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Abstract
Marine controlled source electromagnetic (CSEM)adéiave been analyzed as part of a larger
interdisciplinary field study to reveal the distitibon and concentration of gas hydrates and freergévo
working areas (WAs) in the offshore Danube fanhia western Black Sea. The areas are located in the
Bulgarian sector in about 1500 m water depth (Wadgl in the Romanian sector in about 650 m water
depth (WA2). Both areas are characterized by cHalewee systems and wide spread occurrences of
multiple bottom simulating reflections (BSRs) sustijgg the presence of gas hydrates. Electricadtreisy
models have been derived from two-dimensional (ZDgrsions of inline CSEM data using a seafloor-
towed electric dipole-dipole system. Comparing tesistivity models with coincident reflection seism
profiles reveals insight in the sediment stratigsapf the gas hydrate stability zone (GHSZ). Gadrate
and free gas saturation estimates have been dewnithda stochastic approach of Archie’s relatiopshi
considering uncertainties in the input parameteaslable from drilling with the MeBo-200 seaflodgrin
WAZ2.
The resistivity models generally reflect the tréinsi of marine to lacustrine conditions expressgdab

sharp decay of pore water salinities in the topt@0n below seafloor caused by freshwater phas#seof
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Black Sea due to sea level low stands in the pastvAl, we derived saturation estimates of 10-20%
within a 100 m thick layer at around 50 m deptlobethe channel which compares well with estimates
from seismic P-wave velocities. The layer extenelew the western levee with even higher saturatains
20-30%, but high gas hydrate saturations are uglik&hin the fine grained, clayey sediment sectiand

the high resistivities may reflect different litegies of lower permeability and porosity. The reggslayer
terminates below the eastern levee where increassigtivities at depth towards a stack of multipgRs
indicate gas hydrate and free gas concentratiotisiorder of 10% to locally 30%. WA2 is characted

by a major slope failure at the landward edge efdhs hydrate stability field next to the chanGds
hydrate saturation estimates within the slump arealose to zero within the GHSZ which is in agrest
with coring results of the nearby MeBo drill sit€devated resistivities below the steeply upwarddirg

BSR lead to saturation estimates less than 10%eefdas that may have accumulated.

Keywords gas hydrate assessment; marine controlled seleceomagnetics; 2D inversion; western Black

Sea
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1. Introduction

The electrical resistivity derived from marine aofied source electromagnetic (CSEM) data can lage

to the presence and volumes of gas hydrates irssatwor sediments (Edwards, 1997). Gas hydrates ar
stable at high pressure and low temperature. Thesditions are found around the globe in marine
sediments along most continental margins, in pewsafgrounds, and deep lakes (e.g. Sloan and Koh,
2007). The interest in gas hydrate research ibat#d to the large amount of methane stored irrdigd
globally. Yet, estimates of the global gas hydiatentory differ by orders of magnitude between 6-230d
56,000 gigatons of carbon (e.g Boswell and Col@t1; Milkov 2004; Pifiero et al., 2013; Ruppel and
Kessler 2017; and references therein).

Gas hydrate deposits have been commonly identifiedeflection seismic data by imaging bottom
simulating reflections (BSRs) originating in moases from a layer of free gas beneath the base afas
hydrate stability zone (GHSZ) and solid gas hydrdilting the pore space above causing a seismic
impedance contrast (e.g. Hyndman and Spence, 199Rje reflection seismic data provide relevant
structural information, the observation of a BSRas$ a significant measure for how much gas hydreig
have formed within the GHSZ. Gas hydrates are latgovn to exist without a BSR (Sloan and Koh, 2007,
Majumdar et al., 2016). Other indicators for sewaty derived gas hydrate accumulations can belioca
observed high-amplitude reflections and blank zareassed by dispersed gas hydrates scattering seismi
energy. Free gas may penetrate into the GHSZ dloinlgconduits such as geological faults and chiysne
possibly forming gas hydrate sweet spots within@#SZ (e.g. Riedel et al., 2006). Seafloor venty ma
occur when these conduits reach the seafloor wiene can be identified using hydro-acoustic methods
(Vassilev, 2005; Naudts et al., 2006; Riboulotlet2017). Only a few percent of gas hydrate oe fgas in

the sediment may cause amplitude anomalies andkibtanmaking it difficult to account for high
saturation reservoirs from reflection seismic daltme. Seismic velocities are generally higher wigas
hydrates have formed in the sediment matrix, anetitdn free gas zones (e.g. Andreassen et al.,)1997
Marine CSEM methods offer the opportunity to prevatea-wide volume estimates of gas hydrate aed fre
gas saturations. Gas hydrates are electricallgtiesiand form in the pore space, which is typjcélled

with conductive, i.e. saline pore fluid (Edward®9I; Spangenberg, 2001). Thus, the presence of gas
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hydrates increases the formation or bulk resistiat a sediment section. Free gas also increases th
formation resistivity. It is therefore difficult tdistinguish between free gas and gas hydrates @8EM
data alone. The combination of electrical resigtiunformation from CSEM with seismic reflectiondn
velocity data has demonstrated to constrain strectlifferentiate between free gas and gas hydaate o
provide more accurate saturation estimates (e.gsw@mi et al., 2015; Weitemeyer et al.,, 2017;
Schwalenberg et al., 2017; Bialas et al., 202@, iggue). Ground truthing is still required fromring and
drilling (e.g. Tréhu et al., 2006; Expedition 31diéhtists, 2006).

We report on the analysis and interpretation of-tivoensional (2D) marine CSEM data collected in two
working areas (WAs) in the offshore Danube fan,ter@sBlack Sea. The data were acquired during R/V
Maria S. MERIAN cruise MSM35 in early 2014 (Schwaberg et al., 2014) with the goal to identify and
evaluate possible gas hydrate targets. Time do@3EM data along three profiles have been intergnete
terms of resistivity models using state-of-the-2lt inversion (Key, 2016). We compare the resistivit
models with coincident reflection seismic profilrsd seismic velocity information. Gas hydrate s#tan
estimates have been calculated applying a stocteggproach of Archie’s relationship (Archie, 194®&er
Sava and Hardage (2007) using porosity, salinity r@sistivity data from MeBo drilling (Bohrmann at,

2018, Riedel et al., 2020, this issue).

2. Geology of the Western Black Sea

The Black Sea is a quasi-closed marginal sea forduenhg the Lower Cretaceous with unusually thick
sediments in the basins. Anoxic conditions haverfed the production of methane (Reeburgh et a@1),9
and the formation of gas hydrates within the siigbfleld (Kessler et al., 2006). During the lasagal
maximum, about 20 k years ago, most of the shejiors have been exposed leading to high seafloor
temperatures of 9°C (Soulet et al., 2010) and ebedriresh water phases which have not equilibraigaly
(Degens and Ross, 1974). Present pore water gimiecay from 22 psu (practical salinity units)re
sea-bottom (Murray et al., 1991) to values betwkemd 4 psu measured on core samples down to 30 m
below seafloor (mbsf) at the outer edge of gas dtgdstability of the Danube fan (Ker et al., 2026y

within the GHSZ down to 144 mbsf using the MeBo-2i@i rig (Bohrmann et al., 2018).
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Large parts of the continental slopes lie withia ¢as hydrate stability field which extends seawdrom
water depths exceeding 620 - 725 m (Vassilev amditiiv, 2002; Lidmann et al., 2004; Popescu et al.,
2007). The presence of gas hydrate has been idféom direct sampling (Vassilev and Dimitrov, 2002
Riboulot et al., 2018), seismic data mapping theRB&lUdmann et al., 2004; Popescu et al., 2006;
Baristeas, 2006; Zander et al., 2017; Minshullle2819), and degassing experiments of sedimenples
(Heeschen et al., 2011; Pape et al., 2011). Streetgane seepage from the seafloor has been refamted
almost everywhere along the continental marginbh®Black Sea (Vassilev and Dimitrov, 2002; Nauedts
al., 2006; Klaucke et al., 2006; Schmale et all,22®Riboulot et al., 2017), and from mud volcanisnthe

deeper parts (Kruglyakova et al., 2004; Greined e2006).

2.1 Working Areas

The Danube fan in the western Black Sea offsholgaBia and Romania has been the focus area of field
studies within the German SUGAR project (Haeckedlgt2015; Wallmann and Bialas, 2009; Figure 1a).
Two WAs were chosen for more detailed geophysmatstigations during R/V MERIAN cruises MSM34
and MSM35 including high resolution 2D and 3D sé¢sdata (P-cable), ocean bottom seismometer (OBS)
data and heat flow (Bialas et al., 2014), as welPB and 3D controlled source electromagnetic dats
(Schwalenberg et al., 2014). WAL is located in Budgarian sector in water depths around 1500 m and
includes one of the older channel levee systeniseoDanube fan referred to as S1 channel in thevioig
(Figure 1b). It is characterized by stratified leveediments, mass transport deposits and seveaiatbu
paleo channels (Zander et al., 2017). A stack of 8SRs is imaged within the channel (Popescu.¢t al
2006; Baristeas, 2006). The shallowest BSR at depitlabout 320 - 380 mbsf indicates the recent base
gas hydrate stability (Zander et al., 2017). A hitywave velocity zone derived from OBS data hasbee
modeled at intermediate depth below the S1 chamoasibly indicating a layer of low saturation pore
filling gas hydrates based on the absence of shaae anomalies. Seismic velocities further incregitie
depth towards the recent BSR and drop just belenB®BR likely due to the free gas layer below (Bada

al., 2020, this issue ). WAL has no indication eftical fluid flow and gas migration through the &# In

this study we analyze two CSEM lines with profile ¢vering the S1 channel and parts of the westedn
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eastern levees coincident to multi-channel seidmie 1107, and profile P2 covering the S1 channel
towards the eastern levee (see Figure 1b). Anatysas3D CSEM data set across the S1 channel jegub
to Duan et al. (this issue).

WAZ2 is located in the Romanian sector in water kgjpetween 500 and 800 m at the landward edgesof th
GHSZ next to the S2 canyon of the offshore Daname(Figure 1c). It is characterized by a major slop
failure referred to as the S2 slump area and amalowusly upward bending BSR. Gas migration and gas
flares are abundant in the vicinity of the S2 camgb water depths of less than 700 m outside th€ GH
(Hillman et al., 2018) and further up the slopeui8bet al., 2010; Riboulot et al., 2018). MeBdlui was
carried out at coincident sites 17 and 19 locatst the S2 slump area (Bohrmann et al., 2018; €igjay
Site MeBo-17 reached the BSR at 144 mbsf, but rectdevidence of gas hydrate has been found irofny
the MeBo drill sites (Bohrmann et al., 2018, Riedelal., 2020, this issue). In WA2 we analyze and

interpret data of one CSEM line (profile P3) acritesS2 slump area.
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139 Figure 1: a) Overview map of the western Black Skawing the location of the working areas. b)
140 Bathymetry of working area 1 in the Bulgarian Seatovater depth around 1500 m across the S1 channe
141 Purple lines: CSEM profiles P1 and P2 analyzedliis tpaper, white lines: 2D seismic line 1107 and
142  outline of the 3D seismic cube, light blue dotsakion of ocean bottom seismometer, yellow line an
143 dots: 3D CSEM data set analyzed in Duan et als(tbsue). c) Working area 2 in the Romanian Seaotor
144  water depths between 500 to 800 m at the landwedge ef gas hydrate stability. Purple lines: CSEM
145 profile P3 analyzed in this paper. White line: augl of 3D seismic cube, yellow dot: location of \gta
146  core 5, light blue dot: location of MeBo sites IWidl9.

147

148 3. Materials and Methods

149 3.1 CSEM Instrumentation
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We used a seafloor-towed electric dipole-dipoleesys(HYDRA) to collect 2D time domain CSEM data.
The system consists of a heavy instrument platfatied “pig”, a 108 m long transmitting dipole (T&hd

up to five receiving dipoles (RX) of lengths betweks m and 20 m connected in-line at offsets fr& 1

m to 850 m behind the TX (Figure 2). The systemaglular which means receiving units can be added or
removed from the array, and offsets can be varieatder to adapt to seafloor conditions and tadgeths.
The pig keeps the array on the seafloor while tgwiand contains the telemetry unit, the CSEM
transmitter, a conductivity — temperature — de@i ) - probe, and an acoustic ultra-short baseline
(USBL) transponder. Each receiving dipole is comedcto a data logger with low-noise front end
electronics, sampling the inline component of th@nt electric fields at 10 kHz.

The HYDRA system has been modified from previouseys (Gehrmann et al., 2015; Schwalenberg et al.,
2017): i) For the first time a newly developed dsep CSEM transmitter was used which is mounted
inside the pig, powered by a 500 V onboard powdramd capable to transmit current signals of ug@o

A in amplitude. The new transmitter was used afiler®2, but due to technical problems replacedait
backup current transmitter placed in the lab onthdbe vessel at profiles P1 and P3. ii) A new teleyn
unit was also installed inside the pig, and enalgielihe communication and data transfer between the
onboard and seafloor units via the opto-electra@p-tow cable. iii) Two receiver units were newly
developed to allow online communication and dadadfer via Ethernet connection to the telemetry uni
inside the pig. Thus, quality checks of the dataeeh@ecome possible during deployments. Transnatier
receiver units communicate with the telemetry unéd fast DSL-modems. Up to three autonomous,
otherwise identical receiver units described in (G&nn et al. (2018) are connected by rope und towed
behind. CSEM transmitter and all RX receiver uaits equipped with a high precision atomic clockalhi
were synchronized prior to each deployment.

We applied a continuous square wave source sigtfalanperiod of 6 s and +/- 15 A amplitude whichswa
reduced to +/- 10 A in case of the backup curreamtgmitter (see data examples in the Supplementary

Materials).
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Figure 2: Set-up of BGR’s seafloor-towed electifmote-dipole system HYDRA.

3.2 CSEM Surveying

For surveying, HYDRA was aligned on the seaflood aowed behind the ship at a low speed around 1
knot with a cable length of about three-times tlaew depth being paid out. The seafloor array vege k
stationary for about 5 minutes every 300 m and h5fcross the S1 channel in WA1 to collect cleartim
series data, but data were also recorded durimgitsabetween sites referred to as “roll-on” d&arvey
progress was monitored by displaying the USBL fpansler coordinates of the pig on a calibrated map i
the control lab onboard. Profile directions weresdn with priority to match with seismic lines, bugre

subject to wind and wave directions.

3.3 CSEM Data Processing

Data processing of the CSEM data sets included graindrift corrections, and selection of time iaéds
while HYDRA was stationary at each site. A mearclstand standard deviation is calculated from
individual half periods of each receiver and trensmitter within the time intervals discarding @ that
would bias the stack. Roll-on data, recorded whitearray was slowly towed on the seafloor, artuged

in the inversion of profile P1, but were not usadhe inversion of profiles P2 and P3 due to higisa
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In the frequency domain, the individual periodsabfreceivers and the transmitter signals at eéehase
transferred using fast Fourier transform. Real anaginary parts of the earth response are calallate
eight logarithmically spaced frequencies in thegeaaf 0.167 to 300 Hz for profile P1 and 0.167 $65Hz

for profiles P2 and P3 from stacked auto and ccoseelations using relative and absolute erromestes
(see Supporting Information in Schwalenberg et2017, and Appendix in Gehrmann et al., 2018 for
further details). Additional error floors of 1%, 286d 3% were added to the data of receivers R1aR2,

R4, respectively, to facilitate convergence ofithesrsion process.

3.4 CSEM Data

Even though we managed to tow up to five receivetsuand dipoles behind the TX with a maximum
length of 900 m of the seafloor array, not all reees recorded useful data due to operating emobs
mechanical problems with the moulds and conneabtke receiver cables. The data we finally used fo
the inversion are of high quality as demonstratgdthe time series examples in the Supplementary
Materials. Table 1 gives an overview which data affdets have been used in the inversions of the

respective profiles.

Table 1: Overview or receivers, offsets, numbaesitels used in the 2D inversions and number of tikena

to reach the target misfit for the profiles showrFigures 3, 4, and 5.

Profile P1/WA1 P2 / WA1 P3/WA2
Receiver Offsets | R1:153 m R1:153 m R1:153 m
R2: 259 m R3: 359 m (8 sites) R2: 259 m
R4:572m R4: 560 m (13 sites)
# Sites 32 (+140 roll-on) 14 19
Frequency Range 0.167 — 300 Hz 0.167 —55.5 Hz 0.167 —55.5 Hz
/ # No. #8 #8 #8
# lterations 10 7 6

10
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Figure 3 4 5

3.5 Electrical Resistivity and Gas Hydrate Satimat

The electrical resistivity of the sub-seafloor ged from CSEM data depends on the sediment porosity
and the salinity and temperature of the pore flidthe presence of gas hydrates as well as fregtiga
formation resistivity increases, as both gas hydrabhd free gas are electrically resistive replacing
conductive pore water in the sediments. The welivkm empirical Archie relationship (Archie, 1942) is
typically used to derive estimates of the gas hydoa free gas saturation from electrical resigtidiata. Its

general form can be written as
— -m
Po=0ap, P @

with g formation resistivity of hydrate-free or gas-freedimentsp,; pore fluid resistivity,@ porosity,
and the empirical and dimensionless Archie coeffitsa and cementation facton. If gas hydrate, free gas

or another constituent are present, Archie’s rahethip can be extended to
— -m ¢c—n
Pr=aPw ¢ Sw (2)

whereg: formation resistivity of sediment containing hgté or free gas},: pore water saturation, amd
empirical saturation exponent. The gas hydratee® §as saturatiof;, = (1- S,) can then be calculated
using

1/n
Sgh =1— a pa)/¢m pf (3)

Note, eq. 2 demonstrates that the gas hydrate /gfas saturation becomes independent of the pdex wa

properties and porosity, if a valid backgroundstgity model can be found. In that case it is

Pr = PoSe and

11
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1/n
Son =1/ p, @

The choice of Archie coefficienssandm has been widely discussed in the literature, asddeen derived
for a wide range of artificial and natural sampilecluding various sediment types wherahbygenerally
increases as the sediment particles become lessicggdhe.g. Archie, 1942; Jackson et al., 1978)e®
and Chilingarian (1999) renamexd shape factor and found that varies between 1.2 and 3.0 for a wide
range of heterogeneous and compacted lithologi¢is variable grain and pore sizes and shapes. The
parametera was introduced by Winsauer et al. (1952) to allavbetter fit to the sample data, but is
theoretically 1.0 as the formation factor= g / o, should be 1.0 at 100% porosity. Practicadlgndm are
derived from core samples of hydrate-free or gas-tvackground sediments whends the slope of the
formation factor - porosity — relationship, amdis the intercept at 100% porosity (e.g. Salem and
Chilingarian, 1999; Collett and Ladd, 2000; Rieetedl., 2020, this issue ).

The saturation exponemt has been estimated experimentally and theorsticRkarson et al. (1983)
derived an average value of= 1.9386 for frozen permafrost samples as an grfalogas hydrate filled
sediments. Spangenberg (2001) used a range of taydearing network models and found saturation
factors between 0.5 and 4, with largefor reduced pore space connectivity, and furtloéntp out that the
saturation factor clearly depends on the cememiddictorm, the porosity, mean grain size and distribution,
and the saturation itself. Cook and Waite (2018gndly suggested to use a saturation factor=@&.5 +/-
0.5for gas hydrate settings in the absence of indigr@restimates.

It therefore seems unlikely that the same set ahir coefficients may apply to the different sediine
types in the Black Sea working areas. However, dasethe MeBo drilling data in WA2 we can provide a
parameter range and dependencyafandm, and estimate a range far

The presence of clay also strongly affects the &ion resistivity and Archie coefficients, and megd to
false saturation estimates, if it remains uncomsidi€e.g. Worthington, 1993). Generally, due tcshispe
clay affects the tortuosity of the pore space, isnahostly reflected inm which typically increases as the

clay content increases (Jackson et al., 1978; SalednChilingarian, 1999).Various models have been

12
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suggested to account for the conductivity of clalyaly sand correction). Lee and Collett (2006) made
of the shaly sand model by Simandoux (1963) whagecbnductivity of the clay minerals is added te th
formation conductivity. The gas hydrate saturafmrshaly sands can then be written as

1/n

_ ape,(1-pf Q)
Sgn=1—| "¢ Y pm os . (5)

Ve(

whereQ, = 1= d))/R is theeffective clay conductivityV, the volume fraction of clay in the solid
C

matrix andR; the resistivity of clay (Lee and Collett, 2006).

3.6 Stochastic Determination of Gas Hydrate Sdtans

In order to calculate saturation estimates fromr#sestivity models, we apply stochastic simulasiaf
Archie’s relationship following the procedure sugigel by Sava and Hardage (2007). The input parasnete
are represented by either uniform or Gaussian pilityadistribution functions (PDFs) within approate
parameter ranges derived from MeBo drilling ancecgample analysis. This accounts for the factttieat
input parameters have uncertainties and that thre st of Archie’s coefficients might not applytie
larger sediment volume measured by the CSEM reseaising technique compared to drilling.

Similar to Sava and Hardage (2007), we use uniftigttibutions for the resistivity of the pore flyd, the
resistivity of clayR. and Archie coefficients, m, andn. The formation factor — porosity - relationship of
the MeBo core data shows treatandm are interdependent. We therefore sample from gerafia — m
combinations that envelope the range of the MeB&9 ore data (see Supplementary Materials).
Gaussian distributions are applied to the logaritfrthe formation resistivity log1l@, the porosityg and
the volume of clay,. Saturations are then estimated running MonteoCarhulations over the PDFs by
repeated (N=5000) calculations of Archie’s relasioip using both the clean sand formulation in egn@

shaly sand correction in eg. 5. The resulting sétums are binned in 1% intervals. Negative saitmat
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which may result mathematically are excluded franimimg, and the probability density distributiondan

68% confidence intervals are then calculated froenpositive bins.

4. 2D CSEM Inversion

We use the open-source 2D inversion code MARE2DERY( 2016) to calculate the electrical resistivity
models from the CSEM data. The code makes use Gfcaam-type regularization (Constable et al., 1987)
to derive smooth models of minimum spatial congraghich fit the data within the given error struetu
This is accomplished in two phases. In the firsigghthe target misfit is reached by a stepwisesi@aach

of the Lagrange parameter by minimising both the#-roean- squararfs misfit and the model roughness.
In the second phase, the algorithm seeks a modbleatarget misfit with the smallest roughness norm
(Key, 2016). Model discretization is done optiopady unstructured triangular or quadrilateral grids
both, which allows more flexibility to adapt to flear topography and complex model structure, while
minimizing the number of grid cells.

Control of the inversion process can be attainediffierent ways: i) Convergence of the inversiongass
can be facilitated by increasing the target misfitassigning a relative error to the statisticalgrived
absolute data error (e.g. Connell and Key, 201Bjs &ccounts for systematic errors including geoynet
navigation and time delays which are not encoudténe the standard deviations derived from stacking
alone. ii) Changing the spatial smoothness comgtrsiparticularly effective, if the model cellsvealarge
horizontal to vertical ratios. iii) The code allovgsinvert for isotropic, bi-, and triaxially anisopic models
using a penalty weight factor that controls thee sif the anisotropy ratio. iv) A-priori known model
parameters can be fixed or confined within a giparameter range, and v) weighted penalty cuts ean b

applied across model segments from e.g. reflestggmic boundaries (see Key, 2016, for details).

4.1 Inversion input parameter

The following parameters were used as input irntaersion:
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For all inversion results shown in the following@graph the starting model contained an air layer
with a fixed resistivity of 10Qm.

Seawater resistivities of 0@m were measured at the seafloor with the CTD —sénsiale the pig
and showed little variation along the profiles. $hthe value was fixed for the ocean layer in the
starting models which is feasible as both trangmi&nd receivers are towed on the seafloor.
However, we also tested a layered ocean model veditit change the inversion results.

We use the MeBo-19 resistivity log to derive atstgrmodel for in the shown inversion results. It
contained seafloor parallel layers of increasingjstevity from 1 to 15Qm within the upper 50
mbsf, 17Qm down to ~500 mbsf and®m outside the resolved areas (Table 2). We injtiaisted

a homogeneous half-space of2&n as starting model, but data fit and convergengaove with

the starting model adapted from the MeBo-19 resigtiog.

A combination of triangular, quadrilateral and agdriangular elements are used to finely
discretize the shallow layers, the deeper arearedvgy the data, and model areas outside the range
covered by the data, respectively. This accountsléta sensitivity to resistivity changes close to
the seafloor, model resolution, and size of thestigg problem. Bathymetry and array geometry
including dip angles of the dipoles are this wagsidered in the starting model.

We invert eight logarithmically spaced frequendresn 0.167 to 300 Hz for profile P1, and 0.167
to 55.5 Hz for profiles P2 and P3, but omit thehleigt frequencies for receiver R4 at profiles P1
and P2.

The horizontal to vertical penalty weight was vdrieetween 1 and 10. The higher the penalty
weight the smoother is the lateral contrast inrttuelel. The average aspect ratio of the vertical to
horizontal length of the quadrilateral grid celsli:5 in all models, therefore a penalty weighb of
was chosen in for the inversion of profiles P1, &% P3.

We tested vertical anisotropic inversion using amapy penalty weights between 0.1 and 10 (Key,

2016). For all three profiles we found isotropigension results that could fit the data to the same
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degree as the vertical anisotropic inversion, tisagropic inversion is applied in the inversion

results shown in Figures 3, 4, and 5.

Table 2: Parameters of the layered starting modelduin the inversions. Resistivities and rangegaken

from the MeBo-19 resistivity log and range of backgpd models.

Layer Depth range Resistivity Start model | Allowed resistivity range
Air - 100000 Qm fixed

Ocean - 0.4 Om fixed

1 0 — 5 mbsf 1Qm 0.3-20m

2 5 — 15 mbsf 3Qm 0.5-10Qm

3 15 — 30 mbsf 8 Qm 2-20Q0m

4 30 — 50 mbsf 15 Qm 5-30Q0m

5 >50 mbsf 17 Om 5-50 Om

6 Outside model range 50m 1-100 Qm

4.2  Sensitivity Matrix
The sensitivity matrix or Jacobian provides a measvhich parts of the model are sensitive to tha.da

The matrix contains the derivatives of all dataw#spect to all model parameters

(Si’j={L},i=1....N;j=1....M>, (6)

dlogl0m;
whereN is the number of data, aM is the number of model parameters. Logarithmsath lwata and
model parameters are used according to their libgmicé distribution. Cumulative sensitivities are
calculated by summing up each column of the sertgitmatrix (containing data for different compon&n
and frequencies) and scaled with the data erradstlaa area of the respective grid cell. This presic
measure of the average sensitivity of all data wapect to each model parameter for the respeciogz|

under consideration, and can be used to excludesimmarts with low sensitivity from interpretation
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348 (Schwalenberg et al., 2002). However, the thresbpltb which sensitivity value the model is resdsy
349 the data is not clearly defined and subject to ubers experience. We used a threshold &f dOthe
350 normalized cumulative sensitivity to exclude moplaits with smaller sensitivity from the interpratat
351

352 5. Results

353

354 5.1 Working Area 1 — S1 Channel

355
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Figure 3: a) Resistivity model from 2D inversionprbfile P1 across the S1 channel (see Figure 1 for
location) overlaid with coincident MCS line 1107ader et al., 2018, this issue). Open circles & th
seafloor mark transmitter positions. b) Interprédat of Figure 3a: (A) transition of conductive taora
resistive sediments (~1-XBm) within the upper ~40 mbsf are caused by theedese in salinity from 22 to
~2.5 psu. (B) a zone of fine grained homogeneoasigred levee sediments below the western levee

corresponds with high resistivity values (20-88n) at depths from ~1500-1600 m (~50-150 mbsf). (C)
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MTDs of irregular seismic facies and low to highgditades close to the seafloor and intercalatechimit
deeper levee sediments are conform with resistatyes in the range of 10-20m. (D) Sediments below
the S1 channel are characterized by meandering ch#mnels caused by abundant levee failures and
channel cuts. CSEM inversion reveals a layer ohhiggistivities (~18-252m) from 1550 — 1650m (~50-
150 mbsf) which terminates towards the easterneleVidne lateral extension of the layer is in good
agreement with a P-wave velocity anomaly (E) derifvem OBS data (light blue dots, Bialas et al.2@0
this issug Below the eastern levee resistivities are loret0 2m) where older levees are imaged by
strongly stratified sediments (F). At depths betdW50 m resistivities increase again towards tkelsof
multiple BSRs (G). ¢) Saturation model derived hth stochastic approach of Archie’s relationshging

the clean sand formulation. Saturation estimatesiarthe order of 10-20% within the sediments betwsv
western levee increasing towards 30% below theeidt0% at depths from 50-150 m below the S1
channel, and locally 20-30% below the eastern legemting ~100 m above the recent BSR 1.

Transparency has been added to model parts witmsutative sensitivity less than10

Profile P1

Figures 3a and 3b show the 2D inversion resultofilp P1 in WA1. Profile P1 covers the S1 charaad
parts of the outer levees. The profile coincidethwhe 2D multi-channel seismic (MCS) line 11074Bs,
et al., 2014; Zander et al., 2017; Figure 1) whicloverlaid on the resistivity model (see Tableot f
inversion details).

Hillman et al. (2018, this issue) classified thg kedimentary facies in the Danube fan as follajvstass
transport deposits (MTDs) are slope failure evertieh are characterized by chaotic and irregulansie
facies with discontinuous low to high amplitudeleefions; ii) Channel fill sediments (CFS) are asst@d
with turbidity current deposits within the canyarfsaracterized by sub-parallel, irregular reflecti@hong
narrow belts with high seismic amplitudes. Sedimere predominantly coarse-grained clastics witj hi

proportions of sand; iii) Levee deposits (LD) aredominantly finely-laminated, fine-grained spiitey
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turbidites which may occasionally contain thin, daith intervals that can act as permeable pathways
seismic data show parallel to convergent, latei@iytinuous reflections of low to medium amplitudes

The resistivity model of profile P1 (Figures 3a drdshows conductive sediments in the upper 30 mbsf
with resistivities of 1-32m. This shallow part is characterized by stratiffeek-grained levee sediments
with thin intercalated clay-dominated layers andD4T At depths below ~50 mbsf the CSEM model shows
an abrupt transition to an about 100-150 m thigledaof higher resistivities around 20-8m. Below the
western levee this layer is seismically characterizy predominantly laminated levee sediments,ethié
area below the S1 channel is dominated by sequ&fcasandering channel fills and faulting from hgav
sedimentation rates. Below the eastern levee ingistalues are lower at the same depth wherenseis
layering becomes horizontally stratified. At depthelow ~150 mbsf (1600-1650 m depth) higher
conductivities below the western levee occur whbee seismic section shows alternating levee deposit
and MTDs. The transition to elevated resistivitietow the western levee is in fairly good agreemwtit

a seismic discontinuity at depths of 1820 m. Beltwe S1 channel inversion revealed elevated
conductivities within a broader zone of paleo cl@sbelow ~ 200 mbsf (~1650 m depth). Resistivities
increase again below the discontinuity. At deptlowehe eastern end of the profile resistivitiesr@ase to

values around 2@m where reflection seismic data display a staakoltiple BSRs.

Profile P2
W rms: 0.99
1400 =
= E
N\ S1 channel

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Position (m)
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Figure 4: 2D inversion result of profile P2 acrosise S1 channel (see Figure 1 for location) using
stationary data of receivers R1, R3, and R4 (sd®#eTh). The coincident 2D seismic line cut out fribie
3D seismic cube has been overlaid (Bialas et 8l142. Transparency has been added to model patts wi
a cumulative sensitivity less than®L@Vhite circles mark transmitter positions and tiges mark receiver

positions. Missing receiver data of R3 are markecded.

Profile P2

Profile P2 runs in E-W direction across the S1 deaand intersects with profile P1 at the footstéphe
ridge (Figure 1b). Data sensitivity and model ragoh is lower compared to profile P1 due to datpgof
receiver R3 caused by an instable connection taecever electrode. Also, no roll-on data couldused

in the inversion (see Table 1 for inversion dejails

The resistivity model in Figure 4 confirms the gethdrend observed on profile P1 in Figure 3 of édow
resistivities (1-32m) within the upper 30 mbsf and a layer with highesistivities at depths from ~1550 m
to 1680 m (~50-150 mbsf) which is laterally intgrted due to low model resolution rather than td rea
structure. The overlaid seismic section is takemfthe 3D cube (Bialas et al., 2014) and showsnilesi
stratigraphy compared to the 2D MCS section owrilaiFigures 3a and b. However, we don't see a clea
correlation between the resistivity patterns anshsie features and do not further refer to this eldd the

discussion, but decided to present it for complegen

5.2 Working Area 2 — S2 Slump Area
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431 Figure 5: a) 2D inversion result and interpretatiar profile P3 across the S2 slump overlaid with th
432  coincident seismic line taken from the 3D cube I@Biaet al., 2014). Open circles and diamonds at the
433 seafloor mark transmitter and receiver positionssgectively. The MeBo-19 resistivity log (Bohrmatn
434  al., 2018) has been projected on the figure (segeifei 1 for location). (A) Transition of conductiteemore
435 resistive sediments (~1.58m) within the upper ~40 mbsf are caused by theedse in salinity from 22 to
436 ~2.5 psu which agrees with the MeBo 19 resistiity and corresponds with stratified levee sediment

437 with higher clay content (Riedel et al., 2020is issug (B) Within the S2 slump, resistivities are firl
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homogeneous around 10-14m and correspond with seismically homogeneous |eesttments. (C)
Resistivities increase to values of @ below the depth of the BSR which steeply bemwdsrds the
seafloor where it outcrops at profile meter 2500. Saturation estimates derived with the stochastic
approach of Archie’s relationship. Gas hydrate satwwns are around 0% within the GHSZ. Below the
BSR saturations increase slightly to values of thas 10% which could indicate low gas concentnadio

Transparency has been added to model parts witmsutative sensitivity less than10

Profile P3

Figure 5a shows the inversion results of profilarP@/A2. The profile is located in water depthsnfr&80-

700 m and covers the S2 slump area and the landediye of the gas hydrate stability field. Data &t 1
waypoints from only two receivers R1 and R2 areilalile. The corresponding seismic section cut out
from the 3D cube has been overlaid on the redigtabdel.

Similar to the profiles in WALl we observe a goodretation between conductive sediments with values
increasing from 1.5-8m to 6-9Qm and younger stratified levee deposits withindpper 40 mbsf. The
transition of conductive to resistive sedimentsegpp at the same depth range in the MeBo-19 rgsisti
log drilled about 1 km to the east (see Figurevliaich has been projected on the model. Below the S2
slump area, resistivities generally increase frantd 14Qm at depths from 40 mbsf to the BSR. This
corresponds with homogeneous levee sediments inséli@mic section. Patches of high amplitude
reflections at depths of ~820 m and at the flankthe slump area mark the BSR which steeply bends
towards the seafloor where it outcrops at profikten 2500. Resistivities remain constant atdtb below

the depths of the BSR which was found at 144 mbgiita MeBo-17 (Bohrmann et al., 2018), but the

resistivity model has low resolution at greatertiegas low sensitivities show.

5.3 Background Resistivity Models from MeBo dili
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Figure 6: a) Porosity data derived from gravity eo6C5 and MeBo-17 cores in WA2, average porosity
(av.por.) and variations of +/-10% of the averad®. Salinity data derived from GC5 and MeBo-17,
average salinity (av.sal.) and variations of +/-4G@8%the average. Below ~40 mbsf salinity valuesiare
the range of 1.5-3.5 psu and 2.5 psu on averageom) water resistivity—depth profiles derived wibbs
seawater toolbox (McDougall and Barker, 2011) usihg average salinity and variations in b) and the
thermal gradient given in Zander et al. (2017).BBckground resistivity-depth profiles calculatedhwi
Archie’s relationship using average porosities haad pore water resistivities in c) (solid linegpward
variations (dotted lines) and downward variationdaghed lines). Green, black and blue refer to
cementation factors m=[1.8, 2.0, 2.4], respecvélhe gray line shows the deep penetration indodbg

of MeBo-19, purple dots display the corrected tastges derived from core samples at site MeBo-17.

Core data of GC5 and MeBo-17/19, and the resigtiay of MeBo-19 were supplied by M. Haeckel and

M. Riedel (pers. comm.).

We use core data from MeBo-17 and gravity core (&@Cated at the western flank of the S2 channebi 7
m water depth (see Figure 1c) to derive a rangeaokground resistivity models. Figure 6a shows core

derived porosity data which on average decrease #85% at the seafloor to 45% at ~40 mbsf and stay
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nearly constant below. The variability is aboutl®f%. Salinities shown in Figure 6b decrease fronps2

at the seafloor which agrees with Popescu et @DGRand Soulet et al. (2010) to nearly freshwatdues

of 2.5 psu on average below ~40 mbsf. Here, thaies vary between 1.5 and 3.5 psu or +/- 409fro
the average which is within the range derived fposton cores at the landward edge of the GHSZ [§$t4
Ker et al., 2019).

Pore water resistivities (Figure 6c) were calculateith the Gibbs seawater oceanographic toolbox
(McDougall and Barker, 2011) using the averagengglivalues from the cores and variabilities given
above, a seafloor temperature of T = 9° C and dhgemal gradient oAT=24.5° C/km (Zander et al.,
2017). The calculated pore water resistivity at ¢bhafloor is 0.42m which is in full agreement with the
resistivity measurements of the CTD-probe attadioedur CSEM seafloor array. Pore water resistigitie
increase below ~40 mbsf to values of 26 (2.1 and 4.2m, respectively, for salinity variations eaf
40%).

Archie’s relationship in eq. (1) has been usedddve a range of background resistivity-depth pesfi
(Figure 6d). Input parameters are the average fpneofile and variations (Figure 6a), and the rage
pore water resistivity profile and variations (Figwec). We set Archie coefficientss= 1.0 andm = [1.8,
2.0, 2.4] in addition to the minimum and maximuntireates of pore water resistivities and porosities
obtain a range of realistic background models. This agreement with Archie coefficients Riedelaét
(2020, this issue) derived from MeBo-17 core samfe= 1.045 andn=1.875). The resistivity profiles
measured with the deep penetration induction logh(Biann et al., 2018) at site MeBo-19 and the
corrected core-derived resistivities of Site MeBodre within the range of the calculated background
resistivity models, but do not follow one partiaulzackground model (using single porosity and #slin
trends and a constant cementation factor). Paatigulvithin the first 40 mbsf, log and core derived
resistivities cover a range of background modekep2r than 50 mbsf the resistivity log is closesthe
background resistivity derived with the averageopity and salinity anch = 2.0. Varying the cementation
factorm seems to have a smaller effect on the formatisistieity than variations of porosity and salinity

(comparing line styles of same colors in Figure 6d)

25



506

507

508

509

510
511

512

513

514

515

516

517

518

519

520

521

522

523

In the following we investigate, if the invertedsigtivity models of profiles P1 and P3 can be exld by

the range of background models in Figure 6d oriplysmdicate the presence of gas hydrate anddese

Profile P1, WA1 Profile P3, WA2
western levee, p [Q2m] S1 channel, p [22m] eastern levee, p [2m] S2 slump, p [Q2m]
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Figure 7: Background resistivity depth profiles @alated with the average porosity and pore water
resistivity profiles in Figure 6 and cementatiortizrs m = [1.8, 2.0, 2.4] (colored lines) and theBb-19
deep penetration resistivity log (black) comparethwelected subsets of the inverted resistivitdetoof
profiles P1 and P3 (gray lines). a) P1 western &evarofile meter 2000-2500; b) P1 S1 channel, pofi

meter 4000-4500; c) P1 eastern levee, profile m@&lé0—-7200; d) P3 S2 slump, profile meter 1200-1700

5.4 Comparing Inverted Resistivity and Backgroitatiels

In Figure 7 we compare the background models oderivem the average porosity and pore water
resistivity models and different cementation fastg¢Figure 6d) with selected subsets of the inverted
resistivity models of profiles P1 (Figures 7 a-ad&3 (Figure 7d). We thereby assume that the gkner
porosity and salinity distributions are not toofeliént between the two working areas. This might be

justified as reflection seismic profiles from batreas show similar features including pronouncediai
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levee deposits, sequences of mass transport depasd older levee deposits (Hillman et al., 2Qh&;
issue).

The inverted resistivities are generally lower thia@ background models within the upper 40 mbsfreshe
salinities and porosities change rapidly. We attelthis to the roughness constraint in the Occasmrsion
which impedes strong resistivity contrasts (Corstab al., 1987). At profile P1, inversion reveahdédher
than background resistivities at depths from ~8G6 mbsf below the western levee (Figure 7a) aril—5
100 mbsf below the S1 channel (Figure 7b). Belogvdhstern levee, resistivity values remain belaav th
background and increase at depth > ~250 mbsf (Eigc). At profile P3, below the S2 slump, the inedr
resistivities are in the range of 5-X@m and still lower than the MeBo-19 resistivity land the
background resistivities from ~25-100 mbsf. Belo@0 Imbsf, the inverted resistivities are constaat, b
lose sensitivity with depth. (Figure 7d).

5.5 Gas Hydrate Saturation Estimates

In order to predict if and how much gas hydratefree gas is present in WA1 and WA2 we derive
saturation estimates from the resistivity modelprafiles P1 and P3 applying the stochastic appredier
Sava and Hardage (2007) presented in section B1§ tee following parameter ranges as input in Aeth
relationship:

Table 3: Parameter input ranges used in the stadhaalculation of saturation estimates

Porosity@ | Pore water Archie Saturation | Volume Resistivity | Formation Formation
resistivity coefficients | factorn fraction clayR, resistivity o | resistivity o
Pu a/m clay Ve Subsets Models

MeBo MeBo [0.8 / 2.5] to| 2.0-2.5 0.1-06 | 5-600m [minloga - | log o +-

average +/{ average +/4 [1.2/1.5] max loga] | 10%

10% 40%

Gaussian Uniform Uniform Uniform Gaussian Uniform | auSsian Gaussian
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The porosity@ follows the average MeBo-derived porosity-depthction (Figure 6a) and is assigned
to a Gaussian distribution in the range of the ayemporosity +/- 10%.

The pore water resistivity depth functigp, has been converted from mean salinity valuestat si
MeBo-17 (Figure 6¢) and is assigned to a uniforsiritiution in the range of the average pore water
resistivity +/- 40%.

The formation factor - porosity relationship dedvieom core data of site MeBo-17/19 suggests that a
wider range ofi-mcombinations applies to the core samples, andAttddtie coefficientsa andm vary

not independently from each other (see Supplemenriéaterials). We use uniformly distributed
combinations in the range adi £ 0.8,m=2.5]and §=1.2,m= 1.5].

According to Cook and Waite (2019) we assume aoumifdistribution for the saturation exponent in
the range oh =[2.0 2.5].

The formation resistivityor is assigned to a Gaussian distribution in the Qogdnge. In Figure 8
resistivity ranges are taken from the subsets shasvgray line in Figure 7. For the saturation medel
shown in Figures 3c and 5b we assign a range d0lgg+/- 10% to the inverted resistivities of the
corresponding models in Figure 3a and 5a.

For the shaly sand correction we apply a Gaussistnitdition in the range oY/ =[0.1 0.6] for the
volume fraction of clay (Ker et al., 2019) and afomm distribution in the range d®.=[5 60] Qm for

the resistivity of clay.
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Figure 8: Probability density distributions follomg Sava and Hardage (2007) of saturation estimates
derived from subsets of the resistivity modelsafilp P1 a) western levee, b) S1 channel, c) eadtvee,
and profile P3 d) S2 slump . Solid and dashed lmask the 68% confidence intervals calculated i
clean sand and shaly sand correction using eqsai8)(5), respectively. High saturations within tigper
~20 mbsf result from the roughness penalty impestirang resistivity contrasts in the inversion (sext

for details).

Saturation estimates have been calculated usingigiscrelationship from 5000 random samples of the
parameter ranges given above and in Table 3. Thétireg saturations have been grouped in 1% interva
from 0 to 100%. Negative saturations can resulteragtically, but are unrealistic and have beenuebed
from binning. A probability density function and %8confidence intervals have been calculated foh eac
model parameter.

We present the saturation estimates for profilesafd P3 in profile view in Figures 3c and 5b, asd a
saturation depth profiles in Figure 8. The satoratnodels for profile P1 in Figure 3c and for p#3 in
Figure 5b show the median of the confidence intedesived with the clean sand formulation in eq. 3.
Probability density distributions and confidencteimals in Figure 8 have been derived from the sdate

subsets of profiles P1 and P3 used in Figure 7.cbnédence intervals show that the saturatiomests
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have uncertainties of 15 - 20% given the rangapbii parameters. Depth ranges with higher prohessili
go along with smaller uncertainties. Comparing tomfidence intervals derived with the clean sand
formulation (eq. 3, solid black line) with the shaland correction (eq. 5, dashed black lines) gieldout
10% higher saturation estimates including clayhie talculation. High saturation estimates clos¢éh&
seafloor result from the roughness penalty condtiaithe Occam inversion suppressing strong fegist

contrasts in the models and are excluded fromragarpretation.

Saturation Estimates, Profile P1

The saturation model for profile P1 in Figure 3owh saturations of 10-20% within the resistive taye
below the western levee. Below the ridge saturatitse locally up to 30%. The ridge topography ted
seafloor array geometry are included in the mdal&lmay contribute to the high resistivity and sation
values below the ridge. Below the S1 channel, atiturs are around 10% at ~1550 m (50-150 mbsf)imvith
a layer that terminates towards the eastern |eMaether zone of higher saturations of up to 30%lyeen
revealed below the eastern levee at depths ofttent BSR (1800 m). The probability distributiortiwi
depth and confidence intervals of the model subsdtfgure 8 a-c reflect the saturation model iguFe

3c, but also illustrate the uncertainty width of gaturation estimates given the input parametgesa

Saturation Estimates, Profile P3

The saturation model for profile P3 in Figure 5Slbwh low to negligible saturations below 10% witkine
GHSZ and towards the northeast of the profile detshe gas hydrate stability field. Only at deptbow
the BSR saturations are in the order of 10% ankdnidut sensitivity of CSEM data decays below ~860
(~200 mbsf). The probability density distributiom Figure 8d indicates a general increase in sabarat

below ~30 mbsf and fairly wide confidence intervals

6. Discussion
Inversion of geophysical data is inherently nonquel. Thus we should state that the resistivity risode

derived from 2D inversion in Figures 3, 4, and B also non-unique, but reflect the smoothest plessib
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resistivity distribution at the target misfit (Caable, 1987), and impedes strong resistivity catsraModel
resolution also decays with depth as reflectechbysensitivity matrix which is used to mask modweitp of

low sensitivity to the data. Including roll-on datathe inversion of profile P1 improved model regsion

and data sensitivity to greater depth. Inversion‘wfly” stationary data and missing data at greater
transmitter receiver offsets at profiles P2 andd®Riced model resolution and sensitivity at depth.
Saturation estimates based on Archie’s relationdefend on the knowledge of the input parametees or
valid background resistivity model. Background msdeerived from porosity and salinity data of site
MeBo-17/19 in WA2 show large variabilities, alsa thfferent cementation factors. Comparing the MeBo
19 resistivity log with the background models destaates that a single set of input parameter irhigis
relationship may not apply to calculate saturagstimates from our resistivity models covering etiént
lithologies (Figure 6d). We therefore adopt thechksstic approach of Sava and Hardage (2007).
Uncertainties of the input parameter in Archie’matienship are expressed by either uniform or Ganss
probability distribution functions, and saturatiestimates are derived from the confidence interohtbe
randomly determined probability distributions.

The resistivity model of profile P1 in WAL geneyalieflects the transition of marine to lacustrirare
waters within the top 30-40 mbsf (salinity dropsnfr 22 psu to 1.5-3.5 psu) and the decrease in ippros
from ~70% to 45%. MSC data show strong reflectiand smaller intercalated mass transport deposits.
Sediments are likely clay-dominated assuming alainstratigraphy as in WA2, but drilling data are
missing in WAL. The presence of gas hydrates catidoarded in this shallow section.

Below the western levee and S1 channel, 2D inversiwealed anomalously high resistivities within a
~100 m thick layer at about 50 mbsf which fades towards the eastern levee (Figure 3a). We derive
saturation estimates around 20% below the westere| 30% below the ridge, and around 10% below the
S1 channel with 15-20% wide confidence intervalsuad the median (Figure 8). Including clay in the
calculation shifts the estimates by ~10% towardgéi saturations. Below the western levee, the-well
resolved resistive layer is conform with a zonehofmogeneously layered, fine grained levee sediments
intercalated with smaller mass transport deposits Gydrates saturations in the order of 20-30% seem

unlikely within the fine grained sediments with pably high clay content. Reduced permeabilities and
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porosities in the order of 30-35% caused by higieenpaction due to different sedimentation ratethet
western levee may also explain the resistive ldyet,seismic velocity information and drilling dadee
missing which would help to clarify the origin dfet high resistivities, and whether they are calgegas
hydrate, low porosity, or possibly a mixture of thot

Below the S1 channel, the resistive layer showh Bjgatial agreement with the extent of an anomakus
wave velocity layer (Figure 3b, Bialas et al., 20#0is issue). The resistive layer terminates where
reflection seismic data show a lateral transitioont multiple levee failures and channel cuts theat
stratified levee sediments east of profile metedd®Bm Figure 3. Dannowski et al. (2017) derived284l
pore filling gas hydrates for the high velocity éayvhich is in good agreement with the saturatstimetes
around 10% derived from the CSEM data at profiletRt lower than Duan et al. (this issue) derivenirf

an independently analyzed 3D CSEM data set.

Another zone of higher resistivities occurs at tgeaepth below the eastern levee where a stack of
multiple BSRs is visible in the seismic sectiontusations are 10-20% reaching a local maximum &6 30
at the recent BSR-1 which we explain with gas htgrabove and free gas below the BSR. Interestingly
elevated resistivities are centered around thewahese the multiple BSRs are clearly visible in feésmic
section which may imply locally higher gas hydratel free gas concentrations in connections with the
observable BSRs.

The resistivity model of profile P3 in WA2 showganerally smooth increase in resistivity with degth
the S2 slump compared to the sharp increase olaservbe background resistivity models and redistiv
log at site MeBo-19 (Figure 6d). The smooth tremdattributed to the smoothness constraint in the
inversion and availability of data from only twacesvers. The increase in resistivity with deptimiinly
controlled by the decrease in salinity and poro@tigures 6 a, b). Saturation estimates reveatte 1o no
(<10%) gas hydrate within the GHSZ at the bowl-glta2 slump. MeBo drilling at site 17/19 also dod n
provide clear evidence of gas hydrates (Riedell.et2820, this issue). The reflection seismic sacti
extracted from the 3D cube shows strongly stratifevee sediments within the upper 30-40 mbsf (feigu
5a). Drilling at site MeBo-17/19 revealed clay-doated sediments in the shallow part (Riedel e2@20,

this issue). At depths from ~40 mbsf to the BSR4# mbsf seismic data show a well stratified uhfiree-
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grained sediments of channel-overspill turbiditehvan underlying MTD of lower reflection amplitude
(Riedel et al., 2020, this issue). Interestinglye tbowl-shaped upward bending BSR seems to mark a
boundary to generally higher resistivities in tiwdrsion model which goes along with slightly highe
saturation estimates above 10%. Together with titemced amplitude reflections and polarity changes
observed in the seismic section this possibly idis that some amount of free gas has accumulated b

the base of the GHSZ.

7. Summary and Conclusions

We analyzed marine time domain CSEM data of thmedilgs in two working areas from the offshore
Danube fan using state of the art 2D regularizegrsion (MARE2DEM, Key, 2016) with the aim to
identify possible gas hydrate occurrences and tvige saturation estimates. The resulting restgtivi
models were compared with coincident reflectiosmét sections (Bialas et al., 2014, Zander e8ll7),
and drilling data from site MeBo0-17/19 in WA2 oftsle Romania (Bohrmann et al., 2018, Riedel et al.,
2020, this issue ). To derive saturation estimatespplied a stochastic approach of Archie’s refesip
(Archie, 1942) after Sava and Hardage (2007) whimhsiders uncertainties in the input parameters. Ou
most significant findings are:

* The resistivity values are generally higher comg@aceother gas hydrate regions as a consequence
of low pore water salinities introduced by sea léow stands during the last glacial maximum.

* The transition of lower to higher resistivitiesiseafloor to 30-40 mbsf of the inverted resisfivit
models reflects the sharp decrease in porositysatidity as observed in MeBo drilling data in
WAZ2.

» Below the S1 channel in WAL a resistive layer aerimediate depths indicates gas hydrate
saturations in the order of 10% within a sedimesttion dominated by meandering channel fills
and faulting. This is in agreement with saturastimates derived from a seismic P-wave anomaly
(Bialas et al., 2020, this issue), and somewhatfothan saturation estimates derived from an

independent 3D CSEM data set (Duan et al., thigjss
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» The resistive layer extends below the channel riglge western levee where saturation estimates
are 20% and higher. The overlapping seismic sestianvs a layer of fine grained levee sediments
with intercalated smaller mass transport depodftsether gas hydrates or a denser lithological unit
of decreased porosity caused the anomalous réséstivequires further input from e.g. seismic
velocity data and/or drilling.

» Another area of higher resistivities occurs beltvw eastern levee and coincides with a stack of
multiple BSRs and suggests the presence of gasiteydbove and free gas below the recent BSR-
1.

» Saturation estimates derived from the resistivipdal across the S2 slump area in WA2 reveal no
notable saturation values within the GHSZ whicmiagreement with coring data at nearby MeBo
sites 17 and 19 where no gas hydrates were evi@amtration estimates are slightly increased
(<10%) below the BSR which steeply bends towardssemafloor indicating the presence of small

amounts of free gas.
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