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Abstract

The distribution and concentration of subseafloor natural gas hydrate across margins is not well
understood, because these systems are challenging to image and quantify remotely. Furthermore,
it is unknown if shallow hydrate systems are linked to deeper oil and gas reservoirs. Herein, we
analyze petroleum industry well logs with data in the gas hydrate stability zone and find that low
concentrations of hydrate commonly occur below the seafloor in the Barents Sea and the
Norwegian Margin. We observe hydrate in half of analyzed industry wells using a set of
conservative criteria that requires a resistivity increase of at least 0.5 Qm above background
resistivity. Hydrate accumulations occur significantly above the base of the hydrate stability
zone, in layers with thicknesses ranging from tens of centimeters to tens of meters. Moreover, we
find that there is no relationship between wells with hydrate accumulations and deeper oil and
gas reservoirs; hydrate is just as likely to occur above identified oil and gas reservoirs as in areas
with dry holes (i.e., no oil or gas reservoir). We argue the low concentration of hydrate, the
occurrence of hydrate significantly above the base of the gas hydrate stability zone, and the lack
of association between hydrate occurrence and deeper oil and gas reservoirs implies that the gas
in these hydrate systems is likely transported via diffusion and is primarily microbial in origin.
1. Introduction

Natural gas hydrate is a significant methane reservoir, estimated to store ~5-20% of
Earth’s mobile carbon (Boswell and Collett, 2011; Ruppel and Kessler, 2017). Most natural gas
hydrate on Earth occurs within marine sediments on continental slopes, yet how natural gas
hydrate distributes and concentrates within hydrate systems and across basins and margins is
largely unknown. As the Earth warms, gas hydrate systems near the landward limit of hydrate
stability or in Arctic regions are more vulnerable to dissociation (Archer, 2007; Gorman and
Senger, 2010; Phrampus and Hornbach, 2012). Therefore, the location, concentration and
distribution of hydrate will directly influence the flow of carbon to the ocean and atmosphere. In
addition, when hydrate dissociates, it can increase pore pressure which may lead to slope
instability, reduced shear strength and submarine landslides (Maslin et al., 2010).

Reflection seismic surveys, the most widely used geophysical technique for identifying
hydrate systems, rarely detects gas hydrate itself. Seismic data can only detect thick (at least 6-

12 m, depending on signal frequency) high saturation layers of gas hydrate; this is due to the
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resolution of seismic data and the fact that hydrate saturations less than ~40% do not strongly
affect compressional velocity (Yun et al., 2005). Instead, seismic data is usually used to identify
bottom simulating reflections (BSRs), which are a negative acoustic impedance interface that is
caused by free gas at the base of gas hydrate stability (Haacke et al., 2007; Shipley et al., 1979).
The BSR usually approximates the thermodynamic interface that separates gas hydrate above
from free gas below. The presence of a BSR, however, provides little to no information about
the concentration and distribution of gas hydrate within the gas hydrate stability zone (GHSZ),
meaning the characteristics of most gas hydrate systems are broadly unknown.

Unlike lower-resolution seismic data, a suite of downhole well logs can identify the
presence of gas hydrate in specific depth intervals due to their significantly higher vertical
resolution. In addition, the wide range of well log measurements potentially provide information
about the sediment or rock type, in situ characteristics of hydrate, and hydrate saturation
(Goldberg et al., 2010; Tsuji et al., 2009). The most important well log needed to detect hydrate
is resistivity; hydrate is an electrical insulator and even small amounts of gas hydrate in the pore
space or in a fracture increases the measured resistivity.

Well logs along with sediment cores and pressure cores are often collected as a part of
scientific ocean drilling programs and state-funded hydrate drilling programs in China, India,
Japan, South Korea and the United States (Barnes et al., 2019; Collett et al., 2019; Flemings et
al., 2020; Tamaki et al., 2017). While these drilling campaigns provide valuable information and
excellent datasets, they usually focus on the rare areas where high-saturation hydrate is

detectable on seismic data or in the environments that are favorable to high-saturation hydrate.
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This leaves us with very little information on lower saturation gas hydrate systems that very
likely constitute the overwhelming majority of hydrate systems on Earth.

Herein, we use industry well log and drilling data archived by the Norwegian Petroleum
Directorate in the Barents Sea and on the mid Norwegian Margin to illuminate gas hydrate
occurrence and distribution below the seafloor, similar to the approach used in the Gulf of
Mexico by Majumdar et al. (2017). The industry wells used herein always have resistivity and
gamma ray well logs in the GHSZ, and some industry wells also have additional data making the
analysis more robust. Importantly, industry wells are usually drilled in areas that have no
evidence of fluid flow or shallow gas, meaning that the well log data is collected in systems that

are more likely to represent baseline or background gas hydrate systems.

2. Geologic Setting & Hydrate Occurrence
This study is focused on the sub-Arctic Norwegian Margin and the Arctic Barents Sea, both
coastal waters of Norway.

2.1 Barents Sea

The Barents Sea lies at the intersection of warm Atlantic waters and cold Arctic waters,
making it an Arctic climate transition zone (Loeng, 1991). Over the Cenozoic, the area has been
shaped by a complex geologic history involving tectonic uplift, subsidence and glacial erosion
(Faleide et al., 1984; Lasabuda et al., 2021; Vorren et al., 1991). These geologic processes likely
promoted subseafloor fluid flow and gas seepage into the water column, resulting in extensive
pockmark fields and craters on the modern seafloor (Andreassen et al., 2017; Nixon et al., 2019;
Rise et al., 2014; Serov et al., 2017; Solheim and Elverhgi, 1985). Sub-seafloor fluid migration

in the Barents Sea is controlled by gas chimneys, faults and fractures, which are potential
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pathways for natural gas to flow into the GHSZ (Laberg et al., 1998; Ostanin et al., 2013;
Vadakkepuliyambatta et al., 2017, 2013).

Compared to many continental slopes that host gas hydrate in more temperate
environments, the Barents Sea is quite shallow, with an average water depth of ~230 m. In
addition, there is a relatively thin drape of Pliocene to Pleistocene glacial sediments (between 0-
1000 m) depending on the location (Vorren et al., 1989). These sediments are underlain by more
compact sediments and lithified sedimentary rocks of Paleogene, Cretaceous and Jurassic age
(NPD, 2014) .

Gas hydrate could be actively dissociating in the Barents Sea, because global temperature
increases have a significant impact on the water temperature in shallow seas (Ferré et al., 2012).
Gas hydrate was sampled directly from the seafloor at the Hakon Mosby mud volcano (Pape et
al., 2011; Vogt et al., 1997) and farther north at pingo-like features in Storfjordrenna (Serov et al
2017); however, there have been no hydrate samples from subseafloor systems. Therefore, there
are many uncertainties regarding hydrate saturation, hydrate distribution, and hydrate volume in
the rock and sediment below the seafloor in the Barents Sea (Minshull et al., 2020).

Even so, there is evidence for thermogenic gas hydrate occurring several hundred meters
below the seafloor in the Barents Sea. Laberg et al. (1998) observed BSRs in seismic data in the
Bear Island Trough at ~220 meters below seafloor (mbsf), where water depths are just over 400
m. For comparison, gas hydrate stability models at water depths 400 m suggest the base of
stability is at ~150 mbsf for pure methane systems; the base of stability increases to ~400 mbsf
with a gas composition of 96% methane, 3% ethane and 1% propane (Vadakkepuliyambatta et
al., 2017). Rajan et al. (2013) similarly observed BSRs at depths ranging from ~225-345 mbsf in

Paleogene-Neogene lithified sediments in water depths of 300-350 m. These observations
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strongly suggest that hydrate accumulations in the Barents Sea have a significant component of
higher-order hydrocarbons that increase the depth of the base of the GHSZ relative to pure
methane systems (Ostanin et al., 2013; Waage et al., 2019).

2.2 Norwegian Margin

The formation of the Norwegian Margin is a result of multiple rifting events during the
Mesozoic that led to the eventual inception of seafloor spreading in the late Cretaceous along the
Atlantic mid-ocean ridge (Skogseid and Eldholm, 1995). Thermal subsidence of the crust
(Skogseid and Eldholm, 1995), the development of N-S trending domes (Doré and Lundin, 1996)
and differential subsidence of sediments on the continental slope (Martinsen et al., 2005) led to
the development of a number of sedimentary basins along the margin. These basin are filled with
~10-km-thick deposits of sediment (Brekke, 2000). More recent deposition of sediment on the
Norwegian slope is controlled by glacial-interglacial cycles, and that sediment may be
redeposited in several different contourite drifts on the continental slope (Laberg et al., 2001).

On the Norwegian Margin, a number of studies focus on gas hydrate near the Storegga
Slide, which is one of the largest known submarine landslides having moved 3400 km?® to 5600
km? of sediment during several slope failure events (Bryn et al., 2005; Bugge et al., 1987; Biinz
et al., 2003)(Figure 1). Near the headwall and the northern sidewall of the Storegga Slide, BSRs
are visible at water depths between 550 to 1300 m (Buinz et al., 2003; Mienert et al., 1998). The
modern day BSR is the shallowest along the headwall, at just 185 ms two-way-time, which is
~150 mbsf (Biinz et al., 2003). Hustoft et al.(2007) also observed seafloor pockmarks and fluid
migration at the Storegga Slide. Furthermore, hydrate samples were obtained near the seafloor at
a pockmark field along the northeastern sidewall of the Storegga Slide (lvanov et al., 2007).

Using velocity data from ocean bottom seismometers, hydrate saturation was estimated from 3-
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6% (BUnz et al., 2005) to 10-20% (Westbrook et al., 2008) along the northern sidewall of the
Storegga Slide. These estimates have large uncertainties, however, because the physical

properties of the sediment and the morphology of the hydrate are not known.
0°0°E 15°0'E

water depth, m :
0 1500 3000 Barents Sea

Bear Island
Trough

A
7219/9-1

70°0'N

N.0.0£4

Norwegian Sea
6706/11 1

'S

Storegga

6302/6-1

0°0'E 15°0'E

Figure 1. Industry wells (red) with well logging data in the gas hydrate stability zone analyzed
herein on the Norwegian Margin and in the Barents Sea.

3. Methods

Well logging data is collected during the drilling and assessment of petroleum industry
boreholes. Industry reservoir targets are below the GHSZ, but well logs are often collected

through the shallow GHSZ. Publicly available well logs and well data for the Barents Sea and



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

the Norwegian Margin were downloaded from the DISKOS data repository operated by the
Norwegian Petroleum Directorate. Well log data was in either a digital file (.1as) or an image
(jpeg or pdf). The first step in the assessment of the well logs is to determine if any data occurs

in the gas hydrate stability zone.

3.1. Gas Hydrate Stability

Hydrate stability is controlled by pressure, temperature, gas content and pore water
salinity (Sloan and Koh, 2007; Tishchenko et al., 2005). We calculated estimates for the base of
the GHSZ (or BGHSZ) for each well location using the Colorado School of Mines Hydrate
CSMHYD Program, an open source code available through the Colorado School of Mines which
calculates a hydrate stability curve based on pressure, temperature, gas content and salinity
(Sloan and Koh, 2007). For all calculations, we assume a pore water salinity of standard
seawater, which is a reasonable assumption in near seafloor sedimentary systems that are not in a

region with shallow salt. All other parameters are discussed below.

3.1.1. Geothermal Gradient

Accurately estimating the geothermal gradient at each well is essential for hydrate
stability calculations. To estimate the geothermal gradient, both the seafloor temperature and
temperature measurements below the seafloor are needed. For each well location, the seafloor
temperature was estimated from water column temperature and depth data from the World Ocean
Database (Boyer et al., 2013). For in-hole temperature measurements, bottomhole temperature

(BHT) and true vertical bottomhole depth were acquired from the public well reports on the
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Norwegian Petroleum Directorate website. The geothermal gradient was calculated using linear

function between the seafloor and BHT.

BHT may underestimate true formation temperature because it measures the temperature
of the drilling fluid at the bottom hole, which can be cooler than the surrounding sediment or
rock (Evans and Coleman, 1974). BHT corrections can be applied (e.g. Peters and Nelson,
2012), but require multiple logging runs that record time and temperature or information such as
effective thermal diffusivity of the bottomhole rock, which was not available in the existing
dataset.

High-quality temperature measurements are recorded during a drill stem test (DST),
where properties are measured in an interval that is packed off and allowed to flow over a period
of time. This allows the borehole fluids more time to reach equilibrium with the surrounding
formation (Peters and Nelson, 2012). In our dataset, five wells had publicly available DST data
(Wells 6405/7-1, 6506/11-6, 6506/11-7, 7122/6-1, 7122/7-2). The difference between the
geothermal gradient calculated with the DST vs. BHT was +3.3, +2.9, +0.1, +0.2, +12.4 °C/km,
respectively, with positive numbers meaning that the DST was warmer. Due to the generally
low, though irregular difference between gradients calculated with DST and BHT, we chose not
to apply any correction to the geothermal gradients calculated with BHT. If the geothermal
gradient derived from the BHT is slightly lower, as may be the case, this produces a base of
stability that is slightly deeper. For example, in Well 6405/7-1, the base of methane hydrate

stability with a geothermal gradient of 41.0 °C/km as estimated from the BHT is 374 m below
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seafloor (mbsf), while a DST calculated geothermal gradient of 44.3 °C/km produces a methane
hydrate base of stability of 347 mbsf.

In all wells where a DST was available, the geothermal gradient from the DST was used
for hydrate stability calculations instead of the BHT data.

3.1.2. Gas Composition

Evidence strongly suggests that hydrate systems contain higher order hydrocarbon in the
Barents Sea (Ostanin et al., 2013; Rajan et al., 2013; Vadakkepuliyambatta et al., 2017) and
potentially on the Norwegian Margin (Hustoft et al., 2009). Therefore, the BGHSZ was
calculated twice for each well, once assuming a pure methane gas composition and a second time
using a gas composition with higher order hydrocarbons.

Due to differences in the data available, we used different hydrocarbon mixes in the
Barents Sea and the Norwegian Margin. In the Barents Sea, only a few industry wells had gas
measurements and almost all of these wells were missing crucial information on ethane and
propane in the publicly available data. Therefore, we chose to use a local gas mix from Chand et
al. (2008) and Vadakkepuliyambatta et al. (2017) of 96% methane, 3% ethane and 1% propane.
When Vadakkepuliyambatta et al. (2017) used this gas mix, it closely matched the BSR depth
within ~50 m in 12/35 locations in the Barents Sea and roughly matched the BSR depth within
~100 m in another 13/35 locations. Furthermore, Ostanin et al., (2013) estimated two higher-
order gas mixes for the GHSZ above the Snghvit gas field; the mix used herein is the more
conservative of the two and produces a shallower base of stability and thinner GHSZ.

On the Norwegian Margin, ten wells in the dataset contained complete gas mix data. The
shallowest gas measurements in each dataset were usually several hundred meters below the base

of gas hydrate stability. Because the gas mix can change significantly with depth, we used the
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shallowest four gas mix measurements in each well to estimate an average gas mix as close as

possible to the GHSZ: 91.6% methane, 2.3% ethane, 0.8% propane, and 4.1 % carbon dioxide.

3.2. Well Data Evaluation

Industry well log data is not of equal quality from well to well, and therefore, the dataset

and well report for each well is evaluated individually.
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On the well logs, the type of data and the quality of the data within both the methane and
gas mix GHSZ are considered. All wells included in this dataset have at least 30 m of both
gamma ray and resistivity well log data in the GHSZ. Some intervals have clearly erroneous
data because of casing or pipe connections, and those intervals were not included in the hydrate
evaluation, though well data outside those intervals was used in the evaluation. Some wells also
have bulk density (p;) and/or neutron porosity (¢,,.,,) well logs in the GHSZ. We categorize
these wells with fair to high quality p, and ¢,,.,, data as Porosity wells and we have higher
confidence in our gas hydrate analysis in these wells (see Supplementary Information).

The well report for each well was also consulted, and we recorded the orientation of the
well (vertical or semi-vertical). The occurrence (or lack of) deeper gas or oil reservoirs was also
noted, as well as the depth of the first observance of hydrocarbons in the well (see

Supplementary Information).

3.3. Gas Hydrate Evaluation
Gas hydrate is an electrical insulator that increases measured resistivity when replacing
more conductive brine in the pore space. Gas hydrate bearing intervals can be identified in
resistivity data by an increase in resistivity relative to background water-saturated resistivity
(Pearson et al., 1983; Goldberg et al., 2009; Waite et al., 2009). Depending on the type and
quality of data available, background resistivity (Ro) can be either estimated or calculated.

3.3.1. Calculated Background Resistivity

When good- to high-quality p, or ¢, digital well logs are available, background
resistivity can be calculated. Well log data may be edited slightly to remove intervals with

significant drops in bulk density or significant increases in porosity; these intervals are likely

12
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affected by increases in hole size and are not related to gas hydrate occurrence. An example of
log editing is shown in Figure 2, from Well 7219/9-1 in the Barents Sea. In this well, intervals
with drops in bulk density were edited (black curve identified with arrows) to match the bulk

density trends of surrounding layers.

meters | meters P . . P P
below | below Density Porosity Bulk Density Background Resistivity| Resistivity

sea- rig 08 (volivol) 015 glcc 2502 Om 20| increase
fleor | floor Gamma Ray Neutron Porosity Edited Bulk Density Deep Resistivity >0Om
(mbsf) | (mbrf) gAPI 100]0.8 volivol) 0 0.2 m 20105120150
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Figure 2. An example of gas hydrate evaluation using good quality industry well data from
7219/9-1 in the Barents Sea. The base of gas mix stability zone (BGHSZ) is indicated with a
with a purple line; methane hydrate is not stable in 7219/9-1. Measured well log data used in the
evaluation appears on Track a) gamma ray, b) neutron porosity, ¢) bulk density, and d) deep
resistivity. Calculated and edited logs are also shown: b) calculated density porosity (Equation
1), c) edited bulk density and d) background resistivity, Ro (Equation 2). Black arrows identify
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depths where there were significant edits made in the bulk density log. Track e shows the
intervals that exceed 0.5, 2.0 and 5.0 Qm based on the calculated R,. Based on this analysis, this
well is categorized as a C well (Table 2). The depth interval displayed is part of the Norland
Group. BGHSZ = base of gas hydrate stability zone.

If p,, is used, porosity (¢) is calculated from bulk density assuming a sediment or rock

grain density (p4) of 2.7 g/cc and a pore water density (p,,) of 1.03 g/cc:

Paen = 222 Equation 1
Pg—Pw

Then either ¢,,., OF ¢4er IS applied as ¢ in Archie’s porosity-resistivity equation to calculate

background resistivity, Ro (Archie, 1942):

R, = 2—‘;’1 Equation 2
where Ry is pore water resistivity, which we assume is the resistivity of seawater, Rw = 0.3 Qm
(Winsauer, 1952). For the cementation exponent, m, we apply an initial value of m = 2 (Jackson,
1978; Glover et al, 1997). If needed, the value of m is adjusted so that R, matches the measured
resistivity in intervals that are likely water saturated, as described in Malinverno et al. (2008). In
Figure 2 Track d, we used m = 2 and the edited ¢4, to calculate R, for Well 7219/9-1.

3.3.2. Estimated Background Resistivity

If ¢, OF pplogs are not available within the GHSZ or those logs are fair to poor quality,
then Ro is estimated. In general, in high-porosity marine sediments, R, does not change
significantly between layers and is usually between 1-3 Qm. Therefore, for wells from the
Norwegian Margin, we estimate R, using the borehole data in each well. To help avoid
identifying intervals that are not hydrate bearing, we select a conservative Ro. This involves

selecting not just the lowest resistivity, but a reasonable background trend within the GHSZ and

just below the BGHSZ. For some wells, this includes selecting different background values for
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different intervals or an increasing Ro trend. An example of estimated R, where more than one
value was selected is shown in Figure 3 from Well 6302/6-1 on the Norwegian Margin. From
1365 m to 1736 m below rig floor (mbrf) or 79 to 450 m below seafloor (mbsf), we selected a Ro
of 2.6 Qm. Note that this background is not the lowest resistivity in this interval, but is a higher
or more conservative Ro. Then, below 1736 mbrf (or 450 mbsf) a higher R, of 3.1 Qm was

selected, as data below that interval and below the gas mix BGHSZ has a higher average

resistivity.
| meters [ meters Deep Resistivity Deep Resistivity | Resistivit
below | below - — - . ¥
soa rig 0.2 Om 20(0.2 Om 200 increase
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Figure 3. An example of gas hydrate evaluation where background resistivity is estimated using
industry well data from 6302/6-1 on the Norwegian Margin. At this well, the methane BGHSZ
(base of the gas hydrate stability zone) is shown in blue and the gas mix BGHSZ is shown in
purple. Like many other wells in this dataset, this well has only gamma ray (Track a) medium
resistivity and deep resistivity (Track b) within the gas hydrate stability zone. Track ¢ shows the
estimated background resistivity, which is based on the measured resistivity near and below the
BGHSZ with the measured deep resistivity. Track d shows the intervals that exceed 0.5, 2.0 and
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5.0 Om based on the estimated background resistivity. Based on this analysis, this well is
categorized as a C well (Table 2).

In the Barents Sea near-seafloor lithologies are older and lithified, and the range of
potential background resistivity was considerably higher. Therefore, we used wells where ¢,
pp Or compressional velocity logs were available within or below the GHSZ to determine
reasonable ranges for Ro in a particular formation (Table S1, Supplementary Information). The
defined formation intervals for each well are available in the datasets from the Norwegian

Petroleum Directorate.

3.4. Categorizing Hydrate Accumulations

After R, is established, resistivity increases were categorized according to a set of criteria
modified from Majumdar et al. (2017) (Table 1). In this scheme, A is the category representing a
significant hydrate accumulation with the highest increase in resistivity, which is defined as a
5 Qm increase above background for a total of 10 m. Note that the increase in resistivity can be
distributed in smaller intervals through the GHSZ and does not have to be single layer of 10 m or
greater. Resistivity increases and thickness are lower for B and C categories (Table 2). The D
category represents the lowest increase in resistivity, 0.5 to 2 Qm above background resistivity

for less than 10 m total.
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Table 1. Resistivity classification criteria for gas hydrate accumulations adapted from Majumdar
etal. (2017). R, = background resistivity.

Classification Criteria Category
5 Qm or more increase in resistivity above Ro A
for at least 10 m total
2 Om to 5 Qm increase in resistivity above Ro
for at least 10 m total, or more than 5 Qm B
increase above R resistivity but less than 10 m
0.5 Qm to 2 OQm increase in resistivity above

Ro for at least 10 m total; up to 5 Qm increases C
for less than 10 m
0.5 Qm to 2 Qm increase above R resistivity D
for less than 10 m total
No resistivity increase greater than 0.5 Qm None
above Ro

3.5. Hydrate Saturation
If high quality digital well log data is available, gas hydrate saturation, Sy, can be

calculated using measured resistivity, Rm, Ro and Archie’s saturation equation:

1

S,=1- (:—m)ﬁ Equation 3

where n is Archie’s saturation exponent, set equal to 2.5 (Cook and Waite, 2018). We note,
however, that there can be significant inaccuracies in the calculation of gas hydrate saturation.
First, the most accurate saturations are calculated when a full suite of well logs and cores are
available over the interval where saturation is calculated; in most cases, however, full datasets of
this type are not common. In these industry datasets from Norway, the best datasets include fair
to high quality bulk density and neutron porosity curves along with multiple resistivity logs.

The mode of hydrate occurrence also affects the accuracy of hydrate saturation. Usually,
gas hydrate saturation can be calculated accurately using Equation 3 as long as the hydrate

occurs in the primary pore space; this is the hydrate morphology commonly observed in sands or
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coarse silts (Kerkar et al., 2014). Gas hydrate in marine mud or clay, however, often occurs in
near-vertical fractures that can result in high resistivity measurements due to electrical anisotropy
and not because of a high saturation of hydrate (Cook et al., 2010). In this case gas hydrate
saturation is usually significantly overestimated when using resistivity and Equation 3 and

applying this equation directly should be avoided.

4. Results and Discussion

Based on the resistivity analysis and classification criteria we found evidence for gas
hydrate in approximately half of industry boreholes offshore Norway (Figure 4, Table 2). From
the publicly available well log data on the Norwegian Petroleum Directorate website and
additional digital data, we identified 48 wells with quality well log data above the higher-order
gas mix base of hydrate stability. When a gas mix is used to determine the base of stability, 10
out of 18 wells in the Barents Sea and 15 out of 30 wells on the Norwegian Margin have
evidence for gas hydrate (Figure 4, Table 2). If only pure methane gas composition is used to
determine the base of stability, there are only 24 wells with quality well log data in the GHSZ, as
methane hydrate has a more limited range of stability than higher-order gas mixes. With the
methane only base of stability we found evidence for gas hydrate in 0 out of 3 wells in the

Barents Sea and 11 out of 21 wells Norwegian Sea (Figure 4, Table 2).
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Table 2. The number of wells in the Barents Sea and Norwegian Margin that fall into each
resistivity ranked category (Table 1); wells in Category A have significant hydrate accumulation
with the highest increase in resistivity and each category below that has a lower increases in
resistivity and/or a reduced thickness. The number of wells on each margin is further separated
by the two estimates of the base of the gas hydrate stability zone (BGHSZ): the designated gas
mix for each margin or a methane-only mix.

Barents Sea Norwegian Margin
Gas Mix Methane Gas Mix Methane
Hydrate BGHSZ BGHSZ BGHSZ BGHSZ
Category
0
A 0 0 0
1
B 0 0 2
7
c 5 0 10
3
D 5 0 3
10
No Hydrate 8 3 15
Total & 10/18 0/3 15/30 11721
Percent with 55.6% 0.0% 50.0% 61.1%
Hydrate

4.1. Gas hydrate accumulations

In general, in both the Barents Sea and the Norwegian Margin, gas hydrate accumulations
are associated with low resistivity measurements with an increase of 0.5 and 2.0 Qm above R,, as
shown by the predominance of C and D wells in the dataset (Table 3, Figures 2-4). Only two
wells are ranked in Category B, which means they have at more than a 2 Qm increase above
background.

Category B Well 6706/11-1 in the Norwegian Sea, has high quality well log data,

additional porosity well logs (¢, and pp) logs in the gas hydrate stability zone and strong
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evidence for hydrate in both the methane and gas mix GHSZ (Figure 5). In Well 6706/11-1, we
use ¢,y t0 calculate R, (Equation 2) and identify hydrate-bearing intervals as ¢,,.,, 109 in this
well has more consistent, reasonable porosity measurements that have a somewhat similar trend
to the deep resistivity measurement. In this well, we find hydrate primary concentrated in a thick
interval between 1341 and 1419 mbrf (77 and 155 mbsf), as indicated by increases in resistivity
between 2 and 5 Qm above Ro. Based on Equation 3, this corresponds to a hydrate saturation of
~20-30%. However, this calculation should be considered with caution, as the gamma ray in this
interval is ~70 API, which is too high for most sands or coarse silts and implies that this interval
likely contains a significant clay fraction; this may mean hydrate is forming in fractures or lenses
where Archie’s saturation equation is not applicable. The other Category B well is displayed in
Supplementary Information.

Similar to Figures 2, 3, and 5, we observe hydrate accumulations in intervals ranging
from tens of centimeters to tens of meters; it is likely that some of these intervals are thinner than
true hydrate accumulations given that we select R, conservatively and require an increase of 0.5
to count a layer as gas hydrate bearing. We also observe that gas hydrate was generally
distributed in discrete intervals in the middle of the gas hydrate stability zone. This observation
is partly biased by the fact that the first ~25 meters below seafloor (mbsf) is almost always
missing because jet-in casing is set at the top of the hole, and therefore, if gas hydrate occurs in
that near seafloor interval, it cannot be observed. Even so, an important observation is that gas
hydrate is not commonly observed near the base of the GHSZ whether it is defined based on the

stability in a pure methane or mixed gas system.
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Figure 5. The industry well with the most significant hydrate accumulation in this the dataset,
Well 6706/11-1 in the Norwegian Sea. Measured well log data appears on Track a) gamma ray,
c) neutron porosity and d) deep resistivity. Calculated and edited logs are also shown: b)
calculated density porosity (Equation 1), ¢) edited neutron porosity, d) background resistivity, Ro
(Equation 2), and f) gas hydrate saturation (Equation 3). Track e shows the intervals that exceed
0.5, 2.0 and 5.0 Qm based on the calculated Ro; this well is categorized as a B well. BGHSZ =
base of gas hydrate stability zone.

4.2. The connection to deeper hydrocarbon reservoirs

The source of the gas bound in gas hydrate systems is an open and important scientific

question (Ruppel and Kessler, 2017; You et al., 2019). In most locations, there are two
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endmember gas sources: thermogenic gas from deeper oil and gas reservoirs or shallow
microbial gas generated from the consumption of organic matter within or near the GHSZ.
Hydrate systems may have a single source, a mixture of both sources, and may also contain
microbially reworked thermogenic gas. Understanding the source of the gas in hydrate systems
will enhance our ability to estimate the influence of hydrate in the carbon cycle and improve the
remote detection of hydrate systems.

With this dataset, we have the unique opportunity to look at the relationship between
shallow gas hydrate systems and the occurrence of deeper oil and gas reservoirs. The intervals
evaluated in the GHSZ in each well lie directly above any deeper oil and gas targets. Most wells
in the dataset are oriented vertically, and five wells in the Barents Sea have a semi-vertical
orientation with lateral deviations up to 1 km. All semi-vertical wells, however, still lie above the
identified mapped area of the oil or gas reservoir, when one was found. No wells deviate onto
another reservoir.

We used the available reports on the Norwegian Petroleum Directorate website to divide
the wells into two categories: hydrocarbon reservoir or no hydrocarbon reservoir. If producible
hydrocarbons were encountered in the well, we noted the top depth of the hydrocarbon
accumulation and categorized the well as having a hydrocarbon reservoir. If the well was listed
as dry or only containing a trace amount of hydrocarbon (called a ‘show’) it is categorized a no
hydrocarbon reservoir. It is possible that these trace hydrocarbons were once significant oil and
gas reservoirs, but it is also possible that they never were. In any case, hydrocarbon shows are
not currently significant hydrocarbon reservoirs that could form a buoyant phase and leak or

advect into shallower rocks and sediment. For this reason, we choose to categorized these as
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non-hydrocarbon reservoirs. We also note that none of the hydrocarbon reservoirs or
hydrocarbon shows were within the GHSZs.

Using these categories, we find no relationship between the presence of hydrate and the
occurrence of a deeper oil and gas reservoir in either the Barents Sea or the Norwegian Margin
(Figure 6). Wells with evidence for hydrate are just as likely (if not slightly more so) to occur
above no hydrocarbon reservoir than to occur above a producible hydrocarbon reservoir. The
reverse also holds true: wells with no evidence for hydrate are just as likely to occur above a
producible hydrocarbon reservoir than no hydrocarbon reservoir. Notably, the well with the
most significant hydrate accumulation in the dataset, 6706/11-1 (Figure 5), is a dry hole with no

hydrocarbon shows.
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Figure 6. A cartoon showing the wells, their hydrate category (Table 1) and their relationship to a
deeper oil or gas reservoirs. Wells above the green circle lie above an oil or gas reservoir and
wells outside the green circle do not. The wells are divided into four different scenarios based on
the location, either Barents Sea or Norwegian Margin, and the estimated base of hydrate

stability, either methane only or the margin-specific gas mix. A figure showing these results is
available in the Supplementary Information and the results for each well are archived in the
dataset spreadsheet.

Of course, the local geologic conditions influence fluid flow and shallow gas source near
each well. For example, on the Norwegian Margin, there is strong evidence for shallow free gas
within and near the gas hydrate stability zone on 2D seismic and ocean bottom seismometer
surveys (Mienert et al., 2005a). Above the Ormen Lange field, 2 out of 3 wells had evidence for
hydrate, which may suggest that these two wells could be sourced from the deeper gas field. Of
course, it may also be that the shallow free gas above the Ormen Lange field doesn’t have a

connection to the deeper gas reservoir; there are no gas samples available from these shallow gas
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and hydrate accumulations to verify the origin. Thus, even when more detailed scientific
datasets like seismic data and ocean bottom seismometer surveys exist, questions of gas source

cannot be fully answered.

Therefore, while we acknowledge that local geological conditions can certainly influence
natural gas flow, fluid flow and the accumulation of gas hydrate (e.g. You et al., 2019), we argue
that this dataset should be considered holistically as detailed geophysical and geochemical

datasets needed to fully characterize the gas hydrate system are not available at every site.

4.3. The background gas hydrate system

Most industry wells are drilled away from shallow high amplitudes observed in seismic
data that may indicate shallow gas or gas hydrate, because these amplitudes can also signify
dangerous and expensive to mitigate overpressured intervals. Therefore, our results from
industry wells provide a picture of background gas hydrate systems that are drilled away from
shallow high amplitudes.

Three of the key results from this study suggest that background hydrate systems in both
the Norwegian Margin and the Barents Sea are not primarily sourced from deeper thermogenic
oil and gas reservoirs: 1) the commonly occurring though relatively low resistivity increases
above Ro (Table 2), which suggests the mechanism for gas transport is very low or intermittent
fluid flux or a diffusive migration of gas, 2) the observation that most gas hydrate occurs in the

middle of the GHSZ (i.e. Figures 2, 3, and 5), away from the BGHSZ suggesting gas is not
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primarily sourced from below and 3) the lack of distinct association between observed hydrate
accumulations and deeper oil and gas reservoirs (Figure 6).

Malinverno (2011) hypothesized that thin, coarse-sand or silt layers are slowly filled with
hydrate via methane transported by diffusion in the dissolved phase. In what is termed short
migration or diffusive migration, methane is generated by microbes within organic rich clays and
then transported short distances (cm to m) via diffusion to coarser sand or silt layers
(Malinverno, 2011). In coarser sediments, there is a lower threshold for methane solubility
meaning that hydrate forms in these sediments first. Once hydrate forms in the coarser sediment,
this results in a continuous, slow diffusive flux of methane from organic-rich clays into the
coarser sediments. This process has now been modeled or invoked at a number of locations to
explain hydrate accumulations in thin sands (cm to a few meters thick) that are not close to the
base of hydrate stability or a clear methane migration pathway, including the northern Gulf of
Mexico (Cook and Malinverno, 2013; Nole et al., 2017; Wei et al., 2019), the Hikurangi Margin,
New Zealand (Cook et al., 2020), the Andaman Islands (Malinverno and Goldberg, 2015), and
the South China Sea (Guan et al., 2021). A somewhat similar diffusive migration of methane
may also fill and propagate hydrate filled fractures in clays (Oti et al., 2019). Because nearly all
the hydrate accumulations in the Barents and Norwegian Sea are found to be significantly above
the base of hydrate stability with relatively low increases in resistivity (indicating low saturation
or concentration) and not linked to deeper oil and gas reservoirs, we argue that diffusive
migration is likely the main mechanism for gas transport and hydrate accumulation in
background gas hydrate systems offshore Norway.

In the Barents Sea, a microbial gas source may seem somewhat contradictory as we

previously noted that there is strong evidence for higher-order hydrocarbons in the shallow
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interval that coincides with the GHSZ (Ostanin et al., 2013; Rajan et al., 2013;
Vadakkepuliyambatta et al., 2017). However, a concentration of only 1 or 2% higher order
hydrocarbon is needed to significantly increase the base of hydrate stability. While the data
herein suggests that thermogenic gas is not a primary source for background gas hydrate systems
at the locations analyzed herein, it may be enough of a secondary source to significantly increase
the thickness of the gas hydrate stability zone. In addition, the Barents Sea also has two unique
features that may allow for possible diffusion of higher-order hydrocarbons from a thermogenic
source: 1) thermogenic reservoirs are much closer to the hydrate stability zone (sometimes only a
few hundred meters away) and 2) relatively shallow rocks are significantly older (50-100 Ma)
meaning that there may be enough time for diffusion to take place.

Another possibility that can explain the microbial source implied in this dataset and
previous publications suggesting thermogenic source gas is that different hydrate systems may
have different primary sources of gas offshore Norway. In this case, hydrate systems would
have thermogenic source gas when strong amplitudes and migration pathways are visible on
seismic data and microbial source gas for background systems that do not have strong amplitudes
or clear migration pathways on seismic data. Scientific ocean drilling is needed to collect gas
samples throughout and below the GHSZ in gas hydrate systems with a range of seismic

signatures to clearly resolve the gas sourcing in these systems.

5. Conclusions

We analyze publicly available well logs from the Barents Sea and mid-Norwegian
Margin and find approximately 50% of well have evidence for gas hydrate in the gas hydrate

stability zone, suggesting gas hydrate is pervasive across offshore Norway. We observe that
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these hydrate accumulations are usually associated with relatively low increases in resistivity,
which suggests low saturation or low concentration gas hydrate. In addition, we observe that
these accumulations are almost always significantly above the estimated base of hydrate
stability. When we compare the dataset of wells analyzed for gas hydrate, we find no association
between gas hydrate occurrence and deeper oil and gas reservoirs, suggesting that these deeper
oil and gas sources are not the main gas source for gas hydrate systems. Based on this evidence,
we infer that gas hydrate accumulations at the industry well locations studied herein are most

likely microbial in origin.
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	Abstract
	Natural gas hydrate is a significant methane reservoir, estimated to store ~5-20% of Earth’s mobile carbon (Boswell and Collett, 2011; Ruppel and Kessler, 2017).  Most natural gas hydrate on Earth occurs within marine sediments on continental slopes, ...
	Reflection seismic surveys, the most widely used geophysical technique for identifying hydrate systems, rarely detects gas hydrate itself.  Seismic data can only detect thick (at least 6-12 m, depending on signal frequency) high saturation layers of g...
	Unlike lower-resolution seismic data, a suite of downhole well logs can identify the presence of gas hydrate in specific depth intervals due to their significantly higher vertical resolution.  In addition, the wide range of well log measurements poten...
	Well logs along with sediment cores and pressure cores are often collected as a part of scientific ocean drilling programs and state-funded hydrate drilling programs in China, India, Japan, South Korea and the United States (Barnes et al., 2019; Colle...
	Herein, we use industry well log and drilling data archived by the Norwegian Petroleum Directorate in the Barents Sea and on the mid Norwegian Margin to illuminate gas hydrate occurrence and distribution below the seafloor, similar to the approach use...
	2. Geologic Setting & Hydrate Occurrence
	This study is focused on the sub-Arctic Norwegian Margin and the Arctic Barents Sea, both coastal waters of Norway.
	2.1 Barents Sea
	The Barents Sea lies at the intersection of warm Atlantic waters and cold Arctic waters, making it an Arctic climate transition zone (Loeng, 1991). Over the Cenozoic, the area has been shaped by a complex geologic history involving tectonic uplift, su...
	Compared to many continental slopes that host gas hydrate in more temperate environments, the Barents Sea is quite shallow, with an average water depth of ~230 m.   In addition, there is a relatively thin drape of Pliocene to Pleistocene glacial sedim...
	Gas hydrate could be actively dissociating in the Barents Sea, because global temperature increases have a significant impact on the water temperature in shallow seas (Ferré et al., 2012).  Gas hydrate was sampled directly from the seafloor at the Håk...
	Even so, there is evidence for thermogenic gas hydrate occurring several hundred meters below the seafloor in the Barents Sea.  Laberg et al. (1998) observed BSRs in seismic data in the Bear Island Trough at ~220 meters below seafloor (mbsf), where wa...
	2.2 Norwegian Margin
	The formation of the Norwegian Margin is a result of multiple rifting events during the Mesozoic that led to the eventual inception of seafloor spreading in the late Cretaceous along the Atlantic mid-ocean ridge (Skogseid and Eldholm, 1995).   Thermal...
	On the Norwegian Margin, a number of studies focus on gas hydrate near the Storegga Slide, which is one of the largest known submarine landslides having moved 3400 km3 to 5600 km3 of sediment during several slope failure events (Bryn et al., 2005; Bug...
	Figure 1. Industry wells (red) with well logging data in the gas hydrate stability zone analyzed herein on the Norwegian Margin and in the Barents Sea.
	3. Methods
	Well logging data is collected during the drilling and assessment of petroleum industry boreholes. Industry reservoir targets are below the GHSZ, but well logs are often collected through the shallow GHSZ. Publicly available well logs and well data fo...
	3.1. Gas Hydrate Stability
	Hydrate stability is controlled by pressure, temperature, gas content and pore water salinity (Sloan and Koh, 2007; Tishchenko et al., 2005). We calculated estimates for the base of the GHSZ (or BGHSZ) for each well location using the Colorado School ...
	3.1.1. Geothermal Gradient
	Accurately estimating the geothermal gradient at each well is essential for hydrate stability calculations.  To estimate the geothermal gradient, both the seafloor temperature and temperature measurements below the seafloor are needed. For each well l...
	BHT may underestimate true formation temperature because it measures the temperature of the drilling fluid at the bottom hole, which can be cooler than the surrounding sediment or rock (Evans and Coleman, 1974).  BHT corrections can be applied (e.g. P...
	High-quality temperature measurements are recorded during a drill stem test (DST), where properties are measured in an interval that is packed off and allowed to flow over a period of time. This allows the borehole fluids more time to reach equilibriu...
	In all wells where a DST was available, the geothermal gradient from the DST was used for hydrate stability calculations instead of the BHT data.
	3.1.2. Gas Composition
	Evidence strongly suggests that hydrate systems contain higher order hydrocarbon in the Barents Sea (Ostanin et al., 2013; Rajan et al., 2013; Vadakkepuliyambatta et al., 2017) and potentially on the Norwegian Margin (Hustoft et al., 2009).  Therefore...
	Due to differences in the data available, we used different hydrocarbon mixes in the Barents Sea and the Norwegian Margin. In the Barents Sea, only a few industry wells had gas measurements and almost all of these wells were missing crucial informatio...
	On the Norwegian Margin, ten wells in the dataset contained complete gas mix data. The shallowest gas measurements in each dataset were usually several hundred meters below the base of gas hydrate stability.  Because the gas mix can change significant...
	3.2. Well Data Evaluation
	Industry well log data is not of equal quality from well to well, and therefore, the dataset and well report for each well is evaluated individually.
	On the well logs, the type of data and the quality of the data within both the methane and gas mix GHSZ are considered. All wells included in this dataset have at least 30 m of both gamma ray and resistivity well log data in the GHSZ.  Some intervals ...
	The well report for each well was also consulted, and we recorded the orientation of the well (vertical or semi-vertical). The occurrence (or lack of) deeper gas or oil reservoirs was also noted, as well as the depth of the first observance of hydroca...
	3.3. Gas Hydrate Evaluation
	Gas hydrate is an electrical insulator that increases measured resistivity when replacing more conductive brine in the pore space. Gas hydrate bearing intervals can be identified in resistivity data by an increase in resistivity relative to background...
	3.3.1. Calculated Background Resistivity
	,𝑅-𝑜.=,,𝑅-𝑤.-,𝜙-𝑚..      Equation 2
	where Rw is pore water resistivity, which we assume is the resistivity of seawater, Rw = 0.3 Ωm (Winsauer, 1952).  For the cementation exponent, m, we apply an initial value of m = 2 (Jackson, 1978; Glover et al, 1997). If needed, the value of m is ad...
	3.3.2. Estimated Background Resistivity
	If ,𝜙-𝑛𝑒𝑢. or ,𝜌-𝑏.logs are not available within the GHSZ or those logs are fair to poor quality, then Ro is estimated.  In general, in high-porosity marine sediments, Ro does not change significantly between layers and is usually between 1-3 Ω...
	Figure 3. An example of gas hydrate evaluation where background resistivity is estimated using industry well data from 6302/6-1 on the Norwegian Margin. At this well, the methane BGHSZ (base of the gas hydrate stability zone) is shown in blue and the ...
	In the Barents Sea near-seafloor lithologies are older and lithified, and the range of potential background resistivity was considerably higher.  Therefore, we used wells where ,𝜙-𝑛𝑒𝑢.,  ,𝜌-𝑏. or compressional velocity logs were available within...
	3.4. Categorizing Hydrate Accumulations
	After Ro is established, resistivity increases were categorized according to a set of criteria modified from Majumdar et al. (2017) (Table 1).  In this scheme, A is the category representing a significant hydrate accumulation with the highest increase...
	Table 1. Resistivity classification criteria for gas hydrate accumulations adapted from Majumdar et al. (2017). Ro = background resistivity.
	3.5. Hydrate Saturation
	If high quality digital well log data is available, gas hydrate saturation, Sh, can be calculated using measured resistivity, Rm, Ro and Archie’s saturation equation:
	,𝑆-ℎ.=1−,,,,𝑅-𝑜.-,𝑅-𝑚...-,1-𝑛..     Equation 3
	where n is Archie’s saturation exponent, set equal to 2.5 (Cook and Waite, 2018).  We note, however, that there can be significant inaccuracies in the calculation of gas hydrate saturation.  First, the most accurate saturations are calculated when a f...
	The mode of hydrate occurrence also affects the accuracy of hydrate saturation. Usually, gas hydrate saturation can be calculated accurately using Equation 3 as long as the hydrate occurs in the primary pore space; this is the hydrate morphology commo...
	4. Results and Discussion
	Based on the resistivity analysis and classification criteria we found evidence for gas hydrate in approximately half of industry boreholes offshore Norway (Figure 4, Table 2). From the publicly available well log data on the Norwegian Petroleum Direc...
	Table 2. The number of wells in the Barents Sea and Norwegian Margin that fall into each resistivity ranked category (Table 1); wells in Category A have significant hydrate accumulation with the highest increase in resistivity and each category below ...
	4.1. Gas hydrate accumulations
	In general, in both the Barents Sea and the Norwegian Margin, gas hydrate accumulations are associated with low resistivity measurements with an increase of 0.5 and 2.0 Ωm above Ro, as shown by the predominance of C and D wells in the dataset (Table 3...
	Category B Well 6706/11-1 in the Norwegian Sea, has high quality well log data, additional porosity well logs (,𝝓-𝒏𝒆𝒖. and ,𝝆-𝒃.) logs in the gas hydrate stability zone and strong evidence for hydrate in both the methane and gas mix GHSZ (Figure...
	Similar to Figures 2, 3, and 5, we observe hydrate accumulations in intervals ranging from tens of centimeters to tens of meters; it is likely that some of these intervals are thinner than true hydrate accumulations given that we select Ro conservativ...
	4.2. The connection to deeper hydrocarbon reservoirs
	The source of the gas bound in gas hydrate systems is an open and important scientific question (Ruppel and Kessler, 2017; You et al., 2019). In most locations, there are two endmember gas sources: thermogenic gas from deeper oil and gas reservoirs or...
	With this dataset, we have the unique opportunity to look at the relationship between shallow gas hydrate systems and the occurrence of deeper oil and gas reservoirs.  The intervals evaluated in the GHSZ in each well lie directly above any deeper oil ...
	We used the available reports on the Norwegian Petroleum Directorate website to divide the wells into two categories: hydrocarbon reservoir or no hydrocarbon reservoir. If producible hydrocarbons were encountered in the well, we noted the top depth of...
	Using these categories, we find no relationship between the presence of hydrate and the occurrence of a deeper oil and gas reservoir in either the Barents Sea or the Norwegian Margin (Figure 6).  Wells with evidence for hydrate are just as likely (if ...
	Figure 6. A cartoon showing the wells, their hydrate category (Table 1) and their relationship to a deeper oil or gas reservoirs. Wells above the green circle lie above an oil or gas reservoir and wells outside the green circle do not.  The wells are ...
	Therefore, while we acknowledge that local geological conditions can certainly influence natural gas flow, fluid flow and the accumulation of gas hydrate (e.g. You et al., 2019), we argue that this dataset should be considered holistically as detaile...
	4.3. The background gas hydrate system
	Most industry wells are drilled away from shallow high amplitudes observed in seismic data that may indicate shallow gas or gas hydrate, because these amplitudes can also signify dangerous and expensive to mitigate overpressured intervals.  Therefore,...
	Three of the key results from this study suggest that background hydrate systems in both the Norwegian Margin and the Barents Sea are not primarily sourced from deeper thermogenic oil and gas reservoirs: 1) the commonly occurring though relatively low...
	Malinverno (2011) hypothesized that thin, coarse-sand or silt layers are slowly filled with hydrate via methane transported by diffusion in the dissolved phase. In what is termed short migration or diffusive migration, methane is generated by microbes...
	In the Barents Sea, a microbial gas source may seem somewhat contradictory as we previously noted that there is strong evidence for higher-order hydrocarbons in the shallow interval that coincides with the GHSZ (Ostanin et al., 2013; Rajan et al., 201...
	Another possibility that can explain the microbial source implied in this dataset and previous publications suggesting thermogenic source gas is that different hydrate systems may have different primary sources of gas offshore Norway.  In this case, h...
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