but we do not observe any high amplitude reflections directly above the paleo BSRs. In fact,
the paleo BSRs in the high-resolution seismic data are remarkably sharp. This strongly
suggests that the amount of gas that was formed by gas hydrate dissociation is very small. It
also suggests that the free gas that still exists in the zone below the previous GHSZs has not
yet begun to migrate upwards causing todays paleo BSRs. It seems likely that the upward
migration of the free gas due to its own buoyancy forces is inhibited by low free gas
saturation and a general low permeability of the host sediment. The upward migration of gas
is controlled by the irreducible gas saturation Sgc, which is typically in the range of 0.01-0.1
(Garg et al., 2008), and has to be exceeded in the pore space to enable gas migration

(Wallmann et al., 2012). The largest drop in P-wave velocities occurs at gas concentrations
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lower than 4% (Andreassen et al., 2007). Therefore the free gas concentrations at each paleo-
BSR must be low enough for the free gas not to migrate further upwards, but high enough to
cause a clear impedance contrast in seismic data. It is likely that only diffusive transport of
dissolved gas plays a role in this setting and that the biogenic gas, which is observed in the
organic-rich sediment column, is solely produced within the GHSZ. This is supported by the
low vertical permeability of the levee sediments in which the BSRs are located, and by the
absence of vertical migration pathways in the seismic data. Gas that is produced underneath
the BCL may migrate upslope along coarse-grained sediment deposits such as those
encountered in the numerous channels and bases of the channel-levee systems, all of which

areas where multiple BSRs are not observed.

6. Conclusions

The existence of previously identified multiple BSRs of the Danube deep-sea fan has been
confirmed by new 2D multichannel seismic data. A stack of four BSRs was observed in the
levee deposits of a buried channel-levee system. The multiple BSRs do not represent gas
composition changes or overpressured compartments, but reflect past pressure and
temperature conditions. Our modeling results suggest that temperature effects of rapid
sediment deposition rather than bottom-water temperature change or sealevel variations
dominate the pressure and temperature conditions leading to the multiple BSRs. These
changes are more distinctive in the Black Sea and especially in the Danube area because of
the isolation of the Black Sea from the Mediterranean during sealevel lowstands. Because
hydrate dissociation may not occur for several thousands of years, such paleo BSRs remain
well defined in seismic data. We propose that small amounts of free gas are present beneath
each of the paleo BSRs. The gas saturation is high enough to cause an impedance contrast in
seismic data, but low enough to inhibit buoyancy-driven upward migration. The paleo BSRs

possibly reflect the real geotherm in the order of 355 °C/km, which is higher than the local
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geotherm of 24.5+0.5 °C/km derived from the shallowest (current) BSR. This also suggests
that the Danube area is not in thermal steady state and still adapting to increasing bottom
water temperatures since the last glacial maximum.
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Fig. Al A: Bottom water warming from 4 °C to 9 °C and the change of the sediment
temperature with depth since the last glacial maximum plotted for five timesteps. B: Bottom
water warming (blue curve) and the temperature gradient of the top 400 m of sediments (red
curve).
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The heat flow in the sediment was simulated using the 1-D non-steady state transport

equation:
ﬁ:i i£+uT (1)
ot ox\c, ox

where t is time, x is the depth, T is the temperature, A is the thermal conductivity of the
sediment matrix, u is the advection velocity, and c;, is the thermal capacity of the sediment
matrix. In Equation 1, the first term on the right side is equivalent to Fourier’s law of
conductive heat transport and the second term represents the convective heat transport due to

advection (i.e. burial of bulk sediment).

The thermal conductivity A and the heat capacity c, of the bulk sediment were calculated from
the respective values for solid phase and porewater, weighted by the respective volume

fractions in the sediment:
A=A +(1L-9)A, )

where s is the thermal conductivity of seawater and A is the thermal conductivity of the solid

phase, and
¢, =dc, +({1-g), (3)
where ¢z is the heat capacity of seawater and cs is the heat capacity of the solid phase.

Sediment porosity was calculated in the model using an empirical relationship (Boudreau,

1997):
¢(Z) = ¢|_ + (¢0 - ¢|_ )e_ﬁz (4)

where ¢y is the porosity at the sediment surface (x=0), ¢, is the porosity at a sediment depth

of x=L, and B is the porosity attenuation coefficient (see Table Al for the parameter values).
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The partial differential equation was solved using the ‘pdepe’ function of Matlab®. A constant

bottom water temperature (Tgw) Was chosen as upper boundary condition and a constant

conductive heat flow (F_) at the lower boundary.

Table Al: Summary of the parameter values used in the heat flow model

Parameter Symbol | Value [Unit] Reference

Length of the model column L 15,000 [m] -

Water depth p 1500 [m] This study

Salinity of bottom water Spw 22.3 Degens & Ross (1974)
Sallnlty in the GHSZ SgHsz 3 a

Porosity at sediment surface (x=0) [§ 0.7 based on DSDP42b Site379
Porosity at base of sediment (x=L) [ 0.38 based on DSDP42b Site379
Porosity attenuation coefficient B 0.00008 [1/cm] based on DSDP42b Site379
Heat capacity of seawater Ct 4.14-10° [J/(m° K)] | Kossel et al. (2013) "

Heat capacity of sediment Cs 2.15-10° [J/(m° K)] | Kossel et al. (2013)
Thermal conductivity of seawater A 0.63 [W/m/K] Kossel et al. (2013) "
Thermal conductivity of sediment As 1.65 [W/m/K] Kossel et al. (2013) °
Sedimentation rate u 0.03 [cm/a] Soulet et al. (2010)
Temperature of bottom water (x=0) Tew 9[°C] Degens & Ross (1974)

Heat flow at base of sediment (x=L) FL 44 [mW/m°?] Sclater et al. (1980)

% Salinities of 2-5 are reported for the Danube area and DSDP42b Site 379. A value of 3 was used in
the calculations. Variations between 2 and 5 do not alter the results significantly.

b Average value for p, T, S range in the GHSZ.

¢ 1.3 W/m/K for Black Sea sediments with a porosity of 0.3.

d Average value for the past 10-15 ka.
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