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Abstract: Seafloor heat flow measurements are utilized to determine the geothermal regime of the
Danube deep-sea fan in the western Black Sea and are presented in the larger context of regional
gas hydrate occurrences. Heat flow data were collected across paleo-channels in water depths of
550-1460 m. Heat flow across levees ranges from 25 to 30 mW m~2 but is up to 65 mW m~2 on
channel floors. Gravity coring reveals sediment layers typical of the western Black Sea, consisting
of three late Pleistocene to Holocene units, notably red clay within the lowermost unit cored. Heat
flow derived from the bottom-simulating reflector (BSR), assumed to represent the base of the gas
hydrate stability zone (GHSZ), deviates from seafloor measurements. These discrepancies are linked
either to fast sedimentation or slumping and associated variations in sediment physical properties.
Topographic effects account of up to 50% of heat flow deviations from average values. Combined
with climate-induced variations in seafloor temperature and sea-level since the last glacial maximum
large uncertainties in the prediction of the base of the GHSZ remain. A regional representative heat
flow value is ~30 mW m~2 for the study region but deviations from this value may be up to 100%.

Keywords: heat flow measurement; western Black Sea; Danube deep-sea fan; gas hydrate; thermal
modeling; physical properties

1. Introduction

Gas hydrates were initially discovered in the Black Sea in 1974 [1]. Since then, a
number of scientific research projects were conducted studying the general occurrence
and distribution of gas hydrates along the continental margins of the Black Sea, e.g., [2-8].
Several seismic studies [9-15] were conducted to map bottom-simulating reflectors (BSRs),
which are used as an indicator for the base of the structure I (sI) gas hydrate stability zone
(GHSZ). However, BSRs are not widely distributed in the Black Sea [2,8,10,16] and occur
in patches (Figure 1, see also e.g., [6,17]). Across the thick sediment deposits of the Viteaz
channel-levee system of the Danube deep-sea fan, a stack of up to five BSRs was identified
and linked to former climate conditions of the lower seafloor temperature and sea levels
during glacial times compared to inter-glacial climate epochs [9,18]. The shallow feather
edge of the sI gas hydrate systems in ~720 m water depth marks the onset of BSRs towards
deeper water [19-21]. With very few exceptions, gas venting is seen only in water depths
shallower than the 720 m feather edge of the current GHSZ [17,19-24].
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Figure 1. Bathymetry of the Danube deep-sea fan with five major channels identified. Grey shaded
symbols mark the seismically identified bottom-simulating reflector (BSR) along the seismic lines of
expedition MSM34 (black lines). The 720 m isobath (blue solid line) marks the feather edge of the
structure I gas hydrate stability zone. Inset shows the entire Black Sea region with DSDP Leg 48 drill
sites [25].

Scientific drilling and coring were first performed in the Black Sea during the Deep
Sea Drilling Project (DSDP) Leg 42 at Sites 379—381 (Figure 1), defining the background
sedimentological and pore water geochemical constraints within the upper 200 to 300 m
of sediment below seafloor [25]. Additional giant piston coring and geotechnical probing
up to ~40 m below seafloor (mbsf) were performed at the Danube deep-sea fan during
the previous ASSEMBLAGE 1, BLASON 2, and GHASS projects [26-28]. To further study
gas hydrates in this region, drilling with the MARUM-MeBo200 seafloor drill rig [29] was
performed in 2017 during expedition M142 in the frame of the German SUGAR project [30].
Drilling at three sites up to ~148 mbsf across the S2 channel-levees (Figure 1) defined the
geophysical and geochemical setting of the mostly fine-grained turbidite sediment system,
but no gas hydrates were recovered [30]. New downhole in situ temperature data combined
with detailed pore water chemistry from recovered sediments and the drilling-derived
gas composition [31] confirmed initial models [21,32] that the current base of the GHSZ is
shallower than expected from the prominent BSRs in this region [17].

This finding sets the stage for our new study focusing on shallow penetration heat-
probe measurements conducted across the S1 and S2 channels (Figure 2). Heat-probe
data were previously used to define a map of thermal gradients and a related map of
the theoretical thickness of the GHSZ across the entire Black Sea [3]. New heat-probe
data acquired during two expeditions (MSM34 [11], M142 [30]) have been re-analyzed to
estimate thermal gradients and heat flow and are compared to results from BSR-depth
conversion and deep-drilling data. In general, shallow penetration heat-probe data are
potentially affected by changes in bottom-water temperatures and are possibly susceptible
to recent erosional and associated depositional events such as mass-transport deposits
(MTDs) or sediment mass flows within channels. Previous work [14] indicated anomalous
high heat flow values of >50 mW m~2 within the S2 channel talweg and similar anomalies
along the head scarp of a prominent slope failure. In our new study, we set out to explain
these anomalies and ask the specific questions of what may cause the high heat flow
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in the channel talweg and whether this phenomenon could be explained by topographic
focussing effects or other recent sedimentary processes. To address this issue, we undertook
2D topographic modeling across the S1 and S2 channels and incorporate results from deep
drilling and shallow gravity coring. The overarching scientific question is whether shallow
penetration heat-probe data can be used to reliably predict the deeper thermal setting for
assessing the thickness of the GHSZ across the Danube deep-sea fan in the western Black
Sea. Linked to this analysis is the common approach to convert the depth of the BSR to
surface heat flow assuming that the BSR is an isotherm and marks the current base of
the GHSZ [33,34]. Combining thermal modeling, BSR-depth constraints, and heat flow
values from probe-measurements and/or drilling has been successfully applied at many
convergent margins (e.g., Nankai [35-37], Makran [38], Costa-Rica [39], Cascadia [40-44],
Chile [45]) and passive continental margins (e.g., Taiwan [46], South China Sea [47,48], East
coast of India [49,50]). Required parameters for such a conversion include the geochemical
conditions of pore water salinity, types of hydrocarbon occurrences, sediment thermal
conductivity, and P-wave velocity for time-depth conversion.
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Figure 2. (a) Bathymetry around the S2 channel with MeBo drill sites. Shown as colored dots are heat
flow values from probe measurements and gravity core stations as white triangles. Station CSF04 is
from the GHASS expedition [21]. Gas vents seen along failure scarps and ridges are indicated by
black dots. The 720 m isobath (blue solid line) marks the upper edge of the gas hydrate stability
zone. (b) Detailed bathymetry around the S1-channel with heat flow values along profile P1007 and
gravity core stations (white triangles). Note the abundant failure head scarps at the eastern edge of
the S1 levee.
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2. Geologic Background

The Black Sea Basin is a sedimentary basin that formed due to the closure of the Thetys
Ocean. During the Neogene, it underwent several phases of extension and closure [50]
with associated large fault systems [51,52]. Our study region in the northwestern Black
Sea (Figure 1) is a typical passive margin setting with extensive continental shelves [53],
and dominated by large-scale submarine channel systems, with the Danube channel (also
called Viteaz or S5 channel) being the largest system identified [54]. Nine individual
channel systems were identified in our study region off the Bulgarian and Romanian
margin (Figure 1). The S1 to S5 channels represent different stages of sediment transport
and evolution of the Danube deep-sea fan [54-56]. In contrast, four channels (N1-N4)
were associated with the Dniepr river system further to the east. The sediments found in
the associated fan complex consist of fine-grained turbidites (clay to silt grainsize, [30])
and form stacks of alternating channel and levees deposits [13,57,58]. Mass-transport
deposits (MTDs) are found pervasively on the slope, with head-scarps predominantly
seen at the slope edge and along channel walls [17]. The Danube and Dniepr deep-sea
fans started to develop in the Pleistocene around 900 ka ago [54]. The Viteaz channel,
forming the largest of the five channel systems associated with the Danube river, began to
develop during the last glacial maximum (LGM). Sea-level in the Black Sea was at least
100 m lower than today [59-61] during the LGM, and sea water was also fresher with a
salinity of 3—4 PSU (practical salinity unit) [62] compared to today’s salinity of ~22 PSU [63].
Bottom-water temperatures during the LGM with values of around 4 °C [27] were lower
than today’s temperature of nearly constant ~9 °C across much of the slope region [3,64].
This significant change in temperature, pressure, and salinity conditions strongly affected
the gas hydrate regime of the Black Sea [14,21,32,65]. Despite the increase in pressure
promoting gas hydrate formation, the overwhelming temperature increase at the sea floor
resulted in an up-dip migration of the base of the GHSZ, which is one of the primary
controls on the limits of gas venting occurrences and associated slope instability across the
study region [17,20].

3. Materials and Methods
3.1. Heat-Probe Measurements

During expeditions M142 and MSM34, an identical marine heat-probe system was
used acquiring the data utilized in this study. The probe was constructed in the classical
‘violin bow’ style [66], with 22 thermistors distributed in a string over an active length
of 5.2 m attached to a steel pipe. The top-weight was in both cases ~1 ton [11,30]. The
heat-probe was typically deployed (after an initial calibration run) in pogo-mode, with
the probe not brought back to the sea-surface between stations. Data were analyzed
after a set of stations was completed with the probe back on deck. The thermistor-string
was initially calibrated by using the probe in deep water with expected homogenous
water-mass properties over the entire length of the probe. Temperatures of the individual
22 sensors of the string were compared to a PT100 reference temperature sensor attached
to the electronics unit stored in the probe’s top-weight. Offsets of the individual sensors to
the PT100 were defined and subsequently applied to the raw temperature readings. In situ
temperatures were calculated from the frictional decay of temperature of each sensor after
the probe’s penetration into the sediments (typically considering a 7-8 min time-window).
At several stations of expedition MSM34 and all of those from expedition M142, we used
the probe to also measure in situ thermal conductivity. A defined heat-pulse of 20-30 s
length was emitted after the probe’s penetration into the sediment and the temperature
decay over another 7-8 min was used to calculate thermal conductivity, following standard
procedures [34].
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3.2. Estimation of Heat Flow from BSR Depth

Seismic data across the region of the Black Sea showed a typical seismic reflection
referred to as BSR [10,18]. As the BSR is in principle an isotherm [33], it can be used to
estimate thermal gradients and heat flow under the assumption that the BSR coincides with
the base of gas hydrate stability. A pure methane system was assumed in the Danube deep-
sea fan region as no evidence for the presence of other light hydrocarbons in significant
amounts has been found to date [31]. Along seismic lines that cross the S1 and S2 channels,
the depth of the BSR was converted to depth using an average velocity of 1600 m s~! based
on velocity data known from drilling [67] and previous seismic analyses [18,68]. The gas
hydrate phase curve [69] was determined for an assumed pore water salinity of 3 PSU,
corresponding to pore water salinities in Late Pleistocene sediment [62]. The predicted
temperature at the depth of the BSR was combined with a constant seafloor temperature of
9 °C and an average thermal conductivity of 1.4 mW m~! K~! to estimate heat flow values.

3.3. Heat Flow Modeling

Using constraints of the bathymetry and general known temperature gradients in the
region, we modeled the effect of the seafloor topography on the local heat flow regime
across the S1 and S2 channel systems. The modeling incorporated a constant bottom-
water temperature of 9 °C and an average sediment thermal conductivity estimated from
porosity measured at the gravity-core and deeper drilling sites (MeBo-16 (GeoB22603-1),
MeBo-17 (GeoB22605-1), and MeBo-19 (GeoB22620-1)). As thermal conductivity of pore
water and methane hydrate is very similar (approximately 0.6 W m~! K=, [70]), the
derived composite sediment thermal conductivity is nearly independent of variations
in gas hydrate saturation across the study region. We used a steady-state 2D numerical
model of the cross section of the channels to calculate the correction factors required to
estimate undisturbed heat flow. All calculations were done with FlexPDE (available online:
https:/ /www.pdesolutions.com/, accessed on 1 June 2021).

3.4. Coring and Stratigraphy

Gravity coring was conducted during both expeditions to study the sedimentology
and upper pore water geochemistry related to the observed slump-scars and gas flares. A
Minicorer (MIC) was used during MSM34 only to supplement gravity coring. The MIC
recovers the very soft and unconsolidated upper ~50 cmbsf, which is often disturbed or
lost in parts in the GCs.

Typical procedure for the gravity cores was to cut the core into 1.0 m long sections
after recovery of the coring system on deck. After transfer to the lab, each 1.0 m long section
was then split lengthwise into an archive and a working half (from which sub-samples
were taken for further analyses). Photographic imaging with an uncalibrated system was
done manually in the main geo-laboratory during expedition MSM34 yielding images
of varying color-scheme. Imaging during M142 was done with a Smart-CIS 1600 LS line
scanning system [30]. Sediment porosity was determined from all cores taken during
expedition M142 [30] following standard drilling operations introduced by the Ocean
Drilling Program [71]. A plug of ~5 cm® was taken at regular depth intervals and usually
coupled with measurements for pore water salinity [67]. If visual core description showed
major lithological changes, additional porosity samples were taken to reflect the change
in sedimentology.

Stratigraphic units and approximate ages of the glacial and postglacial sediments seen
within the upper 6-10 mbsf have been previously defined [72-78]. Here, we followed a
simplified classification into three units (Figure 3): The deepest unit represents sediments
from the last limnic phase of the Black Sea prior to ~9 ka BP. This unit consist of typically
greenish-grey silty-clay and is characterized by the occurrence of several red layers that are
dated to 15.7-17.2 ka BP [79]. These red layers have been correlated to meltwater pulses
(Heinrich events) from the disintegrating Fennoscandian Ice Sheet [72]. Meltwater was
transported by the Dniepr River into the Black Sea so that the thickness and prominence
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of these red layers decreases west-wards [79]. Two carbonate-rich layers (blueish-grey to
dark grey clay) were deposited just prior to the reconnection of the Black Sea ‘Lake’ to
the Mediterranean Sea at ca. 9 ka BP [77]. Sediments associated with the Younger Dryas
appear in contrast somewhat darker grey [72].
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<27kaBP

.‘é’
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] transition
8-2.7kaBP limnic-marine
[ limnic clays
2 E=3 .red layers*
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Figure 3. Simplified stratigraphic classification of the main three glacial/postglacial sedimentary
units and approximate ages seen within the upper 6-10 mbsf observed in the western Black Sea
upper slope region [72-78]. Individual unit-thickness is drawn not to scale.

This change in the oceanographic setting also has a profound impact on the geo-
chemistry of the sediments. Warmer sea water temperatures and increasing stratification
of the water column favored the formation of sapropel [80] and an overall oxygen de-
pletion [81]. Increasing biological productivity coupled with the preservation of organic
matter under these euxinic conditions resulted in the deposition of greenish-black mud
with high organic matter contents, called Unit II [82]. At ~2.7 ka BP [77], the first invasion of
coccolithophorids marks the onset of Unit I and is identifiable by the carbonate-rich white
lamination of the sediments [75]. The definition of these three main sedimentary units has
also been corroborated with detailed XRF core scanning and *C carbon-dating of molluscs
and ostracods [72,83] and also applied at MARUM to three gravity cores taken during
expedition M142. The marked changes in color and character of sediments associated with
these units were used to assign depths of the unit boundaries for the cores recovered during
expedition MSM34. Where applicable for cores from M142, we added the XRF-record as
additional constraint.

3.5. PARASOUND Imaging

The PARASOUND echosounder system was installed on both vessels used to conduct
expeditions MSM34 (R/V MARIA S. MERIAN) and M142 (R/V METEOR). Two acoustic
waves with frequencies of 18—20 kHz (primary high frequency, PHF) and 22—24 kHz cre-
ated by superposition a secondary high (40—42 kHz, SHF) and a secondary low-frequency
(~4 kHz, SLF) pulse. The opening angle of the transducer was 4° by 5°, which corresponds
to a footprint diameter of about 7% of the water depth. While the SLF was used for the sub-
bottom profiling, the PHF can be used to image gas bubbles in the water column. In this
study, we focused on the SLF data for sub-seafloor imaging. In general, the PARASOUND
data showed penetration depths varying from 20 to ~100 mbsf. For image display purposes,
we applied the instantaneous amplitude (envelope) attribute to the raw data. The PARA-
SOUND data were used to describe the main sedimentary environments and potential
presence of free gas in the subsurface, which was identified either from high-amplitude
reflections (bright-spots) and/or from vertical acoustic masking (wipe-out) of the entire
sedimentary column. Mass-transport deposits or channel mass flows were identified by
the absence of coherent layering and their overall low-amplitude character in contrast to
surrounding sedimentary structures.
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3.6. Multibeam Data

A composite multibeam-based seafloor bathymetric map of the study region was
created, combining data from several expeditions. The hull-mounted Kongsberg EM710
(1°/1° beam angle and 70—100 kHz operating frequency) multibeam echosounder (MBES)
system was the primary acquisition system in water depths <600 m during expedition
M142. In water depth of >600 m, a hull-mounted Kongsberg EM122 12 kHz MBES system
was used (expedition MSM34: 2° /2° beam angle; expedition M142 and M143: 1°/2° beam
angle). In both MBES systems, the maximum swath angle was set to 130°, running in
equidistance mode for spacing the beams across the ship tracks. Survey speed during
acquisition varied between 3 and 8 knots. Motion data and static offsets were recorded by
the ship’s internal sensors and directly applied to the MBES data sets. To clean the data,
we manually edited the data using the software MB-System [84]. The multibeam data from
all surveys were corrected post-expedition to account for measured sound velocity profiles
and corrected for tidal variations by using the Oregon State University Tidal Prediction
Software OTPS (https://www.tpxo.net/otps, accessed on 1 June 2021). Finally, all data
sets were merged into one composite depth map gridded with a 10 m by 10 m spacing.

4. Results

In total, 57 heat-probe measurements are available around the S2 channel and MeBo
drill sites (Figure 2a) and 11 measurements across the S1 channel (Figure 2b). During the
two expeditions MSM34 and M142, 18 gravity cores (GC) were taken at stations around the
52 channel and three cores were taken at the S1 channel. These are used to characterize the
sedimentary environment penetrated by the heat-probe and provide additional physical
properties (here porosity) in the upper 6 mbsf. These data are combined with deeper drilling
data [67] to assign average values in porosity and thermal conductivity for modeling and
BSR-depth conversion to heat flow.

4.1. General Sediment Description and Physical Properties

The upper 0-3 mbsf contains typically two distinct sediment layers with differ-
ent types of sediment. The upper portion contains coccolith ooze (sedimentary Unit
I) and sapropel (top of Unit II) (up to ~1 mbsf) showing low thermal conductivity values
(0.6-0.9 Wm~'K~1) and high porosity (Figure 4). Below the sapropel layer, grey clay is
deposited and thermal conductivity values increase slightly to ~1.0 Wm~!K~!. Below
~3 mbsf, grey clay with distinct red layers is found. The sediments below ~3 mbsf show
average thermal conductivity values of 1.0-1.1 Wm~'K~!. Porosity shows a steady de-
cline with depth below the sapropel layer to ~0.6 at 6 mbsf. The fast decline in porosity
is emphasized when using the data from deeper drilling (Figure 4a). The exponential
decline in porosity is seen up to 10 mbsf, below which, porosity only gradually decreases
to the maximum drilling depth. Variations in the porosity trend and associated changes
in sediment bulk density were correlated to larger stratigraphic units across the channel
in a previous study [67]. An empirical relationship between thermal conductivity and
porosity derived from our data is shown in Figure 4d. A theoretical relationship [85,86]
between these parameters using a thermal conductivity of 0.6 Wm~1K~! for pore water and
3.25 Wm~'K~! for sediment grains fits the data below the sapropel-rich units reasonably
well. On average, porosity is 0.5 for depths below 20 mbsf, which corresponds to a thermal
conductivity value of 1.4 Wm~!K~! using the theoretical relationship (black triangle in
Figure 4d). This value is used in the thermal modeling of topographic effects on heat flow
and to derive heat flow from BSR depths as outlined below.
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Figure 4. (a) Porosity derived from MeBo0200 and gravity coring (GC) at stations around the S2
channel (Figure 2a). On average, the porosity is ~0.5 across all depths. (b) Detailed view of porosity
in the upper 10 mbsf. (c) Thermal conductivity derived at heat-probe stations with coincident gravity
cores. (d) Cross-plot of thermal conductivity and porosity from coincident heat-probe and GC
stations (blue) with theoretical trend (orange) using a thermal conductivity of 0.6 Wm~ 1K1 for pore
water and 3.25 Wm~'K~! for sediment grains. An assumed porosity of 0.5 corresponds to a thermal
conductivity of 1.4 Wm ™K~ (shown as black triangle).

4.2. S1 Channel

At the S1 channel, heat-probe data were acquired along one primary seismic line
(P1107; see Figure 2b for location and orientation) across the main channel incision upslope
onto the eastern levee. The highest heat flow above 35 mW m~2 is seen in the channel
talweg (Figure 2b). The other values are on average around 30 mW m~2. Sediments
recovered at two stations along this profile show the main sedimentary units expected
(Figure 5). The uppermost coccolith-rich Unit I was only recovered with the MIC and
was lost in the both gravity cores. The upper red-layers marking Heinrich event HS1,
which has been attributed to an age of ~16 ka [72,83], is faintly visible in the core images
(Figure 5). Using this time-marker, approximate sedimentation rates can be calculated for
both core stations. At GC 40-1 located on the eastern levee, the red layer is at ~380 cm
bsf (including the missing Unit I), which corresponds to an average sedimentation rate of
0.25m ka~!. At GC 39-1 within the central channel talweg, the same red layer is seen at
~460 cm bsf (again, adding the missing Unit I from the MIC). This relates to a sedimentation
rate of ~0.3 m ka~ 1.

The PARASOUND data acquired along the profile show an average penetration of
60 mbsf (Figure 6). A distinct change in sediment structure from the channel incision
towards the eastern levee is seen. The main channel incision is characterized by a stack of
eight mass flow deposits and a thin uppermost veneer of ~4 mbsf of stratified sediments.
Below this veneer, only mass-flows and no further stratified intervals are seen within the
penetration limit of the data. West of the channel, the levee shows regularly stratified
sediments. The portion of the profile P1107 between 2.2 and 4.2 km distance along the
line shows two MTDs (separated by a stratified unit) above a deeper section of stratified
sediments. An abrupt change in this pattern is seen at a distance of 4.2 km along the
line: further eastward along the line (approximately at the GC station 40-1) no MTDs are
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identifiable in the record and a well stratified reflection pattern is seen. The prominent
failure scarps at the eastern edge of the S1 levee (Figure 2b) correlate to these buried MTDs.
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Figure 5. Results from heat flow measurements and coring at the S1 channel (location see Figure 2b).
Shown are from left to right: temperature data and thermal conductivity, as well as gravity core (GC)
images with lithological units and Minicorer (MIC) images of the upper 50 cm, lost in the GCs.
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Figure 6. PARASOUND sub-bottom profiler data at the S1 channel and superimposed location of
heat-probe (red), gravity (GC), and Minicorer (MIC) stations (cyan). Up to eight mass-flow packages
are seen in the main channel incision. East of the channel talweg, two MTDs overlie stratified
sediments. East of the GC 40-1 station (distance of 4.2 km along the line) a change in reflection pattern
is seen towards more uniformly stratified sediments.
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Along this profile P1107, the seismic data reveal a BSR (here referred to as BSR-1)
along most of the line (Figure 7). Below the BSR-1, up to four additional reflections similar
in character to the uppermost BSR-1 are imaged [9,18]. The data also show that the S1
channel had been meandering through time forming several laterally shifting incisions
(marked with dotted lines on Figure 7) between line-distance 4-7 km. Below the western
levee of the S1 channel consisting of stratified sediment layers, a stack of several thick
MTDs are seen extending further to the West.

Distance (km) > 3 4 5 6 7 8 9 10 1

Depth (km) oo

Figure 7. Seismic data of P1107 across the S1 channel system (coincident to PARASOUND data of
Figure 6). Several mass transport deposits (MTD) are marked. Paleochannel incisions are indicated
by black dotted lines. Five bottom-simulating reflectors (named BSR-1 to BSR-5) are identified with
the uppermost reflection highlighted with a red-dashed line. Location of heat-probe stations (red)
and gravity core (GC) stations (cyan) are also marked.

Assuming that the uppermost BSR-1 marks the current base of the GHSZ, the depth
of the BSR below seafloor was converted to heat flow (Figure 8). The heat flow trend from
the BSR as well as the heat-probe measurements overall correlate well with the predicted
heat flow of average 30 mW m~2 which includes effects from topography. However, a
pronounced higher value in BSR-derived heat flow is estimated along the eastern levee
where the multichannel seismic (MCS) data indicate a lack of MTDs but revealed rather
uniformly stratified sediments.

4.3. S2 Channel
4.3.1. Eastern Levee

Across the eastern levee of the S2 channel and across drill site MeBo-16 (GeoB22603-1),
a heat-probe sequence (TL01) consisting of 12 measurements was completed (Figure 2a).
TLO01-01 within the floor of the S2 channel shows the highest heat flow of all stations
measured along this profile, with a value of ~37 mW m~2. However, the thermal gradient
measured at TLO1-01 is offset by up to 0.1 °C relative to the other measurements at equiv-
alent depths. This may indicate that the probe over-penetrated significantly. Heat flow
at stations TLO1-02 to TLO1-06 lies above the average value of ~25 mWm~2. Further east
along the profile, heat flow is decreased to below the average value.



Geosciences 2021, 11, 240

11 of 26

0t & T - [ & 71 0 & 715 7]

®® BSR-derived
heat flow |

35|- ® l
> w/\d.\
® %@
»r heat-probe N ]

modeled heat flow

(@) 4o ————————7—
Heat Flow Profile P1

q (mW m?)
b
&

measurements
20 I (R T (S S (R N S VS | U N S R VS SV, (SO SN Y| S YOO A (T SO (O |
(b) T T T T T TRs s T T T
12001 .
seafloor
__1400}- fad B
£ : =5
< T L Al & R
§_1600— g;gggmmmﬂ N |
[
o BSR
2000~ -

8“‘10“‘12“‘14‘.I16.|‘18
Distance (km)

N
£
ol

Figure 8. (a) Modeled heat flow along profile P1 across S1 channel with heat-probe measurements
and BSR-derived values for comparison. The black solid line is the assumed heat flow at the bottom
of the model. (b) Topography of the profile (black) and depth of BSR (blue) along line P1107.

Gravity cores recovered along this profile show the expected set of three sediment units
with clearly identifiable red layers marking the Heinrich events (Figure 9). No MIC have
been taken along this profile but all gravity cores showed some coccoliths-rich sediments
of Unit I, so sediment loss (as seen along the S1 channel) may be small. Converting the
depth of the uppermost red layer (HS 1, 16 ka age; [72,83]) to sedimentation rates yields
values ranging from ~0.21 m ka~! at stations GC06 and GC04 to a slightly lower value of
0.19 m ka~! at GC08 and 0.17 m ka~! at GC09. The four long sediment cores show the
decline in porosity with depth although values are more scattered in the upper 3 mbsf,
above the onset of the red layers. Accordingly, thermal conductivity values are lower in
the upper 3 mbsf (and also more scattered) than at greater depth.

The PARASOUND data along the heat-probe stations of the TLO1 sequence (Figure 10)
show that within the channel incision at heat flow station TL01-01, up to 14 m of laminated
sediments overlie the first recognizable channel mass-flow. This is more than three times
the thickness recognized at the S1 channel. Up on the eastern levee, abundant MTDs
interrupt intervals of laminated sediments. PARASOUND imaging is reduced due to the
steep slope between stations TL01-05 and TL01-08. East of the ridge, up to 50 m thick
stratified sediments overlie a prominent MTD.

The seismic data (Line 897-03 from expedition MSM34 [11]; Figure 11) along the
heat-probe profile show a prominent strong BSR with one lower-lying second BSR (BSR-2).
The BSR reflections are nearly lost below the channel and further to the western levee of the
channel. Similar to the setting at the S1 channel, the western levee deposits are underlain
by at least two thick MTDs. At this location of the profile crossing the S2 channel, no
meandering of the channel talweg is identified.
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Figure 9. Results from heat flow measurements at the eastern levee of the S2 channel (location
see Figure 2a), TLO1 deployment sequence. Shown are from left to right: temperature thermal
conductivity, and porosity, as well as core images and lithological units. Thermal conductivity

profiles coincident to gravity cores are shown with colored lines. Station TL01-01 is within the
channel talweg and shows much higher absolute temperature values.
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Figure 10. PARASOUND profile along heat-probe stations of TL01 deployment sequence at eastern
levee of the S2 channel. Location of profile see Figure 2a. Shown are heat-probe (red) and gravity
core (GC) stations (cyan), as well as the MeBo-16 drill site. Abundant gas flares were seen around

station TL01-07 [17]. At stations GCO1 and GC02, gas hydrate was recovered (stations are slightly off
this profile).
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Figure 11. MCS data across S2 channel system (line 897-03). Mass transport deposits (MTD) are
marked. Paleochannel incisions are indicated by black dotted lines. Two bottom-simulating reflectors

(BSR-1 and BSR-2) are identified in this section as well as drill site MeBo-16 (GeoB22603-1).

A heat flow model along the profile of line 897-03 predicts an average heat flow of
25 mW m~2 (Figure 12) and topography induced variations. In general, measured and
predicted seafloor heat flow agree very well. The channel incision (and associated levee
flanks) result in a sinusoidal pattern in heat flow (between 6-8 km along the profile),
whereas the ridge at the eastern portion of the profile (at a distance of ~9.5 km) results in a
depression in heat flow. Results from the heat-probe measurements and BSR-derived heat
flow mimic the same pattern as predicted but are systematically higher than the modeled

heat flow data between 6-9 km along profile.
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Figure 12. (a) Modeled heat flow (red line) along profile P2 across 52 channel with TLO1 deployment sequence (blue
symbols) and BSR-derived heat flow (blue line) along MCS Line 897-03. The black solid line is the assumed heat flow at the

bottom of the model. (b) Topography of the profile P2 (black) and depth of the BSR (blue).
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4.3.2. Slope-Failure Region Near S2 Channel

A prominent slope failure depression (a horse-shoe-shaped region) is seen along the
western levee of the S2 channel (Figure 2a). Along the failure scarps, abundant gas flares
were identified in water-column acoustic data [13,17]. Heat flow values along sequence
TL02 during expedition M142 show no significant change across the failure plane and head
scarp (Figure 2a) and temperature gradients (Figure 13) are very similar between stations.
No effect from the steep step at the northern edge of the scarp near Station TL02-01 on the
heat flow value is also identifiable. The highest heat flow values (~35 mW m~2) are seen at
stations TL02-13 and TL02-14 at the flank and S2 channel floor. Along the eastern slope
failure scarp, heat flow values are also elevated, but scattered with no consistent trend or
link to the topographic feature.
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Figure 13. Results from heat flow measurements at the western levee of the S2 channel along profile of the TL02 sequence
(location see Figure 2a). Shown are from left to right: temperature, thermal conductivity, and porosity, as well as core images

and lithological units.
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Three gravity cores were taken along the profile (GC10-GC12, Figure 13) and show
the sedimentary Units I-IIl. No evidence for a slump deposits or erosional unconformity is
identified in the interval cored. Again, no shallow MIC data are available to define blow-by
or sediment loss for the gravity cores. At all three stations, some sediment of Unit I was
recovered and sediment loss is likely minimal. Thus, using the shallowest red layer again
as proxy for the HS1 event at 16 ka ago [72-83], sedimentation rates are ~0.25 m ka !
(GC10), ~0.42 m ka—! (GC 11), and ~0.36 m ka~—! (GC12) and thus nearly twice as high
compared to the rates seen on the eastern levee along TL01 sequence.

The PARASOUND data acquired along the TL02 sequence (Figure 14) reveal an upper
veneer of layered sediment with a thickness of ~14 m thickness above the first detectable
MTD. This veneer of sediments is also seen in the channel floor itself (at Station TL02-14)
and on top of the eastern levee. Underneath the veneer, alternating intervals of MTD and
layered sediments are seen up to the maximum penetration depth of the PARASOUND
data (~70 mbsf).
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Figure 14. PARASOUND data along the TL02 heat-probe deployment sequence (red). Also shown
are the gravity core (GC) stations (cyan). Location of the joint drill sites MeBo-17 (GeoB22605-1) and
MeBo-19 (GeoB22620-1) are projected onto this line (distance to line ~340 m).

We also acquired a set of heat-probe stations and gravity cores during expedition
MSM34 along the eastern edge of the slope failure region and gas vents as well as the
crossing of the S2 channel (Figure 15). The heat flow values at the scarp region are scattered
and vary from as low as 18 mW m 2 (Station 80-1 on top of a small ridge) to 35.5 mW m 2
(Station 49-1). Within the S2 channel, all stations show heat flow values >35 mW m2.
However, the temperature profiles at the stations within the channel floor all show much
higher absolute values than at any other station (Figure 15). This may indicate that the
probe again over-penetrated, by probably up to 2 m. Gravity cores taken at the edge of the
slope failure did not recover sediment of Unit I although these sediments were recovered
in the coincident MIC with thicknesses of 40-50 cm. Due to the apparent and unspecified
sediment loss, we did not estimate sedimentation rates for these stations.
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Figure 15. Results from heat flow measurements at (a) the eastern edge of the horse-shoe-shaped
slump-feature (along profile shown in Figure 16a) and (b) crossing of the S2 channel (along profile
shown in Figure 16b). Shown are from left to right: temperature and thermal conductivity, as well as
core images and lithological units.

PARASOUND imaging at the edge of the slope failure and across the channel incision
(Figure 16) is much reduced, but the same sedimentary environment as seen elsewhere
is still discernible with the veneer of sediments over an interval consisting of alternating
MTDs and layered sediment.
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Figure 16. PARASOUND data (a) across the northern portion of the S2 channel and (b) along the
eastern edge of the slope failure (location see Figure 2a). Location of heat-probe (red) and gravity
core (cyan) stations are indicated together with the drill sites MeBo-17 (GeoB22605-1) and MeBo-19
(GeoB22620-1).

5. Discussion

The complex history of the Black Sea with changing environmental conditions during
glacial and interglacial periods provide significant challenges in assessing the physical
bounds of the gas hydrate regime. As shown in previous studies [18,21,32], different stages
in the Black Sea evolution with changing bottom-water temperatures, varying sea levels,
and ocean and porewater salinities resulted in drastically different extents of the GHSZ.
Since the LGM, sea level has risen by at least 100 m [49], bottom-water temperatures
increased from 4 to ~9 °C in water depths >400 m [27,83] and influx of ocean water from
the Mediterranean resulted in an increase of salinity to currently ~22 PSU. These effects
have also a pronounced impact on the temperature regime within the subsurface. The
increase in bottom-water temperatures from 4 to 9 °C starting around 9-10 ka ago resulted
in a decrease in thermal gradients within the upper 300 mbsf by up to 10 °C km~! [18,32].
According to these models, thermal gradients are rebounding gradually since the last ~3 ka
to the imposed average (undisturbed) thermal gradient.

Measurements with the heat-probe (often to only 6 mbsf) can thus still be affected
by these changes and can additionally be modified from effects of fast sedimentation or
erosion and slumping [87,88]. While the uppermost sediments are possibly still adjusting
to the most recent temperature and salinity variations, the deeper sediment environment
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at depth of the base of gas hydrate stability may still be untouched and thus may reflect
former (and older) stable climate conditions, as shown by modeling of the stack of up to
five BSRs [18]. As indicated by deep drilling and in situ temperature measurements at the
drill site MeBo-17 (GeoB22605-1), the current base of the GHSZ may no longer coincide
with the seismically imaged BSR [17,32]. Thus, using the BSR as a proxy for heat flow may
also be erroneous in some parts of the Black Sea. Measurements with a shallow heat-robe
thus have to be carefully interpreted to be used as indicator for the thermal regime in the
subsurface and to predict the base of gas hydrate stability.

5.1. What Is the Effect of Topography on Heat Flow Especially inside the Channel Incision?

Topographic variations have a significant impact on surface heat flow [89]. Focusing
in depressions and defocusing at elevated ridges result in higher or lower heat flow
values, respectively, compared to the regional average heat flow. Our modeling along
two representative profiles across the S1 and S2 channels (Figures 8 and 12) shows that
topographic changes result in an increase or decrease in heat flow of up to 5 mW m~2,
which is nearly 20% of the regional heat flow (Figures 8 and 12). Even using a constant value
in thermal conductivity of 1.4 Wm~!K~! results in the expected trends from topographic
variations in the BSR-derived heat flow values. However, topography alone appears to be
insufficient to explain the discrepancies between the model and measurements with the
heat-probe showing much-increased heat flow values within the channel talweg.

5.2. Can Recent Sedimentation or Erosion Explain the Mismatch between Model and Data?

We see no evidence in the PARASOUND data that recent influx of sediment through
the channel in form of a mass flow or turbidity currents has increased sedimentation
rates. Actually, a higher recent influx of sediment in the channels would depress the heat
flow; yet, the opposite is seen. The PARASOUND data also show a significant sediment
stratification inside the channel floor above the first recognizable acoustically transparent
units, which we interpret as mass-flows. Coring also recovered all main sedimentary units
down to the red layers indicative for HS1 sedimentation. If the uppermost Unit I was
missing in gravity cores, the co-located MICs did recover the coccolith-rich upper Unit
I. The uppermost red layer is identified in all cores and by using XRF scanning, this was
correlated to HS1 (Niederbockstruck, pers. communication) seen in other cores that were
also age-dated using other techniques [72,83]. Thus, an average sedimentation rate for the
post-glacial period (16 ka to today) was calculated. Sedimentation rates at the channel
floors are very similar between core stations and between the S1 and S2 channel. The
lowest sedimentation rates are seen along the eastern levee of the 52 channel (<0.2 m ka™1)
but are not resulting in comparably lower heat flow values relative to the average value
and expected trend from topography (Figure 12).

A different explanation for the apparently high values from the heat-probe could
be an apparent overpenetration of the probe at stations within the channel floor. The
thermal gradients are slightly higher at greater depth compared to near the seafloor and
with no significant change in thermal conductivity (Figure 4), higher heat flow values are
estimated. A question arises, why the probe over-penetrated only at stations inside the
channel floor. This happened during both expeditions (MSM34 and M142), so we can
exclude improper tool-handling during either one of the experiments. Are the sediments
inside the channel softer and less consolidated than elsewhere? If this were true, this could
then only be explained by the presence of a much thicker uppermost Unit I consisting
of the coccolith-rich sediments and water-rich sapropel possessing higher porosity and
lower density and thus less resistance to the probe-penetration. The clay deposited below
the sapropel was always recovered in all cores and showed very similar porosity values
(Figure 5, Figure 9, Figure 13, and Figure 15). This would then imply a potential higher
sedimentation rate inside the channels and a theoretical depression of the heat flow. Some
evidence for a much thicker Unit I inside the channel floor comes from expedition M142
and MeBo200 drilling. Attempts to land the MeBo200 drill rig during expedition M142
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inside the channel floor failed numerous times as the rig could not be properly landed
in a stable manner and the rig sank too deep into the sediments so that no clear visual
observation of the bottom-hole assembly plate was possible [30]. At the other stations on
the levees, the rig did not sink that deep into the sediments, indicating a less thick deposit
of uppermost soft flocculate sediment layer [30].

5.3. BSR-Depth Variations, Base of Gas Hydrate Stability

The BSR depth is often used as proxy for heat flow under the assumption that the BSR
coincides with the base of the GHSZ [34,40,41]. Within the Black Sea, this is not necessarily
the case as shown by numerical modeling [17,21,32]. These studies indicate that the BSR
just marks an onset of free gas (and associated acoustic impedance reversal), but the current
base of the GHSZ is much shallower by ~20-30 m. These analyses focus on the upper edge
of the gas hydrate zone in the Danube deep-sea fan and water depths <900 m. No drilling
data are available for the critical depths near the BSRs in deeper water.

If the BSR forms the current base of the GHSZ, then the depth of the BSR below seafloor
may show some regional characteristic patterns indicative of regional-scale depositional
or erosional events as well as long-lived topographic effects. We like to note that the
sedimentation rates for the past 16 ka following the LGM and influx of saline water are
overall small and the cumulative sediment cover deposited since the LGM may be on
average <6 m. With BSR depths seen across the area reaching up to 450 mbsf or more, this
small additional burial depth has little to no effect on the BSR-derived heat flow.

Thus, we extracted the depth of the BSR along all 2D seismic lines available and also
picked the BSR within the 3D P-Cable data cubes at the S1 and S2 channels (Figure 17).
The average heat flow value is ~30 mW m~2 across the study region, but three zones with
marked deviations from this average value are identified. Zone 1 is at the southern end
of the S1 channel with the highest heat flow estimates seen overall. Zone 2 is along the
western levee of the Viteaz channel associated with very low heat flow values and zone 3
is east of the S2 channel.

5.3.1. Zone 1 and P2000 P-Cable 3D Data

At the S1 channel, the region along the eastern levee especially south of the P-Cable
3D data shows much higher estimated thermal gradients (and thus heat flow values) from
BSR-depths than predicted anywhere in the region (Figures 17b and 18a). Right below
the channel floor, no BSR was identified, and thus, the topographic effect of this channel
incision is only inferred from the heat-probe data (Figure 17b). The BSR is better identified
beneath the levees and appears to be too shallow relative to the average depth of the
base of the GHSZ corresponding to a heat flow of 30 mW m~2. This may be associated
with issues related to possibly recent slumping, sediment removal, and re-deposition of
sediment downslope. The seafloor multibeam data reveal an almost continuous head scarp
(outlined in Figure 17a) at the eastern edge of the S1 channel, marking the transition to
the Viteaz-dominated levee further to the east. This change in sediment thickness above
the BSR and associated varying sediment physical properties (porosity and thus thermal
conductivity) may explain this apparently high heat flow, which we calculated based
on constant properties. To reduce the heat flow to a lower, more average value, would
require higher porosities (lower thermal conductivity). As discussed in previous studies
involving BSR derived heat flow [90], lower P-wave velocities that are the result from
higher porosities do not significantly alter the thermal gradient.
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Figure 17. (a) Regional grid of BSR-derived heat flow values and bathymetry. Seismic lines available for the study are shown
as thin black lines. The dotted black line marks the edge of a buried slide-scar >150 m in elevation. Two 3D P-Cable data
sets are used for detailed analyses at (b) the S1 channel, and (c) at the S2 channel. All three maps use the same color-scale
for heat flow values. Heat-probe stations (colored circles) are also included in (b,c).
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Figure 18. Three examples of BSRs across the three anomalous zones shown in Figure 17: (a) BSR
along the eastern levee of the S1 channel linking to high heat flow, (b) BSR along the western levee of
the Viteaz channel, and (c) faint BSR linked to buried head scarp near S2 channel.

5.3.2. Zone 2

Along the western levee of the Viteaz channel, we identified a BSR that suggests
much lower heat flow values of below 20 mW m~2 compared to the average value of
~30 mW m~2 (Figures 17a and 18b). The very high sedimentation rates at this channel are
likely the reason for the local depression in heat flow. It is noteworthy that the eastern
levee of the channel is less thick and no BSR is identified here at all. The asymmetry of the
levee thickness is a result of the Coriolis effect on the spill-over sediment material during
downslope transport within the channel [57]. No other channel has a noticeable effect on
BSR depression from high sedimentation, which is linked to the age of activity within the
channel system. Only the Viteaz channel was inferred to be most active during glacial
times and all other channels were abandoned previously during the last glacial period and
thus the thermal effect of high sedimentation has subsided (healed).
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5.3.3. Zone 3

The anomaly of higher heat flow values east of the S2 channel is correlated to the
location of a prominent buried head scarp (Figures 17a and 18c), which has an elevation
of up to 150 m. Although the slope failure must be rather old (probably pre-LGM)), as it
is completely overlain by the undisturbed thick levee deposits of the S2 channel, some
change in the thermal regime or associated sediment physical properties may be the cause
for the local heat flow anomaly. The regional extent of the higher heat flow value correlates
to the thickness of the buried MTD (Figure 18c). Eastwards, the MTD becomes gradually
thinner and heat flow diminishes back to the average value of 30 mW m~2. Although the
MTD is buried by several tens of meters of sediment, and thus is likely of pre-Holocene
age, the net thermal effect is still visible.

In summary, the BSR-derived thermal gradients and estimated heat flow values overall
agree with trends expected from topography (increase in the channel floors, decrease across
topographic elevations), and trends expected from sedimentation and erosion. Whether the
estimated values of heat flow and thermal gradient are correct hinges on the assumption
that the BSR is indeed the base of the GHSZ and that our assumed sediment physical
properties are representative. At the S2 channel, MeBo200 drilling and sediment sampling,
in situ measurements and modeling has shown that the BSR is not necessarily always
marking the current base of the GHSZ [17,32]. These climate-induced changes should be
occurring uniformly across the Black Sea with more noticeable effects at the shallow-water
feather edge of the GHSZ where seafloor temperature warming can reach the former BSR
faster than in deeper water (and deeper buried base of stability) [21]. In other words, the
discrepancy between the current base of the GHSZ and the BSR should diminish with
increasing water depth. Thus, the local heat flow anomalies mapped from BSR depth
variations that are not showing a water-depth trend are indicative of other processes in the
sub-surface, notably sedimentation and erosion effects. Therefore, linking BSR, heat flow
and thickness of the theoretical GHSZ can be highly erroneous across the study region.

Although single-station heat-probe measurements overall agree well with trends
expected from topography, absolute values of derived thermal gradients and heat flow
from probe-measurements are showing discrepancies to the BSR-derived values. The
individual measurements are affected by local variations in sedimentation (and erosion)
and should not be taken directly to estimate the thickness of the GHSZ.

6. Conclusions

In the region of the Danube deep-sea fan of the western Black Sea, many factors are
influencing the gas hydrate stability: (i) long-duration and highly variable climate factors
such as seafloor temperature variations and sea level fluctuation, (ii) local variation in
sedimentation rates and erosion from slumping, and (iii) significant changes in topography
from incised channels. Combined with very limited in situ measurements down to the
depths of the BSR, predictions of the thickness of the gas hydrate stability are extremely
challenging. From our analyses of over 50 heat-probe measurements, topographic model-
ing, and regional BSR-derived heat flow estimation, we conclude that regional estimates of
the gas hydrate stability based on a value of 30 mW m~2 may be a reasonable approach.
Local deviations occur over areas of several square-kilometers and uncertainties in the
derived heat flow values may be as large as 100%.
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