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Abstract 12 

Marine controlled source electromagnetic (CSEM) data have been analyzed as part of a larger 13 

interdisciplinary field study to reveal the distribution and concentration of gas hydrates and free gas in two 14 

working areas (WAs) in the offshore Danube fan in the western Black Sea. The areas are located in the 15 

Bulgarian sector in about 1500 m water depth (WA1) and in the Romanian sector in about 650 m water 16 

depth (WA2). Both areas are characterized by channel levee systems and wide spread occurrences of 17 

multiple bottom simulating reflections (BSRs) suggesting the presence of gas hydrates. Electrical resistivity 18 

models have been derived from two-dimensional (2D) inversions of inline CSEM data using a seafloor-19 

towed electric dipole-dipole system. Comparing the resistivity models with coincident reflection seismic 20 

profiles reveals insight in the sediment stratigraphy of the gas hydrate stability zone (GHSZ). Gas hydrate 21 

and free gas saturation estimates have been derived with a stochastic approach of Archie’s relationship 22 

considering uncertainties in the input parameters available from drilling with the MeBo-200 seafloor rig in 23 

WA2.  24 

The resistivity models generally reflect the transition of marine to lacustrine conditions expressed by a 25 

sharp decay of pore water salinities in the top 30-40 m below seafloor caused by freshwater phases of the 26 

Jo
urn

al 
Pre-

pro
of



2 
 

Black Sea due to sea level low stands in the past. In WA1, we derived saturation estimates of 10-20% 27 

within a 100 m thick layer at around 50 m depth below the channel which compares well with estimates 28 

from seismic P-wave velocities. The layer extends below the western levee with even higher saturations of 29 

20-30%, but high gas hydrate saturations are unlikely within the fine grained, clayey sediment section, and 30 

the high resistivities may reflect different lithologies of lower permeability and porosity. The resistive layer 31 

terminates below the eastern levee where increasing resistivities at depth towards a stack of multiple BSRs 32 

indicate gas hydrate and free gas concentrations in the order of 10% to locally 30%. WA2 is characterized 33 

by a major slope failure at the landward edge of the gas hydrate stability field next to the channel. Gas 34 

hydrate saturation estimates within the slump area are close to zero within the GHSZ which is in agreement 35 

with coring results of the nearby MeBo drill sites. Elevated resistivities below the steeply upward bending 36 

BSR lead to saturation estimates less than 10% of free gas that may have accumulated.  37 

 38 

Keywords: gas hydrate assessment; marine controlled source electromagnetics; 2D inversion; western Black 39 

Sea  40 

 41 
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1. Introduction  43 

The electrical resistivity derived from marine controlled source electromagnetic (CSEM) data can be related 44 

to the presence and volumes of gas hydrates in sub-seafloor sediments (Edwards, 1997). Gas hydrates are 45 

stable at high pressure and low temperature. These conditions are found around the globe in marine 46 

sediments along most continental margins, in permafrost grounds, and deep lakes (e.g. Sloan and Koh, 47 

2007). The interest in gas hydrate research is attributed to the large amount of methane stored in hydrates 48 

globally. Yet, estimates of the global gas hydrate inventory differ by orders of magnitude between ~500 and 49 

56,000 gigatons of carbon (e.g Boswell and Collett, 2011; Milkov 2004; Piñero et al., 2013; Ruppel and 50 

Kessler 2017; and references therein).  51 

Gas hydrate deposits have been commonly identified in reflection seismic data by imaging bottom 52 

simulating reflections (BSRs) originating in most cases from a layer of free gas beneath the base of the gas 53 

hydrate stability zone (GHSZ) and solid gas hydrates filling the pore space above causing a seismic 54 

impedance contrast (e.g. Hyndman and Spence, 1992). While reflection seismic data provide relevant 55 

structural information, the observation of a BSR is not a significant measure for how much gas hydrate may 56 

have formed within the GHSZ. Gas hydrates are also known to exist without a BSR (Sloan and Koh, 2007; 57 

Majumdar et al., 2016). Other indicators for seismically derived gas hydrate accumulations can be locally 58 

observed high-amplitude reflections and blank zones caused by dispersed gas hydrates scattering seismic 59 

energy. Free gas may penetrate into the GHSZ along fluid conduits such as geological faults and chimneys, 60 

possibly forming gas hydrate sweet spots within the GHSZ (e.g. Riedel et al., 2006). Seafloor vents may 61 

occur when these conduits reach the seafloor where they can be identified using hydro-acoustic methods 62 

(Vassilev, 2005; Naudts et al., 2006; Riboulot et al., 2017). Only a few percent of gas hydrate or free gas in 63 

the sediment may cause amplitude anomalies and blanking, making it difficult to account for high 64 

saturation reservoirs from reflection seismic data alone. Seismic velocities are generally higher where gas 65 

hydrates have formed in the sediment matrix, and lower in free gas zones (e.g. Andreassen et al., 1997).  66 

Marine CSEM methods offer the opportunity to provide area-wide volume estimates of gas hydrate and free 67 

gas saturations. Gas hydrates are electrically resistive and form in the pore space, which is typically filled 68 

with conductive, i.e. saline pore fluid (Edwards, 1997; Spangenberg, 2001). Thus, the presence of gas 69 
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hydrates increases the formation or bulk resistivity of a sediment section. Free gas also increases the 70 

formation resistivity. It is therefore difficult to distinguish between free gas and gas hydrates from CSEM 71 

data alone. The combination of electrical resistivity information from CSEM with seismic reflection and 72 

velocity data has demonstrated to constrain structure, differentiate between free gas and gas hydrate, and to 73 

provide more accurate saturation estimates (e.g. Goswami et al., 2015; Weitemeyer et al., 2017; 74 

Schwalenberg et al., 2017; Bialas et al., 2020, this issue). Ground truthing is still required from coring and 75 

drilling (e.g. Tréhu et al., 2006; Expedition 311 Scientists, 2006). 76 

We report on the analysis and interpretation of two-dimensional (2D) marine CSEM data collected in two 77 

working areas (WAs) in the offshore Danube fan, western Black Sea. The data were acquired during R/V 78 

Maria S. MERIAN cruise MSM35 in early 2014 (Schwalenberg et al., 2014) with the goal to identify and 79 

evaluate possible gas hydrate targets. Time domain CSEM data along three profiles have been interpreted in 80 

terms of resistivity models using state-of-the-art 2D inversion (Key, 2016). We compare the resistivity 81 

models with coincident reflection seismic profiles and seismic velocity information. Gas hydrate saturation 82 

estimates have been calculated applying a stochastic approach of Archie’s relationship (Archie, 1942) after 83 

Sava and Hardage (2007) using porosity, salinity and resistivity data from MeBo drilling (Bohrmann et al., 84 

2018, Riedel et al., 2020, this issue). 85 

 86 

2. Geology of the Western Black Sea 87 

The Black Sea is a quasi-closed marginal sea formed during the Lower Cretaceous with unusually thick 88 

sediments in the basins. Anoxic conditions have favored the production of methane (Reeburgh et al., 1991), 89 

and the formation of gas hydrates within the stability field (Kessler et al., 2006). During the last glacial 90 

maximum, about 20 k years ago, most of the shelf regions have been exposed leading to high seafloor 91 

temperatures of 9°C (Soulet et al., 2010) and extended fresh water phases which have not equilibrated today 92 

(Degens and Ross, 1974). Present pore water salinities decay from 22 psu (practical salinity units) at the 93 

sea-bottom (Murray et al., 1991) to values between 1 and 4 psu measured on core samples down to 30 m 94 

below seafloor (mbsf) at the outer edge of gas hydrate stability of the Danube fan (Ker et al., 2019) and 95 

within the GHSZ down to 144 mbsf using the MeBo-200 drill rig (Bohrmann et al., 2018).  96 
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Large parts of the continental slopes lie within the gas hydrate stability field which extends seawards from 97 

water depths exceeding 620 - 725 m (Vassilev and Dimitrov, 2002; Lüdmann et al., 2004; Popescu et al., 98 

2007). The presence of gas hydrate has been inferred from direct sampling (Vassilev and Dimitrov, 2002; 99 

Riboulot et al., 2018), seismic data mapping the BSR (Lüdmann et al., 2004; Popescu et al., 2006; 100 

Baristeas, 2006; Zander et al., 2017; Minshull et al., 2019), and degassing experiments of sediment samples 101 

(Heeschen et al., 2011; Pape et al., 2011). Strong methane seepage from the seafloor has been reported from 102 

almost everywhere along the continental margins of the Black Sea (Vassilev and Dimitrov, 2002; Naudts et 103 

al., 2006; Klaucke et al., 2006; Schmale et al., 2011; Riboulot et al., 2017), and from mud volcanism in the 104 

deeper parts (Kruglyakova et al., 2004; Greinert et al., 2006).  105 

 106 

2.1  Working Areas 107 

The Danube fan in the western Black Sea offshore Bulgaria and Romania has been the focus area of field 108 

studies within the German SUGAR project (Haeckel et al., 2015; Wallmann and Bialas, 2009; Figure 1a). 109 

Two WAs were chosen for more detailed geophysical investigations during R/V MERIAN cruises MSM34 110 

and MSM35 including high resolution 2D and 3D seismic data (P-cable), ocean bottom seismometer (OBS) 111 

data and heat flow (Bialas et al., 2014), as well as 2D and 3D controlled source electromagnetic data sets 112 

(Schwalenberg et al., 2014). WA1 is located in the Bulgarian sector in water depths around 1500 m and 113 

includes one of the older channel levee systems of the Danube fan referred to as S1 channel in the following 114 

(Figure 1b). It is characterized by stratified levee sediments, mass transport deposits and several buried 115 

paleo channels (Zander et al., 2017). A stack of four BSRs is imaged within the channel (Popescu et al., 116 

2006; Baristeas, 2006). The shallowest BSR at depths of about 320 - 380 mbsf indicates the recent base of 117 

gas hydrate stability (Zander et al., 2017). A high P-wave velocity zone derived from OBS data has been 118 

modeled at intermediate depth below the S1 channel, possibly indicating a layer of low saturation pore 119 

filling gas hydrates based on the absence of shear wave anomalies. Seismic velocities further increase with 120 

depth towards the recent BSR and drop just below the BSR likely due to the free gas layer below (Bialas et 121 

al., 2020, this issue ). WA1 has no indication of vertical fluid flow and gas migration through the GHSZ. In 122 

this study we analyze two CSEM lines with profile P1 covering the S1 channel and parts of the western and 123 
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eastern levees coincident to multi-channel seismic line 1107, and profile P2 covering the S1 channel 124 

towards the eastern levee (see Figure 1b). Analysis of a 3D CSEM data set across the S1 channel is subject 125 

to Duan et al. (this issue).  126 

WA2 is located in the Romanian sector in water depths between 500 and 800 m at the landward edge of the 127 

GHSZ next to the S2 canyon of the offshore Danube fan (Figure 1c). It is characterized by a major slope 128 

failure referred to as the S2 slump area and an anomalously upward bending BSR. Gas migration and gas 129 

flares are abundant in the vicinity of the S2 canyon at water depths of less than 700 m outside the GHSZ 130 

(Hillman et al., 2018) and further up the slope (Soulet et al., 2010; Riboulot et al., 2018). MeBo drilling was 131 

carried out at coincident sites 17 and 19 located near the S2 slump area (Bohrmann et al., 2018; Figure 1c) 132 

Site MeBo-17 reached the BSR at 144 mbsf, but no direct evidence of gas hydrate has been found in any of 133 

the MeBo drill sites (Bohrmann et al., 2018, Riedel et al., 2020, this issue). In WA2 we analyze and 134 

interpret data of one CSEM line (profile P3) across the S2 slump area. 135 

 ()  136 
 137 
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 138 

Figure 1: a) Overview map of the western Black Sea showing the location of the working areas. b) 139 

Bathymetry of working area 1 in the Bulgarian Sector in water depth around 1500 m across the S1 channel. 140 

Purple lines: CSEM profiles P1 and P2 analyzed in this paper, white lines: 2D seismic line 1107 and 141 

outline of the 3D seismic cube, light blue dots: location of ocean bottom seismometer, yellow lines and 142 

dots: 3D CSEM data set analyzed in Duan et al, (this issue). c) Working area 2 in the Romanian Sector in 143 

water depths between 500 to 800 m at the landward edge of gas hydrate stability. Purple lines: CSEM 144 

profile P3 analyzed in this paper. White line: outline of 3D seismic cube, yellow dot: location of gravity 145 

core 5, light blue dot: location of MeBo sites 17 and 19.  146 

 147 

3. Materials and Methods  148 

3.1  CSEM Instrumentation 149 
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We used a seafloor-towed electric dipole-dipole system (HYDRA) to collect 2D time domain CSEM data. 150 

The system consists of a heavy instrument platform called “pig”, a 108 m long transmitting dipole (TX) and 151 

up to five receiving dipoles (RX) of lengths between 15 m and 20 m connected in-line at offsets from 150 152 

m to 850 m behind the TX (Figure 2). The system is modular which means receiving units can be added or 153 

removed from the array, and offsets can be varied in order to adapt to seafloor conditions and target depths. 154 

The pig keeps the array on the seafloor while towing, and contains the telemetry unit, the CSEM 155 

transmitter, a conductivity – temperature – depth (CTD) - probe, and an acoustic ultra-short baseline 156 

(USBL) transponder. Each receiving dipole is connected to a data logger with low-noise front end 157 

electronics, sampling the inline component of the ambient electric fields at 10 kHz.  158 

The HYDRA system has been modified from previous surveys (Gehrmann et al., 2015; Schwalenberg et al., 159 

2017): i) For the first time a newly developed deep-sea CSEM transmitter was used which is mounted 160 

inside the pig, powered by a 500 V onboard power unit and capable to transmit current signals of up to 20 161 

A in amplitude. The new transmitter was used at profile P2, but due to technical problems replaced with a 162 

backup current transmitter placed in the lab onboard the vessel at profiles P1 and P3. ii) A new telemetry 163 

unit was also installed inside the pig, and enabled online communication and data transfer between the 164 

onboard and seafloor units via the opto-electrical deep-tow cable. iii) Two receiver units were newly 165 

developed to allow online communication and data transfer via Ethernet connection to the telemetry unit 166 

inside the pig. Thus, quality checks of the data have become possible during deployments. Transmitter and 167 

receiver units communicate with the telemetry unit via fast DSL-modems. Up to three autonomous, 168 

otherwise identical receiver units described in Gehrmann et al. (2018) are connected by rope und towed 169 

behind. CSEM transmitter and all RX receiver units are equipped with a high precision atomic clock which 170 

were synchronized prior to each deployment. 171 

We applied a continuous square wave source signal with a period of 6 s and +/- 15 A amplitude which was 172 

reduced to +/- 10 A in case of the backup current transmitter (see data examples in the Supplementary 173 

Materials). 174 
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 175 

 176 

Figure 2: Set-up of BGR’s seafloor-towed electric dipole-dipole system HYDRA.  177 

 178 

3.2  CSEM Surveying 179 

For surveying, HYDRA was aligned on the seafloor and towed behind the ship at a low speed around 1 180 

knot with a cable length of about three-times the water depth being paid out. The seafloor array was kept 181 

stationary for about 5 minutes every 300 m and 150 m across the S1 channel in WA1 to collect clean time 182 

series data, but data were also recorded during transits between sites referred to as “roll-on” data. Survey 183 

progress was monitored by displaying the USBL transponder coordinates of the pig on a calibrated map in 184 

the control lab onboard. Profile directions were chosen with priority to match with seismic lines, but were 185 

subject to wind and wave directions. 186 

 187 

3.3  CSEM Data Processing 188 

Data processing of the CSEM data sets included gain and drift corrections, and selection of time intervals 189 

while HYDRA was stationary at each site. A mean stack and standard deviation is calculated from 190 

individual half periods of each receiver and the transmitter within the time intervals discarding outliers that 191 

would bias the stack. Roll-on data, recorded while the array was slowly towed on the seafloor, are included 192 

in the inversion of profile P1, but were not used in the inversion of profiles P2 and P3 due to high noise 193 
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levels.  194 

In the frequency domain, the individual periods of all receivers and the transmitter signals at each site are 195 

transferred using fast Fourier transform. Real and imaginary parts of the earth response are calculated at 196 

eight logarithmically spaced frequencies in the range of 0.167 to 300 Hz for profile P1 and 0.167 to 55.5 Hz 197 

for profiles P2 and P3 from stacked auto and cross correlations using relative and absolute error estimates 198 

(see Supporting Information in Schwalenberg et al., 2017, and Appendix in Gehrmann et al., 2018 for 199 

further details). Additional error floors of 1%, 2% and 3% were added to the data of receivers R1, R2, and 200 

R4, respectively, to facilitate convergence of the inversion process. 201 

 202 

3.4  CSEM Data 203 

Even though we managed to tow up to five receiver units and dipoles behind the TX with a maximum 204 

length of 900 m of the seafloor array, not all receivers recorded useful data due to operating errors and 205 

mechanical problems with the moulds and connectors of the receiver cables. The data we finally used for 206 

the inversion are of high quality as demonstrated by the time series examples in the Supplementary 207 

Materials. Table 1 gives an overview which data and offsets have been used in the inversions of the 208 

respective profiles. 209 

 210 

Table 1: Overview or receivers, offsets, number of sites used in the 2D inversions and number of iterations 211 

to reach the target misfit for the profiles shown in Figures 3, 4, and 5. 212 

Profile P1 / WA1 P2 / WA1 P3 / WA2 

Receiver Offsets R1: 153 m 

R2: 259 m 

R4: 572 m 

R1: 153 m 

R3: 359 m (8 sites) 

R4: 560 m (13 sites) 

R1: 153 m 

R2: 259 m 

 

# Sites 32 (+140 roll-on) 14 19 

Frequency Range 

/ # No. 

0.167 – 300 Hz 

#8 

0.167 – 55.5 Hz 

#8 

0.167 – 55.5 Hz 

#8 

# Iterations 10 7 6 
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RMS 1.30 1.00 1.00 

Figure 3 4 5 

 213 

 214 

3.5  Electrical Resistivity and Gas Hydrate Saturation 215 

The electrical resistivity of the sub-seafloor derived from CSEM data depends on the sediment porosity, 216 

and the salinity and temperature of the pore fluid. In the presence of gas hydrates as well as free gas, the 217 

formation resistivity increases, as both gas hydrate and free gas are electrically resistive replacing 218 

conductive pore water in the sediments. The well-known empirical Archie relationship (Archie, 1942) is 219 

typically used to derive estimates of the gas hydrate or free gas saturation from electrical resistivity data. Its 220 

general form can be written as 221 

�� = � �� ��	                          (1) 222 

with ρ0: formation resistivity of hydrate-free or gas-free sediments, ρω: pore fluid resistivity, φ: porosity , 223 

and the empirical and dimensionless Archie coefficients a and cementation factor m. If gas hydrate, free gas 224 

or another constituent are present, Archie’s relationship can be extended to 225 

�
 = � �� ��	 ����                        (2) 226 

where ρf: formation resistivity of sediment containing hydrate or free gas, Sω: pore water saturation, and n: 227 

empirical saturation exponent. The gas hydrate or free gas saturation Sgh = (1- Sω) can then be calculated 228 

using 229 

�
� = 1 − �� �� �	 �
� ��/�
                        (3) 230 

Note, eq. 2 demonstrates that the gas hydrate / free gas saturation becomes independent of the pore water 231 

properties and porosity, if a valid background resistivity model can be found. In that case it is 232 

�
 = �� ����  and  233 
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�
� = 1 − ���  �
� ��/�
                       (4) 234 

The choice of Archie coefficients a and m has been widely discussed in the literature, and has been derived 235 

for a wide range of artificial and natural samples including various sediment types whereby m generally 236 

increases as the sediment particles become less spherical (e.g. Archie, 1942; Jackson et al., 1978). Salem 237 

and Chilingarian (1999) renamed m shape factor and found that m varies between 1.2 and 3.0 for a wide 238 

range of heterogeneous and compacted lithologies with variable grain and pore sizes and shapes. The 239 

parameter a was introduced by Winsauer et al. (1952) to allow a better fit to the sample data, but is 240 

theoretically 1.0 as the formation factor F = ρf  / ρw should be 1.0 at 100% porosity. Practically, a and m are 241 

derived from core samples of hydrate-free or gas-free background sediments where m is the slope of the 242 

formation factor - porosity – relationship, and a is the intercept at 100% porosity (e.g. Salem and 243 

Chilingarian, 1999; Collett and Ladd, 2000; Riedel et al., 2020, this issue ).  244 

The saturation exponent n has been estimated experimentally and theoretically. Pearson et al. (1983) 245 

derived an average value of n = 1.9386 for frozen permafrost samples as an analog for gas hydrate filled 246 

sediments. Spangenberg (2001) used a range of hydrate bearing network models and found saturation 247 

factors between 0.5 and 4, with larger n for reduced pore space connectivity, and further points out that the 248 

saturation factor clearly depends on the cementation factor m, the porosity, mean grain size and distribution, 249 

and the saturation itself. Cook and Waite (2018) recently suggested to use a saturation factor of n=2.5 +/- 250 

0.5 for gas hydrate settings in the absence of independent estimates.  251 

It therefore seems unlikely that the same set of Archie coefficients may apply to the different sediment 252 

types in the Black Sea working areas. However, based on the MeBo drilling data in WA2 we can provide a 253 

parameter range and dependency for a and m, and estimate a range for n.  254 

The presence of clay also strongly affects the formation resistivity and Archie coefficients, and may lead to 255 

false saturation estimates, if it remains unconsidered (e.g. Worthington, 1993). Generally, due to its shape 256 

clay affects the tortuosity of the pore space, and is mostly reflected in m which typically increases as the 257 

clay content increases (Jackson et al., 1978; Salem and Chilingarian, 1999).Various models have been 258 
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suggested to account for the conductivity of clay (shaly sand correction). Lee and Collett (2006) make use 259 

of the shaly sand model by Simandoux (1963) where the conductivity of the clay minerals is added to the 260 

formation conductivity. The gas hydrate saturation for shaly sands can then be written as 261 

�
� = 1 − �� �� �1 − �
  ��� �	 �
� �
�/�

  .           (5) 262 

where �� =  ���1 − ��  ��  is the effective clay conductivity, Vc the volume fraction of clay in the solid 263 

matrix and Rc the resistivity of clay (Lee and Collett, 2006). 264 

 265 

3.6  Stochastic Determination of Gas Hydrate Saturations 266 

In order to calculate saturation estimates from the resistivity models, we apply stochastic simulations of 267 

Archie’s relationship following the procedure suggested by Sava and Hardage (2007). The input parameters 268 

are represented by either uniform or Gaussian probability distribution functions (PDFs) within appropriate 269 

parameter ranges derived from MeBo drilling and core sample analysis. This accounts for the fact that the 270 

input parameters have uncertainties and that the same set of Archie’s coefficients might not apply to the 271 

larger sediment volume measured by the CSEM remote sensing technique compared to drilling.  272 

Similar to Sava and Hardage (2007), we use uniform distributions for the resistivity of the pore fluid ρω  , the 273 

resistivity of clay Rc and Archie coefficients a, m, and n. The formation factor – porosity - relationship of 274 

the MeBo core data shows that a and m are interdependent. We therefore sample from a range of a – m 275 

combinations that envelope the range of the MeBo-17/19 core data (see Supplementary Materials). 276 

Gaussian distributions are applied to the logarithm of the formation resistivity log10 ρf, the porosity φ, and 277 

the volume of clay Vc. Saturations are then estimated running Monte Carlo simulations over the PDFs by 278 

repeated (N=5000) calculations of Archie’s relationship using both the clean sand formulation in eq. 3 and 279 

shaly sand correction in eq. 5. The resulting saturations are binned in 1% intervals. Negative saturations 280 
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which may result mathematically are excluded from binning, and the probability density distribution and 281 

68% confidence intervals are then calculated from the positive bins. 282 

 283 

4. 2D CSEM Inversion 284 

We use the open-source 2D inversion code MARE2DEM (Key, 2016) to calculate the electrical resistivity 285 

models from the CSEM data. The code makes use of an Occam-type regularization (Constable et al., 1987) 286 

to derive smooth models of minimum spatial contrasts which fit the data within the given error structure. 287 

This is accomplished in two phases. In the first phase the target misfit is reached by a stepwise line search 288 

of the Lagrange parameter by minimising both the root-mean- square (rms) misfit and the model roughness. 289 

In the second phase, the algorithm seeks a model at the target misfit with the smallest roughness norm 290 

(Key, 2016). Model discretization is done optionally by unstructured triangular or quadrilateral grids, or 291 

both, which allows more flexibility to adapt to seafloor topography and complex model structure, while 292 

minimizing the number of grid cells.  293 

Control of the inversion process can be attained in different ways: i) Convergence of the inversion process 294 

can be facilitated by increasing the target misfit or assigning a relative error to the statistically derived 295 

absolute data error (e.g. Connell and Key, 2013). This accounts for systematic errors including geometry, 296 

navigation and time delays which are not encountered by the standard deviations derived from stacking 297 

alone. ii) Changing the spatial smoothness constraint is particularly effective, if the model cells have large 298 

horizontal to vertical ratios. iii) The code allows to invert for isotropic, bi-, and triaxially anisotropic models 299 

using a penalty weight factor that controls the size of the anisotropy ratio. iv) A-priori known model 300 

parameters can be fixed or confined within a given parameter range, and v) weighted penalty cuts can be 301 

applied across model segments from e.g. reflection seismic boundaries (see Key, 2016, for details). 302 

 303 

4.1  Inversion input parameter 304 

The following parameters were used as input in the inversion: 305 
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• For all inversion results shown in the following paragraph the starting model contained an air layer 306 

with a fixed resistivity of 105 Ωm.  307 

• Seawater resistivities of 0.4 Ωm were measured at the seafloor with the CTD –sensor inside the pig 308 

and showed little variation along the profiles. Thus, the value was fixed for the ocean layer in the 309 

starting models which is feasible as both transmitter and receivers are towed on the seafloor. 310 

However, we also tested a layered ocean model which didn’t change the inversion results. 311 

• We use the MeBo-19 resistivity log to derive a starting model for in the shown inversion results. It 312 

contained seafloor parallel layers of increasing resistivity from 1 to 15 Ωm within the upper 50 313 

mbsf, 17 Ωm down to ~500 mbsf and 5 Ωm outside the resolved areas (Table 2). We initially tested 314 

a homogeneous half-space of 3 Ωm as starting model, but data fit and convergence improve with 315 

the starting model adapted from the MeBo-19 resistivity log. 316 

• A combination of triangular, quadrilateral and again triangular elements are used to finely 317 

discretize the shallow layers, the deeper area covered by the data, and model areas outside the range 318 

covered by the data, respectively. This accounts for data sensitivity to resistivity changes close to 319 

the seafloor, model resolution, and size of the inverse problem. Bathymetry and array geometry 320 

including dip angles of the dipoles are this way considered in the starting model.  321 

• We invert eight logarithmically spaced frequencies from 0.167 to 300 Hz for profile P1, and 0.167 322 

to 55.5 Hz for profiles P2 and P3, but omit the highest frequencies for receiver R4 at profiles P1 323 

and P2. 324 

• The horizontal to vertical penalty weight was varied between 1 and 10. The higher the penalty 325 

weight the smoother is the lateral contrast in the model. The average aspect ratio of the vertical to 326 

horizontal length of the quadrilateral grid cells is 1:5 in all models, therefore a penalty weight of 5 327 

was chosen in for the inversion of profiles P1, P2, and P3. 328 

• We tested vertical anisotropic inversion using anisotropy penalty weights between 0.1 and 10 (Key, 329 

2016). For all three profiles we found isotropic inversion results that could fit the data to the same 330 
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degree as the vertical anisotropic inversion, thus isotropic inversion is applied in the inversion 331 

results shown in Figures 3, 4, and 5. 332 

 333 

Table 2: Parameters of the layered starting model used in the inversions. Resistivities and ranges are taken 334 

from the MeBo-19 resistivity log and range of background models.  335 

Layer Depth range Resistivity Start model Allowed resistivity range 

Air - 100000 Ωm fixed 

Ocean - 0.4 Ωm fixed 

1 0 – 5 mbsf 1 Ωm 0.3 – 2 Ωm 

2 5 – 15 mbsf 3 Ωm 0.5 – 10 Ωm 

3 15 – 30 mbsf 8 Ωm 2 – 20 Ωm 

4 30 – 50 mbsf 15 Ωm 5 – 30 Ωm 

5 >50 mbsf 17 Ωm 5 - 50 Ωm 

6 Outside model range 5 Ωm 1 - 100 Ωm 

 336 

 337 

4.2  Sensitivity Matrix 338 

The sensitivity matrix or Jacobian provides a measure which parts of the model are sensitive to the data. 339 

The matrix contains the derivatives of all data with respect to all model parameters 340 

!�",$ = % & 
'& ()*�� 	+, , - = 1. . . . /; 1 = 1. . . . 23,                 (6) 341 

where N is the number of data, and M is the number of model parameters. Logarithms of both data and 342 

model parameters are used according to their logarithmic distribution. Cumulative sensitivities are 343 

calculated by summing up each column of the sensitivity matrix (containing data for different components 344 

and frequencies) and scaled with the data errors and the area of the respective grid cell. This provides a 345 

measure of the average sensitivity of all data with respect to each model parameter for the respective model 346 

under consideration, and can be used to exclude model parts with low sensitivity from interpretation 347 
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(Schwalenberg et al., 2002). However, the threshold up to which sensitivity value the model is resolved by 348 

the data is not clearly defined and subject to the users experience. We used a threshold of 10-3 of the 349 

normalized cumulative sensitivity to exclude model parts with smaller sensitivity from the interpretation. 350 

 351 

5. Results 352 

 353 

5.1  Working Area 1 – S1 Channel 354 

 355 
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  356 

 357 

Figure 3: a) Resistivity model from 2D inversion of profile P1 across the S1 channel (see Figure 1 for 358 

location) overlaid with coincident MCS line 1107 (Zander et al., 2018, this issue). Open circles at the 359 

seafloor mark transmitter positions. b) Interpretation of Figure 3a: (A) transition of conductive to more 360 

resistive sediments (~1-10 Ωm) within the upper ~40 mbsf are caused by the decrease in salinity from 22 to 361 

~2.5 psu. (B) a zone of fine grained homogeneously layered levee sediments below the western levee 362 

corresponds with high resistivity values (20-30 Ωm) at depths from ~1500-1600 m (~50-150 mbsf). (C) 363 
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MTDs of irregular seismic facies and low to high amplitudes close to the seafloor and intercalated within 364 

deeper levee sediments are conform with resistivity values in the range of 10-20 Ωm. (D) Sediments below 365 

the S1 channel are characterized by meandering sub channels caused by abundant levee failures and 366 

channel cuts. CSEM inversion reveals a layer of high resistivities (~18-25 Ωm) from 1550 – 1650m (~50-367 

150 mbsf) which terminates towards the eastern levee. The lateral extension of the layer is in good 368 

agreement with a P-wave velocity anomaly (E) derived from OBS data (light blue dots, Bialas et al., 2020, 369 

this issue). Below the eastern levee resistivities are lower (~10 Ωm) where older levees are imaged by 370 

strongly stratified sediments (F). At depths below ~1750 m resistivities increase again towards the stack of 371 

multiple BSRs (G). c) Saturation model derived with the stochastic approach of Archie’s relationship using 372 

the clean sand formulation. Saturation estimates are in the order of 10-20% within the sediments below the 373 

western levee increasing towards 30% below the ridge, 10% at depths from 50-150 m below the S1 374 

channel, and locally 20-30% below the eastern levee starting ~100 m above the recent BSR 1. 375 

Transparency has been added to model parts with a cumulative sensitivity less than 10-3. 376 

 377 

 378 

Profile P1 379 

Figures 3a and 3b show the 2D inversion result of profile P1 in WA1. Profile P1 covers the S1 channel and 380 

parts of the outer levees. The profile coincides with the 2D multi-channel seismic (MCS) line 1107 (Bialas, 381 

et al., 2014; Zander et al., 2017; Figure 1) which is overlaid on the resistivity model (see Table 1 for 382 

inversion details). 383 

Hillman et al. (2018, this issue) classified the key sedimentary facies in the Danube fan as follows: i) Mass 384 

transport deposits (MTDs) are slope failure events which are characterized by chaotic and irregular seismic 385 

facies with discontinuous low to high amplitude reflections; ii) Channel fill sediments (CFS) are associated 386 

with turbidity current deposits within the canyons characterized by sub-parallel, irregular reflections along 387 

narrow belts with high seismic amplitudes. Sediments are predominantly coarse-grained clastics with high 388 

proportions of sand; iii) Levee deposits (LD) are predominantly finely-laminated, fine-grained spill-over 389 
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turbidites which may occasionally contain thin, sand-rich intervals that can act as permeable pathways and 390 

seismic data show parallel to convergent, laterally continuous reflections of low to medium amplitudes.  391 

The resistivity model of profile P1 (Figures 3a and b) shows conductive sediments in the upper 30 mbsf 392 

with resistivities of 1-3 Ωm. This shallow part is characterized by stratified fine-grained levee sediments 393 

with thin intercalated clay-dominated layers and MTDs. At depths below ~50 mbsf the CSEM model shows 394 

an abrupt transition to an about 100-150 m thick layer of higher resistivities around 20-30 Ωm. Below the 395 

western levee this layer is seismically characterized by predominantly laminated levee sediments, while the 396 

area below the S1 channel is dominated by sequences of meandering channel fills and faulting from heavy 397 

sedimentation rates. Below the eastern levee resistivity values are lower at the same depth where seismic 398 

layering becomes horizontally stratified. At depths below ~150 mbsf (1600-1650 m depth) higher 399 

conductivities below the western levee occur where the seismic section shows alternating levee deposits 400 

and MTDs. The transition to elevated resistivities below the western levee is in fairly good agreement with 401 

a seismic discontinuity at depths of 1820 m. Below the S1 channel inversion revealed elevated 402 

conductivities within a broader zone of paleo channels below ~ 200 mbsf (~1650 m depth). Resistivities 403 

increase again below the discontinuity. At depth below the eastern end of the profile resistivities increase to 404 

values around 20 Ωm where reflection seismic data display a stack of multiple BSRs. 405 

 406 

 407 
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Figure 4: 2D inversion result of profile P2 across the S1 channel (see Figure 1 for location) using 408 

stationary data of receivers R1, R3, and R4 (see Table 1). The coincident 2D seismic line cut out from the 409 

3D seismic cube has been overlaid (Bialas et al., 2014). Transparency has been added to model parts with 410 

a cumulative sensitivity less than 10-3. White circles mark transmitter positions and triangles mark receiver 411 

positions. Missing receiver data of R3 are marked in red. 412 

 413 

Profile P2 414 

Profile P2 runs in E-W direction across the S1 channel and intersects with profile P1 at the footstep of the 415 

ridge (Figure 1b). Data sensitivity and model resolution is lower compared to profile P1 due to data gaps of 416 

receiver R3 caused by an instable connection to one receiver electrode. Also, no roll-on data could be used 417 

in the inversion (see Table 1 for inversion details).  418 

The resistivity model in Figure 4 confirms the general trend observed on profile P1 in Figure 3 of lower 419 

resistivities (1-3 Ωm) within the upper 30 mbsf and a layer with higher resistivities at depths from ~1550 m 420 

to 1680 m (~50-150 mbsf) which is laterally interrupted due to low model resolution rather than to real 421 

structure. The overlaid seismic section is taken from the 3D cube (Bialas et al., 2014) and shows a similar 422 

stratigraphy compared to the 2D MCS section overlaid in Figures 3a and b. However, we don’t see a clear 423 

correlation between the resistivity patterns and seismic features and do not further refer to this model in the 424 

discussion, but decided to present it for completeness. 425 

 426 

5.2  Working Area 2 – S2 Slump Area 427 

 428 
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 429 

 430 

Figure 5: a) 2D inversion result and interpretation of profile P3 across the S2 slump overlaid with the 431 

coincident seismic line taken from the 3D cube (Bialas et al., 2014). Open circles and diamonds at the 432 

seafloor mark transmitter and receiver positions, respectively. The MeBo-19 resistivity log (Bohrmann et 433 

al., 2018) has been projected on the figure (see Figure 1 for location). (A) Transition of conductive to more 434 

resistive sediments (~1.5-8 Ωm) within the upper ~40 mbsf are caused by the decrease in salinity from 22 to 435 

~2.5 psu which agrees with the MeBo 19 resistivity log, and corresponds with stratified levee sediments 436 

with higher clay content (Riedel et al., 2020, this issue). (B) Within the S2 slump, resistivities are fairly 437 
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homogeneous around 10-14 Ωm and correspond with seismically homogeneous levee sediments. (C) 438 

Resistivities increase to values of 15 Ωm below the depth of the BSR which steeply bends towards the 439 

seafloor where it outcrops at profile meter 2500. b) Saturation estimates derived with the stochastic 440 

approach of Archie’s relationship. Gas hydrate saturations are around 0% within the GHSZ. Below the 441 

BSR saturations increase slightly to values of less than 10% which could indicate low gas concentrations. 442 

Transparency has been added to model parts with a cumulative sensitivity less than 10-3. 443 

 444 

Profile P3 445 

Figure 5a shows the inversion results of profile P3 in WA2. The profile is located in water depths from 580-446 

700 m and covers the S2 slump area and the landward edge of the gas hydrate stability field. Data at 19 447 

waypoints from only two receivers R1 and R2 are available. The corresponding seismic section cut out 448 

from the 3D cube has been overlaid on the resistivity model.  449 

Similar to the profiles in WA1 we observe a good correlation between conductive sediments with values 450 

increasing from 1.5-3 Ωm to 6-9 Ωm and younger stratified levee deposits within the upper 40 mbsf. The 451 

transition of conductive to resistive sediments appears at the same depth range in the MeBo-19 resistivity 452 

log drilled about 1 km to the east (see Figure 1c) which has been projected on the model. Below the S2 453 

slump area, resistivities generally increase from 10 to 14 Ωm at depths from 40 mbsf to the BSR. This 454 

corresponds with homogeneous levee sediments in the seismic section. Patches of high amplitude 455 

reflections at depths of ~820 m and at the flanks of the slump area mark the BSR which steeply bends 456 

towards the seafloor where it outcrops at profile meter 2500. Resistivities remain constant at 15 Ωm below 457 

the depths of the BSR which was found at 144 mbsf at site MeBo-17 (Bohrmann et al., 2018), but the 458 

resistivity model has low resolution at greater depths as low sensitivities show. 459 

 460 

5.3  Background Resistivity Models from MeBo drilling 461 
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  462 

 463 

Figure 6: a) Porosity data derived from gravity core GC5 and MeBo-17 cores in WA2, average porosity 464 

(av.por.) and variations of +/-10% of the average. b) Salinity data derived from GC5 and MeBo-17, 465 

average salinity (av.sal.) and variations of +/-40% of the average. Below ~40 mbsf salinity values are in 466 

the range of 1.5-3.5 psu and 2.5 psu on average. c) Pore water resistivity–depth profiles derived with Gibbs 467 

seawater toolbox (McDougall and Barker, 2011) using the average salinity and variations in b) and the 468 

thermal gradient given in Zander et al. (2017). d) Background resistivity-depth profiles calculated with 469 

Archie’s relationship using average porosities in a) and pore water resistivities in c) (solid lines), upward 470 

variations (dotted lines) and downward variations (dashed lines). Green, black and blue refer to 471 

cementation factors m= [1.8, 2.0, 2.4], respectively. The gray line shows the deep penetration induction log 472 

of MeBo-19, purple dots display the corrected resistivities derived from core samples at site MeBo-17. 473 

Core data of GC5 and MeBo-17/19, and the resistivity log of MeBo-19 were supplied by M. Haeckel and 474 

M. Riedel (pers. comm.). 475 

 476 

We use core data from MeBo-17 and gravity core GC5 located at the western flank of the S2 channel in 765 477 

m water depth (see Figure 1c) to derive a range of background resistivity models. Figure 6a shows core 478 

derived porosity data which on average decrease from ~75% at the seafloor to 45% at ~40 mbsf and stay 479 

Jo
urn

al 
Pre-

pro
of



25 
 

nearly constant below. The variability is about +/-10%. Salinities shown in Figure 6b decrease from 22 psu 480 

at the seafloor which agrees with Popescu et al. (2006) and Soulet et al. (2010) to nearly freshwater values 481 

of 2.5 psu on average below ~40 mbsf. Here, the salinities vary between 1.5 and 3.5 psu or +/- 40% from 482 

the average which is within the range derived from piston cores at the landward edge of the GHSZ (1-4 psu, 483 

Ker et al., 2019).  484 

Pore water resistivities (Figure 6c) were calculated with the Gibbs seawater oceanographic toolbox 485 

(McDougall and Barker, 2011) using the average salinity values from the cores and variabilities given 486 

above, a seafloor temperature of T = 9° C and a geothermal gradient of ∆T=24.5° C/km (Zander et al., 487 

2017). The calculated pore water resistivity at the seafloor is 0.4 Ωm which is in full agreement with the 488 

resistivity measurements of the CTD-probe attached to our CSEM seafloor array. Pore water resistivities 489 

increase below ~40 mbsf to values of 2.9 Ωm (2.1 and 4.7 Ωm, respectively, for salinity variations of ± 490 

40%).  491 

Archie’s relationship in eq. (1) has been used to derive a range of background resistivity-depth profiles 492 

(Figure 6d). Input parameters are the average porosity profile and variations (Figure 6a), and the average 493 

pore water resistivity profile and variations (Figure 6c). We set Archie coefficients a = 1.0 and m = [1.8, 494 

2.0, 2.4] in addition to the minimum and maximum estimates of pore water resistivities and porosities to 495 

obtain a range of realistic background models. This is in agreement with Archie coefficients Riedel et al. 496 

(2020, this issue) derived from MeBo-17 core samples (a = 1.045 and m=1.875). The resistivity profiles 497 

measured with the deep penetration induction log (Bohrmann et al., 2018) at site MeBo-19 and the 498 

corrected core-derived resistivities of Site MeBo-17 are within the range of the calculated background 499 

resistivity models, but do not follow one particular background model (using single porosity and salinity 500 

trends and a constant cementation factor). Particularly within the first 40 mbsf, log and core derived 501 

resistivities cover a range of background models. Deeper than 50 mbsf the resistivity log is closest to the 502 

background resistivity derived with the average porosity and salinity and m = 2.0. Varying the cementation 503 

factor m seems to have a smaller effect on the formation resistivity than variations of porosity and salinity 504 

(comparing line styles of same colors in Figure 6d).  505 
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In the following we investigate, if the inverted resistivity models of profiles P1 and P3 can be explained by 506 

the range of background models in Figure 6d or possibly indicate the presence of gas hydrate and free gas. 507 

 508 

  509 

 510 

 511 

Figure 7: Background resistivity depth profiles calculated with the average porosity and pore water 512 

resistivity profiles in Figure 6 and cementation factors m = [1.8, 2.0, 2.4] (colored lines) and the MeBo-19 513 

deep penetration resistivity log (black) compared with selected subsets of the inverted resistivity models of 514 

profiles P1 and P3 (gray lines). a) P1 western levee, profile meter 2000-2500; b) P1 S1 channel, profile 515 

meter 4000–4500; c) P1 eastern levee, profile meter 6700–7200; d) P3 S2 slump, profile meter 1200–1700. 516 

 517 

5.4  Comparing Inverted Resistivity and Background Models 518 

In Figure 7 we compare the background models derived from the average porosity and pore water 519 

resistivity models and different cementation factors (Figure 6d) with selected subsets of the inverted 520 

resistivity models of profiles P1 (Figures 7 a-c) and P3 (Figure 7d). We thereby assume that the general 521 

porosity and salinity distributions are not too different between the two working areas. This might be 522 

justified as reflection seismic profiles from both areas show similar features including pronounced shallow 523 
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levee deposits, sequences of mass transport deposits, and older levee deposits (Hillman et al., 2018, this 524 

issue).  525 

The inverted resistivities are generally lower than the background models within the upper 40 mbsf where 526 

salinities and porosities change rapidly. We attribute this to the roughness constraint in the Occam inversion 527 

which impedes strong resistivity contrasts (Constable et al., 1987). At profile P1, inversion revealed higher 528 

than background resistivities at depths from ~50 – 150 mbsf below the western levee (Figure 7a) and ~50 – 529 

100 mbsf below the S1 channel (Figure 7b). Below the eastern levee, resistivity values remain below the 530 

background and increase at depth > ~250 mbsf (Figure 7c). At profile P3, below the S2 slump, the inverted 531 

resistivities are in the range of 5-10 Ωm and still lower than the MeBo-19 resistivity log and the 532 

background resistivities from ~25-100 mbsf. Below 100 mbsf, the inverted resistivities are constant, but 533 

lose sensitivity with depth. (Figure 7d).  534 

 535 

5.5  Gas Hydrate Saturation Estimates 536 

In order to predict if and how much gas hydrate or free gas is present in WA1 and WA2 we derive 537 

saturation estimates from the resistivity models of profiles P1 and P3 applying the stochastic approach after 538 

Sava and Hardage (2007) presented in section 3.6 using the following parameter ranges as input in Archie’s 539 

relationship: 540 

Table 3: Parameter input ranges used in the stochastic calculation of saturation estimates 541 

Porosity Φ Pore water 

resistivity 

ρw 

Archie 

coefficients  

a/m 

Saturation 

factor n 

Volume 

fraction 

clay Vc 

Resistivity 

clay Rc  

Formation 

resistivity ρf 

Subsets 

Formation 

resistivity ρf 

Models 

MeBo 

average +/- 

10% 

MeBo 

average +/- 

40% 

[0.8 / 2.5] to 

[1.2 / 1.5] 

2.0-2.5 0.1–0.6 5-60 Ωm [min log ρf  - 

max log ρf] 

log ρf  +/- 

10% 

Gaussian Uniform Uniform Uniform Gaussian Uniform Gaussian Gaussian 

 542 

Jo
urn

al 
Pre-

pro
of



28 
 

• The porosity Φ follows the average MeBo-derived porosity-depth function (Figure 6a) and is assigned 543 

to a Gaussian distribution in the range of the average porosity +/- 10%.  544 

• The pore water resistivity depth function ρw has been converted from mean salinity values at site 545 

MeBo-17 (Figure 6c) and is assigned to a uniform distribution in the range of the average pore water 546 

resistivity +/- 40%.  547 

• The formation factor - porosity relationship derived from core data of site MeBo-17/19 suggests that a 548 

wider range of a-m combinations applies to the core samples, and that Archie coefficients a and m vary 549 

not independently from each other (see Supplementary Materials). We use uniformly distributed 550 

combinations in the range of [a = 0.8, m = 2.5] and [a = 1.2, m = 1.5].  551 

• According to Cook and Waite (2019) we assume a uniform distribution for the saturation exponent in 552 

the range of n = [2.0 2.5]. 553 

• The formation resistivity ρf is assigned to a Gaussian distribution in the log10 range. In Figure 8 554 

resistivity ranges are taken from the subsets shown as gray line in Figure 7. For the saturation models 555 

shown in Figures 3c and 5b we assign a range of log10 ρf +/- 10% to the inverted resistivities of the 556 

corresponding models in Figure 3a and 5a.  557 

• For the shaly sand correction we apply a Gaussian distribution in the range of Vc=[0.1 0.6] for the 558 

volume fraction of clay (Ker et al., 2019) and a uniform distribution in the range of Rc=[5 60] Ωm for 559 

the resistivity of clay.  560 
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 561 

Figure 8: Probability density distributions following Sava and Hardage (2007) of saturation estimates 562 

derived from subsets of the resistivity models of profile P1 a) western levee, b) S1 channel, c) eastern levee, 563 

and profile P3 d) S2 slump . Solid and dashed lines mark the 68% confidence intervals calculated with the 564 

clean sand and shaly sand correction using eqs. (3) and (5), respectively. High saturations within the upper 565 

~20 mbsf result from the roughness penalty impeding strong resistivity contrasts in the inversion (see text 566 

for details).  567 

 568 

Saturation estimates have been calculated using Archie’s relationship from 5000 random samples of the 569 

parameter ranges given above and in Table 3. The resulting saturations have been grouped in 1% intervals 570 

from 0 to 100%. Negative saturations can result mathematically, but are unrealistic and have been excluded 571 

from binning. A probability density function and 68% confidence intervals have been calculated for each 572 

model parameter.  573 

We present the saturation estimates for profiles P1 and P3 in profile view in Figures 3c and 5b, and as 574 

saturation depth profiles in Figure 8. The saturation models for profile P1 in Figure 3c and for profile P3 in 575 

Figure 5b show the median of the confidence interval derived with the clean sand formulation in eq. 3. 576 

Probability density distributions and confidence intervals in Figure 8 have been derived from the same data 577 

subsets of profiles P1 and P3 used in Figure 7. The confidence intervals show that the saturation estimates 578 
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have uncertainties of 15 - 20% given the range of input parameters. Depth ranges with higher probabilities 579 

go along with smaller uncertainties. Comparing the confidence intervals derived with the clean sand 580 

formulation (eq. 3, solid black line) with the shaly sand correction (eq. 5, dashed black lines) yields about 581 

10% higher saturation estimates including clay in the calculation. High saturation estimates close to the 582 

seafloor result from the roughness penalty constraint in the Occam inversion suppressing strong resistivity 583 

contrasts in the models and are excluded from our interpretation.  584 

 585 

Saturation Estimates, Profile P1 586 

The saturation model for profile P1 in Figure 3c shows saturations of 10-20% within the resistive layer 587 

below the western levee. Below the ridge saturations rise locally up to 30%. The ridge topography and the 588 

seafloor array geometry are included in the model, but may contribute to the high resistivity and saturation 589 

values below the ridge. Below the S1 channel, saturations are around 10% at ~1550 m (50-150 mbsf) within 590 

a layer that terminates towards the eastern levee. Another zone of higher saturations of up to 30% has been 591 

revealed below the eastern levee at depths of the recent BSR (1800 m). The probability distribution with 592 

depth and confidence intervals of the model subsets in Figure 8 a-c reflect the saturation model in Figure 593 

3c, but also illustrate the uncertainty width of the saturation estimates given the input parameter ranges.  594 

 595 

Saturation Estimates, Profile P3 596 

The saturation model for profile P3 in Figure 5b shows low to negligible saturations below 10% within the 597 

GHSZ and towards the northeast of the profile outside the gas hydrate stability field. Only at depths below 598 

the BSR saturations are in the order of 10% and higher, but sensitivity of CSEM data decays below ~850 m 599 

(~200 mbsf). The probability density distribution in Figure 8d indicates a general increase in saturation 600 

below ~30 mbsf and fairly wide confidence intervals. 601 

 602 

6. Discussion 603 

Inversion of geophysical data is inherently non-unique. Thus we should state that the resistivity models 604 

derived from 2D inversion in Figures 3, 4, and 5 are also non-unique, but reflect the smoothest possible 605 
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resistivity distribution at the target misfit (Constable, 1987), and impedes strong resistivity contrasts. Model 606 

resolution also decays with depth as reflected by the sensitivity matrix which is used to mask model parts of 607 

low sensitivity to the data. Including roll-on data in the inversion of profile P1 improved model resolution 608 

and data sensitivity to greater depth. Inversion of “only” stationary data and missing data at greater 609 

transmitter receiver offsets at profiles P2 and P3 reduced model resolution and sensitivity at depth. 610 

Saturation estimates based on Archie’s relationship depend on the knowledge of the input parameters or a 611 

valid background resistivity model. Background models derived from porosity and salinity data of site 612 

MeBo-17/19 in WA2 show large variabilities, also for different cementation factors. Comparing the MeBo-613 

19 resistivity log with the background models demonstrates that a single set of input parameter in Archie’s 614 

relationship may not apply to calculate saturation estimates from our resistivity models covering different 615 

lithologies (Figure 6d). We therefore adopt the stochastic approach of Sava and Hardage (2007). 616 

Uncertainties of the input parameter in Archie’s relationship are expressed by either uniform or Gaussian 617 

probability distribution functions, and saturation estimates are derived from the confidence intervals of the 618 

randomly determined probability distributions. 619 

The resistivity model of profile P1 in WA1 generally reflects the transition of marine to lacustrine pore 620 

waters within the top 30-40 mbsf (salinity drops from 22 psu to 1.5-3.5 psu) and the decrease in porosity 621 

from ~70% to 45%. MSC data show strong reflections and smaller intercalated mass transport deposits. 622 

Sediments are likely clay-dominated assuming a similar stratigraphy as in WA2, but drilling data are 623 

missing in WA1. The presence of gas hydrates can be discarded in this shallow section. 624 

Below the western levee and S1 channel, 2D inversion revealed anomalously high resistivities within a 625 

~100 m thick layer at about 50 mbsf which fades out towards the eastern levee (Figure 3a). We derive 626 

saturation estimates around 20% below the western levee, 30% below the ridge, and around 10% below the 627 

S1 channel with 15-20% wide confidence intervals around the median (Figure 8). Including clay in the 628 

calculation shifts the estimates by ~10% towards higher saturations. Below the western levee, the well-629 

resolved resistive layer is conform with a zone of homogeneously layered, fine grained levee sediments 630 

intercalated with smaller mass transport deposit. Gas hydrates saturations in the order of 20-30% seem 631 

unlikely within the fine grained sediments with probably high clay content. Reduced permeabilities and 632 
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porosities in the order of 30-35% caused by higher compaction due to different sedimentation rates at the 633 

western levee may also explain the resistive layer, but seismic velocity information and drilling data are 634 

missing which would help to clarify the origin of the high resistivities, and whether they are caused by gas 635 

hydrate, low porosity, or possibly a mixture of both. 636 

Below the S1 channel, the resistive layer shows high spatial agreement with the extent of an anomalous P-637 

wave velocity layer (Figure 3b, Bialas et al., 2020, this issue). The resistive layer terminates where 638 

reflection seismic data show a lateral transition from multiple levee failures and channel cuts to rather 639 

stratified levee sediments east of profile meter 6200 in Figure 3. Dannowski et al. (2017) derived 6-12% 640 

pore filling gas hydrates for the high velocity layer which is in good agreement with the saturation estimates 641 

around 10% derived from the CSEM data at profile P1, but lower than Duan et al. (this issue) derived from 642 

an independently analyzed 3D CSEM data set.  643 

Another zone of higher resistivities occurs at greater depth below the eastern levee where a stack of 644 

multiple BSRs is visible in the seismic section. Saturations are 10-20% reaching a local maximum of 30% 645 

at the recent BSR-1 which we explain with gas hydrates above and free gas below the BSR. Interestingly, 646 

elevated resistivities are centered around the area where the multiple BSRs are clearly visible in the seismic 647 

section which may imply locally higher gas hydrate and free gas concentrations in connections with the 648 

observable BSRs. 649 

The resistivity model of profile P3 in WA2 shows a generally smooth increase in resistivity with depth at 650 

the S2 slump compared to the sharp increase observed in the background resistivity models and resistivity 651 

log at site MeBo-19 (Figure 6d). The smooth trend is attributed to the smoothness constraint in the 652 

inversion and availability of data from only two receivers. The increase in resistivity with depth is mainly 653 

controlled by the decrease in salinity and porosity (Figures 6 a, b). Saturation estimates revealed little to no 654 

(<10%) gas hydrate within the GHSZ at the bowl-shaped S2 slump. MeBo drilling at site 17/19 also did not 655 

provide clear evidence of gas hydrates (Riedel et al., 2020, this issue). The reflection seismic section 656 

extracted from the 3D cube shows strongly stratified levee sediments within the upper 30-40 mbsf (Figure 657 

5a). Drilling at site MeBo-17/19 revealed clay-dominated sediments in the shallow part (Riedel et al. 2020, 658 

this issue). At depths from ~40 mbsf to the BSR at 144 mbsf seismic data show a well stratified unit of fine-659 
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grained sediments of channel-overspill turbidites with an underlying MTD of lower reflection amplitude 660 

(Riedel et al., 2020, this issue). Interestingly, the bowl-shaped upward bending BSR seems to mark a 661 

boundary to generally higher resistivities in the inversion model which goes along with slightly higher 662 

saturation estimates above 10%. Together with the enhanced amplitude reflections and polarity changes 663 

observed in the seismic section this possibly indicates that some amount of free gas has accumulated below 664 

the base of the GHSZ.  665 

 666 

7. Summary and Conclusions 667 

We analyzed marine time domain CSEM data of three profiles in two working areas from the offshore 668 

Danube fan using state of the art 2D regularized inversion (MARE2DEM, Key, 2016) with the aim to 669 

identify possible gas hydrate occurrences and to provide saturation estimates. The resulting resistivity 670 

models were compared with coincident reflection seismic sections (Bialas et al., 2014, Zander et al., 2017), 671 

and drilling data from site MeBo-17/19 in WA2 offshore Romania (Bohrmann et al., 2018, Riedel et al., 672 

2020, this issue ). To derive saturation estimates we applied a stochastic approach of Archie’s relationship 673 

(Archie, 1942) after Sava and Hardage (2007) which considers uncertainties in the input parameters. Our 674 

most significant findings are: 675 

• The resistivity values are generally higher compared to other gas hydrate regions as a consequence 676 

of low pore water salinities introduced by sea level low stands during the last glacial maximum. 677 

• The transition of lower to higher resistivities from seafloor to 30-40 mbsf of the inverted resistivity 678 

models reflects the sharp decrease in porosity and salinity as observed in MeBo drilling data in 679 

WA2.  680 

• Below the S1 channel in WA1 a resistive layer at intermediate depths indicates gas hydrate 681 

saturations in the order of 10% within a sediment section dominated by meandering channel fills 682 

and faulting. This is in agreement with saturation estimates derived from a seismic P-wave anomaly 683 

(Bialas et al., 2020, this issue), and somewhat lower than saturation estimates derived from an 684 

independent 3D CSEM data set (Duan et al., this issue). 685 
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• The resistive layer extends below the channel ridge and western levee where saturation estimates 686 

are 20% and higher. The overlapping seismic section shows a layer of fine grained levee sediments 687 

with intercalated smaller mass transport deposits. Whether gas hydrates or a denser lithological unit 688 

of decreased porosity caused the anomalous resistivities requires further input from e.g. seismic 689 

velocity data and/or drilling. 690 

• Another area of higher resistivities occurs below the eastern levee and coincides with a stack of 691 

multiple BSRs and suggests the presence of gas hydrate above and free gas below the recent BSR-692 

1.  693 

• Saturation estimates derived from the resistivity model across the S2 slump area in WA2 reveal no 694 

notable saturation values within the GHSZ which is in agreement with coring data at nearby MeBo 695 

sites 17 and 19 where no gas hydrates were evident. Saturation estimates are slightly increased 696 

(<10%) below the BSR which steeply bends towards the seafloor indicating the presence of small 697 

amounts of free gas. 698 
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