The Longyearbyen
Lo
ong
ngy
gyea
gy
ye
y
ea
earbyen
rby
by
bye
yen
yen

Phase 2 Final Report

page 6-8

........................................................................

Page 2

•

Well Decription

.....................................................................

6. Well Operations 2007 - 2012

page 24-25

page20-23

HSE summary

•

5. Drilling operations ...........................................................................

Status and securing

•

page10-19

Chemicals and materials

•

.......................................................................

HSE Standards as originally deﬁned by the Longyearbyen CO2 Lab in 2007
Gas in wells and related HSE

•
•

4. Health Safety and the Enviroment

Status anno January 2015 ..............................................................

3.
page 9

page 4-5

....................................................

Introduction and Project History

Project Summary

•

Project History

UNIS CO2 Lab - Adventdalen 2008

2.

I.

Photo By: Alvar Braathen

Summary of P&A

•

Geomechanical analyses
Fracture systems in the subsurface of the Longyearbyen CO2 Lab

•
•

15.

Appendix

....................................................................................

Future Plans and Project Proposals

14.

Page 3

page 79-85

page 73-78

Outreach

..................................................

page 71
page 72-73

...................................................................

page 68-70

.....................................................................................

Internatioal awareness

..........

page 63-67

page 62-63

....................
....................................................................................

page 27-61

page 26-35

.......

Abstracts & Conference Proceedings internationally recognised

Education

International Journal Publications (peer review journals)

13.

12.

11.

10.

9.

Modelling of the Longyearbyen CO2 sequestration site

•

Permeability of tight sandstones
Leakage and permafrost
Marine baseline study for the Longyearbyen CO2 Lab
Forecasting phase relations in the Longyearbyen CO2 lab reservoir

Seismics monitoring

•

•
•
•
•

Injection and Pressure Testing

•

8. Research

Wells Plugged 2014

•

.................................................................

Wells Plugged 2013

•

7. Plugging and Abandonment (P&A) and related well tests.

Table of content

It is a pilot size community with a closed energy system, not linked to the energy system of mainland Nor
way. The community is a natural laboratory.
The main source of energy is coal. The 10 MW power plant also delivers heating to the town buildings.
Svalbard has geological structures that can be utilized for subsurface deposition of CO2. The storage site is
accessible by road, only 5 km from Longyearbyen.
The storage site is well suited for research, education and monitoring activities as the site is on land, near
community infrastructure and accessible all year round.
Studies of sub-surface structures near Longyearbyen will beneﬁt storage projects elsewhere. Knowledge
and competence acquired may be utilized in industrial projects internationally.
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The motivation of UNIS to take on the challenge was initially an interest to contribute to the green development of
the local community. But the initiative was also driven by science. The easy access to the sandstone aquifers/storage
units enabled UNIS to use the projects directly in research and education. About 14 Master and 7 PhD-students have
taken part in the programs and have used data from Longyearbyen CO2 Lab as part of their thesis.
‘
The unique qualities were also recognized from the outside. In 2010, UNIS was happy to host the CCS summer school
of the International Energy Agency (IEA), drawing a hundred researchers and students to Longyearbyen from all over
the world. UNIS’ own international project workshops were also well visited, and the list of prominent guests, politicians and top management alike, listening to the vision of and looking into Arctic CCS, is impressively long.

The ﬁrst step of the Longyearbyen CO2 Lab project was to identify sandstone layers in the subsurface in which CO2
could be stored (so-called storage unit). Three wells were drilled in 2007 and 2008, which cored the cap rock and upper part of the storage unit. Seismic assessments were added to map out subsurface geometries. A fourth well was
drilled in the fall of 2009 to verify the storage capabilities and injectivity level of the storage unit sandstones. With
proven injectivity, some storage capability was conﬁrmed in November 2009.

To further explore the storability and to assess the risk of CO2 escaping the storage unit, various injection and fracture monitoring tests were performed in 2010. In 2011 two new wells were drilled to test the pressure communication
and ﬂuid ﬂow pathways in an upper sandstone aquifer, found at 180 meters depth. High water ﬂux from

The University Centre in Svalbard (UNIS) was in the driver’s seat and was responsible for managing the project right
from the beginning. UNIS is an integrated part of the Norwegian university system, being deﬁned as the Arctic extension of the mainland universities. Through UNIS, the project became a joint eﬀort by some of the best researchers in
the ﬁeld.

For the injection tests, the project did not have access to CO2. The reservoir was, however, highly unconventional, and
it was decided, in dialogue with industry partners, to use water as a medium for testing. Water proved to serve our
needs in the initial phases of the project. And, of course, it was cheap, in line with the Longyearbyen CO2 Lab project
that used local know-how and equipment (e.g., SNSK slim-hole drill rig) in a low-budget R&D operation.

Over a six year period the Longyearbyen CO2 Lab drilled eight wells. As all drill holes were fully cored, the project collected more than four kilometers of drill core, covering a succession from the frozen but otherwise unconsolidated
overburden (cored in drill hole 8) to the Lower Cretaceous succession (seven drill holes), through Jurassic shales of
the caprock (ﬁve wells), and in to the storage unit sandstones of Early Jurassic to Late Triassic age (four wells), with
the deepest well reaching a maximum depth of 970 m. With access to unique datasets, more than 30 researchers
from universities, research institutes and private companies have contributed to the eﬀorts. The results have caused
substantial attention within both academic and industrial communities. and in the public domain.

The 2011 campaign also performed water injection (leak-oﬀ tests) in the cap-rock shale, above the potential storage
unit. These tests conﬁrmed a well-sealing cap-rock, which has allowed the low pressure encountered in the storage
unit. Further analysis of the data (Bahman et al.) suggest the storage unit-cap rock couplet can withstand pressures
well above 110 bars before the vertical seal would be jeopardized.

head and instantaneous response of pressures between the two rather shallow wells were obtained, proving excellent conductivity in a rather low porosity/low permeability sandstone unit dominated by ﬂow on fractures. The good
ﬂuid ﬂow in this sandstone unit suggests that this layer can be used as a standby monitoring layer the day a CO2
plume is injected into the deeper storage unit.

Project history

As a university driven R&D project, the Longyearbyen CO2 Lab has been rather unique in its strategy and workﬂow.
Activities have been motivated by knowledge needs, addressed in two-year steps. For each step new knowledge has
generated new questions, and thereby innovative and focused research. The basic motivation; “you learn as long as
you drill and test”, has been realized in a vibrant knowledge pyramid.

Longyearbyen CO2 Lab has attracted some strong research and ﬁnancial partners along the way. The initial partners
were the local coal mining company Store Norske, the American oil company ConocoPhillips, the state funding instrument Gassnova, and some of the best researchers from Norwegian universities and research institutes. Later,
the companies Statoil, Statkraft, Lundin Norway, BakerHughes, and Leonhard Nilssen joined the project. The CLIMIT
program of the Research Council of Norway has funded parts of the project, directly and through Gassnova.

The global need for CO2 injection test sites was another motivation for the Longyearbyen CO2 Lab project. There
is an increasing interest around understanding eﬀective CO2 storability, impact of variable reservoir qualities, and
risks of subsurface leakage out of the storage containment. In order to mature CCS into a feasible green avenue,
research communities and industries need ﬁeld data to simulate liquid ﬂow, develop reservoir models, and prepare
for risk management procedures.

•

•

•
•

•

Longyearbyen oﬀers great advantages as a test site for CCS:

According to its environmental laws, Svalbard endeavors to be one of the best preserved wilderness areas in the
world. Human activity shall seek green solutions whenever possible. A CCS-project in Longyearbyen will strengthen
this proﬁle, as the clean environment could be supplemented by advanced technologies to provide a clean supply of
electricity.

The Longyearbyen CO2 project was initiated by UNIS in February 2007, following an article in the local community
paper Svalbardposten by UNIS-director Gunnar Sand and professor Alvar Braathen, about turning the town’s main
polluter, the coal-fuelled power plant, into a show case for carbon capture and storage (CCS). The captured CO2 they
proposed, could be stored in the sub surface aquifers. The Norwegian Ministry of Justice, who was responsible for
the energy supply, embraced the idea and decided to fund a pre-project. Longyearbyen CO2 Lab was then underway.

1. Introduction and Project History

Above: Logg ﬁgure as it was at the end of Phase 1
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The Longyearbyen CO2 lab Phase 1 project was ﬁnalized in December 2009, after performing extensive drilling with
coring and ﬁnally injection testing of the targeted upper Triassic Kapp Toscana Group reservoir section below Longyearbyen. The reservoir section contains sandstone of very low to low and variable permeability and low to moderate
porosity. On the contrary, the rocks have fairly good injectivity, suggesting that fractures promote ﬂow. It was therefore conclude that there is a dual-permeability reservoir in the subsurface near Longyearbyen. The following Phase 2
project (this report) of 2010 to December 2014, had years that focussed on qualifying injectivity, better constraining
the reservoir volume, and further testing the caprock properties.

2. Summary from the Phase 1 ﬁnal report 2007 - 2009

Figure by: Kei Ogata
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Porosity measurements of the sandstones gave low to moderate values in the sandstones. In total, 85 measurements
from core of Dh2 and Dh4 reveal porosity values between 5 and 18%, with an average for the reservoir sandstones
of nearly 15 %. The permeability is however low, with a maximum of 2 mD. Accordingly, good injectivity in drill holes
points to ﬂow on fractures.

The reservoir succession of the Kapp Toscana Group as seen in Dh2 and Dh4 suggests that the entire unit is tidal to
shallow marine, spanning from lagoon to tidal inlet delta to barrier spit and open marine deposits. The net sandstone
of the succession is around 25-30%, whereas net permeable sandstone is lower, probably closer to 10-15%. Signiﬁcant uncertainty around injectivity of the Wilhelmøya Subgroup existed at this stage, since this unit was not tested
by water injection. However, the core data suggested this unit as the best matrix reservoir, offering longer sections
of sandstone with fairly good Miniperm characteristics.

Since the seismic has a regional, 2D character, derived surface maps have signiﬁcant uncertainty on a detailed level.
However, in the up-slope direction to the NE, combined ﬁeld data and seismics suggest there are no physical closures
(anticlines). Instead, the reservoir climbs gently (1-3 degrees) in this direction towards outcrops in the NE, with reservoir sandstones reaching the surface 15-20 km from Longyearbyen.

From the seismics, comparison between reﬂectors and drill hole information shows that several units are clearly visible is the seismic system. They more or less correlates to the base of the Helvetiafjellet Formation, a reﬂector near
the base of the Cretaceous section, another near the top of the Wilhelmøya Subgroup, and one reﬂector within the
De Geerdalen Formation reservoir. In addition, there are two strong reﬂectors related to intrusions.

Four wells were drilled in the Phase 1 project of 2007-2009, Dh1, Dh2 (1A), Dh3 and Dh4. They are 560, 860, 403 and
970 m deep, respectively. Dh’s 1 and 3 were abandoned in the cap rock section due to technical problems, whereas Dh2
reached the upper reservoir section before the operation experienced technical failure and subsequent abandonment. Due to these technical challenges, drilling experts from partner companies came on-board to assist. Accordingly, before the Dh4 drilling commenced there were signiﬁcant considerations around the equipment and the mud
program. With these updates to the drilling program, Dh4 reached the targeted depth.

2007 - 2014

Project Summary
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Except from technical drilling challenges, there were no HSE issues related to the project activity of Phase 1 (20072009). It was therefore concluded that the planned high HSE standards had been kept. On the ﬁnancial side, the project during Phase 1 beneﬁtted from increased funds from the partners as resources were running low due to drilling
challenges and, consequently, as new tasks were undertaken, for instance the well testing (not initially planned for
Phase 1). There was signiﬁcant public outreach and exposure of the partners throughout these ﬁrst three years.

There is -4 bar at the surface or 82 bar at 870 m depth.
• Fracture closure pressure is (at the surface) around 9 – 11 bars. This is equal to a pressure of 95-97 bars at 870 m
depth.
• The matrix injectivity is 0.6 -0.7 m3 / bar per day for the section 770 m - 870 m. In the deeper section (870-970 m),
a similar number is higher, but is dropping during testing, and could not conclusively be decided.
• Cement shoes of the NQ-rod at 770m (applied during test 1) and the BQ-rod at 870m (applied during test 2) are
sealing during all tests.
• The water level in the well drops after each test and each test period. This suggests either a low reservoir pressure, and/or a reservoir that is isolated from its surroundings.

During drilling, a water injection test was conducted on 770-870 m section. Subsequently, after completion of Dh4,
the lower 100 m (870-970 m) were left open for testing. Several water injection tests were conducted on the interval.
Evaluation of these datasets gives the following results:

Lower aquifers/reservoirs: Both Dh2 and Dh4 drilled down into the targeted reservoir of the upper Triassic Kapp Toscana Group (Wilhelmøya Subgroup and De Geerdalen Formation). In Dh2 this section starts at 732 m, in Dh4 at 667
m. Sedimentary facies correlations and encountered poro-perm data suggest that this unit has regional characteristics and properties. However, in detail there are clearly large variations internally with variable degrees of digenesis
(Magnabusco et al. 2014).

Middle aquifer: In Dh1 and Dh2 this aquifer makes up parts of the section from 350 to 400 m TD, i.e. within the Rurikfjellet Formation. This succession has some permeability. This unit represents a local debris ﬂow deposit in the west,
which cannot be found in Dh4. There, in the east, the same interval consists of shale.

Upper aquifer: This unit is at 160 - 200 m depth (deeper to the west due to very gentle westerly dip of unit), consistent
with the sandy parts of the Helvetiafjellet Formation. Permeability data varies but are generally low for this unit, suggesting that the rather high inﬂow of water in the wells is partly controlled by fractures. The aquifer seems regional,
and especially for Dh3 and Dh4 give artesian inﬂow of water (up to 60 l/min).

General water inﬂow and plug and miniperm analysis of drill core suggest that there are three aquifers in the study
area;

Overall the fracture intensity in the drill core can be divided into; (i) an upper section of low frequency, (ii) the fault
zone of smectite rich fault rock (showing swelling) and surrounding damage zone of very high to high frequency, and
(iii) the section below the fault zone with moderate frequency. For the section of Dh4 that was imaged with televiewer, there seems to be a moderate ﬁt with the fractures recorded in the cores. The overall analysis suggests that fracturing is controlled by lithology, with more fractures in shale compared to sandstone.

Summary phase 1 continued

The identiﬁed stacked reservoirs at 670-970 m in the subsurface in Adventdalen, have been further tested.
Tests verify Injectivity.
LOT’s veriﬁes a well-sealing caprock and further analyses of the data suggest burst pressure of around 120
bars at 655 m depth, some 15 m above the uppermost reservoir.
A basic reservoir model has been completed, and subsequently used as a basis for volumetric calculations
and some ﬁrst, pilot-type simulations with a focus on history-match of well tests.
The ﬁrst generation storage volume has been estimated, with uncertainties related to quality of the
stacked reservoirs, including sizes of each unit and location of lateral ﬂow bafﬂes/seals.
Flow of gas into wells from the upper part of the reservoir (less likely) or lower part of the caprock black pa
per shales (more likely).

A HAZID report for storing CO2 in Svalbard has been prepared by DNV GL,
The application for further development / new project “Improved delineation of an unconventional reservoir
in Adventdalen for future CO2 injection tests. “De-risking and monitoring campaign 2014-2015” has been ap
proved by Climit/Gassnova with the project no. 238758.

Dh1, Dh2, Dh6 and Dh7 have been permanent plug according to standards of the P&A program.
DH4 was left open in 2014 for further injectivity tests, but it is temporary plugged. Permanent P&A is sched
uled for 2015.
DH5R was plugged but veriﬁcation of the plug was insufﬁcient. Accordingly, the well remains temporary
plugged for further evaluation in 2015
Dh3 (403 m deep) remains open as it hosts a geophone string. The well has the status of a shallow monitor
ing well, with a 120 m high ice plug towards the surface.
Dh8 (61 m deep) is plugged with ice, as this well cored the unconsolidated but frozen overburden and did not
enter solid bedrock.
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The Phase 2 project was designed to further verify caprock integrity and injectivity versus available volume in the
stacked reservoir succession. In order to reach the goals, wells Dh 5, Dh6, Dh7 and Dh8 were drilled. In parallel, extensive well testing added data.

Phase 2

•

•

•

•
•

As the exploration phase has come to an end, and especially as there is inﬂow of gas in several wells, plugging of wells
has become a major activity. The current (anno June 2015) status of the wells is:

•
•

The application around injection of CO2 is still under evaluation by Miljødirektoratet. The application had however
to be revised, as there was a request for more particular descriptions around the source for CO2 and the risk during
operation. To substantiate the application, the following assessments summarized in reports have been undertaken:

In October 2013 the project made an application for permission to store a limited amount of CO2 (up to 100.000 tons)
in the subsurface near Longyearbyen, Svalbard. The application was submitted to the Governor and local authorities.
In parallel, application for future allocation of land (Delplan) for research purposes (incl. CO2 site and infrastructure)
in Adventdalen was submitted for evaluation by the local authorities. This was granted in May 2015,

•

•

•

•
•
•

The following key points can be extracted from the datasets of the Longyearbyen CO2 Lab now the Phase 2 project
has been ﬁnalized:

3. Status anno January 2015

A happy worker from the Drilling Operations 2012

No injury on personnel
No or minimal discharge of ﬂuids that may harm the environment
Minimal impact on the terrain in the vicinity of the drilling site and seismic lines
No damage to cultural heritage in the area
No criticism by environmental authorities
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With the onset of the Phase 2 project in 2010, new standards were set. As outlined in HSE reports by Titlestad (20102014), new Health, Safety and Environment aspects were speciﬁed for activities related to the scientiﬁc work, aimed
at verifying the possibilities and potential to store CO2 in the underground formations in the Longyearbyen area. The
well activities have included drilling of several wells, several injection and leak-off tests and at the end permanent
plugging and abandonment (P&A) of the wells. During the well activities there have been taken core samples to analyse the properties of the different formation layers, it have been injected water to verify the injectivity at various
levels during monitoring of pressure. It has also been logging activities to record down hole conditions.

1)
2)
3)
4)
5)

Deﬁned main goals were:

The HSE goals in the Longyearbyen CO2 Lab operations aim at high HSE standards. These HSE standards for drilling
were initially (Phase 1) based on Store Norske (SNSK) and Leonhard Nilsen & Sønner (LNSS) founded HSE regulative.
However, the UNIS HSE regulative was implemented during operations as a superstructure to the above mentioned
standards.

4. HSE Standards as originally deﬁned by the Longyearbyen CO2 Lab in 2007

Photo By: Cathy Braathen

There were communicated 4 main goals for the activities in the Phase 2 project:
1.
Determine permeability and volume
2.
Verify good sealing properties in the shale above the sand formation
3.
Identify injection rate/pressure of the actual sand formation
4.
Permanent plug all wells after the testing phase.
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Well abandonment is undertaken to “restore” the cap rock. Two permanent barriers (primary and secondary barrier)
is required if a permeable zone is hydrocarbon-bearing, over-pressured or water bearing. The permanent barriers
shall also be tested to verify that they are solid and can withstand pressure. The requirement that is applicable for
P&A in Norway is the NORSOK D-010 – “well integrity in drilling and well operation.”

2. If CO2 shall be captured, injected and stored into the tested sand formation in the future, it is essential to plug the
test wells such that potential captured and stored CO2 cannot escape, migrate or leak from the “dedicated” storage
formation through the test wells.

1. The wells have to be plugged so there is no uncontrolled ﬂow of gas and ﬂuid to surface or between permeable formations. Wells DH7, DH4 and particular DH5R contain signiﬁcantly amount (compared to other wells in the area) of
natural gas. There is also a shallow water ﬂowing/production formation in the well DH5R and DH6.

The dialog with the authorities, Sysselmannen and Petroleumtilsynet (Ptil), in 2013, concluded that we had to plug
the test wells according to the same regulations as for the petroleum industry operating in the Norwegian North Sea.
There are two main reasons for this;

Main purposes for the test wells and activities were to get information and test the underground permeability and
storage properties to verify that injected CO2 can potentially be stored in safely dedicated sandstone formation.

Health, safety
and environment

Collecting data so the scope of work/goals can be met
Perform the test according to applicable “North Sea” oil industry standard and applicable requirements on
Svalbard with respect to HSE
Capture well information for evaluation of further progress in this project
Perform the P&A with high quality and seal off the entire cross-section of the well to isolate any potential
leak path
Remove tubular in the well and surface equipment in such way that the wells do not represent any risk or
harm to the community
Perform the P&A operation according both to UNIS HSE standard and the Norsok D-010 standard
Perform all activities safely and do not harm the sensitive environment at the location
Capture any test and P&A information for future documentation

Preparing the cement during P&A operations
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Most operations have taken place in the summertime when weather is least challenging. The presents of midnight
sun limited issues of good working light except for one test in 2011. Cloths for arctic condition were available at UNIS
and the on-site team also had access to the old “Nordlys” observatory for changing cloths and taking breaks.

A part of high HSE standards is to achieve good and clear communication. Detailed program and procedures plans
were put into operation. For the highest focus on safety risk matrix for all main activities were put in place. Those
matrix were a part of the program/procedure and were used during the operational pre-job meetings.
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Chemical in well activities were kept to a minimal in the main diesel, antifreeze, and engine and hydraulic oil were
used. On occasion smaller amount of chemicals were needed (tracer and polymer). All these chemicals are in the
green category and approved for use on Svalbard. Special safety gear for these well activities was not required, and
standard protection gear was used (coverall, gloves and safety glasses).

The pumping equipment was North Sea standard so noise exposure to the personnel was limited. Hearing protection
was utilized for personnel that were working within the test site. The equipment was put in placed to minimize noise,
exhaust or any other health related exposure to the personnel.

From a health perspective the generating of noise, exhaust, pressure and vibrations are health related concerns that
were addressed during the preparation of any well activities. The potential gas issues received high focus and were
included in the health related actions during the operation.

Health

Photo by: Geir Ove Titlestad

Since the operation involve high pressure and handling heavy equipment it was essential that there were good planning, preparations and no stress involved. Kick-off meetings where held prior any activity program with all involved
personnel. Also pre-job meeting were held with all involved operational personnel at the beginning of the operation.
An open dialog and communication was achieved with all involved parts. Good co-ordinations of all activities were
also achieved and continuous work for reducing operational risks had focus at all times.

UNIS HSE policy and standards were also applicable for the activities. Their standards and policy cover activities
related to the arctic environment.

A majority of the partners to this project are from the Norwegian gas & oil industry. Both operators and service companies in the oil and gas industry have contributed and closely followed this project. From the very beginning it was a
clear expectation and demand that the HSE should get the highest priority. The rules and regulations together with
established ﬁeld practise from the Norwegian North Sea was applicable for this project. Though, the North Sea safety standard cannot always be followed strictly due to the differences between offshore and the local arctic environments.

•
•
•

•

•
•

•
•

The sole objectives for the activities were:

Also the P&A program have overall been according to the plans. As of today many wells have been permanently
plugged. The plugs are cement plugs that have been veriﬁed with either pressure test, drilling core of the plug or a
combination of both. The P&A program is not yet ﬁnalized.

From an operational point of view all planned drilling targets were reached and all test sequences were performed
without major issues or problems that had any impacts on the goals. There were performed speciﬁc tests to identify
fracture pressure and thereby sealing capacity, and other tests to study injection pressure and rate, in sum targeting
both the sandstones and shale formations.

HSE Standards Continued
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In 2013 there was a smaller incident when lifting a big bag with cement. The big bags have incorporate lifting-ears of
ﬁbre-strap. A large forklift from LNSS was used to do the lifting of the big bag. The ﬁbre lifting pad/strap on the big
bag snapped and the big bag fell approximately 1,5 m to the ground. All personnel were at a safe distance and there
was no equipment nearby. The big bag busted when it hit the ground. This incident was reported to Baker Hughes who
had supplied the big bag.

Another safety issue due to the arctic environment is the permafrost. The permafrost has several times caused creation of ice plugs in the wells. These plugs were removed by pumping hot water through a plastic hose. There is a
concern about the risk of pressure build up below the ice plugs. When breaking through the plug water can ﬂow/
“shoot” back if there is pressure underneath. This risk was discussed each time an ice plug was removed. Using safety
glasses was mandatory together avoiding standing directly over the well. No pressure was recorded below any of the
ice plugs.

After the gas ﬁre incident (see Appendix) it was implemented to have ﬁreﬁghting equipment easy available on the rig
and location. Signs were erected informing all usage of open ﬁre including smoking was strictly forbidden.

At later stages in the operation, 3 wells experience 26 bar gas pressure at the surface. The gas is natural gas where
the main component is methane. There were no traces of any toxic gases as H2S, SO2, or CO2. Gas detection equipment was on location and the well was shut in with valve and gas tight equipment. The gas was bled off in a controlled
manner when required through the ﬂare/vent line. Risk reducing actions (example - all usage of open ﬁre was strictly
forbidden) were implemented for the well activities in wells that contained gas. As the wells are located in an open
area there was ventilation to the air and there was always a wind passing through the well location. This together
minimized the likelihood of accumulating larger concentrations of the gas.

Due to the local risk of polar bears there were riﬂes and signal pistols present at the location at all times. All drill staff
had shooting practices/ polar bear course from UNIS. First aid kits were also supplied and available at the location.
Emergency numbers were issued during in the pre-job meetings.

Most of the activities have been “stand alone” operations, either there has been testing activities with pumping
equipment or drilling operating with the drilling rig. For some cement operations and P&A operations there have
been a few simultaneous activities between the drilling rig and the pumping equipment. Simultaneous activities require very good communications, detailed program and procedures. The risk level is also increased for simultaneous
operations. These risk levels have been identiﬁed in the risk matrix.

Safety
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In 2014, during the 2nd cement plug in the well DH5R, a burst/parted WL46 work string caused cement spill. To avoid
the cement from hardening inside the lines, mixing and pump unit; 1200 litres of cement slurry was dumped on the
gravel around the well DH5R. This was reported to UNIS and it was later inspected. The cement pool was not considered an environmental issue. When the well DH5R is permanently plugged, the gravel around the well will be removed
along with the cement.

In 2013 when moving the pump equipment from well DH4 to well DH7a the crane became stuck just beside well DH6
when placed into position. Some heavy equipment/machinery was utilized to free it. This caused marks and a hole in
the ground where the crane had been stuck. This was ﬁxed immediately when the heavy equipment was removed. The
result of the repair was acceptable.

In 2011 at the start of the injection test program rabies was present in the Longyearbyen area – several polar-foxes
and several reindeer had rabies. UNIS provided update and information about this health issues on a daily basis. No
animal with rabies was observed at the test location.

During the drilling and testing operation usage of a forklift truck was required to handle drill-pipe, core samples,
equipment etc. The forklift used during the 2012 activities was much bigger and heavier than previous years. This
forklift made some impacts around the well park area. This issue has been addressed and will be ﬁxed when the activities have been ﬁnalized.

Some of the earlier tests were with water from the nearby river. All equipment installed at the river (pump, cables,
hoses and the raft arrangement) was hand carried to the river. By hand carrying the equipment, a minimum of marks
were made in the sensitive tundra.

There were no other spills of oil, diesel or chemicals on the tundra or the ground around the gravel pads around the
wells caused by well activities. When connecting the water hose to the tank trucks there was always a small amount
of fresh water in the hose, but that was drained away.

During the drilling of well DH7a there was a minor hydraulic leakage due to problems in the hydraulic package on the
drilling rig. This resulted in a small amount of hydraulic oil that was spilt on the gravel. The oil spill was cleaned up after
the rig was removed.

The last 3-4 years all water used for well tests is fresh drinking water, transported to the location with tank trucks. To
avoid freezing and the creation of ice plugs sea salt has been added in smaller amounts to the water.

The environment on Svalbard is very sensitive for pollution, spill, and impacts on the tundra. This was given high focus during the planning of well activities. All equipment was located beside each other, next to the well, on pre-made
gravel pads. Material to absorb any spill of diesel, hydraulic and engine oil was present on location. The pump itself
contains a drip pan so any potential spill within the pump will be collected. During an injection test in 2011 there was
a hose that become loose and leaked 50-60 liter with gear oil. All the oil was collected in the drip pan and removed
without any spill on the ground/tundra.

Environment

Venting and burning Gas - within a controlled operation

Page 16

During well activities the following chemicals and material have been used:
diesel, IFE WT 1-3 trace (1l per 10 000l of water), sea salt, KCl salt, industry cement, Class G cement, antifreeze
(avoid freezing of the equipment), oils (engine oils, hydraulic oil, gear oil etc.)

Several tons (15-20 t (?)) of cement have been used to secure and isolate the strings in the well and to plug off the old test
wells. Both industry cement and class G cement. In each cement mix a small amount of harder was added. Total amount of
harder is estimated to be about 50 - 60 liters. Both the cement and the harder have been supplied by Baker Hughes.

At surface diesel was used to run the pump and air compressor. The total amount of diesel that was used is not available
for this report.

In addition some sea-salt – about 30 ton. This was used to mix saltwater pills that are placed across the permafrost zone
in the wells to avoid ice plugs.

Drilling the wells thorough a fault zone at 400 – 450 m has caused severe problems. By adding KCl salt to the drill water
the clays of the fault dried out and thereby stabilized the shale formation. Rough estimate of used KCl salt is in the range
of 10 – 15 tons.

For all well activities there has been; injected total +/-5500 m3 of water into the different formations. The IFE WT 1-3 tracer
was added to the water injected for the 3 ﬁrst years (total about 4500 m3). The tracer is liquid and was easy to mix into the
water. The tracer is also environment friendly - green category. Total estimated consumption of the tracer is +/- 450 liters.

Chemicals and materials

Photo by: Geir Ove Titlestad
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Above is a simple drawing of the bleed-off/ﬂare system.

This bleed off system was made locally according to drawing and instructions.

Figure by: Geir Ove Titlestad

- Offered the possibility to burn the gas so it did not represent a risk at the surface.

A bleed-off line with a ﬂare was made. The main objectives of the bleed-off line and the ﬂare were:
- Bleed-off the gas and route it away from the well and personnel,

During the following days the “gas-ﬂow” from the well Dh7a increased and it was decided to install a blind cap with a pressure gauge. The pressure increased with about 3 bars daily to begin with. When the pressure passed 10 bar it started to become a major concern. Due to the smell of the gas it was expected the gas was ﬂammable and that it therefore represented
a risk for the planned activities. The pressure did not become stable at the surface before it reached 24-25 bars. The same
pressure on the well head was later reached for Dh5R.

When well DH7a was ﬁnalized July 30th, 2012 and the drill rig was moved over to well DH5R, the ﬁrst incident of major gas
in wells were encountered. When the rig left well DH7a the well was ﬁlled with water. It was decided to install a down-hole
sensor at 650 m. During the installation of the sensor August 5th it was recognized a smell that is similar to crude oil or
lighter gas. When putting an ear close to the opening of the well one could hear a weak sound of gas/air that was blowing.
At the same time it was observed that the well was no longer ﬁlled with water to surface. All these observations indicated
that there was some gas in the well. Precaution was immediately taken, and signs forbidding smoking were placed around
the well.

In 2010 some gas in well DH4 was experienced. When that well was closed in the pressure reached a maximum of 4-5 bars
and the gas was bled-off within a few minutes when the well was opened for venting. In subsequent operations with Dh5R
and Dh7a, gas in wells was encountered. Countermeasures have been immediately implemented, as outline in reports of
Titlestad (2012-2014).

Gas in wells and related HSE

Well Housing
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2.
3.
4.
5.
6.
7.
8.
9.

1.

Install well house over each well
Install/make ventilation in top and bottom of the well houses
Mark the well houses with sign saying – danger gas under pressure and all open ﬁre are strictly forbidden
Mark the well houses with reﬂectors
Establish routines to inspect the pressure and the wells for leakage routinely.
Check that the ventilation is not covered (with snow)
Verify that there is no gas in the well houses – use gas detection device
Check that the signs and reﬂectors are properly fasten and visible
Establish plans for how to handle leakage and how to secure and plug the wells.

Due to the gas and pressure in three of the wells there have been taken some required actions and established routines around how to check and inspect these wells. The following actions and routines have been introduced:

Applicable for DH5R and DH7a
15000 psi (1000 bar) equipment
BQ string pressure rating is 5700 psi (395 bar)
NQ string pressure rating is 4500 psi (313 bar)

A picture below shows the well house or “pyramid” that protects the well head. All wells (that are not plugged and abandoned) in
the well-park are covered with these well houses.

After all well activities, the wells that contained gas were shut-in with a plug valve and blind cap with pressure gauge. The picture
below shows how the well DH7a was left and secured after ﬁnalized test program. A similar well head setup was mounted on
Dh5R. The wells were under supervision for longer periods before they were plugged.

Status and securing

Photos by: Geir Ove Titlestad & Sebastian Sikora

Adding Salt to the drilling solution 2012
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For each well program a risk matrix was made and issued. The risk matrix was discussed in the kick-off meetings. The
reportable incidents and examples of risk matrix are enclosed in the attachments (see Appendix).

All personnel were well experienced and understood their roles and responsibilities. When starting new operations
and activities kick-off and pre-job meetings with involved personnel were undertaken. Throughout the activities
there have been established clear and good communications which signiﬁcantly have helped to minimize and keep
the associated risk at acceptable level.

The equipment supplied for pumping and cement services was “North Sea” equipment and certiﬁed for offshore use.
The equipment that was supplied locally was manufactured and designed to be utilized in the arctic environment.
There have not been any abnormal risks related to operate the equipment since the equipment has been maintained
properly and in good shape.

The unexpected amount of gas present in some of the wells required high attention and preventive arrangement was
incorporated. Risk reducing actions related to the gas were implemented for the wells activities.

All well activities so fare in the project has been performed to an acceptable HSE standard. There have been a few
reportable incidents and two of those have included ﬁrst aid treatment. Neither of these two incidents that included
ﬁrst aid treatments resulted in any permanent injuries or sick leave. All reported incidents have been analysed, discussed and resulted in recommended improvements.

HSE summary

Photo By: Cathy Braathen
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The Longyearbyen CO2 project has drilled 7 deeper wells for testing and monitoring purposes. In addition, one swallow well (61m) was drilled and cored to harvest information on the permafrost and its status within the subject area.
In the Phase 2 project, wells Dh5 to Dh8 were drilled, and are described herein. Dh1 to Dh4 are summarized in the
Phase 1 report (see Braathen et al. 2010). The last well that was drilled was the well DH5R in 2012, when all exploration
drilling operations for the Longyearbyen CO2 project were ﬁnalized.

After the unsuccessful attempt to drill at Hotellneset the drill site was moved to Adventdale Dh3 being the ﬁrst well
drilled at this location. The Adventdalen valley was developed into what now is referred to as the UNIS CO2 Well Park.
Adventdalen is situated 5-6 km outside of Longyearbyen, Svalbard, and is well situated to service the mine, the powerstation and the community. The Well Park in Adventdalen has 6 wells with depths from 61 m to 970 m.

5. Drilling operations and well-logging, 2010-2012

Table below: Alvar Braathen
Well Status as reported in the “Longyearbyen CO2 lab 2007-2009 Phase 1 Final report”

Dh4 saw the successful completion of Phase 1 of the Longyearbyen CO2 Lab 2007 - 2009

It was through the experience of these critical challenges that Dh4 was successfully drilled in Adventdalen in 2009
using a series of telescope drill strings. Reaching a depth of 969,8 m it is the deepest hole drilled on behalf of the
project.

2 wells were drilled in Hotellneset along the road side towards the airport (Dh’s1-2). Dh1, 2, and 3 underwent a well
bore collapse when attempting to drill through the fault zone in layers at 450-500 m. DH1 and 2 were abandoned. Dh3
was conﬁrmed to be open down to 300 m in February 2010, but freezes in the top 100 meters.

Out of the wells drilled on behalf of the Longyearbyen CO2 Lab;

Status of drilling operation at the end of Phase 1
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Table below: From Senger et al. (2013 – UNIS report 2013-6)
Overview of the wellbores with critical parameters. The positions were measured using a different global positioning system (DGPS) and co-ordinates are related to the WGS84 projection system. ‘A.k.a’=also
known as/alternate borehole name.

and well-logging
2010 - 2012

Drilling operations
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Figure right: Telescope drill strings and their uses.

Figure left: Geir Ove Titlestad
Well Schematic planned for Dh5R as part of the
2012 injection tests

Detailed reports on the drilling and design of wells Dh5 to Dh8 are presented by Titlestad (2010-2013). For further
information around these wells and their completion, can be found at: UNIS CO2 Lab reports.

To stablelice the drill string when ﬁnal depth is reached, cement is pumped down the string and up on the outside, to
create a stable cement shoe. Then the next, smaller drill string is placed inside and drilled down to a deeper level. This
is repeated until the targeted depth is reached.

All drill strings standing - cemented-in tubes in the wells are identical except for the size (diameter). The biggest size
is HQ followed by NQ, BQ and the smallest size is WL46. When starting to drill a well the biggest string is employed
and the well is ﬁnished with the smallest string, on accord with a telescopic drilling. All the string can enter each other
– NQ goes inside HQ, BQ goes inside NQ etc.

All deeper wells in Adventdalen were drilled as telescope operations, with cement shoes ﬁxing drill tubes into the
well bore as casing for each step in the operation. All wells have been outlined in drilling programs by Titlestad (20102012), and summarized in post-job reports of Titlestad (2010-2013).

Drilling technique and technical achievements

Permafrost

In 2014

DH8
DH6

5 x geophones

DH3

7 x geophones

DH4

DH5R
water supply

2015 Status of wells in Longyearbyen CO2 Well Park

Above: UNIS CO2 Lab well park with the deepest well, Dh4, completed at 970m subsurface.

Figure by: Geir Ove Titlestad
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Baker Hughes pumps

DH7a
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Well operation description

Below: A diagram of wells DH4 through to DH7a - this diagram shows the depth of the well and the research operation preformed at a given date.

Well operations 2010-2014
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These tests are summarized and concluded in Bahman et al. (2014) and in UNIS CO2 Lab reports of Larsen (2010 to
2014).

When it comes to water injection tests in the wells, a comprehensive program has been undertaken, as shown in the
table opposite. Both leak-off tests and step-rate tests have been undertaken. A typical LOT targets tight rocks like
caprock shales. This test records injection pressure vs. time, with key observations being the drop in pressure seen
by breakdown/fracturing of the tested formation, allowing calculation of the rock strength. A step-rate injection
test pump constant amounts of water for given time intervals, with a step-wise increase in ﬂow rate. In the end, the
pump is stopped and the well shut in to record a fall-off curve back to reservoir pressure. This curve can be used to
predict the formation permeability. This test is normally used to estimate the transition from matrix (or radial) ﬂow
to fracture-dominated, more linear ﬂow in rocks of some permeability such as reservoirs.

As mentioned and summarized in the table above, two boreholes (Dh1 and Dh2) are located to the west of Longyearbyen, while the remaining wells (Dh3-Dh8) are clustered around the well park in Adventdalen to the east of Longyearbyen. Four of the boreholes (Dh2, Dh4, Dh5 and Dh7) penetrated the top of the reservoir at c. 670-730 m, and fully
cored the entire Knorringfjellet Formation, the most promising reservoir interval. The deepest borehole, Dh4, was
drilled to 972 m and cored the majority of the entire target interval comprising also the De Geerdalen Formation.
Wireline logging (e.g. Gamma Ray, Resistivity, Sonic, Temperature; Elvebakk, 2010) has been conducted at selected
intervals in some boreholes. The televiewer log, collected across the upper part of the reservoir, was particularly
important for mapping borehole fractures (Ogata et al., 2012, 2014). Due to the relative proximity of the boreholes
within the ‘UNIS CO2 well park’ there is potential for splicing and combining many of the wireline logs between the
individual wells.

6)

2009 - 2014

Well operations

Above: The return at the surface from the cement during P&A activities
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Due to the extensive plugging program, project partners have been involved with discussion around technical aspects and economic challenges. The ﬁnal P&A of the wells will render them inaccessible in the future. Accordingly,
tests in individual wells have to come to completion before P&A could take place.

Three of the wells in the well park contain signiﬁcant amounts (compared to the other wells in the area) of natural
gas. Further, two of the wells have a shallow water ﬂow/production from the Festningen sandstone at ca 180 m depth.

The set standard is:
“All wells must be plugged in accord to the regulations applicable for the oil and gas industry”.

The set standard is:
“All wells must be plugged in accord to the regulations applicable for the oil and gas industry”.

If CO2 is to be captured, injected and stored into the tested sand formation in the future, it is essential to plug the
test wells so that potential captured and stored CO2 cannot escape, migrate or leak out of the “dedicated” storage
formation. Accordingly, all wells have to be plugged so there is no uncontrolled ﬂow of gas and ﬂuid to the surface or
between permeable formations. In order to comply with the forwarded by the Petroleumstilsynet (PTIL) for P&A of
the Unis Well Park in Advendalen and Wells DH1&2 in Hotellneset, and P&A program has been made:

7. Plugging and Abandonment (P&A) and related well tests

Photo by: Geir Ove Titlestad
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During P&A the same telescopic work strings are employed for pressure testing and for administering the water and
cement. The HW string is often left in the well and plugged in the same way as the drill hole its self.

Figure left: cross section plugging

The Longyearbyen CO2 Lab’s P&A program and operations have followed the NORSOK D-010 standard (NORSOK D-010 standard, section 9). The main philosophy is
to establish two barriers (primary and secondary barrier) above the sand formation
that potentially will be used for CO2 storage and can be potential leak out of the
storage formation. The wells were plugged for the entire cross sectional area – according to the ﬁgure to the left.

and related well tests

Plugging and
abandonment (P&A)

Coring the cement plug by drilling will verify that the cement is hard and of good quality. In all cases

Pressure testing – used to verify that there is no leakage (solid plug) and that the plug has strength to handle
certain pressure. (see ﬁgure opposite for potential leak paths for a permanent plug).

•

•
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During tagging a weight is sent down on top of the plug for verifying the depth and consistency (solid/properly
set). Alternatively

•

Balanced Cement plug is used when the well is tight (no permeable formation). The cement is pumped and the ﬂow controlled
/ balanced through a work string that is retrieve from of the
well after the work is ﬁnished. (See ﬁgure below).

Bullhead Cement is used when the well is open to a permeable formation. The cement can be pumped directly down
the well to the formation (see ﬁgure below)

Interface rock/cement
(micro-annulus, channel)
(mudcake, cutting, oil, etc.)

Annulus cement
(connected pores, cracks)

Leak in casing (connection)
(connected pores, cracks)

Bulk permeability
(connected pore, crack, channel)

Interface casing/cement
(micro-annulus)
(wax, scale, oil, dirt, etc)

Interface casing/cement
(micro-annulus, channel)
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According to the original drilling plan from 2009, 30 litres of cement was administered into the well to secure the BQ
string. The pre-plan for DH4 was to secure/plug the open-hole section of the well, cut and retrieve the BQ string from
790 m and access the formation through the NQ string.

Dh4 is the deepest well drilled during the CO2 project and is situated in the UNIS Well park in Adventdalen. The BQ
string was installed at 870 m; below this the drill hole was uncased, i.e. open to the formation. During the P&A, the
sandstone formation at 773 to 799 m, which had never been tested, became available when the BQ string was cut and
retrieved to the surface.

DH4

Wells Plugged in 2013

Figure from: Guidelines on the qualiﬁcation of materials
for the suspension and abandonment of wells issue 1 July
2012

Barrier Failure Model

Above: Handling the cement sacks during P&A activities
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Based on the low injection pressure and the registered under-pressure of the formation there was a concern that the
heavy cement could disappear into the formation and therefore not seal of the well bore. 100 liters of cement was
pumped into the well before adding celloﬂake to the cement. Celloﬂake is a lost circulation material used to close off
pores and cracks in the sand formation. An additional 380 liter of cement was pumped into the well. In total 550 liter
of G cement and a 100 liter of saltwater with 11% salt content was used to displace the cement. The planned top of
cement was at 725 m. During tagging of the cement 4 days later the cement was found to be 100 m above the planned
top. This 100 m section was removed by coring.

The down-hole sensor was retrieved in mid-October 40 days after the test. When the well was open up for retrieval
of the sensor there was no gas or pressure in the well. For details, see summary of injection and falloff data by Larsen
(2013) (UNIS CO2 Lab report 2013-X).

The well was reﬁlled with 640 liters of water to register pressure and the injection test began. Over 6 hours the pump
rate and pressure were monitored. The surface data pressure ﬂuctuated, but over 6 hours a clear trend was established, the pressure increased slowly.

In September 2013 a ﬁnal short step rate injection test was performed in DH4; the well was ﬁlled with 800 liter of water before pressure was registered. When the pump started up a small amount of gas mixed with water was released
from the BQ- NQ annulus. This was monitored and found to be an insigniﬁcant amount.

Photo by: Geir Ove Titlestad

See the ﬁgure for balanced cement plug.
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DH7a required an additional “balanced cement plug”, to be installed inside the HQ string. The HQ string is permanently
installed in the upper part of the well from surface and down to 300 – 500 m. The cement is pumped through a smaller
work string inside the HQ string down to the plugging depth. The cement is pumped through the work string and the
return is taken up the annulus the space between the HQ and the work string.

After 2 days the well was reopened. The cement plug was cored and pressure tested. No pressure was recorded and
the cement plug was solid. There was no sign of gas. The work strings were removed.

In 2013 during the plugging operation the well was open up for a ﬁnal injection test to verify that the well was open and
accessible. The pressure decreased and stabilized as the well was shut down. 700 liter of G cement was pressurized
and pumped down the work string used to administer cement to the bottom of the well.

DH7 was drilled in 2012 and is 703 m deep. The primary objective for this well was to test the sandstone formation
at 670 - 703 m. Before the injection test in 2012 the well contained and produced natural gas with a surface wellhead
pressure of 25 bars. After the injection test in 2012 the gas ﬂow dried up and the well ceased to produce gas.

DH7a

The well was closed using bullheading. In this case the well was ﬁlled with water when the pump started to pump the
cement; the water in front/ahead of the cement was pushed/injected into the formation so the cement placed itself
across the formation. The well was then shut in for two days. DH6 was opened to the atmosphere and tests were undertaken to verify the strength of the plug. The cement core sample had hardened as expected, and the upper cement
plug was pressure tested to 100 bars. No pressure or ﬂow from the well was recorded.

In 2013 during the plugging operation a small injection test was performed before plugging. No change was recorded
from the original test in 2011.

DH6 was drilled in 2011 and is 435 m deep. The primary objective for this well was to test the shale formation above
the sand formation. Before plugging no activities had taken place in the well since 2011. DH6 had no sign of gas present or damage that might complicate P&A operations.

DH6

The well was subsequently tested to 73 bar and a good result was recorded. The cement plug is not considered as a
permanent plug due to the open sandstone formation above.

Due to the depth it took some time to retrieve the cement cores. The cement was cored to 798 m. There were some
small sections in between that contained soft cement. It was therefore difﬁcult to get a good and solid 3 m long cement core.

DH2; At 517,8 m the drill-bit broke and the diamonds from the bit were lost in the well. During the work to recover
these diamonds the hole partially collapsed. The drilling operation was recovered and successfully drilled pasted
the obstruction reaching a depth of 870m.

•
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It was decided to do a step rate injection test in well DH5R just before P&A of the well. In August 2014 the test was
performed. To gain conclusive results geophones were temporary installed in well DH4 for monitoring of any micro-seismic activity caused by the injection test. A cable with 5 geophones was installed in Dh4 and hooked up to the
data acquisition for monitoring of the seismic activities prior to the testing.

DH5R has never been injection tested; its primary purpose was for observation. The main function of the well was to
observe any communication during injection tests in DH7a which lies 94 m south of DH5R. DH5R have an open section
from 645 m to 701. At 670 M there is a sandstone formation –potential good for CO2 storage.

Injection test DH5R – August 2014

Dh2 was open to 435 m. Some bobbles with gas were visible but the amount was too small to record with a portable
gas detector. The original work string was removed and 1200L of cement slurry based on G cement was pumped at a
pressure of 10 bars rising to 30 bars into the well. It is believed that some cement could have been injected into the
open formation; therefore the expected top of cement is believed to be a little lower than originally planned. Like DH1
there was an open section in the well making pressure testing of the cement plug out of the question. A good drill core
of the cement was drilled to verify the plug.

DH1; 1200 liter of G cement slurry (G cement is Portland G class cement – the most commonly used cement in the
North sea oil industry) was pumped through a WL46 (46 mm with the smallest dimension) work string at a maximum
pump pressure of 60 bars until cement was visible in the return at the surface. The well was tight and a balanced
cement plug employed (see ﬁgure on Blanced cement plug). It was not possible to verify the cement plug by pressure
testing due to an open area around 9m – 160m. After some days a cement core was taken; this was sufﬁcient to verify
a good plug.

Both wells have stayed open since 2007. During an inspection in 2012 the wells were found to be stabile with no leakage of gas or water. Coal was found at this location from 165 m to 180 m. The rock had good drill ability but a fault was
detected at 400 m. The fault is unstable and accountable as the cause for the collapse of the drill holes. During the
plugging of DH1 and 2 Store Norske mining company requested to log the temperature in the well to compare it with
the temperature logs from 2007.

DH1 proved equally difﬁcult to drill with collapsing of the hole in the fault area at 400 – 450 m. Equipment was
lost and drilling was aborted.

•

DH1 and DH2 are located at Hotellneset along the side of the main road to the airport, and were drilled to core the
caprock and reservoir succession. DH1 is the ﬁrst well that was drilled in the Longyearbyen CO2 project in September
2007. Well DH2 was drilled immediately after DH1 with only 15 meters distance between them.

DH1 and DH2

Wells Plugged in 2014

Above: P&A activities to DH 1 & 2
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The well was shut in from August 13th to September 17th – for 35 days. Both the pressure at surface and the downhole pressure were recorded during these 35 days. When the well was reopened September 17th the surface pressure
was 6,7 bar. The pressure was bleed and a small amount of gas came from the well.

When the well was opened up the gas pressure rose to 22 bars in less than 2 hours. The surface pressure decreased
when the well was ﬁlled with water. Pump pressure was observed at 1400 liter where by step rate injection into the
formation began. The last step rate was planned at 200 liter/min to be injected into the formation for 48 hours before the well was shut in. The injection rate increased slowly from 209 l/min to 223 l/min over the 48 hours period that
the test lasted.

The pump line was connected to the well and pressure tested before opening the well. No pressure drop or leakage
was observed at this point.

In order to connect the pump line to the well for the step rate testing the gas was bled off in a controlled manner.
There was no pressure in the annulus (the space between two or more pipe/tubing) between the NQ and HQ string.

Well DH5R was shut in and had 25 bar gas pressure on the surface. A down-hole sensor was installed in the well in
2012. This sensor was re-programmed and reinstalled in the well at 643 m for monitoring the pressure and temperature during the test. The sample frequency for the down-hole sensor was 1 sampling per minute.

Photo by: Geir Ove Titlestad
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The surface pressure decrease to 0 bar as seen in the surface press graph (blue line) with a stable and continuous
trend over 2, 5 days. The following 10 days of the shut in period the pressure recorded some irregularities up to 0, 5
bars. A common cause for this would be gas bubbles that are rising to surface. Day 13 of the shut in period the pressure starts to increase slowly; believed to be due to the gas.

Downhole pressure

Surface pressure
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The well is now secured with a pressure tight blind cap. When this cap is removed in 2015 it will tell us if the well is dead
or not. If there is no pressure the bottom cement plug has successfully been plugged off from the formation and the
gas. Future P&A operations to DH5R will be concluded once the status of the well is identiﬁed.

The P&A operation in well DH5R faced problems. The WL46 string used to administer the cement during the plugging
operation was found to be the cause. When pulling the equipment out of the well it was not possible to retrieve some
items that were damaged. Metal, debris and some cement is identiﬁed as possible challenges to a future plugging
operation.

The next steps – DH5R

Routine tests were carried out to determine circulation within the WL46 string as this would determine the success
of the administration of the cement to the bottom of the well. These tests came back negative. The operation to plug
DH5R had to be temporarily aborted.

A second attempt was made to plug the well, this time 2200 litres G cement slurry was mixed and ready to be pumped
down the WL46 string. The pumping operation started. From the outset cement became visible on the surface at the
return and the pump pressure was low (around 10 bars). It became clear something was wrong. The cement operation
was immediately stopped and evaluated. A crack was found in the WL46 string near to the surface. The temperature
of the cement slurry in the well had increased; the setting and curing process of the cement had begun.

It was decided the bottom cement plug in DH5R could be placed by “bullheading”, 1500 liters of G cement slurry was
pumped at a pressure of 96 bar decreasing to 76 bars into the well and the formation. The well was reopened after 42
hours after cementing and several core samples retrieved. None of which were sufﬁciently hard enough to qualify as
a satisfactory plugging job.

An injection test was carried out in well DH5R before the P&A operation began. The well was closed in after the tests
and observed for 35 days before re-opening for plugging. The pressure in the well was recorded to be slightly higher
than observed in the previous injection test.

The upper part of DH5 was drilled to 182m in 2011. In 2012 the well was drilled to the target depth of 701 m with BQ
string. DH5R was used for observation during injection tests in DH7a.

DH5R

(See summary of injection and falloff data by Larsen)

Once the injection test was ﬁnalized in well DH5R the equipment was removed and the well was closed and secured
due to the presences of gas.

After the 35 days the tested temperature was back to 24, 1 °C approximately its initial temperature from the start of
testing. The temperature had a slow increasing trend where by the pressure had a decreasing trend.

The down-hole sensor was retrieved 35 days after the test. The upper part of the wire to the down- hole sensor was
dry which indicate that the ﬂuid level in the well had started to sink.

Above: Drilling for the future
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The permanent plugging of DH4 has been postponed until 2015 due to a shortage of drill operators. DH5R is awaiting further
inspection. Dh3 (403 m deep) is used as a monitoring well, with an installed geophone string frozen into the ice plug in the upper
120 meters. The future of this well awaits the ﬁnalizing of work in the well park.

Wellheads at the Well Park in Adventdalen DH6, 7 & 8 were removed in 2013 – these wells are permanently plugged, as are the
wells DH1 & 2 at Hotellneset in 2014. The area where these wells stood has now been reinstalled to its original state before the
drilling program, as was requested by the local authorities (Lokalstyret).

Wells DH4 and DH5R have been identiﬁed as having natural gas under pressure (approx. 26 bars). Both wells are to be plugged
according to NORSOK standards to prevent potential leakage of natural gas or CO2, should it be injected into the reservoir in the
future.

Summary of P&A

Photo by: Geir Ove Titlestad
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12- Hours Injection Test: The purpose of the 12 hours injection test was to verify the injection rate/ permeability of the formation
after the fracturing test.

Fracturing Test: Follows on from the step-rate test. High-rate water was injected (LOT) into the formation until the formation
fractures. The aim; to ﬁnd the fracture pressure.

Step plan forexample could be step rate test: 30, 50, 80, 140 and 200 l/min. Maximum pressure set to 100 bar if this pressure was
reached before all the steps were performed the test would be halted at the rate equivalent to 100 bar. The duration for each step
1 hour. When ﬁnalizing the last step the well would be shut-in for observation over a 10 hours period (2 x injection time).

Step Rate Tests: Tests the sandstone formation at 190 meter; to ﬁnd initial information about the sandstone formation properties before fracturing the formation.

Injection and Pressure Testing

Research

- by Leif Larsen

Not possible to determine permeability directly due to a lack of radial-ﬂow data and also uncertain effective

•

pressure response from the lower zone of DH4 only treated as possibilities

The main results from the analyses are qualitative with the suggested formation scenarios that can explain the

surface), model average width 1100 m, model length unbounded, radius of investigation 700 m into outer zone

ture half-length 450 m, permeability of “stimulated zone” 1.09 md, extent of “stimulated zone” 20 m (from fracture

Properties in the low-permeability scenario: effective thickness 30 m, average matrix permeability 0.12 md, frac-

fracture in a “stimulated” zone without large-scale ﬂow barriers affecting ﬂow

“Low” basic permeability (matrix) is also possible with natural fractures only playing a role close to the generated

investigation along the fracture 3 km (3 years)

half-length 300 m, nearest leaky boundaries at 4.5, 15 and 26 m, model width 480 m, model length 6 km, radius of

Properties in the high-permeability scenario: effective thickness 30 m, average permeability 2.26 md, fracture

generated hydraulic fracture
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ﬂowing pressure of 130 bar.

affected by injection will be different. The results were generated with initial pressure of 25 bar and bottom-hole

rates dropping below 15 m3/d after about 3 years and total volumes 55000 m3 through the 11.4 years, but the areas

Injection forecasts covering 1E5 hours (11.4 years) give essentially the same results for the two model scenarios, with

•

•

•

•

“High” effective global permeability enhanced by a natural fracture network throughout the affected volume is

•

possible with reduced lateral connectivity in the reservoir with sealing or partially sealing barriers parallel to the

Not possible to determine fracture dimension directly without known permeability

•

thickness

Well clearly hydraulically fractured from the injection

(853 m)

Formation is under-pressured by at least 57 bar with the sea level as reference, with pressure 25 bar at gauge

•

•

The following points summarize key observations and results from the DH4 lower zone data:

in the De Geerdalen formation of Late Triassic age. The tests involved water injection into a water-ﬁlled formation.

preceding injection period. The test was conducted in a 100 m open-hole low net-to-gross section from 870 – 970 m

last injection period lasted 121 hours at the rate 403 m3/d, which implies that the falloff was 211 times longer than the

12-25, 2010, followed by an extended falloff with the last data registered July 25, 2013 – 25564 hours after shut-in. The

The ﬁrst test in DH4 in the Adventdalen Well Park was conducted with an active injection and falloff sequence Aug

DH4 Lower zone

Summary of Injection and Falloff Data

8. Research
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The above ﬁgure shows how the three numerical models considered above compare in terms of forecasts. The injected volume for the wide model is seen to be essentially linear through most of the data, with end volume near
73000 m3. The narrow model reaches a volume of 39000 m3 at the end.

Figure Above: Injection rate and volume forecasts from the mid-size model with a
down-hole operating pressure of 130 bar.

Figure Above: Match of the entire DH4 data set with the LTT falloff model.

Not possible to determine fracture dimension directly without known permeability

Falloff data can be matched with a model with early data dominated by a zone near the injection-generated frac-

•

•

tain, especially about factors controlling early data

The main results from the two analyses scenarios are qualitative with the suggested formation scenarios uncer-

possible to use the permeability 0.12 md for the scenario)

This last model has a fracture half-length of 143 m and a permeability of 0.1 md (from a lack of uniqueness it is

sure effects treated as a changing storage effect

Falloff data can also be matched in an approximate way with a model with early data dominated by fracture-clo-

of investigation is 135 m in the open direction after 915 hours
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•

•

•

of this zone is 4.4 m from the fracture in both directions, the permeability of the outer zones is 0.12 md, the radius

unbounded in the other with a width of 500 m, the permeability of the inner (stimulated) zone is 1 md, the extent

The model above has a fracture half-length of 160 m, is bounded in one direction 12.4 m from the fracture and

ture with enhanced permeability (“stimulated zone”)

Not possible to determine permeability directly due to a lack of radial-ﬂow data

•

•

Well clearly hydraulically fractured from the injection

exact formation pressure is difﬁcult to determine

Formation is under-pressured by at least 46 bar with the sea level as reference at 28.5 bar at the gauge, but the

•

•

The following points summarize key observations and results from the DH4 middle zone data:

nated by fracture closure, with only late-time data used directly to determine properties.

hydraulic fracture with enhanced permeability in an inner zone. The second scenario assumes early data to be domi-

from two different analyses. The ﬁrst assumes that natural fractures are activated near an injection-generated long

direct determination of the formation permeability is therefore not possible, but two estimates have been obtained

Even after 915 hours of falloff data there was no direct evidence of radial ﬂow or transition towards radial ﬂow. A

hours falloff.

step-rate test of about 1.5 hours and an injection period of 6.22 hours at a fairly stable rate around 210 m3/d and a 915

The test sequence in the DH4 upper zone started with roughly 8 minutes injection at around 143 m3/d followed by a

completion from the bottom of the NQ string at 770 m.

The test was run after the lower zone was plugged with cement and the BQ string cut at 795 m, leaving an open-hole

conducted in a 26 m open-hole section in the interval 773 – 799 m in the De Geerdalen formation of Late Triassic age.

the upper zone (of two) in the full test report. This test, which started September 5 and ended October 15, 2013, was

The second test run in DH4 in the Adventdalen Well Park was conducted in the middle test zone, also referred to as

DH4 Middle zone

Figure Above: Match of the entire DH4 upper zone data with the alternative model.

Figure Above: Injection rate and volume forecasts from the falloff model with an operating
pressure of 130 bar.

bottom-hole ﬂowing pressure 130 bar.
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ping below 5 m3/d after 8 months and total volumes 10600 m3 after 11.4 years with low initial pressure 25 bar and

Injection forecasts covering 1E5 hours (11.4 years) give the same results for the two model scenarios, with rates drop-

The formation is under-pressured by at least 35 bar with the sea level as reference with pressure 27.5 bar at the
gauge (645 m), corresponding to 29.9 bar at 670 m. A slightly lower pressure is possible in DH5R, but the difference might be caused by different ﬂuid densities in the two wellbores
DH7a was clearly hydraulically fractured from the injection
Under the assumption of hemi-radial ﬂow and thickness 24 m, a permeability of 2.55 md is obtained from the
DH7a data with fairly high conﬁdence
The DH7a data can be matched with a fracture half-length of 83 m and a parallel sealing boundary at 58 m, but the
distance to the boundary can be less with another fracture type (same half-length)
The radius of investigation is 1444 m in the open direction after 7432 hours

Page 42

Figure Above: Temperatures from DH5R, pressures from DH5R and DH7a and injection rates from
DH7a.

bar.

Injection forecasts covering 1E5 hours (11.4 years) give essentially the same result for different realistic scenarios,
with rates dropping below 60 m3/d after about two years and below 40 m3/d after 6 years. Total volume after 11.4
years is 180000 m3. The data were generated with a bottom-hole pressure of 130 bar and a formation pressure of 28

•

•

•
•

•

The following points summarize key observations and results from the DH7a and DH5R data:

The interference test was negative in the sense that an interference response could not be identiﬁed in DH5R. Since
the DH7a data are consistent with effects of a nearby boundary and the radius of investigated early in the DH7a extended falloff reached beyond the distance to DH5R, there has to be a ﬂow barrier with low or no leakage between
the two wells. For the DH7a data this barrier has been modelled both as a sealing and as a low-leakage fault.

DH7a and DH5R in the Adventdalen Well Park were tested in the Knorringfjellet formation of late Triassic age at a
depth of 670-700 m with an active injection and falloff sequence in DH7a and interference monitored in DH5R at a
distance of 94 m. The test sequence started September 6, 2012 and consisted of three short injection periods with
falloffs and one 3-day injection period at a rate of 450 m3/d that ended September 15. This sequence was followed by
an extended falloff lasting 7432 hours from September 15, 2012 until July 22, 2013.

DH7A and DH5R testing of the Knorringfjellet FormationM

The picture above is showing the gas ﬂow
rate equipment hooked up and in operation.

Figure Above: Injection rate and volume forecasts from the falloff model
with an operating pressure of 130 bar.

Figure Above: Match of the entire DH7a data set with the uniform-ﬂux fracture and sealing boundary.
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Photo by: Geir Ove Titlestad
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tom-hole pressure of 10 bar (at the gauge).

Sm3/d at 56 days, 100 Sm3/d at 246 days and 50 Sm3/d at 820 days. The data were generated with a ﬂowing bot-

under 100000 Sm3 after 1000 days with declining rates reaching 1000 Sm3/d at 1.4 days, 500 Sm3/d at 7.5 days, 200

A rate forecast based on the model above with 300 m to the most distant end yields a cumulative production of just

Minimal length of the rectangle is 300 m based on available data.

of 645 m. The formation is under-pressured at a similar pressure regime to that of the Knorringfjellet Formation.

with a permeability of 0.12 md and a slightly stimulated well. The formation pressure is 28.9 bar at the gauge depth

hours. Results from analyses indicate an open-ended rectangle of width 25.5 m and length to the closed end just 4 m,

In rough terms, the recorded rates started at up to 2500 Sm3/d and declined towards 1600 Sm3/d over periods of 3-4

of 90% methane and 5% each of ethane and propane at 30 bar and 24 ºC.

based on a thickness of 20 m and a porosity of 10%. Moreover, it has furthermore been assumed that the gas consists

properties of the formation with an assumed thickness and an assumed porosity as reference. This has been done

of ﬂow and shut-in data. Although it is not known where the gas actually comes from, one can at least determine the

down-hole gauge and download data, and also three times during Aug 22-25, 2013 to record rates for use in analyses

Between Oct 26, 2012 and Oct 26, 2013 gas has been bled off several times without rate measurements to retrieve the

DH5R Gas ﬂow test and results

The picture above is showing the gas ﬂow rate equipment hooked up and in operation.

History plot of the match of BU 9 and earlier periods with the BU 9 model.

History plot of the match of BU 7 and neighbouring periods with the BU 7 model.
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Photo by: Bælum
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Figure left: Bedding surfaces, in depth, in the Adventdalen area, showing the main geological units
identiﬁed in the well Dh4 (located as black line) and
linked to the seismics. 0m is ground surface. From
Bælum et al. (2014).

From the results of this monitoring campaign a detailed study of the acoustic challenges around the
seismic lines with the intrusions and especially the
potential for imaging a CO2 plume in the project
area was undertaken as a Master project by Mikkelsen (2009). A velocity model has since been constructed by Norsar using results from this investigation, advancing on a ﬁrst VSP analysis by READ (see
Braathen et al. 2012).

In Phase 1 of the project several regional seismic lines were acquired under the supervision of the University of Bergen, as described in Bælum et al. (2012). In subsequent years focus has been on micro-seismicity during well-testing.

Seismic imaging:

Seismics monitoring

Figure Above: Shooting seismics in Adventdalen in 2011, using dynocord as explosive source.

Map view of Adventdalen and seismic networks;
• yellow triangles - broadband seismic stations
• red circles - microseismic network at the CO2 Lab site
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A comprehensive microseismic monitoring network is installed at Longyearbyen CO2 Lab and a 3D velocity model has
been created from various independent sources of data. The results achieved from shear wave reﬂection seismics
opens new feasibilities for shallow subsurface exploration with high-resolution in artic regions. The velocity model
was supplemented with valuable information within the upper 80 m resulting in a surprisingly low P- and S – wave velocities. Such low velocities, however, seem to agree with a recently drilled cored permafrost well at CO2 Lab, and the
presence of partially soft soil lenses within the upper 65 m. This also explains the observation of strongly attenuated
S- wave energy at the near surface geophone opposed to the deeper geophones in the well DH3. Optimum P- wave
observations can thus only be provided by downhole geophone installations placed below the unconsolidated soft
sediments in the permafrost zone. The new insight on the shallow velocity structure will further improve the location
accuracy of the injection-related microseimicity and allows combining surface geophone observation with downhole
geophone observations more consistently without the need for heavily biased static corrections.

Microseismic monitoring network

Figure by:Albaric,J.
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Microseismic monitoring is a powerful and cost effective method for CO2 storage monitoring. Microseismics could
reveal the occurrence of micro-earthquakes during fracturing of the reservoir (and caprock) as the CO2 plume is
growing and ﬂowing in the reservoir and pressure is increasing. In the Longyearbyen case, few micro-earthquakes
have been recorded (Oye et al. 2013).
In order to locate microseismic events, detailed insight of the local P and S waves’ velocities constrain the subsurface
velocity model. The ﬁrst model was constructed using the information acquired through the seismic campaign in
2008-2009, but has latter been signiﬁcantly modiﬁed from the S-wave seismic - and new VSP campaigns, as outlined
below (Oye et al. 2013).

Microseismic monitoring

Seismc section showing th subsurface of Adventdalen, with Dh4 as a line. The refelections at 1200 ms,
comming up towards the Dh4 could be an intrusion similar to the one in the photograph (from Edgeøya),
which has a domal shape.

Shear-wave reﬂection Seismic tests were implemented to improve the velocity model within in the upper 100m, to
assess wave velocities through direct measurement. This shear-wave reﬂection seismic pilot study at the UNIS CO2
lab site was the ﬁrst experiment where this speciﬁc type of data acquisition technique was applied in an arctic environment. The achieved results demonstrated that the technique can be well applied and opens new feasibilities for
shallow subsurface exploration in high-resolution on Svalbard.

Vertical Seismic Proﬁling (VSP) towards Dh4 in 50 m and 500 m distance
VSP acquisition and near-well baseline seismic study, both aimed on establishing a velocity model that would allow
better seismic resolution of the subsurface around the well park.
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Microseismic monitoring network at the UNIS CO2 Lab; red triangles: yellow borehole stations; green triangles: heads of wells equipped with geophone strings. From Kuhn et al. (2014), substantiating Oye et al.
(2013)

1) A 3D map of the reservoir and cap rocks, The succession is seen to climb gently to the NE.
2) Detailed subsurface information of the area around the well park.
3) Character and location of micro-earthquakes triggered during water injection in wells.

The seismic work has given three key outcomes:

Seismics

Shear-wave reﬂection seismic test

Vertical Seismic Proﬁling

Students Working with Seismic modelling
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Owing to practical/logistical constraints to data collection (e.g. terrain/topography) the spatial distribution of input
data to the modelling is highly uneven; there is no direct data from the central, western and eastern part of the area;
high-resolution data were available from wells logs, cores and seismic lines in Adventdalen in the south and from
detailed descriptions and logs from the reservoir outcrops along the northern margin of the reservoir. Consequently,
modelling of reservoir architecture, properties and geometries for the bulk of the planned target aquifer had to rely
on interpolation and extrapolation over distances of kilometres to tens of kilometres.

The importance of fracture permeability is conﬁrmed by history matching of fall-off curves from injectivity tests,
which suggest a fracture-controlled ﬂow; linear in the lower part of the reservoir and more radial in the upper part
(Larsen 2012).

Input data for the geo-modelling included structural, sedimentological and petrophysical data compiled from logs
and drill-core material. This was supplemented by topographical data, mapping and logging of sedimentary and structural features in outcrops of the target formation, and a limited number of seismic lines from Adventdalen (Tveranger
et al. 2011; Bælum et al 2012. Farokhpoor et al. 2010; Braathen et al. 2012; Ogata et al. 2012; 2014; Senger et al. 2014a,
2014b; 2015). Due to the low-porosity nature of the target-formation (8-12%; mostly secondary), particular attention
was paid to characterize fracture networks; which were considered a key contributor to permeability.

The modelling work focused on building 3D geological models capturing the geometry of the target aquifer and key
reservoir heterogeneities. These geo-models served as input for ﬂow simulations aimed at forecasting dynamic reservoir behaviour and providing estimates of storage capacity.

- Senger et al. 2015

Modelling of the Longyearbyen CO2 sequestration site

Photo by: Cathy Braathen
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Figure Above: Summary ﬁgure from Senger et al. (2015) outlining the scenario-based approach used to estimate
gross rock volume for storage capacity. Areal extent of the target aquifer linked to injectors in Adventdalen varies
from 1 to 1015 km2.

From a modelling point of view, Improvement of these estimates of storage potential will to a large extent rely on
improved mapping and understanding the segmentation mechanisms acting in the reservoir. In order to achieve this,
an expansion of seismic data coverage in the central part of the reservoir is considered indispensable. Further investigation on CO2 saturation, -density and storage efﬁciency factors is also recommended.

The scenario-based calculations using all available data yield , mean effective pore volume ranging from 0.0064 to
64 million m3, equivalent to an estimated 0.004-3.9 million tons of low-density (61.17/kg/m3) CO2 or 0.052-52 million
tons of high-density (807.76 kg/m3) CO2. A sub-hydrostatic initial reservoir pressure combined with a the fact that
the depth of target aquifer decreases from about 1000m in Adventdalen towards sea level in the north, adds uncertainty to what CO2 phase will be present in the aquifer. Although the storage capacity estimates span three orders
of magnitude, the evaluated scenarios, apart from the most negative case for areal extent of the reservoir, fulﬁl a
requirement of injecting 0.2-1.2 million tons of CO2 of a period of 20 years.

In particular the lack of seismic data from the central part of the reservoir left several key issues, especially with respect to the cause and conﬁguration of compartmentalization of the reservoir evidenced by well pressure data, open
to conjecture – signiﬁcantly inﬂuencing the accuracy of gross rock volume estimations used to establish potential
storage capacity.
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The interpreted fracture pressure (red triangles), possible fracture gradients (red dashed line) and fracture closure
pressure representing the minimum in situ stress (purple dots). A lithostatic gradient is added for the range of densities discussed in the paper. Measured pore pressures and a hydrostatic gradient are added for clarity. The middle
column shows the possible fracture opening mode (red arrows) interpreted for critical pressure build-ups in the different formations. The stratigraphic succession in the right-hand column is based on borehole Dh4 (Braathen et al.,
2012).

To be revised

Mechanical laboratory testing and interpretation of injection tests of the Longyearbyen CO2 storage pilot were used
to evaluate geomechanical conditions for safe CO2 storage. Laboratory testing program includes compressive and
tensile strength tests of overburden and reservoir core samples, and the injection program consists of various types
of injection tests at different depths from the shallow aquifer down to the targeted sandstone reservoir. Water injection tests (leak-off, step rate and fracture tests) were analyzed to determine fracture pressure for cap rock and
reservoir formations, and fracture closure pressure for some intervals. In addition, laboratory tests, well log data and
empirical correlations were used to analyze compressive and tensile strength vs. depth. Laboratory tests showed
that despite shallow depth of the reservoir, less than 700 m, the strength and stiffness of intact material is very high,
and that there is a signiﬁcant strength anisotropy in the shale units. The high tensile strength of intact formations in
combination with presence of pre-existing fractures makes fracturing of the intact intervals very unlikely. Interpretation of the injection tests indicate that fracture pressure has a higher magnitude and gradient in the overburden
than in the reservoir. In the overburden, fracture closure stress representing the minor horizontal stress, is slightly
lower than the vertical stress. Fracture pressure in the reservoir interval is signiﬁcantly less than the vertical stress,
which suggests horizontal stress to be the minimum principal stress. Therefore, opening of pre-existing vertical to
sub vertical fractures is considered the most likely fracturing mode in the reservoir, whereas in the overburden it is
uncertain due to the marginal difference between vertical and horizontal stresses.

Geomechanical analyses
- Bohloli et al. 2014
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Schematic cartoon summarizing the
inferred tectonic evolution phases
responsible for the development of
the observed structural discontinuities in the Upper Triassic–Jurassic
succession of Central Spitsbergen.

This study analyzes systematic fracture patterns within the Mesozoic succession of central Spitsbergen to characterize the reservoir-caprock system explored for geological CO2 storage by the Longyearbyen CO2 Lab project. We
carried out and integrated structural and stratigraphic analyses of outcrop and borehole data, subdividing the investigated sedimentary interval into ﬁve litho-structural units (LSUs): A) massive to laminated shales characterized
by predominant low-angle fractures, B) heterogeneous, ﬁne-grained intervals with both low- and high-angled fractures, C) massive, coarse-grained intervals dominated by high-angle fractures, D) igneous intrusions characterized
by syn- and post-emplacement fractures and veins, and E) carbonate beds dominated by high-angle fractures and
veins. LSUs are identiﬁed on the basis of their fracture associations, lithologies and dominant sedimentary facies,
and thus implicitly include information on the primary porosity and permeability. In general two main, sub-vertical
extensional fracture sets are recognized: (i) a principal fracture set trending approximately NE–SW to ENE–WSW
(J1) and (ii) a subordinate fracture set trending about NNW–SSE to NNE–SSW (J2). Conjugate shear fractures (S1)
are trending roughly NE–SW and NW–SE in the coarser-grained and more cemented lithologies. A low-angle fracture
set (S2) striking approximately NNW–SSE to WNW–ESE is also observed. Variations in fracture patterns suggest
that the LSUs are pseudo-mechanical units, which are able to steer, bafﬂe or impede horizontal and vertical ﬂuid
migration due to their primary matrix (i.e., grain size and mineralogy) and fracture network properties. At a larger
scale, the resultant stratigraphic and structural architecture controls the hydrogeological regime of the investigated reservoir-caprock succession, providing: 1) fracture-related secondary porosity and permeability, 2) enhanced
micro-fracturing matrix connectivity, and 3) preferential directions of subsurface ﬂuid ﬂow pathways. We conclude
that, given the present-day stress ﬁeld, subsurface ﬂuid ﬂow would be augmented in an ENE–WSW direction, with
possible additional NE–SW communication.

- Ogata et al. 2014

Fracture systems in the subsurface of the Longyearbyen CO2 Lab
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Conceptual 3D representation of the identiﬁed LSUs and SUs and related fracture patterns, showing their possible
inﬂuence on ﬂuidﬂow migration. Stereonets (poles to planes, equal-area, lower hemisphere, 1% area contour) summarise all the collected fracture data for each LSU and SU (colour code as for each LSU).From Ogata et al. (2014).
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Plot of permeability versus depth showing core plugs and Miniperm measurements, with Miniperm data adjusted
according to the correction function presented in Magnabusco et al. (2014).

The sandstones are tight (< 2mD) due to extensive diagenesis. The two methods produced permeability results of
up to one order difference in magnitude; however, when correlated, these methods offer a robust linear relationship
that can be applied as a correction function. Detailed mapping of drill core with Miniperm, corrected by the proposed
function, allow analysis of tight reservoir permeability on a very detailed scale, which identify otherwise unrecognized permeable zones. In the analyzed reservoir sandstone succession, 2 out of 30 meters has recognizable permeability above the threshold of the Miniperm. In the upper part of the reservoir (Knorringfjellet Formation), where data
are from three closely spaced wells, the permeability ﬁeld can be divided into through-going and isolated zones, of
which ca. 10% is through-going. In the explored Late Triassic to Cretaceous succession of Central Svalbard, the Knorringfjellet Formation sandstones and conglomerates have the best matrix properties for storage of carbon dioxide.

Permeability measurements of low-permeability sandstone units within the strata cored in seven drill holes near to
Longyearbyen, were analyzed to assess the presence of aquifers and their potentials as reservoirs for the storage
of carbon dioxide. These targeted sandstones are located in the Late Triassic-Early Jurassic De Geerdalen and Knorringfjellet formations, with some permeability found in the Cretaceous Rurikfjellet and Helvetiafjellet formations
situated within otherwise impermeable cap-rocks. Permeability and porosity data were acquired from drill plugs,
analyzed in the laboratory by ﬂooding of H2O, He and Hg, and compared with direct measurements manually collected from cores with a Miniperm instrument.

- Magnabusco et al. 2014

Permeability of tight sandstones
- Christiansen et al.

Permafrost Core Sample - 2009
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Simpliﬁed sedimentary log with facies and facies association distributions. The intensity of biogenic activity decreases upwards in relation to
coarsening and shallowing of the deposits. The
grain size distribution is included to provide context for the location of facies and facies associations . Note that crossed out boxes indicate the
location of unretrieved intervals.

Figure left by G.L. Gilbert - 2014

Observations made during this investigation suggest that the all retrieved deposits are ice-bonded under the thermal regime prevailing at the study site. Indeed, it is unlikely that retrieval of these deposits would have been possible
without the presence of pore ice. Frozen deposits of this nature are likely characterized by low permeability; a favourable trait for investigations interested in storing carbon dioxide below the ground surface.

This is the ﬁrst study to investigate the Holocene permafrost development of the sedimentary deposits in lower
Adventdalen. Given the geomorphological similarities between Adventdalen and other large valleys in western and
central Spitsbergen, the sedimentary and geocryological model presented in this investigation may be applicable to
other areas. The results of this investigation have implications for infrastructure development in the Adventdalen
area as well as future permafrost and sedimentological studies in Arctic environments.

(see report; Project number Gassnova/Climit: 218953) “Longyearbyen CO2 Lab2012-2013 Status report–November 1st 2013”)

Few studies have attempted to retrieve cores from permafrost environments to such depths. With some exceptions, previous
investigations have been limited to a depth of ca. 10 m, and so focused exclusively on conditions within the near surface.

Since the project started in 2007 the permafrost has been considered as an additional security; acting as a top seal to the
reservoir. With this consideration the lab funded research to this eﬀect. Under the guidance of Hanne Christian and her team
from UNIS, University of Oslo, University of Copenhagen and University of Århus in 2012 DH8 was drilled and cored. A 62 m
core was retrieived this almost continuous core extends through the overburden from ca. 1 m below the ground surface to the
bedrock-sediment interface at ca. 60 m depth.

Coring the permafrost

Goals: Establish shallow subsurface ﬂuid migration characteristics in the well park area. Core the permafrost overburden during drilling. Map and characterize pockmarks and understand the links between submarine pockmarks and subaerial leakage.
Map gas ﬂuxes in the well area.

Leakage and permafrost

Photo by; Christian, H.

398 pockmarks mapped on the multibeam bathymetric data provide evidence of past seepage of natural ﬂuids
to the seaﬂoor.

Page 58

•

Based on the integrated analysis of the high-resolution geophysical datasets along with the structural mapping of
the fold-thrust belt complex in the aquifer and caprock succession, the work conclude that:

In total, 398 pockmarks have been identiﬁed on the seaﬂoor, suggesting signiﬁcant past and/or present natural ﬂuid
seepage. Beneath the pockmarks, acoustic features such as enhanced reﬂections, acoustic turbid zones and acoustic blankings interpreted on subbottom acoustic proﬁles suggest possible gas accumulation and migration linked to
various fault systems reaching the seaﬂoor. This research discusses ﬂuid migration in a fold-and-thrust belt setting,
broadened by secondary sealing mechanisms in Arctic conditions.

The target saline aquifer dips 1–3° southwest and thus crops out 14–16 km northeast from the proposed injection site
in both oﬀshore and onshore settings. Since the aquifer is exposed at the surface, a carefully documented pre-injection baseline study is required prior to any injection. The seaﬂoor and its subsurface conditions are analysed and
interpreted, where the targeted aquifer and organic-rich top-seal shales sub-crop. High-resolution multibeam bathymetric and backscatter imaging, sub-bottom acoustic proﬁles, sidescan sonar data and multichannel 2D seismic
data were used to analyse seepage-related features on the seaﬂoor and their link to subsurface tectonic structures.

- Roy et al. 2014

Marine baseline study for the Longyearbyen CO2 Lab

Riko Noormet; lowering valuable monitoring equipment over board.

Vertical acoustic blankings (gas chimneys) detected in shallow sediments and low backscatter anomalies
from pockmarks suggest possible gas migration through marine sediments and the presence of trapped gas
within the surface sediments of the pockmarks, respectively.
The spatial linkage and alignment of pockmarks with the ridges, which are interpreted as seaﬂoor expressions of the fold-and-thrust complex, suggest a focused ﬂuid migration along thrust faults in inner Isfjorden.
The presence of deep faults in the reservoir and caprock succession possibly plays a vital role in the vertical
ascent of ﬂuids and hence generation of pockmarks in Adventfjorden.
The evidence of focused ﬂuid seeps on the seaﬂoor, suspected shallow gas occurrences located above shallow- and deep-rooted sub-horizontal to vertical faults spreading from the décollement layers and fractured
bedrock affected by the fold-and-thrust belt suggests that ﬂuids possibly follow(ed): sub-horizontal to vertical permeable pathways.
The mapped thrust faults sub-cropping on the seaﬂoor and seep locations identiﬁed on bathymetric and sidescan sonar data could be potential sites for future monitoring of possible CO2 migration.

•

•

•

•

•

High-resolution multibeam bathymetric data from SA1 (Adventfjorden); showing the distribution of pockmarks.
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Top insert; magniﬁed unit-pockmarks on bathymetric data).

Bottom inset illustrates the acoustic turbidity zone
beneath a pockmark on the sub-bottom proﬁle.

The area enclosed by the dashed lines in the northwest of the fjord has c. 25–30 unit-pockmarks

Riko Noormets and his team from UNIS study the distribution of pockmarks and
their likely formation mechanisms linked to potential ﬂuid migration pathways.

Fluid migration pathways to seaﬂoor seepage

Geochemical analyses of the pore ﬂuids are needed for linking the seabed seeps to potential sources and for a
better understanding of their migration processes.

The occurrence of unit-pockmark clusters suggests a possible ongoing seepage of ﬂuids. The combined presence of turbidity zones and enhanced reﬂectors in the marine sediments beneath the densely pockmarked seaﬂoor suggests the presence of suspected gas in the shallow stratigraphy of the two study areas.

•

Figure by: Srikumar, R. et al 2014
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Graphical representation of the probable range of results in the different scenarios. A) Summary of intermediate
and ﬁnal volumes for scenario ‘All’, and the theoretical and effective volumes for scenario ‘All’ and scenarios ‘A–E’. The
error bars signify the P90–P10 range from the plotted mean value. For scenarios ‘All’ and ‘B’, the fracture contribution is also shown on the same graph for comparison. The two deterministic CO2 requirement volumes (1.2 million
tons and 0.2 million tons), using the CO2 density end-members, are plotted for comparison. Note the logarithmic
scale. GRV gross rock volume, NRV net rock volume, PRV pore rock volume. B) Pie chart illustrating the contribution
of the three stratigraphic zones and the fracture system to the overall porosity of the system. c Variance diagram
illustrating the critical parameters with largest impact on the total volume. Scenario ‘All’ does not have any segments and thus highlights parameters that are most uncertain and should be addressed through a scenario-based
calculation. From Senger et al. (2015)

Page 61

Sketch of the Longyearbyen CO2 Lab (Svalbard), illustrating the framework for CO2 injection into reservoir sandstones at 670–970 m depth. The forecasted CO2 plume will interact with groundwater and possibly methane gas.
The explored stratigraphic succession is shown in the column to the right, with the top-seal given by the Janusfjellet
Subgroup and the reservoir by the Kapp Toscana Group. The upper 120–150 m of the near-surface overburden is in
the permafrost, shown with blue colour in the sketch. From Miri et al. (2014).

Understanding of ﬂuid mixture properties relevant to the Longyeabyen CO2 Lab pilot project will impact the injection performance. Phase equilibria and density of the binary, ternary and quaternary systems containing CO2, CH4,
H2O and NaCl have been investigated using a statistical associating ﬂuid theory (SAFT) based equation of state
(EOS) at ambient temperature and pressure and salt concentrations up to 5.5 mol/kgH2O, all relevant to LYBCO2.
Binary interaction parameters of the subsystems (CO2-CH4, CH4-H2O, and CH4-NaCl) were tuned against available
experimental data, using previously adjusted parameters for pure components and CO2-H2O subsystems. Solubility
of CH4 and CO2 and subsequent mixture densities were predicted at 298 K and pressure up to 100 bar. It is found that
by increasing the hydrocarbon in the injection stream (even in small amount) and also salt concentration, solubility of
the CO2 in the aqueous phase and consequently the density of the mixture will reduce. Moreover, hydrocarbon impurities like CH4 would result in a favorable density difference and faster plume migration, however the probability of
three phase state (two liquid and one vapor phase) near the bubble line is very high too. The results of this work are
applicable to estimation of storage capacity as well as simulation of plume migration and fate in all projects facing
CO2, CH4, H2O, and NaCl bearing ﬂuid system.

- Miri et al. 2014

Forecasting phase relations in the Longyearbyen CO2 lab reservoir

Photo by: Alvar Braathen

Espen Rødland Mikkelsen. 2009. Monitoring of CO2 Sequestration at the Longyearbyen CO2 Lab by Time-lapse
Seismic. An Interdisciplinary Rock Physics Study. Department of Electronics and Telecommunications. Norwegian University of Science and Technology.

Photo by: Cathy Braathen - Adventdalen 2013
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Had 122 New articles

Sent out 53 Newsletters

17 T.V Presenations - globally

International
Awareness

Alvar Braathen monitoring injection tests from 2012
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Since the project began in 2007 the Longyearbyen CO2 Lab has given 98 conference presentations nationally and
internationally. This is a list of internationally recognised conferences the lab has participated in going back to 2010.
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On behalf of Outreach the Longyearbyen CO2 lab have given 98 conference presentations and submitted 22 conference posters for international and nationally conferences. In addition the Lab has submitted 28 articles for scientiﬁc
Journals the most recent puplications can be found in the Norwegian Journal of Geology volume 94, 2014
http://www.geologi.no/njg/. Another special volume is under development.

During the period of drilling outreach developed a website that has been revised 3 times, a partners web forum, a
Facebook site, 7 posters for popular viewing, 5 posters for educational usage, an ebook, 1 short ﬁlm, 2 brochures and
sent out 53 newsletters. In addition they have played a major role in assisting with the organisation of workshops and
conferences which have attracted international participants. The Project has had 122 news articles from 2006 – 2014
including 17 television interviews and 13 popular science magazines reviews.

Since 2008 the Longyearbyen CO2 lab has ran an extensive outreach program in parallel to drilling activities. The
function of outreach on behalf of the project has been to keep informed and update partners, members of Longyearbyen community, the general public and the media of project development. This has included safety awareness at the
Well Park (drill site) in Adventdalen.

The Longyearbyen CO2 Lab has continued to promote the vision of a CO2 free Svalbard throughout the years of
drilling, injection test and plugging. The project has received an over whelming amount of interest and generated
visitors from all over the world.

13. Outreach and the Community

Children from Longyearbyen School Visiting the Drill site during the CO2 week 2013
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(For a full report of this work package see report; Project number Gassnova/Climit: 218953) “Longyearbyen CO2
Lab2012-2013 Status report–November 1st 2013”) - Unis reports

On the research side, UNIS CO2-lab has recruited University of Oslo, University of Bergen, NTNU, SINTEF, NGU, NGI,
IFE and Norsar.

UNIS CO2-lab has been successful in its efforts to build alliances.
On the industrial side, UNIS CO2-lab has built long term relationships with Statoil, ConocoPhillips, Lundin Norway,
Statkraft, Store Norske Spitsbergen Kulkompani, BakerHughes and LNS Spitsbergen.

Goals: Promote Longyearbyen CO2 Lab as an international pioneer on CO2 storage. Achieve closer contact with other
CCS projects with the aim to enhance the awareness of Longyearbyen as a test site for CO2. Establish international
and national network for the Longyearbyen CO2 laboratory with the aim for cooperation along the entire CCS-chain.

National and international networks

As the CO2 Lab pilot project comes to completion the Labs own website has been reviewed and updated to a static
site.
http://co2-ccs.unis.no/

Since the decline in the drilling program in 2013 Outreach continues at the lab in a reduced capacity. Outreach continues to work jointly with FMR SUCCESS to produce a popular website soon to be released;
http://co2lagringnorge.com/en/

The project has promoted education and understanding around the CO2 vaule chain. In May 2013 a CO2 week was
held in Longyearbyen instigated by the Longyearbyen CO2 Lab’s outreach program and fully funded by the Svalbard Miljøvernfond. During the course of the week the lab ran workshops and lectures at the University (UNIS) and
Longyearbyen School; this included project days and excursions for Longyearbyen’s three preschools. The aim of the
project was to design and implement teaching material around the CO2 cycle that could be used and adapted to all
age groups. The material demonstrated the full CO2 value chain from photosynthesis to global warming. Focus was
placed on present day solutions to the global problem; alternative energy and Carbon Capture and Storage (CCS). All
the developed resources from the CO2 week can be found at;
http://co2-ccs.unis.no/CO2-teaching-material.html

Outreach

Svalbard’s geology is unique; this is the only place in Norway where the rocks of the offshore shelf (hosting all
our oil-gas ﬁelds) comes on-land. Accordingly, this is the only place we can test CO2 storage with low-cost versus
large data gain operations,

Longyearbyen’s location in the Arctic frontier will enhance Norwegian operational capacity in an extremely harsh
climatic environment that will beneﬁt future enterprises such as major oil-gas projects of the high north,

Longyearbyen is located in the High Arctic, with a small population familiar with subsurface technical operations
from mining. This community does not object to CO2 storage testing, contrary to strong protests encountered in
more densely populated areas in Europe.

Longyearbyen needs new jobs, to counteract the current challenges facing the SNSK mining company. A CO2
storage lab will create 4-6 jobs in Longyearbyen, spanning from well site technicians to engineers.

Longyearbyen could become a renowned showcase for Norwegian CCS policy, based in the fact that a uniquely
large group of proﬁled decision makers, politicians and other prominent persons visit Longyearbyen every year.
In previous years the UNIS and Longyearbyen CO2 lab have been the focal point for these visits.

•

•

•

•

•
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varied and challenging reservoirs will yield new broad generic knowledge and understanding around subsurface
ﬂuid mobility and conﬁnement,

•

Secondly, Longyearbyen CO2 lab as a test site for CO2 storage covers six key aspects, very different but all critical
in order to move CCS technology forward from concept to industrial-scale storage;

Firstly, the current CO2 pilot projects in Europe show a strong decline, in which basically all pilots are decommissioned or cancelled. As these pilots are test sites for maturing technology and building public conﬁdence, they are
strongly in demand. We have to keep maturing the CCS technology if we believe this avenue represent a part of our
future. Op. cit. Christensen (2015), we have to target our known unknowns and unknown unknowns to advance.

How will investments in Longyearbyen beneﬁt government and industry?

Motivation:

1. Permit to inject 100.000 tons CO2 for research purposes.
2. Topside CO2 source available, with small-scale capture from the Longyearbyen power station (coal combusting)
as the prime choice.
3. Injection well designed that can withstand CO2 exposure, with instrumentation, covering sufﬁcient contact area
to the explored upper Triassic sandstones and access to unexplored Carboniferous-Permian units making up a
deeper reservoir succession.
4. Scientiﬁcally motivated CO2 injection that supply hard facts on injectivity, storability, containment and plume
behavior in dual porosity-permeability rocks, which generates beyond-state-of-the-art knowledge advances.

This plan requires:

This Memo outlines ambitions and plans for new R&D efforts in the Longyearbyen CO2 Lab, covering the years 20162020. A key element in this plan is injection of CO2, which has implications for topside and subsurface infrastructure.

14. Frontline CO2 storage in Longyearbyen; ambitions for 2016-2020

Memo by Alvar Braathen and Snorre Olaussen, Longyearbyen CO2 Lab, 10.03.2015:

EOR studies in unconventional reservoirs
R&D studies on production and stimulation of tight/shale gas-oil
Drilling in the Arctic will have several challenges 1) testing environmentally friendly additives in drilling muds 2)
low temperature drilling 3) drilling in permafrost 4) cementation of onshore wells under freezing conditions i.e.
top section of the well .
Material testing

Drill new slim hole well in UNIS CO2 LAB Well Park to approx. 570 m. Test gas ﬂow into the organic rich lower part
of the Agardhfjellet Formation to conﬁrm gas from shales then undertake two campaigns of isolated injection
into organic shales; ﬁrst rock stimulation LOT using water and slurry, followed by a similar LOT using CO2 instead
of water.
Wild-cat well in Adventdalen (next to Longyearbyen), targeting Permian units at ca 2000 m depth with a highly
oblique penetration, also including a side-track subhorizontal drilling into upper Triassic units at ca. 800 m depth.

•

•
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Fully cored, 500-m deep slim-hole well in Sassendalen, coring the hereunto unexplored Permian section that
makes up a deep (at ca. 2000 m depth) reservoir below Longyearbyen.

•

Drilling and required well designs:

Other options include import of CO2 on ship, supplied from the Snøhvit ﬁeld, or a diesel engine capturing its own CO2
emission for injection. Both these options have major challenges around cost and time-span of operations.

The currently explored option is to use Aker Clean Carbon’s mobile CO2 capture unit, mounted on the ﬂue gas stream
of the Longyearbyen power station. This facility can be run in periods of lower power demand, with expected capture
of 2-5000 tons/year. Captured CO2 can be stored in tanks, and transported to the injector well by truck when required. Injection will be organized as campaigns within the framework of scientiﬁcally motivated tests.

CO2 source:

The Norwegian Ministry of the Environment is currently assessing a proposal submitted by the UNIS CO2 Lab AS to
allow research injection and storage of up to 100.000 tons of CO2 in the subsurface near Longyearbyen. A positive
outcome coupled with a local plan for land use is expected late in 2015.

Permit to inject CO2:

•

•
•
•

The well park in the Adventdalen will in addition be a suitable international Arctic test site for the oil-gas-CO2 storage
industry.

Future plans
& project proposals

CO2/ﬂuid injection in tight, unconventional sandstone reservoir(s) dominated by fractures is guided by directional, linear
ﬂow systems. Forecasting ﬂow in such systems represents a
major challenge in all subsurface ﬂuid operations. However, for
CO2 storage operations expectations around predictions of
this behavior is high, as unknown ﬂow systems inﬂuence conﬁdence around conﬁnement.

CO2 injection into organic shales is used in EOR, and shales in the subsurface of Longyearbyen could be a source
to methane gas. However, testing these shales with CO2 injection also allows analyses of top-seal/caprock
response to CO2 exposure. The Jurassic Agardfjellet Formation shales of Longyearbyen show nearly instant
self-healing in Leak-Off-Tests – will a self-healing behavior also be the case for CO2 ﬁlled fractures?

•
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CO2 injection in carbonate-evaporate reservoirs is an optional choice, as permanent trapping in mineral phases
will be fast. However, fast feedbacks may jeopardize the near-well region by enhanced dissolution (karstiﬁcation), or precipitation of clogging minerals.

Fracture conﬁgurations are dependent on lithology and will act differential on ﬂuid ﬂow.

•

There is signiﬁcant need for hard facts rather than modelling
approaches into CO2 storage. This is in many ways trivial - no
numeric model will be better than the dataset forming the base
for the model. Longyearbyen CO2 lab can offer datasets and
thereby scientiﬁc advances on several levels, as three different storage units (reservoirs) can be targeted;

•

Figure by: Kei Ogata 2013.

Scientiﬁc missions – what will we learn that is truly new?

Photo by: Snorre Olaussen -. UNIS
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The acquisition of repeated shear wave reﬂection seismic proﬁles employing a vibrating shear wave source will
resolve the problem of unknown shear wave velocities within the uppermost few hundred meters (the accompanying problem of unknown P-wave velocities will have to be tackled by conventional active seismic proﬁling). The
knowledge of these velocities is critical to a number of the above mentioned data analysis methods for passively
recorded data. A repetition of the survey is necessary due to the suspected large changes in seismic wave velocities close to the surface due to thawing and freezing of the active layer and temperature changes up to the depth
of zero annual temperature am plitude. A pilot study showed the possibility to recover shear wave velocities
down to depths of approximately 400 m.

The long-term monitoring of the reservoir by permanent borehole microseismic stations allows assessing background seismicity as well as seismicity induced or triggered by injections. The placement of geophones in boreholes will add to the steep learning curve on installation of (microseismic) instrumentation in Arctic environment,
which is still a non-standard operation.

•

•

The installation of a temporary surface broadband seismic network during CO2 injection (including several weeks
of measurement before and after the injection) assists in recording potential microseismic events and enables
to analyze changes in material properties caused by injection of gas or ﬂuids by inspecting ambient seismic noise
records. It further allows for assessing aseismic/slow-slip events that are most probably occurring during injection, especially in shale layers. The application of these methods is transferrable to offshore CO2 storages as
well as onshore and offshore oil and gas exploration in order to assess processes occurring in the reservoir and
overburden.

•

Outcroppinghighly fractured chert and dolomites form the Upper Permian Kapp Starostin moderate porosity, but low matrix permeability
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Appendix

The Longyearbyen CO2 Lab project proposed here is budgeting for planning of operations, undertaking operations,
maintenance of infrastructure, and basic data acquisition. All this activity will be handled by the UNIS CO2 Lab AS. An
estimated budget for operations and geophysical acquisitions will be in range of MNOK 20-25. One or more new well,
meeting required standards for CO2 injection, and well-instrumentation, come in addition.

The research in the Longyearbyen CO2 Lab will be funded by associated projects. For instance, a planned new FME on
CCS starting in 2017 will use Longyearbyen as a test site, covering man-hours into research using the datasets generated. Consequently, research by UNIS in partnership with Norwegian and international universities will be sought
covered by other projects.

Preliminary ﬁnancial plan (ca. MNOK):

Knowledge around seasonal variability would be extremely helpful to both the interpretation of passive seismic
and active seismic measurements. Accordingly, a repeated survey (once summer, once winter) to get information
on the change of shear wave velocity with temperature change should be performed. 4C active seismic monitoring
is a standard method for plume monitoring. How this system will work in the High Arctic permafrost realm remains
questionable, with the very high seasonal changes in top-layer stability and thereby velocity proﬁle challenging repeatability of surveys.

Appendix

Page 79

Further planned papers are a) geochemistry of migrated hydrocarbons and potential source rocks, b) ﬂuid ﬂow tests
and c) pressure.

1. The Carnian to Early Norian De Geerdalen Formation
2. The Norian to Bajocian Knorringfjellet Formation
3. The Bathonian to Valanginian Agardhfjellet Formation
4. The Valanginian to Aptian succession in western central part of Spitsbergen
5. The Holocene deposition/Permafrost in Adventdalen

In preparation are 5 papers on facies, reservoir description, sequence stratigraphy including new biostratigraphic
data. The articles will be based data from the CO2 wells and nearby outcrops. They have following working titles.

The team are ﬁnalising several scientiﬁc papers- To be published early 2016
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Appendix continued - Overview reports list 2010
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Appendix continued - Overview reports list 2010 - 2012
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Appendix continued - Overview reports list 2012 - 2014
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