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Abstract

Coring, geophysical logging, and in-situ temperature measurements were performed with the
MARUM-MeB0200 seafloor rig to characterize gas hydrate occurrences in sediments of the
Danube deep sea fan, off Romania, Black Sea. The new drilling data showed no evidence for
significant gas hydrate saturations within the sediments but the presence of free gas at the depth
of the bottom-simulating reflector (BSR). In-situ temperature and core-derived geochemical data
suggest that the current base of the gas hydrate stability zone (BGHSZ) is ~20 m shallower than
the BSR. Investigation of the seismic data around the drill sites shows several locations where free
gas previously trapped at a former BGHSZ migrated upwards forming a new reflection above the
BSR. This shows that the gas hydrate system in the Danube deep sea fan is still responding to

climate changes initiated at the end of the last glacial maximum.

Keywords
In-situ temperature measurements, gas hydrates, bottom-simulating reflector, Black Sea, seafloor

drilling rig
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1 Introduction

Since the initial discovery of gas hydrates in the Black Sea in 1974 (Yefremova and
Zhizchenko, 1974) a number of projects were conducted studying the occurrence of gas hydrates
along the continental margins of the Black Sea (Ginsburg, 1998; Vassilev, 2002; Bohrmann et al.,
2003; Minshull et al., 2020). Work included various seismic studies (Popescu et al., 2010; Bialas
et al., 2014; Kucik et al., 2015; Hillman et al., 2018a,b) to map bottom-simulating reflectors
(BSRs), which are used as an indicator for the base of the structure I (sI) gas hydrate stability zone
(BGHSZ) (Shipley et al., 1979; Spence et al., 2010). BSRs are generally not widely distributed in
the Black Sea (Ginsburg, 1998; Popescu et al., 2007), but unique stacks of up to five BSRs across
thick sediment deposits of various channel-systems of the Danube deep-sea fan region were linked
to former climate conditions (Popescu et al., 2006). An alternative explanation of structure 11 gas
hydrate from deeply-rooted gas occurrences was provided (Baristeas, 2006). However, more
recent modelling (Zander et al., 2017) confirmed that temperature and water level variations during
glacial and inter-glacial climate epochs can best explain the multiple BSRs.

Numerous active gas expulsion sites and gas hydrate bearing cold vents were found in
various regions of the Black Sea (Klaucke et al., 2006; Naudts et al., 2006; Greinert et al., 2010;
Pape et al., 2011; Romer et al., 2020; Riboulot et al., 2017). According to current temperature and
salinity conditions in the Black Sea gas hydrate is stable in water depths greater than ~720 m
(Naudts et al., 2006; Pape et al., 2010). Abundant gas seepage is thus primarily found at shallower
water depths than this threshold (Naudts et al., 2006; Riboulot et al., 2017; Roémer et al., 2020).

Drilling and coring was performed in the Black Sea basin as part of the Deep Sea Drilling
Project (DSDP) at Site 379, setting the background sedimentological and geochemical constraints
of the uppermost 200 to 300 meter of sediment below seafloor (Ross et al., 1978). Additional deep
piston coring and geotechnical probing up to ~24 meter below seafloor (mbsf) were performed at
the Danube deep sea fan during the GHASS project in 2015 (Ker at al., 2015). To further study

gas hydrates in the region, drilling with the MARUM-MeB0200 seafloor drill rig (Freudenthal and
3
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Wefer, 2013) was performed at three sites (Table 1) off the Romanian shelf in 2017 from the
German research vessel (R/VV) METEOR during expedition M142 (Figure 1) in the frame of the
German SUGAR project (Bohrmann et al., 2018). Drilling was set to obtain sediment cores to
depths near the BGHSZ and characterize the gas hydrate occurrences within channel-levee
sediments believed to exhibit favourable conditions for higher-concentrated accumulations
following the gas hydrate petroleum system model (Collett et al., 2009). During this drilling, the
first gas hydrate related geophysical logging and in-situ temperature measurements in the Danube
deep sea fan were performed with the MeB0200 (Bohrmann et al., 2018).

Here, we report on the results of these measurements and implications on the gas hydrate
stability zone in the region. The in-situ temperature data are combined with pore fluid chemistry
from recovered sediments together with the drilling-derived gas composition (Pape et al., 2020) to
predict the BGHSZ and integrate those findings with the wealth of seismic data in the region
(Figure 1). Results are then put into the context of the changes in the Black Sea oceanographic
conditions since the last glacial maximum (LGM) around 20 ka ago, when bottom water
temperature was near 4 °C and sea level was ~100 m lower than today (Soulet et al., 2010;
Constantinescu et al., 2015).

Earlier work in the region had shown a depth-discrepancy between the modelled (steady
state) BGHSZ and seismically imaged BSR (Riboulot et al., 2017; Ker et al., 2019; Riboulot et al.,
2018), with the BSR being generally too deep for todays’ condition (Ker et al., 2019). No definitive
test of any possible scenario explaining these discrepancies (e.g. transient state of the thermal
regime, anomalous pore pressures, lateral strong variation in heat flow) exists so far due to the
lack of deep drilling information (salinity, gas chemistry, in-situ temperature to depth of the BSR),
and significant uncertainties in the parameters required to define the depth of the BGHSZ from
seismic data (i.e., P-wave velocity, Riedel et al., 2020). Here, we can demonstrate that the
seismically imaged BSRs are not indicating the BGHSZ given present conditions in the Black Sea

but reflect a previous geologic period of stable pressure and temperature conditions, conditions
4
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occurring maybe during or shortly after the LGM (Soulet et al., 2010; Constantinescu et al., 2015).
A new, but patchy, seismic reflection has developed where permeability barriers can be overcome
locally, thus indicating the current shallowest depth of free gas and therefore the local BGHSZ.
These shallower BSR-like reflections have not been reported prior to our new study. Gas migration
occurs in part along more permeable strata which appears amplified along the eastward shoulders
of channel-levee deposits. Using the available P-cable 3D data (Bialas et al., 2014; Hillman et al.,
2018a, b) around the new MeBo drilling sites and deriving similarity attributes we also show

evidence for fault-controlled upward gas migration.

Table 1. Overview of MeBo drilling sites and gravity core location with water depth, depth of

seismically inferred BSR, and maximum coring depth reached.

Maximum
i Latitude | Longitude | ‘o | drilling | o
Site depth depth
: = (m) depth (mbsf)
(mbsf)
GeoB22605-1 o o
MeBo1y | 43°56.90 30°47.01 765 144.1 144
GeoB22620-1 o -
MeBo-19 | 43756:907 | 30°47.01 780 134.7 144
GeoB22603-1 oo .
MeBo.16 | 43°55.95 30°49.75 860 1473 202
GeoB2209-2 o , . ]
MeBolg | 43°52:83 30°52.67 1,400 17.9 n.d.
Geo%zéglo'l 43°55.92° | 30°49.76* | 780 7.56 144
Geoizcz:gll-l 43°56.90° 30°47.02° 265 - 90 202
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Figure 1 Seafloor bathymetric map of the study region. Two regions with patchy
distributions of anomalous bottom simulating reflections (BSRs) are outlined with black boxes
and shown in detail in (b) and (c). Inset shows study region (white box) in the western Black Sea
and the Deep Sea Drilling Program (DSDP) Sites 379 - 381 (Ross et al., 1978). (b) Area 1 at the
S2-channel with MeBo drill sites and station CSF4 (Calypso Flux coring system) from GHASS
expedition (Riboulot et al., 2018). (c) Area 2 around S4-channel showing locations of 2D

multichannel seismic lines utilized (Bialas et al., 2014).
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2 Materials and Methods

2.1 Temperature measurements

In-situ temperatures were determined at twelve depth-intervals at Site GeoB22605-1
(MeBo-17) and at 14.35 mbsf at Site GeoB22609-2 (MeBo-18) (Figure 2; Table S1). The
measurement principle is based on inserting a miniature temperature logger (MTL, Pfender and
Villinger, 2002) into the sediment and determining the in-situ temperature by analysing the decay
of temperature after an initial frictional heating pulse (Figures S1, S2). The MTL used during the
MeBo-17 deployment was calibrated by comparing the readings of the sensor with a Conductivity-
Temperature-Depth (CTD) probe also attached to the frame of the MeBo drill-rig. The calibration
showed an offset of 0.017 (£0.001) °C between the CTD and MTL data at equivalent depths.
Uncertainty in the CTD measurements are estimated to be 0.01 °C which thus defines a basic
uncertainty of the MTL data prior to any additional adjustments applied in subsequent processing
steps.

Temperature measurements within a MeBo-borehole are affected by the small length of the
MTL (the tip of the probe inserted into the sediment is 15.5 cm long) and by the time required to
deploy the tool during which the bottom of the borehole is cooled by the drilling fluid (bottom
seawater). The initial sediment in-situ temperatures are therefore in general too cold (Riedel et al.,
2018). The magnitude of the temperature difference to the true in-situ condition scales linearly
with the temperature difference between bottom water (temperature of the drilling fluid) and in-
situ sediment temperature as well as the time of exposure of the borehole prior to temperature
measurements. For a temperature difference of 1 °C, the suppression of the measured temperature
in the sediment at 5 cm insertion depth of the MTL is 0.06 °C after an exposure of the borehole of
60 minutes. If the MTL tool is inserted by the maximum length of 15 cm, the suppression is only
0.01 °C. In our case study at the Danube deep-sea fan, bottom water temperatures are ~9 °C and
the difference to the deepest measurement point is ~3.5 °C. Temperature measurements were

conducted with borehole exposure times of ~30 — 90 minutes. We added a correction factor that
7
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incorporates the effects of exposure-time, drill-depth, and probe-insertion length to the initially
defined equilibrium temperature to estimate the in-situ temperature (Table S1). The total
uncertainty in the temperature measurements was estimated to be the sum of the sensor-accuracy
after calibration with CTD data and the required adjustment-value applied. A depth-uncertainty of
5 cm was applied to account for possible error in the estimation of how far the MTL was inserted
into the sediment. With these uncertainty values, we performed a total-least-squares linear
regression (Krystek and Anton, 2007) to the temperature data to estimate a thermal gradient
including the standard deviation and 95% confidence intervals.

The in-situ temperatures are then combined with the gas chemistry (Pape et al., 2020) and
pore water salinity to estimate the methane hydrate phase boundary and BGHSZ (Tishchenko et
al., 2005). Afterwards, we compare that with the depth of the seismically observed BSRs. The
conversion of pressure (Pa) to meter below seafloor was done by incorporating sea-water density
of the water column (1017 kg/m®) and sediment pore water (1005 kg/m?). Also, due to the way
how dissociation pressure is determined in the phase boundary by Tishchenko et al. (2005), the
conversion requires to account for the average atmospheric pressure (~100 kPa) to be added to the
hydrostatic pressure values of seafloor and BSR depths before identifying the crossing point of the
temperature-depth-profiles with the phase boundary. Conversion of depth (m) to seismic two-way
travel time (s) was achieved with an average P-wave velocity for the water column (~1475 m/s)
from acoustic measurements carried out for calibrating multibeam measurements (Bohrmann et
al., 2018) and a sub-seafloor velocity-depth function that match the P-wave velocity data from
borehole-logging (Riedel et al., 2020). All seismic data were adjusted to the same water-depth
datum at intersection points so that the seismically defined seafloor depths match the water depths
at the two drill sites.

2.2 Analyses of pore fluid constituents

Sediment from the MeBo and gravity cores was subsampled for pore water analyses

(Bohrmann et al., 2018). The pore water was extracted in the ship’s cold room at temperatures of
8
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~9 °C (equivalent to the bottom water temperature) with a low pressure-squeezer (3—7 bar). Pore
water was filtered through 0.2 um cellulose acetate Whatman filters and collected in recipient
vessels. Onboard measurements included analysis for content of NH4*, total alkalinity (TA), and
dissolved SO.%, Br, and CI" ions. The respective chemical analytics follow standard procedures
(Grasshoff et al., 1999). The pore water content of CI-, Br, and SO4%> was determined by ion
chromatography using the IAPSO seawater standard for calibration. Chlorinity values in mM were
transferred to salinity. In the following, we report salinity using the Practical Salinity Unit (PSU).
All MeBo drill core sediments are affected by some infiltration of bottom water, which was used
as drilling fluid. Since the pore water is depleted of SO4?" at depths below 7 mbsf, the measured
content of SO42 was used to correct for the bottom water contamination, according to the following
equation:
Ceorr = (Cmeas — faw * Caw) / (1 — faw)

where faw = SOsmeas / SO4,8w iS the fraction of bottom water contaminating the pore water sample
based on the ratio of the measured sulfate-concentration in the sample and the bottom water, Crmeas
and Cgw are the measured concentrations of CI-, Br, NH4*, and TA in the sample and the bottom
water, respectively. Bottom water concentrations were determined from bottom water sampled
(Bohrmann et al., 2018).

2.3 Seismic data

Several types of seismic data are available for our study region. During expedition MSM34
(RV MARIA S. MERIAN, 2013/2014, Bialas et al., 2014) a set of regional multichannel seismic
(MCS) lines were acquired using a single GI gun (volume ~4L, 250 in®) and a 1050 m long
streamer consisting of 168 channels. Additional high-resolution MCS lines were acquired around
the horse-shoe shaped slope failure the with a short streamer (237.5 m active length, 76 channels)
and small GI gun (volume 1.5 L, 90 in®). Processing of all the MCS data included geometry
definition, sorting, band-pass filtering (10 — 150 Hz) and velocity analyses with normal move-out

correction for an initial stack. Time and depth migration were performed using the velocities from
9
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the regional MCS-lines. A 3D seismic data volume covering an area of 3.3 x 8.7 km? was acquired
with the P-Cable system and a single GI gun (volume ~1.5 L, 90 in®) during expedition MSM34
focusing on the horse-shoe shaped slope failure area (Hillman et al., 2018a). The P-Cable 3D data
also cover the drill sites MeBo-17 and MeBo-19. P-cable processing includes 3D bin-sorting and
stacking, band-pass filtering (50 — 200 Hz), and time-migration based on interpolated velocity

values from the regional MCS data.

3 Results

3.1 In-situ temperature

Seafloor temperature at the MeBo-17 drill site was defined as average value from the miniature
temperature data logger (MTL) used with MeB0200 when the MTL was stored inside the rig in
between individual deployments and confirmed by deployments with the thermal heat-probe
(Bohrmann et al., 2018). These values are in good agreement with water column temperature
measurements conducted during various previous expeditions (Bialas et al., 2014; Riboulot et al.,
2018; Bohrmann et al., 2018). Adjustment values to the MTL-based downhole temperature
measurements are required to account for cooling effects by the borehole fluid (Riedel et al., 2018).
The adjustments vary from a minimum of 0.018 °C (at 7.35 mbsf) to a maximum of 0.051 °C (at
143.85 mbsf). The adjusted temperature values (Table S1) then suggest an average thermal
gradient of 21.86 (x0.3) °C/km over the drilled sediment interval excluding the seafloor data point.
If the seafloor temperature is included but not fixed, the best-fit gradient is ~23.78 (£0.24) °C/km.
A seafloor intercept of the linear gradient is calculated to 9.02 (£0.01) °C. Temperature readings
in the shallow-most sediments can be affected by temperature variations in the water column
(Hillman et al., 2018a) as noted from deployments with a 6m-long heat-probe around the MeBo0200
drill sites. As a result, estimated temperature gradients can be too high (Bohrmann et al., 2018).
We use an average thermal gradient of 23.78 (£0.24) °C/km to best describe the results from the

MeB0200 drilling if a linear gradient is to be used.
10
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Figure 2 (a) Downhole temperatures derived at Site MeBo-17 and MeBo-18 (Table 1). These
data suggest an average thermal gradient of 23.78 (£0.24) °C/km (dashed black line is the average
thermal gradient with two standard deviations (equivalent to a 95% confidence interval) shown as
dotted lines). Also included are the initial temperature values (open symbols) before adjustment
(crosses). For comparison, temperature data up to 12 m below seafloor from station CSF4 (Calypso

Flux coring system, GHASS Expedition with R/V Pourquoi pas?; Riboulot et al., 2018), ~2.8 km

east of MeBo0-16, are also shown.

3.2 Pore fluid constituents and sediment physical properties

At all MeBo drilling sites, the uppermost 25 mbsf of sediments are characterized by a steep decline
in pore fluid salinity from bottom water values of ~22 PSU to nearly constant values around 2 — 3
PSU for the remainder of the bore hole (Figure 3a). This decline is also evident in all gravity and
piston cores taken across the region (Soulet et al., 2010) and consistent with observations made

during DSDP drilling (Ross et al., 1978) and coring performed during the GHASS expedition (Ker
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etal., 2019; Riboulot et al., 2018). Sediment porosity shows a steep decrease in the upper 25 mbsf
from 0.9 to 0.5 and (with small variation) remains nearly constant below at values around 0.4 to
0.5 (Figure 3b). The sediment column drilled with MeBo0200 is mostly comprised of uniform
sediments consisting of clay to silty clay (Bohrmann et al., 2018) with only subtle variation below
40 mbsf as shown by the natural gamma-ray log (Figure 3c). P-wave velocity (Figure 3d) and bulk
density (Figure 3e) overall show also little changes yielding small impedance contrasts overall

associated with a low-amplitude seismic reflection character (Figure S3) (Riedel et al., 2020).
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Figure 3 Depth profiles of (a) pore fluid salinity, and (b) porosity from all MeBo drill sites
and coincident gravity cores (GC). A steep decline in salinity from near-seafloor values of ~22
PSU to almost constant values around 3 at greater depth is evident. Also shown are (c) natural
gamma-ray and (d) P-wave velocity log-data acquired at Site MeBo-17 and (e) bulk density record
obtained post-drilling from cores taken at Site MeBo-17.

3.3 Seismic data and BSRs

As shown in Figures 4, a prominent reflection, called BSR-1, is identified in the MCS data
crossing the stratigraphy and showing a polarity opposite to that of the seafloor reflection. This
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has been interpreted as the current expression of the sl BGHSZ (Popescu et al., 2006; Zander et
al., 2017, Hillman et al., 2018a). Below this reflection, up to two additional BSRs are identified at
MeBo-16, and following nomenclature previously introduced (Zander et al., 2017) those are BSR-
2 and BSR-3. We mark these events on MCS lines 897-03 and 897-15 in Area-1 near the MeBo
sites of the S2 channel (Figure 4a, b). We also created a splice through the drill sites using the
available seismic data (Figure S3) highlighting the continuous levee-stratigraphy in the region
(Riedel et al., 2020). The higher-frequency P-Cable 3D data (Figure 4c, S4a) and high-frequency
2D line P4105 (Figure S4b) also clearly show BSR-1. In Area 2 around the S4 channel, the BSR-
1is identified along MCS lines 897-04 (Figure 4d), 897-24 (Figure S5a), and 897-05 (Figure S5b).
Along the seismic lines strong seismic reflection amplitude cut-offs appear shallower than BSR-1
and when connected, they mimic a BSR-like behaviour. In some instances, a continuous reflection,
cross-cutting, and of opposite polarity to the seafloor is fully developed within the P-Cable 3D
data (Figure 4c) and some of the 2D MCS data (Figure 4a, d). This shallower BSR-like event is
called BSR-0 for discussion purposes and marked in orange on the seismic sections. We also
present a collage of close-up images of these BSR-0 events in Figures 4e-g.

Within the 3D data at the S2 channel, several bright spots developed above BSR-1 along
the western levee, SW of the MeBo-17/-19 drill sites (Figure 5a). The bright spots are tied to a
specific horizon (Horizon-A) which was traced through the 3D data. The reflection of this horizon
is mostly dim but polarity is opposite to that of the seafloor indicating a density reversal (Riedel
et al., 2020). We extracted seismic amplitude and similarity attributes along horizon-A revealing
a consistent fault pattern (Figures 5c¢). The occurrence of the bright spots is tied to the fault pattern
depicted by the 3D data (Figure 5d). Above Horizon A, another polarity reversed reflection is seen
that does not exhibit any bright spots although the same faults tied to the bright spots below are
cutting through this reflection. Below BSR-1, reflection amplitude of all layers is much increased

and the dip of the layers within the levee complex is generally towards the SE.
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Figure 4. Images of 2D seismic data showing multiple BSRs in the Danube deep sea fan
region. Examples from the S2-channel: (a) line 897-03 (MeBo-16), (b) line 897-15 (MeBo-17),
and (c) inline 1304 (P-Cable). Example from the S4-channel: (d) line 897-04. Location of lines
see Figure 1. Yellow dotted line is base of gas hydrate stability (1D model) given today’s
conditions based on MeBo drilling (seabed temperature of 9°C, thermal gradient of 23.78 °C/km).

Images of (e) - (g) are close-ups of boxes shown in (a) — (d) highlighting BSR-0 above BSR-1.
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4 Discussion and Interpretation

The new drilling data down to ~144 mbsf acquired during expedition M142 allows a
detailed interpretation of the dynamic gas hydrate system in the deep-sea fan of the western Black
Sea as critical in-situ observations were missing before (Riboulot et al., 2018; Ker et al., 2019).
Since the LGM, bottom water temperature in the Black sea is increasing and sea-level has risen by
~100 m. Those processes resulted in an effective upward shift of the BGHSZ (Riboulot et al.,
2018; Ker et al., 2019) as the large increase in temperature (upward shift) overwhelms the opposite
effect from the increase in hydrostatic pressure (downward shift). Previous work has shown wide-
spread BSRs in the slope region of the Danube deep sea fan, including up to 4 paleo-BSRs
attributed to various former climate stages with stable temperature and pressure conditions
(Popescu et al., 2006; Zander et al., 2017). The prominent seismic reflection identified as BSR-1
in previous studies (Baristeas, 2006; Popescu et al., 2006, 2007) was initially attributed to today’s
climate conditions. Subsequent modelling showed that this may not be necessarily correct (e.g.
Hillman et al., 2018b; Zander et al., 2017; Ker et al., 2019) but deep borehole data were lacking.
Our new temperature and borehole data from the MeBo drilling during M142 confirm that the
BSR-1 is not marking the current BGHSZ in the western Black Sea as outlined below.

4.1 Downhole temperatures

Previous work in the Black Sea on thermal gradients and modelling of the gas hydrate
stability zone were performed based on heat-probe systems with sediment-penetration depths of
typically 6 m (Vasilev, 2015; Hillman et al., 2018b) or using thermal probes mounted on the
outside of coring devices (Romer et al., 2020; Riboulot et al., 2018). These shallow penetration
systems result in thermal gradients that may not be representative for the deeper sediment section,
especially at BSR depths >140 mbsf, particularly in dynamic, thermally not equilibrated systems
as the Black Sea. The new temperature information from MeBo drilling allows to address changes
in the thermal state of the upper 100 m — 200 m of sediments below seafloor induced since the end

of the LGM, and to correct for errors involved in projecting a linear gradient from heat-probe data
16
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to BSR depths. As seen at Site MeBo-17 (Figure 2), down-hole temperatures deviate from a linear
trend over the shallowest portions of the borehole up to ~30 mbsf with a slight concave pattern
that reflects the decline in porosity and associated change in thermal conductivity. Within the
uncertainty limits of the MeBo temperature data, we do not observe a temperature-depth profile
that reflects the impact of bottom-water warming since the LGM (i.e. a convex-shaped profile) as
e.g. shown in the model by Zander et al., (2017). Thus, the warming-process of the sediments over
the depth interval cored may have already reached a near temperature-equilibrium, which is similar
to the findings described by Ker et al. (2019). Therefore, using a linear thermal gradient may be
(within the limits of all uncertainties) applicable for a first-order estimate of the BGHSZ and
discussion on its depth relative to seismically inferred BSRs.

4.2 Depth of the base of gas hydrate stability zone

Using the temperature data and core-derived properties of pore water salinity and gas molecular
composition allows calculating the phase boundary for sl methane hydrate at the drill sites (Figure
6). At Site MeBo-17, the pore water salinity for the depths below 40 mbsf is 2 — 3 PSU (Figure 3).
The temperature data from all tool deployments determine an average thermal gradient of ~23.78
(£0.24) °C/km, which intersects the sl methane hydrate phase boundary for a salinity of 3 PSU at
~110.5 mbsf (Figure 6a). However, uncertainties in the thermal gradient and fluctuations in pore
water salinity (Figure 3a) define an interval for the possible BGHSZ (Figure 6). The method of
total-least-squares applied in the linear regression incorporates all measurement uncertainty in
depth and temperature and is superior to simple linear regression due to the depth-dependent
uncertainty in the temperature-adjustment needed to account for the bore-hole cooling prior to the
measurement itself. Using a salinity of 2 PSU and a lower thermal gradient of 23.3 °C/km then
results in a BGHSZ at 118 mbsf. In contrast, using a higher salinity of 3 PSU and a steeper thermal
gradient (24.26 °C/km) results in a BGHSZ at 106 mbsf.

At Site MeBo-16, no in-situ temperature data exist but pore water data suggest a similar

range in salinity values at depths below ~40 mbsf. We use the geothermal gradient defined from
17
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MeBo-17 to estimate the BGHSZ (Figure 6c, d) for a bottom water temperature of 9.01 (£0.01)
°C from the coincident heat-probe deployment (Bohrmann et al., 2018). Using the same range in
parameters yields a 95% confidence interval for the BGHSZ ranging from 165 mbsf (3 PSU, 24.26
°C/km) to 179 mbsf (2 PSU, 23.3 °C/km). An average value for the BGHSZ at MeBo0-16 is thus
172 £7 mbsf.

As expected, the pore-fluid salinity in the sediments below 40 mbsf is lower than that of
current bottom seawater (~22 PSU, e.g. Oszoy and Unltata, 1997) reflecting the depositional
environment when the Black Sea was a fresh-water lake (Ross et al., 1978; Soulet et al., 2010;
Constantinescu et al., 2015)). The smooth pore water salinity profile determined at the MeBo drill
sites reflects the current balance between upward diffusion of salt from deeper sections with higher
salinity reflecting the hyper-saline stage of the Black Sea (e.g. Calvert and Batchelor, 1978;
Manheim and Schug, 1978) into the fresh-water interval of the last glacial period, and the
downward diffusion of salt from current bottom waters. Another process to reduce the pore water
salinity upon core-recovery is the dissociation of gas hydrates (e.g. Hesse, 2003). In open-ocean
environments when sediments were deposited in an always-saline environment, the deflection of
pore water salinity to lower than the background level (e.g. a salinity of 34 PSU) has successfully
been used to infer the presence and concentration of gas hydrates (e.g. Kastner et al., 1995; Torres
et al., 2004). Thus, if gas hydrates were present in the sediments at the MeBo drill sites, their
dissociation prior to the pore water sampling could locally depress the pore water salinity further.
During the processing of MeBo cores and prior to pore water sampling, infra-red (IR) imaging was
used to infer the presence of gas hydrates (Bohrmann et al., 2018). However, no cold-spot
anomalies were recognized in the IR data, probably a result of overall low in-situ gas hydrate
saturations and damping of any temperature signal from gas hydrate dissociation due to a long
time-span of usually ~1 hr between the time the cores were outside the gas hydrate stability zone
(upon MeB0200 recovery at water depths ~400 m), core recovery from the magazines, and final

IR imaging on deck. Cross-plots of 5'80-8%H of the porewater at sites MeBo-16 and MeBo-17
18
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(Pape et al., 2020) show that the pore water data lie overall on a local meteoric water line,
suggesting no significant gas hydrate presence in the recovered sediments. At Site MeBo-16,
previous velocity-based inferred gas hydrate saturations for the depth interval cored are ~5% of
the pore space (Ker et al., 2019), generally in agreement with our borehole-based observations.
Core-log-seismic integration (Riedel et al., 2020) and prior MCS velocity analyses (Zander
et al., 2017) did show that P-wave velocity is well constrained with only minor uncertainty. On
average, P-wave velocity from MCS data is 1600 m/s for the interval from seafloor to BSR. The
P-wave log from site MeBo-17 (Figure 3d) also confirms this as an average value. Upper and lower
bounds in velocity were defined yielding a range in velocity from 1560 to 1640 m/s. Together with
a small uncertainty in defining the BSR and seafloor two-way travel-times on seismic sections (2
ms), this results in a small uncertainty in the BSR-1 depth values. Time-depth conversion yields a
BSR-1 depth at Site MeBo-17 of ~144 +4 mbsf. Here, additional evidence for free gas at this depth
came from visual observation of gas bubbles rising through the drill string to the seafloor (Figure
S6) observed with the bottom-cameras attached to the MeBo rig (Bohrmann et al., 2018). The
BSR-1 at Site MeBo0-16 is at ~202 +5 mbsf, accordingly. Overall, the estimated intervals for the
current BGHSZ based on a linear thermal gradient and the BSR-1 depths are not matching at the
MeBo-16 and MeBo017/19 drill sites, and the current BGHSZ is always significantly shallower

than the BSR-1 (Figure 6).
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4.3 Seismic observations of multiple BSRs

The deepest temperature measurement at Site MeBo-17 at 143.85 mbsf is clearly within
the realm of free gas (temperature higher than what is required for solid hydrate, Figure 6a, b) even
for the smallest in-situ salinity assumed. The measurement at a depth of 126.35 mbsf is situated
just at the edge of the phase boundary (see Figure 6a, b), which is slightly deeper than the crossing
point of the phase boundary with the assumed average linear temperature gradient (which was at
125.5 +10 mbsf). Thus, the current temperature conditions indicate that the BGHSZ is significantly
shallower than the BSR-1, even when taking all uncertainties and limits of the method involved
into account. The shallow BSR-0 seen above the BSR-1 (Figures 4, 5, S4, S5) could therefore be
the result of the new thermal conditions imposed since the LGM. The depth-difference between
BSR-0 and BSR-1 (~15 m) is about the same as the difference between the modelled current
BGHSZ and BSR-1 at the drill sites MeB016 and MeBo-17. This BSR-0 is seen most prominently
along the eastern levees of the S2 and S4 channels. We also observe from the distribution of the
various BSRs, that the relic BSR-2 and the shallow BSR-0 do not overlap regionally, which also

is true for the region of fault-promoted vertical gas flow (Figure 7).
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Figure 7 Map of distribution of various BSRs observed in the region of the MeBo drilling
sites at the S2 channel (Area 1). BSR-1 is shown in white outline, BSR-2 in blue, and BSR-0 in

orange. Superimposed on the bathymetry are the fault patterns of the horizon shown in Figure 5.

Zander et al. (2017) showed that former BGHSZs (seismically seen as multiple BSRs) can
survive for prolonged periods in time as seismic expression of the presence of free gas. Formation
of a laterally continuous BSR requires stable climate conditions so that sufficient free gas can
accumulate at the stationary phase boundary to produce a sufficient acoustic impedance contrast.
Local permeability barriers are required for hampering free gas migration and solubility of
methane must also be a limiting factor; otherwise, gas would be dissolved and no seismic reflection

can occur from the impedance contrast between gas-free and gas-bearing sediments. Where gas
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could migrate laterally or vertically, the paleo-BSRs may no longer be seismically identified. This
explains the pattern of multiple BSRs at the S2 channel (Figures 7). Where the BSR-2 disappears,
a BSR-1 and BSR-0 are seen, highlighting gas migration along strata as well as faults. The (small)
region of bright spots developed SW of the MeBo-17/-19 drill sites also show the characteristics
of a BSR-like pattern if the bright-spots are connected (Figure 5a, b). The gas migrated along the
faults vertically until it reached a suitable host-strata where the free gas amplifies the reflection
strength. The Horizon A which shows the bright spots is still deeper than the predicted BGHSZ
using 1D modelling (Figure 5). The faults seen continue to shallower depth (to ~100 mbsf) but do
not reach all the way to the seafloor. Yet, a prominent reflection above Horizon A that is also cut
by the faults does not exhibit any bright spots.

The occurrence of a BSR-0 across the eastern levee region of the S4 channel is observed
only at a few MCS lines but a laterally continuous BSR-1 and BSR-2 are seen. The modelled
BGHSZ for current conditions (bottom water temperature of 9 °C) is shallower than BSR-1 but a
thermal gradient of 23.78 °C/km determined at MeBo-17 may not be as applicable at the S4
channel due to the distance between the sites (~25 km). However, pore water salinity conditions
should be similar between those two regions given the nature of the mostly layered levee-
sediments and their similar sub-seafloor depth. As we only have few seismic lines available around
the S4 channel, interpretation of the short BSR-0 segments are uncertain. However, the similarities
between the S2- and S4-channels are striking.

The current BGHSZ (BSR-0) has for most regions in the study area no seismic expression
of a free gas layer underneath the phase boundary (with the few exceptions shown), which has
several implications: (i) Gas hydrate was not present in the sediment above BSR-1 as otherwise
we would see a free gas reflection from dissociated gas hydrates or a BSR-like event from the
contrast in hydrate-bearing sediment above hydrate-free sediments below the current depths of the
BGHSZ. (ii) Methane from gas hydrate present in the past is fully dissolved into the pore water,

S0 no excess free gas exists to form a seismic expression of a new BSR-0. Thus, former gas hydrate
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concentrations must have been overall low to allow for such a process to work. (iii) Gas migration
and sediment permeability (on the pore scale along layers and on a macroscopic scale involving
faults or fractures) must be mostly low in the depth interval around BSR-1 with free gas remaining
at the paleo-depth corresponding to former stable gas hydrate conditions.
4.4  Implications

The borehole temperature data suggest a BGHSZ that is 15 — 20 m shallower than what is
seismically imaged as the BSR-1 (Figure 6). In several regions a ‘new’ BSR-0 has developed at
shallower depths (Figures 4, S4, S5). The depth difference between BSR-1 and BSR-0 is at most
~20 m and is best seen on the eastern wall of the levees of the S2 and S4 channels. The seismic
reflection of the BSR-0 is seen systematically in all different seismic data types available in the
study region. We suggest that the adjustment within the sediment system from the LGM to the
present-day conditions is still ongoing, resulting in a still changing gas hydrate stability zone. The
BGHSZ has moved upwards to shallower levels but free gas migration from greater depth (where
it was trapped at the BSR-1) has not kept up with the faster temperature adjustments on a regional
scale. However, gas migration occurs laterally along more permeable strata and is locally promoted
through faulting resulting in a new, but patchy free-gas reflection that is mimicking BSR-type
behaviour. Based on simple 1D diffusion modelling we infer a first-order estimate of the time
required for methane to diffuse upwards towards the newly established BGHSZ from the BSR-1
depths. Assuming an effective methane diffusivity of ~4.5x102° m?/s in pore water (salinity of 3,
temperature of 10°C, pressure of 10 MPa, porosity of 0.45, following Kossel et al., 2013) it would
require ~8,000 years for methane to diffuse upwards over a distance of 15 m. This is approximately
the same time span since the connection between Black Sea and Mediterranean Sea was re-
established (e.g. Soulet et al., 2011). Since the BSR-1 still lags behind the shallower BGHSZ, gas
migration (either by diffusion or as free gas bubbles) must be more severely slowed down. This
could be linked to pore-throat effects limiting the ascent of free gas bubbles by pure buoyancy

(Schowalter, 1979), or capillary effects that locally impact methane solubility (Liu and Flemings,
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2011). Alternatively, Ker et al. (2019) argued that initial gas hydrate dissociation due to the (faster)
thermal equilibration resulted in some amount of over-pressure (free gas from dissociation cannot
quickly dissipate), which in turn enables re-formation of gas hydrate below the current steady-
state BGHSZ (assuming hydro-static pressure) and above the former BSR-1. Our new drilling at
MeBo-16 and MeBo-17/19 did show no evidence for the presence of any significant gas hydrate
from coring or geophysical logging in the depth interval above the BSR-1 where this re-formed
gas hydrate would be located. In particular, the P-wave velocity log at MeBo-17 (Figure 3d) shows
nearly no variation at all around an average value of 1600 m/s that may be from gas hydrates, thus
arguing against the hypothesis by Ker et al. (2019) of over-pressure-related re-formation of
hydrates.

In general, this new study and previous work in the Black Sea highlight the complexities
and limitations involved in relating seismically observed BSRs to the gas hydrate stability zone
and a thermal regime. The assumption of linear gradients may not uniformly apply, especially in
regions with strong post-glacial temperature and pressure changes such as the Black Sea or Arctic
margins, or regions with recent tectonic events or slope failures. Discrepancies between theoretical
predictions of the BGHSZ and seismically observed BSRs have been observed along several other
continental margins e.g. off Svalbard by Plaza-Faverola et al. (2017) or the Blake Ridge off the
eastern US Atlantic margin by Ruppel (1997). The observed differences may be related to capillary
effects on the methane solubility (Liu and Flemings, 2011) or complex mixes of hydrocarbons
(other than methane). These studies all highlight the need for high-quality in-situ temperature
measurements, a suite of sediment physical properties useful for thermal modelling (i.e. porosity
and/or thermal conductivity), and a good control on seismic velocity (from logging data or MCS

data) to reduce uncertainties in the time-depth-conversion.
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5 Conclusions

The wealth of new drilling data especially temperature down to ~144 mbsf acquired during
expedition M142 allowed a detailed new interpretation of the dynamic gas hydrate system in the
Danube deep-sea fan of the western Black Sea. Since the last glacial maximum (LGM), bottom
water temperature in the Black sea is increasing and sea-level has risen by ~100 m. This
combination will shift the base of the gas hydrate stability (BGHSZ) upwards. Previous work has
shown wide-spread BSRs in the slope region of the Danube deep sea fan, including up to 4 paleo-
BSRs attributed to various former climate stages with stable temperature and pressure conditions.
The prominent seismic reflection identified as BSR by previous researchers was attributed to
today’s climate conditions. However, our new work showed that this is not necessarily the case in
the western Black Sea. The borehole temperature data suggest on average a BGHSZ ~20 m
shallower than what is seismically imaged as the BSR (here called BSR-1). In several regions a
‘new’ BSR has developed (here called BSR-0) above the BSR-1. The depth difference between
BSR-1 and BSR-0 is ~15 m and is best seen on the eastern wall of the levees of the S2 and S4
channels. The seismic reflection of the BSR-0 is seen systematically in all different seismic data
types available in the study region. We conclude that the adjustment of the sediment-temperature
conditions imposed since the LGM may have reached a near equilibrium and established a
shallower gas hydrate stability zone than expected from BSR depths. Yet, gas migration lags
behind and gas is still moving upwards to shallower levels establishing a new BSR over time. Gas
migration from greater depth where it was formerly trapped at the BSR-1 occurs laterally along
more permeable strata but is also locally promoted through faulting. Using the BSR as proxy for
geothermal gradients may be misleading and should be treated with caution especially in the

absence of any deep drilling data.
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Supporting Information

In this supplement, we show the raw temperature records of each measurement-process made
with the MTL-tool in situ (Figure S1). The temperature record of the MTL during the entire
drilling process is shown in Figure S2, illustrating temperature variations throughout the
complete coring and drilling process.

Figure S3 provides a collage of seismic data across the S2 channel providing a tie between the
two main drill-holes MeBo-17 (west) and MeBo-16 (east).

Figures S4 and S5 are additional seismic images of the newly developed bottom-simulating
reflection (here referred to as BSR-0).

Figure S6 is a snapshot of rising gas bubbles from the borehole at MeBo-17 when the drill bit
was at the depth of the seismically imaged BSR-1 at around 144 mbsf.

Table S1 provides detailed data of in situ temperatures measured at MeBo-17.

35



759
760

761
762

102
28 101
04 pull out
or ol pull out
pull out - Insert
93 Yy
g & e = 2
9.8
R £ 2 g
b '™ = 8 .,
: : = 2
£ a1 j = g g £
# g e 92 = T
(= ;
80 o a8
—} 94
9.0
8.g
89 93
(a) T1 (b) T2 (c) 13\
B8 400 800 800 1000 1200 1400 23 530 730 . 0 130 133¢ 1530 92 2050 2250 2450 2650 2850 3050
Time (s) Time (s) Time (s)
105 10. 12
=
104 I’lsert 10,8/ 111 Q
= %]
pull oyt © c
103 107 w il =
= ©
s - pull out oo c =
1 10.8 3 = O
g 101 :(3 10, :6‘ 108 E
% 10. g‘ 104 g 107
& <t i
L oo 8 10a 2 108
5 5 5
E 98 E 10. = 105
8.7 101 104
96 100 103
(d) T4 (e) T5 (f) T6
95 — 9.9- 102
750 950 1150 1350 1550 1750 420 620 _ 820 1020 1220 1420 350 550 _ 750 950 150 1350
Time (s) Time (s) Time (s)
1. 1" 16
- Insert
109 5 11 pU|[ out
14
@ pull out
10.81—
"’ \
’ | O S pull aut
L @
~~ 10& — —
Q 9 e
© s o g 'Dbl
= = 3
© ® ©
-~ fel [
g o 8 2 10e
£ i3 £
SR e e
04
10.2 g8
‘0.2
10.4 27
(9) ik (h) T8 (i) T9
10 630 830 1030 1230 1430 1830 o3 460 860 __ 860 1060 1260 1480 = 500 700 900 1100 1300 1500
Time (s) Time (s) Time (s)
12. 120 127
- e pull out e Insert pull out
pull out Insert )
17 "7 12 k_\
116 18 12. /
o 9 o
T ons T ons o122
g = -
© 14 © 14 " 121
1.3 1n3 12.0
@ e &
1.2 1.2 ns
1" = 1.1 "
G) T10 (k) 11 (1) 2
i 1100 1300 __ 1500 1700 1900 2100 R 1200 1400 1600 1800 2000 2200 " 1200 1400 _ 1800 1800 2000 2200
Time (s) Time (s) Time (s)

Figure S1

(@) — (I): Temperature records of deployments of the MTL at Site MeBo-17. Times
of insertion into sediment and pull-out are indicated.
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Figure S2  (a) Image showing the temperature measured with the MTL during the entire
drilling process at Site MeBo-17. Twelve insertions of the tool were made (T1 — T12). The tool
was stored in the MeB0200 rig while coring operations were conducted. The movement of core
barrels also affects the temperature at the MTL, but temperature does cool down to bottom-water
levels regularly. (b) Detailed view for the period of the first five temperature measurements (T1 —
T5) and core-barrel runs (P1 — P19).
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Figure S3  Splice of seismic sections through the MeBo-16 and MeBo-17 drill sites. Simplified
stratigraphy of Unit A and Unit B are included with key stratigraphic horizons marked as blue
dashed lines (modified from Riedel et al., 2020). The main BSR-1 is regionally imaged. Deeper
paleo-BSRs (BSR-2, BSR-3) can be seen only locally. Note, the frequency difference in the P-
cable and MCS data from using different seismic sources results in different imaging character of
the subsurface along the section.
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791  Figure S4  Examples of high-frequency seismic data from expedition MSM34 at the S2-
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805 Figure S5  Examples from regional MCS data of expedition MSM34 at the S4 channel region:

806  (a) line 897-24 showing a wide-spread BSR-1 and BSR-2, (b) line 897-05, crossing the meandering
807 talweg of the S4-channel twice. Here, only BSR-1 is seen, together with a shallower BSR-0
808  (orange arrows). Yellow dotted line is base of gas hydrate stability (1D model) given today’s
809  conditions based on MeBo drilling. Location of lines see Figure 1.
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MARUM MeBo, M142, 19.11.2017, 06:27:21 UTC

Figure S6 Image taken from the inside of the MARUM MeBo0200 drill rig frame when
performing operations at Site GeoB22605-1 (MeBo17). The photo was taken on November 19,
2017 when drilling reached a depth of 143.85 mbsf, close to the expected depth of the BSR-1. Free
gas bubbles escaped from the borehole (examples indicated by red arrows) and deeper drilling was
stopped.
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Table S1.

Site Depth Time of Insertion | Correction Initial Adjusted in
below exposure | depth of applied estimated situ
seafloor (min) sensor (°C) temperature | temperature
(m) (mm) ©) (°C)
MeBo-17 7.35 39 155 0.018 9.243 9.261
GeoB22605-1 17.85 30 138 0.018 9.541 9.559
28.35 30 130 0.020 9.811 9.831
38.85 46 131 0.026 10.030 10.056
49.35 41 119 0.027 10.287 10.314
59.85 48 98 0.029 10.559 10.588
70.35 97 132 0.042 10.626 10.668
80.85 28 140 0.034 10.727 10.761
91.35 40 133 0.038 11.211 11.249
115.85 75 121 0.049 11.54 11.589
126.35 44 135 0.048 11.742 11.790
143.85 41 134 0.051 12.416 12.467
MeBo-18 14.35 53 143 0.022 9.498 9.520

GeoB22609-1

In situ temperature data from Site MeBo-17 (GeoB22605-1) and MeBo-18
(GeoB22609-1). The maximum possible penetration (and thus maximum distance to top of
exposed sediment and minimum effect of the cooling) for the MTL is 15.5 cm.
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