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Snøhvit CO2 storage project: Understanding the role of 
injection induced mechanical deformation 



Program Goal No. 4 

§  “Develop Best Practice Manuals for monitoring, verification, accounting, and 
assessment; site screening, selection and initial characterization; public outreach; 
well management activities; and risk analysis and simulation.”  

Benefit Statement 

§  An understanding of hydromechanical interactions is essential for effective 
monitoring and prediction of reservoir performance.  This is especially true for 
storage systems expected to experience higher overpressure. 

§  This project has developed new analysis methodologies for: 

¡  probabilistic assessment of fault reactivation potential and in situ stress 
sensitivity 

¡  dynamic well-test analyses using multi-rate gauge data 



Organization

This article could have contained information just on geoscience. It
would be wrong, however, to leave out all mention of the human side
of the petroleum activities. The exploration and production work has
led to the creation of a huge, highly talented work force, currently
numbering about 2000 geoscientists. Here we briefly explain the
ways in which the geoscience work has been organized, using exam-
ples mostly from Norway. 

Authorities

In Norway, petroleum activities are the responsibility of the
Ministry of Petroleum and Energy, a government department which
oversees the work of the sector, making sure it is carried out in the
best national interest (Bækken and Zenker, 2007) [www.regjerin-
gen.no/oed ]. Since 1973, the government has had a technical advi-
sory division staffed by geoscientists, engineers and economists—
the Norwegian Petroleum Directorate [www.npd.no ]. It carries out
independent assessments of the exploration and development,
advises government on petroleum resources and on licensing round
applications, oversees the oil companies’ work on licenses and
receives all technical information produced by the companies during
that work. It currently has a scientific staff amounting to ca. 120.  In
Denmark, the equivalent work is undertaken by the Danish Energy
Authority [www.ens.dk], which is a unit under the Ministry of Trans-
port and Energy.

Oil companies

Most of the large international oil companies have had activi-
ties in Norway. The first well was drilled by Esso (1966), the first
giant field was discovered by Phillips (Ekofisk, 1969), and the
largest field in the province was discovered by Shell (Troll, 1983).
Nevertheless, when it became clear in the late 1960’s that major
petroleum finds had been made, Norway decided to create a state oil
company (Statoil, founded 1972) to ensure the development of
native competence in all aspects of petroleum work.  For long there
was a restricted list of companies allowed to operate in Norway,
mostly the super majors and majors and the native companies—

Statoil, Norsk Hydro and Saga. In recent years, the authorities have
recognized the importance of widening the mix of companies. Since
2000, about 50 companies have been ‘prequalified’ as operators or
licensees, including completely new companies and companies
entering the country for the first time.

Licensing

In Norway, there have been regular licensing rounds since
1965, and by 2006 some 540 licenses had been awarded. These have
been based on ‘blocks’, of which there are 12 in each degree quad-
rant. Awarded licenses have had one company nominated as the
‘operator’, to carry out the technical work, and normally others as
partners. Each license has had management and technical commit-
tees, with representatives from all the partners and the NPD: they are
the fora in which the geoscience work has been planned, results dis-
cussed and further actions agreed. During their exploration period,
licensees have carried out the agreed work programme in phases,
each of several years duration, involving seismic data acquisition
and drilling, followed by partial relinquishment, and then a new
phase. Following a potentially commercial discovery, ‘appraisal
wells’ have been drilled to more precisely estimate the recoverable
resources and plan the optimum development scheme. Government
approval, involving the NPD, has been needed before any field
development could go ahead. Development and production of
hydrocarbons from a field has involved a dedicated team of geosci-
entists in the operating company, monitored by others in the partner
companies and reporting regularly to experts in the NPD. 

Licensing in Denmark has followed a different pattern. In 1962,
the onshore and offshore area was granted as a sole concession for 50
years to the ship owner A. P. Møller, who joined with oil companies
to form a group which over the next 20 years discovered 13 chalk
oilfields. In 1984, this license system was replaced by competitive
licensing rounds for ‘blocks’, of which there are 32 in each degree
quadrant. 

How much geoscience work has been expended on a license? A
license with only exploration work, e.g. seismic acquisition and
interpretation and one exploration well, has only needed a total of a
few man-years of geoscience work. At the other end of the scale is
the Statfjord field. Work there has comprised 15 exploration and
appraisal wells, 272 productions wells, a production history from
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Figure 12    Snøhvit Field: structure diagram at Middle Jurassic level. The blue lines show the outlines of the hydrocarbon pools.

Snøhvit 

 
Fig. 1. Location of Snohvit gas field (Courtesy of Statoil). 

The Snøhvit Field is an elongated E-W trending horst 
block bounded by normal faults (Figures 2 and 3), and 
located in the center of the Hammerfest Basin [3].   

 
Fig. 2. Structural diagram at Middle Jurassic level (~ age of 
producing reservoir) of the central Hammerfest Basin. Blue 
lines outline the gas fields [4]. 

The Hammerfest Basin is a fault bounded extensional 
basin with an ENE-WSW axis. It presents a dominant E-
W trending fault system associated with flexural 
extension related to a doming episode. The Snøhvit 
accumulation occurs in three of these fault blocks 
(Figure 2). With the opening of the Atlantic margin in 
the Tertiary, the Hammerfest basin experience several 
phases of uplift, and therefore the maximum burial depth 
was much greater than the present day [5]. 

 
Fig. 3. Depth map of top of Fuglen Fm. White rectangle 
represents approximate area of analytical study and black 
rectangle represents area of 3D simulation (after [3]). 

The target CO2 injection horizon is the Tubåen Fm. that 
corresponds to a delta plain environment dominated by 
fluvial distributary channels and some marine-tidal 
influence. It is separated from the producing gas 
reservoir (Stø Fm.) by the Nordmela Fm. that contains 
shale layers expected to act as flow barriers. The Stø 

Formation is covered by the shaly Fuglen and 
Hekkingen Fms (Figure 4). 

The Tubåen Fm. is a clastic wedge, ranging from 45 m 
in the east to 130 m thick in the west. It is constituted of 
individual thick sand channels and subordinate thin 
shales and some thin coal layers. It presents porosities of 
1 to 16%, and permeabilities of 130 to 880 mD. In the 
area of interest the Tubåen Fm. is at approximately 2600 
m depth. The Nordmela Fm. is 60 to 100 m thick (east to 
west) has an average porosity of 13%, and permeabilites 
of 1to 23 mD. It presents wide shale layers that 
constitute the local seal for the Tubåen Fm [5].  

 
Fig. 4.  Stratigraphy of the western Barents Sea [3]. 

Open fractures were interpreted in cores and Formation 
Micro Image (FMI) logs from these reservoirs. The 
fracture sets are steep with a dominant N-S azimuth. Due 
to the fact that reservoir quality is very good, the impact 
of these fractures on the flow distribution is still unclear 
[3]. 

3. PRESENT DAY STRESS STATE AND 
UNCERTAINTY 
The present day maximum horizontal stress (SHmax ) 
direction is approximately N-S, interpreted from 
borehole break out data and induced tensile fracture 
analysis [3, 6]. However strong local variations, of near 
90° rotation, can be observed [7]. 

Most of the literature suggests a   Normal Faulting (NF) 
environment for the Barents Sea, even though little 

Structural diagram of Hammerfest Basin at Middle Jurassic level (approx. age of 
producing reservoir). Blue lines outline the gas fields [from Spencer et al., 2008]. 



Snøhvit 

Depth map at top of Fuglen Fm. (below) and stratigraphic section (right) 
[from Wennberg et al., 2008] 
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Figure 1: Depth map of Top Fuglen Formation with well locations (from Wennberg et al. 
2008). 

The stratigraphy at the Hammerfest Basin is shown in Figure 2. The lowermost reservoir unit is the Tubåen 
Formation of Early Jurassic (Hettangian V Sinemurian) age. This is a delta plain environment with fluvial 
distributary channels and some marine-tidal influence (Helgesen and Johansen 2005). Above the Tubåen Fm is the 
Nordmela Formation of Sinemurian to Pliensbackian age. This is a lower coastal plain depositional environment 
with brackish, shallow-marine deposits (Wennberg et al. 2008). Following this is the Stø Formation of Early to 
Middle Jurassic (Pliensbackian-Bajocian) age. This is a shallow-marine environment with alternating lower to 
upper shoreface deposits (personal communication, Lone Christensen). The Stø Formation is covered by the 
Fuglen Formation of late Middle Jurassic age. The main reservoirs at Snøhvit are the Tubåen Formation (CO2 
injection) and Stø Formation (producing reservoir). As far as CO2 storage is concerned, the main target storage 
formation, the Tubåen Formation, is dominated by distributary channel facies leading to possible restricted flow 
compartments (individual channels or channel complexes). The alternate storage target, the Stø Formation, is 
likely to have better lateral communication because of its shallow marine depositional setting. 
 

Deleted: Figure 2

  

Doc. No. 

 

 

 

Valid from Rev. no. 1.0  

Snøhvit CO2 Tubåen Fm. storage capacity and injection 

strategy study 

   

    

 

Classification: Internal Status: Draft Expiry date: 2012-12-31 Page 10 of 129 

 

Figure 2: Stratigraphy in the Hammerfest basin (from Wennberg et al. 2008). 

 

2.2 Well data 

2.2.1 Wells across the field 

Several exploration and production wells have penetrated Tubåen Fm. The geological findings were 
summarized in Helgesen and Johansen (2005), and further detailed in Johansen et al. (2009). A 
correlation panel is shown in Figure 3. The Formation is sub-divided into 5 zones, with a pinch out of 
the upper unit, Tubåen 4, towards east. The gamma ray Z density/neutron log combination is used to 
illustrate the variability in sand/shale content across the Snøhvit area. The variation in reservoir 
properties will be discussed in Section 2.2.3. 

Deleted: Figure 3

•  Producing natural gas with 5-8% CO2 content, 
which needs to be reduced before liquefication. 

•  Separated CO2 was originally re-injected into 
Tubåen Fm. at approx. 2400-2600m depth. 

•  Injection began in 2008, but in 2010 Statoil 
announced storage capacity in Tubåen was lower 
than expected.  Operators recompleted well and 
have continued injection in the shallower Stø 
formation. 



Focus areas where modeling can help monitoring and 
project management: 

①  Decision-based Modeling 

¡  Using modeling to inform instrument design and deployment schemes 

②  Data Integration and Data Assimilation 

¡  Merge diverse monitoring data sets into unified interpretations 

¡  Deterministic or stochastic inversion of monitoring data 

③  Uncertainty Quantification and Risk Assessment 

¡  Quantify how uncertainty impacts performance and risk 



Snøhvit Case Study 1 
Using modeling to address uncertainty in stress measurements 

[Chiaramonte	  et	  al.	  2014]	  



A key project concern was whether excess fluid pressure 
could reactivate faults and create leakage paths 

Figure: Model prediction of excess pressure (MPa) necessary to initiate fault slip with the base case 
scenario parameters, which corresponds to a SS/NF environment with N-S SHmax direction.  



Sensitivity analyses reveal that critical uncertainty is 
SHmax orientation, but overall leakage risk is low 

Figure: SHmax azimuth dominates critical pressure sensitivity 
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§  Suggests highest-value target for future characterization efforts 



(Hansen et al. 2012) 

8 Author name / Energy Procedia 00 (2011) 000–000 

clearly observe that the 4D anomaly for the lower perforation zone is extending much further out than the 
upper perforations than from the upper.  This was confirmed by the inflow profile measured by the PLT 
logging, see Figure 4. Most of the 4D anomaly in the 2003-2009 data away from the CO2 injector is 
likely to be related to the pressure increase and reflects the heterogeneous reservoir. The 4D seismic 
differences also show that the main faults at Snøhvit, bounding the F-segment to the north and south, are 
sealing at the current pressure levels. 

 
 

 

Figure 4 4D difference amplitude map for the lower perforation and the upper perforation for 2003-2009 and 2009-2011.b) Down-
hole log interpreted log curves from the F-2 H well. Red rectangles indicate perforated intervals. CO2 injection influx profile as 
estimated from the PLT during injection.  

 

Figure 5 Approximately N-S seismic sections along the maximum 4D anomaly in the repeated seismic data. 2009 seismic (left), 4D 
difference 2003-2009 and 2009-2011 (right). Perforation zones are marked in the left pane, where the green rectangle is the new 
perforation from April 2011. 

The pressure time series, Figure 3, shows the bottom-hole shut-in-pressure and the equivalent 
simulated reservoir pressure. It is estimated that the high pressure in April 2011 has been reduced to about 
the same level as when the 2009 4D seismic data were shot. This may explain the small changes observed 
in the seismic data between the 2009-2011 data. A new perforation was open in Tubåen 4 in April 2011 
(green rectangle, in Figure 5 left pane), before Tubåen was plugged and injection continued in the Stø 

Figure:	  4D	  difference	  amplitude	  maps,	  2003-‐2009,	  lower	  perfora7on.	  

Snøhvit Case Study 2 
Welltest analysis and continuous inversion of gauge data 



Pressure response indicative of a partially compartmentalized 
system 

BHP estimated from permanent pressure/temperature sensors at 1782 
mTVDss, hourly data. 
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Well tests commonly used to look for flow barriers and 
other indications of reservoir structure 

[Figure	  from	  Bourdet,	  2002]	  

Typical flow regimes 19 
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Figure 1.21. One sealing fault. Pressure profile at time t4. 
The fault is reached, and it is seen at the well. Hemi-radial flow. 
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Figure 1.22. One sealing fault. Drainage radius. 

This pressure regime corresponds to time t2 on Figure 1.22: the boundary has been 
reached and the pressure profile is distorted in the reservoir, but the image curve has 
not changed the well flowing pressure. As the flow time increases, the radius of 
investigation of the theoretical infinite reservoir curve continues to expand, and the 
image curve reaches the well (time t3 on Figure 1.22 and Figure 1.20). The well bottom 
hole pressure starts to deviate from the infinite reservoir response, and drops faster. 

Ultimately, when the well has been flowing long enough, the two profiles tends to 
merge (after time t4 on Figure 1.22) and the hemi-radial flow regime is reached: the 
flow lines converge to the well with a half circle geometry. 

Specialized analysis 

During the hemi-radial flow regime, the pressure changes with the logarithm of the 
elapsed time but the slope of the semi-log straight line is double (2m) that of the infinite 
acting radial flow (van Everdingen and Hurst, 1949, Homer, 1951). 



(Hansen et al. 2012) 

•  Results suggested flow barriers at 110, 110, and 3000m 

6 Author name / Energy Procedia 00 (2011) 000–000 

properties near the well were modeled using log and core data while these properties were scaled away 
from the well to match to the observed data. 

In addition to the faults clearly visible from baseline data, some possible barriers in the vicinity of the 
injector came into focus after studying post injection 4D seismic. The flow barriers depict the simulated 
bottom-hole pressure versus measured data for the best match scenario that includes the modification 
mentioned above. The mismatch seen in 2008, between measured bottom-hole pressures (points) and 
solid line (model) is due to near well-bore salt precipitation and reduced injectivity in the well. This was 
eventually solved by MEG injection. The match to seismic data is also acceptable for most layers.  

The dynamic model match indicates; lower than expected permeability for all Tubåen layers, lack of 
vertical communication in Tubåen, no communication across major faults, and possible extra barriers near 
the well. Consequently, dynamic simulation results are in general agreement with other observations 
indicating that F-2H is injecting inside a compartment with acceptable reservoir properties but with 
reduced communication to the rest of the reservoir system. However, other geological models and 
concepts may also match the pressure time series, Figure 3. 

 
 

1E-4 1E-3 0.01 0.1 1 10 100 1000
Time [hr]

1000

10000

1E+5

G
as

 p
ot

en
tia

l [
ba

r2
/c

p]

F-2H - Model matched to PLT data (ref)
F-2H - Model matched to FO 2009

 

Figure 3 Best match between measured bottom-hole (crosses) and modeled pressure. Timing of the acquired seismic 4D surveys are 
indicated, as well as the estimated reservoir formation fracture pressure. b) Log-log plot of (2011 PLT and 2009 FO) gas pseudo 
pressure with corresponding derivative. Models shown as solid line, measured data as points. 

 

6. Fall-off analysis 

Injection tests and fall-off (FO) analysis are good tools to investigate reservoir properties, both near the 
wellbore and at larger scale. On a regular basis, the well has been shut in for only a few minutes, to 
estimate the reservoir pressure and evaluate potential skin development. These tests have been made short 
to neglect temperature effects and are used to establish the reservoir pressure based on the installed 
gauges in the well. The estimated reservoir pressures are shown in Figure 3, and were subsequently 
confirmed by pressures measured by the PLT in 2011 within a few bars. The start of the new LNG plant 
at Melkøya had initial production challenges, and some caused shut-down of the full production facility, 
including the CO2 injection. In particular, the 3 months shut-down in 2009 has been interesting and will 
be discussed in detail. In April 2011 a PLT was run in the injector well, including a FO with for the first 
time a pressure gauge at the perforations during the FO. 

Figure 3b shows the log-log pressure series from the FO in 2009 (down-hole pressure gauge) and 
during the PLT (sand face pressure gauge) in 2011. The shallow location of the down-hole pressure gauge 

4D

Fracture pressure

4D 4D
PLT 2011 Fall-off Aug 2009 Fall-off 

Figure:	  Falloff	  analyses	  using	  permanent	  gauge	  (2009)	  and	  PLT	  data	  (2011).	  

Falloff analysis showed clear indications of flow barriers 



Falloff testing has proven value, but requires shutting in 
the well for significant periods 

•  Motivating question:  Can we derive similar information from ongoing 
injection data, without shutting in for long periods? 
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Generalized superposition well-test method 

•  Mul7-‐rate	  injec7ons	  are	  
difficult	  to	  analyze.	  	  

•  Can	  use	  superposi7on	  
principle	  to	  transform	  a	  
mul7-‐rate	  injec7on	  into	  an	  
“equivalent”	  single-‐rate	  
test.	  

•  Solve	  for	  a	  characteris7c	  
buildup	  curve,	  as	  a	  
constrained	  least-‐squares	  
problem.	  

p
re

ss
u
re

single rate injection

ra
te

time

p
re

ss
u
re

time

multi-rate injection

ra
te

time

p(t) = q ⋅ pC (t)

p(t) = (
i
∑ qi+1 − qi ) ⋅ pC (t − ti )

Single	  rate:	  
	  
	  
Mul.-‐rate:	  



Automatic calibration to Snøhvit data (~5 seconds) 
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Superposition tool can potentially be used in two modes: 

①  Reservoir characterization mode 

¡  Calibrate to gauge data, extract equivalent falloff test 

¡  Apply standard well-test analysis techniques to results 

②  Pressure forecasting mode 

¡  Calibrate to gauge data, project forward in time 

¡  Quickly explore alternative injection scenarios 



Fast-running pressure forecasting 
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Fast-running pressure forecasting 
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Fast-running pressure forecasting 
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Fast-running pressure forecasting 
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Fast-running pressure forecasting 
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Fast-running pressure forecasting 
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Retrospective analysis of a brine pre-production scenario 
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Summary 

①  This project has explored two useful analysis techniques: 

¡  Probabilistic assessment of fault reactivation potential and in situ stress 
sensitivity 

¡  dynamic well-test analyses using multi-rate gauge data 

②  Directions for future work: 

¡  Full poromechanical simulations of fault reactivation and leakage. 

¡  Relaxing current assumptions in the welltest analysis methodology 
to provide a more general tool. 
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Gantt Chart 
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§  All technical tasks have been completed. 

§  In the final reporting stage: 

¡  Will submit final report and lessons-learned document by Sept 30, 
2014. 

¡  Several journal manuscripts currently in review or preparation. 
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