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Abstract

Samantekt & ranns6knum sem stundadar hafa veri® & Gammsvaedinu undanfarinn aratug. baer
rannsoknir sem fjallad er um eru fjdlgeisladyptarmaelingar, side-scan sonar, grunnar hljédendur-
varpsmeelingar (Chirp), kjarnataka & hafsbotni Skjalfanda, lj6smyndun hafsbotnsins i Skjalfanda,
kjarnaborun i Tjornessetlogin, gassynasofnum og kortlagning gasuppstreymis & sondum Oxar-
flardar &samt greiningum a pyngri kolvetnissambéndum.

Einnig eru radleggingar um frekara framhald i tengslum vid oliu- og gasrannséknir & Gammsvaed-
inu. Skyrslan er a ensku med itarlegum, islenskum Utdreetti.
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Figure 1. Ouverview of the Tjornes Basin on the northern insular shelf of Iceland.
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2 Recently acquired data from the Tjornes fracture zone

2.1 Coredrilling the Tjornes sediments

As mentioned in the introduction, thermogenic gasseeps have been discovered in
Oxarfjordur (Olafsson et al., 1993). But nothing was known regarding the source rock or
depth to the source. Some ideas were put forward that the well known Tjornes lignites or
similar formations could be the source of the gas since gas analyses seemed to indicate that a
significant portion of the gas was derived from terrigenous organic material.

Therefore, in 2001, The Tjornes sediments were coredrilled to sample unweathered samples
of the lignites to be able to analyse if they could yield similar gas as in Oxarfjordur and even
oil (Richter, 2001, 2002).

Samples of lignites were sent to Science Institute, University of Iceland, which sent the
samples to Aarhus University for isotope analyses. The results are as follows (Richter, 2003):

Table 1. Results from isotopic analyses of the carbon from the Tjornes lignites.

Sample nr. Depth (m) d13C RVK lab no.
HV-02 S-1 14 -28.95 CAAR-8681
HV-02 S-4 18 -27.31 CAAR-8650
HV-02 S-6 21 -28.11 CAAR-8673
HV-01S-10 46.5 -27.59 CAAR-8645
HV-01S-11 50.7 -27.06 CAAR-8643

2.2 Chemical analyses on lignites from Tjérnes

A total of 15 core samples collected from 3 different wells in the Tjornes Fracture zone were
analysed. Samples were collected from coaly or seemingly organic-rich sediments strata in
the HV-01 (6 samples), HV-02 (7 samples) and TG-01 (2 samples) wells (Table 2). For
description of methodology, see Richter and Bojesen-Koefoed (2002).

Vitrinite reflectance analyses was carried out on three samples. The results show values
<0.40%, indicating very low level of thermal maturity (Table 2).

Total Organic Carbon (TOC) contents are very variable, ranging from 0 to 32%,

Total sulphur contents are variable, ranging from <0.20% to >10%. The variation observed
does not appear well correlated to TOC (Table 2).

Rock-Eval screening pyrolysis data show Tmax in the range 418-425 °C, corresponding well
to the maturity indication provided by vitrinite reflectance analysis. Values of S2 are highly
variable, ranging from zero to 93 mg HC/g rock, leading to Hydrogen Indices (HI) from zero
to 250. Based on Rock-Eval screening pyrolysis data, the kerogen is, at best, classified as gas-
prone Type III, but the comparatively high values of both S2 and HI yielded by several
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samples may suggest the presence of at least minor potential for generation of waxy liquid
hydrocarbons (Figures 2 and 3).

A total of six samples were subjected to solvent extraction and biomarker analysis. Sample
selection was based on the results of screening analyses. All samples show high, yet variable,
asphaltene contents, and maltene fraction compositions entirely dominated by hetero-
components (NSO), and showing very low hydrocarbon to non-hydrocarbon ratios.

Table 2. Results from the screening analyses of coresamples.

Table 2

TOC H M S |Tmax 51 52  Hydrogen
(wt-%) (wt-%) (wt-%) (wt-%) (°C) (mg/g) (maglg) Index

HV-02 6563 1400 | 2415 575 0,30 525 | 420 1,76 37.20 154
Hv-02 6564 1440 | 3748 484 0565 495)| 423 588 9287 248
HV-02 6565 1520 | 2506 352 049 182 | 424 253 5527 221
Hv-02 6566 18,00 | 4180 524 068 527 | 418 439 &7.54 209
HV-02 6567 2000 | 079 105 006 540 - 0,01 0,15 19
Hv-02 6568 2100 | 2820 466 050 171 | 429 243 59,69 212
HV-02 6563 2350 | 005 127 003 017 - 0.00 0.00 -

HW-01 Go70 2250 | 015 203 003 069 - 0,00 0.01 -

HW-01 G571 3780 | 025 177 003 023 - 0,00 0,01 -

HW-01 6572 46,50 | 872 220 017 1026 423 0,09 7,16 82
HW-01 6573 50,70 | 18,89 305 039 185 | 424 045 3155 167
HY-01 G574 5160 | 980 275 019 047 [ 425 040 1468 150

Well Lab# Depth

HW-01 Go76  h3580 | 015 215 002 158 0.01 0,02 13
TG-01 Go7e 2060 | 0,32 213 004 154 - 0,01 0,07 22
TG-01 G577 2280 | 022 1597 004 026 - 0,01 0,06 27

The Tjornes beds, as seen in the Tjornes horst are thermally immature to early mature with
respect to petroleum generation. Judged from the tectonic history, the Tjornes bed samples
probably provides a minimum-maturity indication. Hence, it is very likely that the same
sediments, are considerably more mature in other areas, especially where the geothermal
gradient is high, thus generating dry and wet gasses and even oil, given the right conditions.
A maturation simulation has shown that these lignites can generate a waxy oil as well as
gases.
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Figure 2. A graph which indicates the type of kerogen found in lignites from the Tjornes horst,
extracted from Tmax and HI. The Tmax (420-430°C) indicates that the samples are thermally
immature. Vit.ref. of 0.25-0.3 supports that. At least one sample consists possibly of more
than terrestrial material, and even some of the other as well.
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Figure 3. Even though lignites in the Tjornes beds are thermally immature, they show great potential
for source rock, given the proper circumstances. This organic substance can very well be the
source of the gases found in Oxarfjordur.

2.3 Hydrocarbon gasses in Oxarfjordur

In 1989 geothermal holes were drilled near Skégarlén in Oxarfjordur. During and after the
drilling, gases were emitted through the boreholes. Analysis of the gases suggests that they
are thermogenic (both wet and dry) gases (methane through hexane), both of marine and
terrestrial origin (Fig. 4). They are present in fairly high concentrations and possibly, at least
to some extent, derived from lignite beds similar to the ones in Tjornes beds (()lafsson et al,,
1993; Armannsson et al., 1998).

In August 1999, the drilling of a deep geothermal well, BA-02, provided a good opportunity
to study natural gas in Oxarfjordur. A gas-chromatograph (SRI 8610C) was used at the drill
site to detect any gas leaking from the well.

In the Skdgarlén area, where gasses seeping through boreholes have previously been
detected (Olafsson et al., 1993), it was apparent that gasses where also seeping directly out of
the sands within the geothermal area.

The geochemical analysis documents that evolved hydrocarbons (methane, ethane, propane,
butane, pentane and hexane) occur in fairly high concentrations in Oxarfjérdur, e.g. methane
~6 %, ethane ~ 0.4 %.

Analysis of gas samples from the geothermal area at Skogar, produced similar results.

The total organic carbon (TOC) within the sediments is less than 0.05%, which makes it
unlikely that these gasses are biogenic. Therefore it seems that they come from a deeper and
older source. A “C age determination revealed that gasses in Skdgarlén are more than 20,000
years old (Olafsson et al., 1993).
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Analyses of isotopic signals of gas samples from wells no. 1-4 in Skégarlén from Olafsson, et
al. (1993) are plotted in figure 4 along with results from gas samples from seep mounds from
2002 (table 3), when new samples were collected in Skogar and Skogalon and analyzed by
Dr. Karlis Muelenbachs, University of Alberta, Canada (Richter, 2003). The general results
from the analyses in 2002 is that this is most likely derived from thermal alteration of lignites
and coal rather than a magmatic source.

Table 3. Results from isotopic analyses on hydrocarbon gas collected from seep mounds and analysed

in the University of Alberta.

Feb. 3/2004 LSD
SK 2 (NaOH) Iceland
AER-2 (NaOH)Iceland

Vol CH,/ Vol (CoHg+CaHg)

13C1 13C2 13C3 13iC4 13nC4 iC5 nC5
-24.55 -23.28 -20.46 -24.32 -25.14 -27.58 -29.85
-26.37 -27.6 -24.24 -23.85 -23.43 -21.16 -24.09

10000

100

Biogenic gas

Gassamples from
Oxarfjordur

Thermogenic gas

/ER-04-1 ¢

FER-04-2 ¢

Qil gas

B'at Skogar
+ sedim at Skogar

== C at Klifshagi

-100

-60
513C in CHy (%)

-40

Figure 4. Analyses made in 1999 (blue crosses) as well as analyses done 12 years ago (red stars). The
gas is without doubt thermogenic and not biogenic. Since this is a volcanic region, it may be
possible that methane from magma could contaminate the samples, shifting them towards the
right and up. If that is so, many of the samples could actually have lower 613C (mantle
methane has 613C > -10). Blue crosses have a 613C mean value extracted from the older data.
The value from the result of the analyses of Muelenbachs, indicates that the blue crosses
should be shifted to approximately -25 513C.
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2.4 Bathymetric mapping and ocean floor photographs in the Tjornes
Fracture Zone

Recently collected EM300 (2001) and RESON8101 (2003 and 2004) multibeam bathymetric
data, and CHIRP sub-bottom data combined with onshore mapping and data collection,
have enhanced our understanding in the area of the Tjornes Fracture Zone. Areas of large,
elongated and circular depressions (pockmarks) within Skjalfandi Bay and Oxarfjordur were
mapped during a multibeam bathymetric surveys in 2002, 2003 and 2004. These pockmarks
reach 400-500 meters in length and 100-200 m in width and are commonly 2-5 meters deep.

The pockmarks in north-eastern Skjalfandi bay are all elongated NE-SW, with deeper NE
ends. The pockmarks in the north-western part of the bay are elongated WNW-ESE, with
deeper WNW ends. The north-eastern pockmarks seem to follow N-S lineaments and are
possibly linked to sediment covered N-S aligned marginal faults of the Skjalfandi graben
whereas the north-eastern pockmark field seems to be linked to two WNW-ESE trending
transform faults with little or no vertical displacement.

Sidescan and RESON8101 data indicates the larger pockmarks to be made up of a cluster of
smaller pocks, none which exceeds 25-30 meters in length. Pockmarks along the northern
edge of the HFF seem to be of similar dimensions but are more rounded (Richter et al., 2003).

Ocean floor photography indicates that seeps occur in some of them, as well as documenting
changes in sediment colour and hardness. Over 10000 photographs were collected in the
summer of 2003, where some of them show indications of gas seeps/flux, i.e. possible gas
bubbles in the water column and high density holes in the seafloor (Richter et al., 2003).

2.5 Indications of gas in Chirp (seismic) profiling from Skjalfandi

In 2001, a sidescan sonar imaging and CHIRP seismic sub-bottom profiling were conducted
along the HFF, within Skjalfandi Bay. CHIRP data show amplitude anomalies and acoustic
wipe-out zones, indicative of gas accumulation within the sediments.

A second Chirp seismic and sidescan-sonar survey was conducted 2003 along with gravity
coring and digital bottom photography in order to assess the origin of these pockmarks and
define the distribution of the gas charged sediments. Where present, acoustic wipe-out zones
associated with the gas obscured all underlying reflectors as shallow as 5 meters below the
ocean floor. The gas charged sediments are more widespread than previously observed
within the bay. In northern Skjalfandi the gas seems connected to rather large, elongated
pockmarks, which appear active, but in the southernmost Skjalfandi no pockmarks seem
associated with the gas (Richter et al., 2003).

2.6 Backscatter as evidence for possible gas flux

Amplitude-versus-offset (AVO) analysis has been used successfully in the oil industry for
the exploration and characterization of subsurface reservoirs. Multibeam sonars acquire
acoustic backscatter over wide range of incidence angles, and the variation of the backscatter
with the angle of incidence is an intrinsic property of the seafloor. With the necessary
changes being made, a similar approach to seismic AVO analysis can apply to the acoustic
backscatter. AVO analysis was applied to a Simrad EM300 (30kHz) multibeam sonar dataset
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from Skjalfandi Bay, Iceland. Based on known and new methods, acoustic backscatter model,
the acoustic impedance, the roughness, and consequently the grain size, was estimated of the
insonified area on the seafloor. In Skjalfandi Bay, the AVO attribute of fluid factor was
calculated, which presented an estimate of the gas/fluid content in the sediment structure
(Fonseca et al., 2004).

The areas with high fluid factor anomalies correlated to some extent to regions that showed
evidence of gas in seismic profiles. It should be noted that this method is experimental, and
some data inconsistencies could also contribute to some anomalies.

2.7 Core samples from Skjalfandi Bay and residual gas

In 2003, while mapping the seafloor with multibeam and CHIRP acoustic method, coring
was attempted at several sites within Skjalfandi Bay using equipment provided by the
Marine Research Institute, primarily to obtain sediment samples for hydrocarbon analysis.
Core recovery was generally poor, primarily due to two factors — poor design of the core
cutter and the fine grained, compacted volcanoclastic sediments in the bay. The cores were
sent to Norway for analyses of possible residual gas in the cores.

The gaseous hydrocarbons for the northern part of Skjalfandi the occluded (interstitial) gas
data indicate an anomaly in one sample (A-2 — Area A, see figure 5). In the southern part
(samples C — Area C, see figure 5) the samples show two very high methane values.
However the amounts of heavier n-alkanes are no different to the rest of the samples. The
values of wetness suggest the more methane rich samples to be in total less thermogenic, i.e.
the higher methane is due to bacterial activity in the sediments rather than seepage of
thermogenic gas. The adsorbed gases show lower or similar yields and low wetness
indicating a lack of historic thermogenic gas seepage.

The extraction data for the liquid hydrocarbons show only poor to fair yields of liquid HCs,
and these will also include any liquid HCs from recent organic matter indigenous to the
sediments. On the chromatograms of the extracts however, small amounts of possible seeped
and biodegraded condensate/light oil hydrocarbons are seen in some samples. In these
samples, apart from these peaks the heavy end of the chromatograms are dominated by n-
alkanes with a distinct odd carbon-number dominance, representing immature recent
organic matter (ROM) indigenous to the sediments. There are also some even heavier
unidentified peaks which are probably related to the ROM. The chromatogram intensities
also show that the samples are different in that they contain much greater amounts of ROM
in absolute terms. In conclusion there are no recorded large (macro) seepages in any of the
samples, however 2-3 where small amounts occur (Richter et al., 2005).

Since none of the cores were as long as recommended (1-3 m), it is expected that the results
are not conclusive. Therefore thermogenic gas occupying pores deeper in the seafloor can not
be ruled out. In the top level of the sediments it is highly likely that bioturbation and
biodegradation has somewhat skewed the results.
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2.8 Polycyclic aromatic hydrocarbons in Oxarfjérdur and Skjalfandi

Polycyclic Aromatic Hydrocarbons (PAH) were collected both from Oxarfjordur sands as
well as Skjalfandi bay (samples taken from the same cores as for the analyses of residual gas)
(Geptner et al., 2006 a, b). The results from Oxarfjordur supports strongly the results found
earlier that thermogenic gasses are emitted through the sediments.

Analyses from Skjalfandi bay indicate more strongly, than the residual gas in the dropcores
(chapter 3.7), that some of the hydrocarbons in this area could be of thermogenic origin, the
same way as in Oxarfjordur sands.

Polycyclic aromatic hydrocarbons have been analysed in 8 samples, which were collected in
Skjalfandi at a depth of up to 200 metres.

Two samples from the southern part have a rather high total PAH content (123 and 200 ppb
respectively) showing marked enrichment with hydrocarbons in comparison with all the
other marine sediments.

In the centre of the Skjalfandi Bay, PAH composition shows an anomaly, which can be
compared with a typical hydrocarbon association for high temperature oil fields. Correlation
of this site with the transform fault zone (HFF) shows that zone of fissures might be a
migration way for hydrocarbons.

The data from the southern part are characterised by the highest value of total PAH and
perylene. It is possible that at this location there is a gaseous reservoir in depth, as indicated
by shallow seismic profiles. Similar manifestations have been met in some other regions of
the world (Geptner et al., 2006a).

2.9 Measurements on gas emissions through surface soil

Surface soil gas emissions were measured on shore in C)xarfjéréur in 2004, with a gas flux
meter from West Systems. The procedure involves a chamber which is pressed on to the
ground surface and open to the soil. Air is continuously circulated by pumping from the
chamber to a gas detector, and back to the chamber. Gas flux from the soil is seen as an
increasing fraction of the emitted gasses with time. As the area of the chamber and volume is
known, the gas flux can be calculated in grams or moles per time unit, commonly as grams
per square meter per day.

The results from these measurements seem to be quite conclusive. Even though
measurements were done in most areas of the Oxarfjordur sands, the only anomalous
methane seep was reported in the geothermal areas of Skogar and Skdgarlén. No indications
were seen in other areas (unpublished data from Thrainn Fridriksson and Bjarni Richter).
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3 Discussion and proposal for further investigation

While most aspects of hydrocarbon generation and accumulation are highly risky and
uncertain in the Tjornes Basin, we feel that the question of significant source rock and
appropriate maturation history is critical. The lignite beds of Tjornes are the only known
exposed potential source rocks, and the chemistry of the gas seeps in the onshore
Oxarfjorour graben suggest similar terrigeneous or gas-prone source. Oil-prone source rocks
of marine origin are economically more important, but have so-far not been detected or
indirectly inferred. The most likely location of such formations would be the deepest
sedimentary basin north of the Husavik-Flatey Fault lineament, stretching from western
Skjalfandi to Eyjafjardarall. In this area the extensive sedimentation would also promote
maturation of any source rocks. An ambitious program of 3D deep seismic surveying and
drilling would be the direct way to assess this question, but is presently quite risky.

We suggest that the next logical step in the assessment of the Gammur area could be to
ascertain whether thermogenic hydrocarbons can be found as gas traces in samples of
seafloor sediments, close to possible seepage locations. This could better clarify the question
of possible source rocks and maturation processes.

3.1 Sampling of bottom sediments and gas analysis

The demonstrated presence of near-bottom gas in sediments, and the various indications of
possible gas expulsion, presents the possibility of sampling hypothetical thermogenic
(hydrocarbons) gas in the bottom sediment. We propose a tentative program of 15-30 cores
at least 5 locations.

Depth of penetration should be up to 3 meters or more in order to obtain samples below the
biogenic zone. Experience suggests that a vibracorer or pistoncorer is required to reach these
penetration depths, as previous attempts with a droppcorer to these depths have not been
successful. This is not the preferred tool for this purpose as more disturbance of the material
is risked, but probably unavoidable. The sediment cores will then be deep frozen (to
approximately -20°C) and shipped for gas analysis.

The locations of sampling stations should be as close to gas indications as possible, but it is
unlikely that a corer can be dropped to 100-200 meters depth with accuracy to hit individual
pock marks. It will be assumed that traces of gas have intruded the shallow sediments of
pock mark fields, both inside and outside the pocks. Of the following seven areas, the first
four are here considered priority targets, while the rest is secondary (fig. 5):

1) Area A in north east past of Skjalfandi. A wide field of pock marks in en-echelon
arrangement (NE) along a probable set of N-S trending deep faults. Small expulsion
holes within some pock marks.

2) Area B along the main surface expression of the Flatey Fault in south-western
Skjalfandi. Pock marks on the northern uplifted side.

3) Area C in south-eastern Skjalfandi offshore Huisavik. Patches of gas reflections in
shallow seismic profiles. Top of gas reflection at 12-18 m depth. No pock marks but
hard-ground character of bottom (photos).
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4)
5)
6)

7)

Area D in North-West Skjalfandi. Pockmarks along a set of WNW-trending faults,
parallel to the Hasavik-Flatey fault.

Area E in an apparent offset of the Husavik-Flatey Fault in middle of Skjalfandi. Sub-
bottom gas reflections.

Area F is close to shore south of Huisavik-Flatey Fault. Seismically detected shallow
gas in sediments.

Area G: Within the Eyjafjardarall trough, where the seismic data has shown the
deepest sedimentary basin with the thickest sedimentary pile. The area at the junction
of the extensional NS fault system and the transform fault systems. Though no direct
indications of gas seep have been observed, the thick sediments suggest the
possibility of more mature hydrocarbon conditions.

3.2 Pre-study before coring cruise

Before the plan for the coring project is finalized, a revision of existing survey data is needed
in order to fix suitable and exact locations for sampling stations. Included in this work is
inspection of hydrographical and shallow seismic data in an attempt to detect seepage
features:

1)

2)

3)

4)
5)

Detailed mapping and positioning of pockmarks in multibeam hydrographic maps
and side scan sonar. This could be restricted to likely sampling areas.

Inspection of tow-camera near bottom photographs to select likely seeps, such as
fluid expulsion features (holes).

Inspection of shallow seismic data for the purpose of detecting a) shallow gas
reflections and b) gas plumes above seafloor. Data from the 2002 cruise of Bjarni
Semundsson, and 2003 seismic data with Chirp source.

Inspection of side-scan sonar data for pocks, seeps and gas plumes.

Inspection of raw hydrographic data (multibeam), in order to estimate if gas plumes
in the water column have been recorded.

The items 1-3 are obligatory, as these studies will result in detailed maps where the final
sampling locations will be determined. The items are 4-5 are less critical, and primarily an
attempt to ensure that no important seep indications have been missed in the original raw

data.

In addition to the above preparatory work, we suggest that a compilation and integration of
the various datasets, hydrographical, geophysical and geological would be of great value.
This could be organized in appropriate software such as a “Petrel-project”.
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Figure 5. Locations of suggested sampling sites with vibracorer or piston corer.
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