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Modeling and Analysis

 Underground CO 2  storage: 
demonstrating regulatory 
conformance by convergence of 
history-matched modeled and 
observed CO 2  plume behavior using 
Sleipner time-lapse seismics  
       R. Andrew    Chadwick  and    David J.    Noy   ,   British Geological Survey   ,   Keyworth  ,   Nottingham  ,   UK   

   Abstract:    One of the three key regulatory requirements in Europe for transfer of storage site liability is 
to demonstrate conformity between predictive models of reservoir performance and monitoring obser-
vations. This is a challenging requirement because a perfect and unique match between observed and 
modeled behavior is near impossible to achieve. This study takes the time-lapse seismic monitoring 
data from the Sleipner storage operation to demonstrate that as more seismic data becomes available 
with time, predictive models can be matched more accurately to observations and become more 
reliable predictors of future performance. Six simple performance measures were defi ned: plume 
footprint area, maximum lateral migration distance of CO 2  from the injection point, area of CO 2  accu-
mulation trapped at top reservoir, volume of CO 2  accumulation trapped at top reservoir, area of all CO 2  
layers summed, and spreading co-effi cient. Model scenarios were developed to predict plume migra-
tion up to 2008. Scenarios were developed for 1996 (baseline), 2001, and 2006 conditions, with mod-
els constrained by the information available at those times, and compared with monitoring datasets 
obtained up to 2008. The 1996 predictive range did generally encompass the future observed plume 
behavior, but with such a wide range of uncertainty as to render it of only marginal practical use. The 
2001 predictions (which used the 1999 and 2001 seismic monitoring datasets) had a much lower 
uncertainty range, with the 2006 uncertainties somewhat lower again. There are still defi ciencies in the 
actual quality of match but a robust convergence, with time, of predicted and observed models is 
clearly demonstrated. We propose modeling-monitoring convergence as a generic approach to dem-
onstrating conformance. © 2015 Society of Chemical Industry and John Wiley & Sons, Ltd      
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  Introduction 

 C
onformance is a measure of how well a product 
or system meets a specifi ed standard and is a key 
requirement for storage under European CCS 

regulation. 1  To demonstrate conformance, a storage 
site operator must show agreement between predic-
tive models of reservoir performance and monitoring 
observations. Conformance indicates that storage pro-
cesses are well understood and increases the likelihood 
of longer-term predictions being reliable. Satisfactory 
conformance is required through the operational 
phase and, crucially, at the end of this, for the transfer 
of responsibility for the site from the operator to the 
national authority. 

 Demonstrating conformance is challenging because 
a perfect and unique match between observed and 
modeled behavior is to all intents and purposes 
impossible, due to limitations in geological under-
standing, modeling soft ware and resolution of the 
monitoring tools. Th e aim of this paper is to show that 
conformance can be demonstrated by showing that 
predictive modeling capability increases systemati-
cally with time as monitoring data is progressively 
acquired. 

 We use the time-lapse monitoring datasets acquired 
during the Sleipner CO 2  storage operation to show 
how predictive modeling improves as more monitor-
ing data is acquired, and, as a direct consequence, 
unexpected or divergent future outcomes become 
increasingly unlikely.  

  Sleipner summary 
 Th e Sleipner gas fi elds are located in the Norwegian 
sector of the North Sea operated by Statoil and 
partners (Fig.  1 (a)). Natural gas from the Sleipner 
West Field has a CO 2  content of between 4 and 9.5% 
which has to be reduced below 2.5%, prior to delivery 
into the European gas supply network. CO 2  is re-
moved from the natural gas on the platform and, in 
response to the Norwegian off shore carbon tax, is 
injected into the Utsira Sand, a regional scale saline 
aquifer.  2,3   

  Summary site geology 
 Th e geological setting of Sleipner is relatively simple. 
Details are set out in a number of publications  4,5  and 
only a brief summary is given here. 

 Th e Sleipner storage reservoir is the Utsira Sand, a 
saline aquifer of Mio-Pliocene age and of regional 
extent, stretching more than 400 km north to south 
and between 50 and 100 km east to west. Around 
Sleipner, the top reservoir surface is around 800 m deep 
and the reservoir is about 250 m thick. In the immedi-
ate vicinity of Sleipner detailed mapping from 3D 
seismic data shows the top of the reservoir to be gently 
undulatory with small domes and valleys (Fig.  2 (a)).  

  Reservoir and overburden properties 
 Th e Utsira Sand comprises stacked overlapping 
‘mounds’ of very low relief, interpreted as individual 

  Figure 1.    (a) Regional location map of Sleipner and the Utsira Sand (yellow polygon); (b) Schematic diagram of the 
Sleipner injection infrastructure and the CO 2  plume; (c) Sleipner cumulative CO 2  injected amount over time. (Sleipner 
map and schematic courtesy of Statoil ASA.) 
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fan-lobes and commonly separated by thin intra-res-
ervoir mudstones. On geophysical logs it characteristi-
cally shows a sharp top and base (Fig.  2 (b)), with the 
proportion of clean sand in the reservoir unit varying 
generally between 0.7 and 1.0. Macroscopic and 
microscopic analysis of core and cuttings show it to be 
mostly fi ne-grained and largely uncemented 4  with 
porosities in the range 27 to 42%. Permeabilities are 
high with measured values from core testing ranging 
between 1 and 3 darcy and, from water production, 
ranging up to 8 darcy. 

 Th e non-sand fraction mostly comprises thin 
mudstones (typically about 1 m thick), which show as 
peaks on the gamma-ray and resistivity logs. In the 
Sleipner area, a thicker mudstone, some 5 to 7 m thick 
separates the uppermost sand unit from the main 
reservoir beneath. Th e mudstone layers constitute 
important permeability barriers within the reservoir 
sand and have a dominant eff ect on CO 2  migration 
through the reservoir as evidenced below. 

 Th e overburden of the Utsira reservoir around 
Sleipner is about 700 m thick and dominantly argil-
laceous. Th e immediate topseal is a laterally persistent 
silty mudstone some 50 to 100 m thick, extending 
more than 50 km west and 40 km east of the area 
currently occupied by the injected CO 2  and well 
beyond the predicted fi nal migration distance of the 
projected total injected volume. 6  Laboratory gas 
transport testing on a core sample obtained from this 
unit shows it to be a very low permeability capillary 
seal. 7   

  Injection profi le 
 Th e Sleipner CO 2  injection point is positioned 
beneath a small domal feature in the topseal that 
rises about 12 m above the surrounding area (Fig. 2 
(a)). Th e aim was to minimize the lateral spread of 
the plume at the reservoir top and reduce the spatial 
footprint of any monitoring that might be required, 
particularly in the early stages of the project. 

  Figure 2.    (a) Top reservoir depth map around Sleipner (∼7 × 3 km). Black disc denotes 
location of injection point. (b) Sample geophysical logs through the Utsira Sand from two 
wells in the Sleipner area. Note the low γ-ray signature of the Utsira Sand, with peaks 
denoting the intra-reservoir mudstones. gr = γ-ray log, sfl u/rt = resistivity logs. 
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Injection, at around 1 Mt per year, is via a single 
deviated well, sub-horizontal at the injection point 
with the wellbore lying beneath the buoyant plume 
(Figs.  1 (b) and  1 (c)). Th is is important for two 
reasons. First, the wellbore lies beneath the buoyant 
CO 2  plume which minimizes the containment risk. 
Second, no invasive monitoring or direct invasive 
measurement of the plume is possible.   

  Monitoring data 
 Th e key monitoring dataset at Sleipner comprises 
time-lapse 3D seismics which provide striking high 
resolution images of the developing CO 2  plume.  8–10  
Th e time-lapse campaign includes a pre-injection 
‘baseline’ dataset acquired in 1994, followed by repeat 
surveys in 1999, 2001, 2002, 2004, 2006, and 2008. A 
subset of the full time-lapse ensemble (Fig.  3 ) shows 

  Figure 3.    The Sleipner CO 2  plume showing its evolution from 1994 (baseline) to 2008. Top panels show the develop-
ment of refl ectivity on a N-S cross-section (inline), middle panels show maps of the whole plume refl ectivity footprint, 
bottom panels show maps of the refl ectivity of the topmost CO 2  layer. 
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the CO 2  plume as a tiered feature, roughly 200 m high 
and elliptical in plan, with a major axis approaching 
4000 m by 2008 and comprising a number of bright 
sub-horizontal refl ections within the reservoir, 
growing with time. Interpretations of the plume 
refl ectivity  9,10  identifi ed nine separate refl ective levels 
in the reservoir which correspond to trapped CO 2 . 
Th ese individual and interpretatively distinct refl ec-
tions have remained consistently identifi able from the 
fi rst time-lapse survey in 1999 to the most recent, and 
are interpreted as corresponding to thin layers of CO 2  
trapped beneath thin intra-reservoir mudstones and 
the reservoir topseal. Th e detectability limit, at the 
outer edge of the layers, is reckoned to be around 1 m 
thickness or less. 11    

  Demonstrating conformance 
 It is clear from the storage literature that exact 
history-matching between predictive models and fl ow 
simulation is very diffi  cult to achieve, even where 
reservoir processes are otherwise well understood, 
and this has also been the case at Sleipner. 11,12  An 
alternative way of indicating conformance is to show 
that predictive modeling capability improves progres-
sively as more monitoring data becomes available. 
Th is shows that the geological model and modeling 
assumptions are basically robust and additional data 
lead to progressive model improvement and refi ne-
ment, rather than triggering radical model 
modifi cations. 

 Th e aim in this paper is to use the Sleipner site 
characterization and monitoring datasets to assess the 
level of agreement between predictive reservoir fl ow 
models of storage performance and monitoring 
observations and how this has evolved through time 
as more monitoring data has become available and 
understanding of storage processes has improved. 

  Methodology 
 In order to evaluate the development of conformance 
through time, we reconstruct the operational history 
of Sleipner retrospectively, starting with predictions 
based on baseline information only, but moving 
forward through time and progressively improving 
predictive models as more monitoring data became 
available (Fig.  4 ). Th us, the initial set of predictive 
models was constructed for 1996, just prior to injec-
tion start-up, and utilizing the datasets that were 
available at that time (essentially the baseline and 

legacy datasets). Th e second set of predictive models 
was constructed for 2001 utilizing the 1999 and 2001 
time-lapse seismic datasets and the fi nal set of predic-
tive models was constructed for 2006 utilizing the 
2004 and 2006 time-lapse datasets plus additional 
reservoir temperature information.  

 Th e principle of the analysis is to compare the 
predictive models with subsequent monitoring data to 
assess the degree of conformance (i.e., the match 
between the prediction and the observation) and how 
this has changed through time (Fig.  4 ). In order to do 
this a set of quantifi able performance measures was 
defi ned such that predictions could be objectively 
compared with observations.  

  Performance measures 
 Th e time-lapse seismics defi ne a robust plume geom-
etry that evolves systematically with time and from 
this, six readily measurable key performance mea-
sures were defi ned: 

  Plume footprint area  is the basic measure of plume 
spreading and migration showing the reservoir area 
being impacted by free CO 2 . 

  Maximum lateral migration distance of CO 2  from the 
injection point  gives a fi rst order estimate of plume 
mobility and the propensity of the plume to move 
rapidly away from the injection well towards, for 
example, potential spill-points. 

  Area of CO 2  accumulation trapped at top reservoir  
provides a fi rst order indication of the ease with 
which CO 2  migrates upwards through the reservoir, 
and the storage potential of the reservoir itself. In the 
longer-term most of the injected CO 2  at Sleipner will 
accumulate at the reservoir top, so analysis of the 
topmost accumulation proves a pointer to the longer-
term behavior of the plume. 

  Volume of CO 2  accumulation trapped at top reservoir  
gives a more robust indication of CO 2  migration up 
through the reservoir. It is however quite diffi  cult to 
quantify. Here we use up to three diff erent estimates 
of top layer volume derived from the time-lapse 
seismics. 11  

  Area of all CO 2  layers summed  provides an indica-
tion of how much CO 2  is being trapped at various 
levels within the reservoir and a measure of the lateral 
dispersion of CO 2  within the reservoir. 

  Spreading co-effi  cient  is defi ned as the plume foot-
print area divided by the area of all the layers 
summed. It gives a measure of the storage effi  ciency of 
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the reservoir during the injection phase. A value of 
unity corresponds to all of the CO 2  in a single layer 
and low storage effi  ciency; lower values indicate 
partition of CO 2  into multiple layers with greater 
storage effi  ciency.  

  Modeling strategy 
 Th e modeling strategy was to build a series of 
TOUGH2 reservoir fl ow models  13,14  that refl ect the 
state of knowledge at each of the selected time-steps 
(1996, 2001, and 2006) and encompass the estimated 
range of parameter uncertainty at that time. Th e 
model predictions were then compared with the 
monitored values of the performance indicators to 
assess the degree of conformance and how this 
changed with time, as more monitoring data were 
acquired. 

 Th e models were kept relatively simple so that the 
eff ects of changing specifi c model parameters could 
be clearly isolated and also to allow multiple model 

scenarios to be run in reasonable computer run-
times. Th e basic model geometry was 2D axisym-
metric (radial), which is compatible with the fl at-
lying nature of the Utsira Sand reservoir and with 
the limited understanding of the fi ne-scale internal 
structure of the reservoir in the vicinity of the CO 2  
plume (Fig.  5 ). Th e model is 215 m high from the 
injection point to the topseal and contains seven 
thin mudstones (typically ∼1 m thick) with interven-
ing sandstones (typically 16 to 50 m thick). Model 
layer cell dimensions are 1 to 2 m vertically and 
horizontally start at 5m at the axis expanding to 30 
m between radial distances of 100 m and 1 km with 
further expansion thereaft er reaching 340 m at a 
radius of 5 km. Th e emphasis is on reproducing 
realistic CO 2  lateral migration in the axial part of 
the model. Including the topseal, the mudstones 
allow up to eight spreading layers of CO 2  (notionally 
equivalent to the nine individual CO 2  layers identi-
fi ed on the seismic data, of which one or two are of 

  Figure 4.    Time-lapse 3D seismic monitoring schedule, in relation to the reconstructed predictive sequences (a); 
Schematic representation of the retrospective predictive modeling concept showing predictions based on 1996, 2001, 
and 2006 datasets compared with an observed performance measure (in this case plume area), with degree of 
conformance improving with time (b). 
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limited lateral extent). Initial sandstone permeabili-
ties, based on core measurements, are in the range 
1–3 Darcy. Th e mudstones are ‘semi-permeable’ to 
refl ect either homogeneous low permeability or 
equivalent impermeable mudstones with many small 
holes. Permeabilities of the mudstones are empirical, 
derived from the observed speed of plume develop-
ment, and vary in the range 70‒300 mD. Relative 
permeability and capillary pressure functions follow 
experimental results from Utsira Sand core (Erik 
Lindeberg pers. comm.), with residual saturations for 
water and CO 2  of 0.05 and zero, respectively. Ambi-
ent water fl ow in the reservoir is assumed to be 
absent, consistent with near-hydrostatic pressures 
measured in boreholes scattered regionally across 
the Utsira Sand.  

 Th e topmost CO 2  layer in the plume is the primary 
determinant of storage performance in the medium 
and longer term, as a progressively larger proportion 
of CO 2  will become trapped beneath the topseal with 
time. To address this, a suite of ancillary 3D models 
was also built incorporating the topography of the 
reservoir topseal in order to enable accurate predic-
tion of sub-topseal lateral migration. Th e 3D models 
were coupled to the axisymmetric models in being 
supplied by the modeled CO 2  fl ux arriving at the base 
of the uppermost sand layer situated beneath the 
reservoir topseal. 

 For the whole study, looking at 1996, 2001, and 2006 
prediction scenarios, in excess of 45 axisymmetric 
models were run, with more than 21 3D models of the 
topmost layer. 

 In this paper an illustrative outline of the full 
conformance study is presented, showing a few key 
examples of all the model scenarios.   

  1996 model: predictions based on 1996 
baseline datasets 
 Prior to injection in 1996 only the baseline datasets 
were available:

•     2D seismic surveys across the full extent of the 
Utsira Sand and beyond (∼16000 line km). 

•    Local 3D survey in the vicinity of Sleipner (∼770 
km 2 ). 

•    Large numbers (∼130) of wells with cuttings and 
geophysical logs across the extent of the Utsira 
Sand and beyond. 

•    Estimates of various physical properties for the 
reservoir.   

 Temperature information for the Utsira Sand was 
rather ambiguous. A single downhole measurement 
suggested an injection point temperature of 36°C. On 
the other hand interpolation from temperatures in the 
deeper gas fi eld suggested a warmer reservoir, about 
41°C at the injection point. 

 For the 1996 scenarios, the principal uncertainty 
was the nature of the intra-reservoir mudstones, and 
how effi  ciently they acted as fl ow barriers. Permeable 
(or laterally very impersistent) mudstones would lead 
to accumulation of a single layer of CO 2  at the top of 
the reservoir. Conversely, wholly impermeable mud-
stones would also result in a single layer of CO 2 , but 
beneath the fi rst mudstone above the injection point. 
Semi-permeable mudstones which retard but do not 
prevent the passage of CO 2 , would promote develop-
ment of a multi-layer plume. Th ese alternative mud-
stone scenarios were modeled (Fig.  6 ).  

 In some of the modeling runs, sand permeabilities 
were also varied, between 1 darcy and 3 darcy, as were 

  Figure 5.    Basic geometry of the TOUGH2 axisymmetric model showing a typical fl ow simulation for the 
progressive growth of the CO 2  plume to 2006. Conceptual 3D topmost layer models indicated in red. N.B. 
In subsequent fi gures only half of the axisymmetric model is shown. 



R A Chadwick and D J Noy Modeling and Analysis: Underground CO2 storage

312 © 2015 British Geological Survey. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons, Ltd.  |  Greenhouse Gas Sci Technol. 5:305–322 (2015); DOI: 10.1002/ghg

reservoir temperatures, with ‘cool’ reservoir scenarios 
(29 °C at the reservoir top, 36 °C at the injection 
point) and ‘warm’ reservoir scenarios (33 °C at the 
reservoir top, 41 °C at the injection point). Th e warm 
reservoir / high sand permeability scenarios lead to 
greater CO 2  mobility (lower viscosity and density) and 
generally to greater lateral spread than the cool /low 
permeability scenarios (Fig.  6 ). 

 Th is uncertainty in reservoir properties leads to 
major variation in the predicted performance mea-
sures. For example the predicted plume footprint area 
by 2008 varies between ∼2 km 2  for a multi-layer 
plume and >7 km 2  for single layer plumes (Fig.  7 ). Th e 
actual values subsequently measured from the seismic 
time-lapse monitoring lie between the predicted 
end-members, but are rather similar to the predictions 
using ‘semi-permeable’ mudstones. Other investigated 
reservoir properties such as sand permeability and 
temperature also have a signifi cant eff ect on predicted 
outcomes, though not as fundamentally as do the 
mudstone properties (Fig.  8 ).   

 Another key performance measure is the develop-
ment of the topmost layer in the CO 2  plume (Fig.  9 ). 
Predicted volumes of CO 2  trapped at the reservoir top 
by 2008 vary from zero (with impermeable intra-

reservoir mudstones) to > 12 Mm 3  (wholly permeable 
mudstones). Th e subsequently observed values lie 
within these limits with the semi-permeable mud-
stone models showing quite a good match to the 
observed values. Th e latter is in a sense fortuitous, as 
no monitoring data were available in 1996 to calibrate 
the mudstone permeabilities.  

 Development of the topmost CO 2  layer is driven by 
two factors: the amount of CO 2  provided to the 
reservoir top by the axisymmetric models (Fig.  9 ) and 
conditions controlling migration of CO 2  beneath the 
topseal (principally the temperature and permeability 
of the top reservoir sand). 3D models of the topmost 
layer therefore show a wide range of development 
(Fig.  10 ). One end-member (impermeable intra-reser-
voir mudstones) allows no CO 2  at all to reach the 
reservoir top, whereas the other end-member (perme-
able intra-reservoir mudstones) allows almost all of 
the injected CO 2  to reach the reservoir top. Th is level 
of uncertainty leads to a very wide range of possible 
outcomes. Th e observed topmost layer from 2008 
(Fig.  10 (c)) does fall between the predicted end-
members though, so the predictive modeling, even 
with large uncertainty, is clearly useful in 
constraining possible outcomes.  

  Figure 6.    Predicted plume development for 2008 for the multi-layer plume, based on information available in 1996. 
Permeable and impermeable mudstones lead to single layer plumes (a) and models with semi-permeable mudstones 
and cool and warm reservoir options leading to multi-layer plumes (b). Note how single layer scenarios give rise to 
much more lateral spreading than the multi-layer scenario. (Red denotes high CO 2  saturation, blue denotes low CO 2  
saturation) 
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  Figure 8.    1996 scenarios showing the effect of sand permeability and reservoir temperature. Predicted plume 
development in 2008 (a) and predicted plume area end-members compared with subsequent monitoring measure-
ments (b). 

   Figure 7.    1996 scenarios showing the effect of intra-reservoir mudstones 
properties on predicted plume footprint area. Actual values subsequently 
observed on seismic monitoring data also shown. 
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 Results from all of the modeled scenarios and how 
they compare with the monitoring observations are 
summarized below in terms of the end-members 
which give the ‘maximum’ and ‘minimum’ limits of 
each performance measure (Fig.  11 ):  

 Th e observed   plume footprint area   is towards the 
lower limits of the predicted range. Th is is because the 
plume is in fact a multi-layer feature (Fig. 3), so the 
single layer scenarios tend to markedly overstate 
plume footprint. 

 Observed   lateral migration distance from the 
injection point   lies towards the upper limit of the 

predicted range but is encompassed by the high 
mobility scenario of the 3D model. Th e main reason 
that the predicted migration distances are generally 
lower than observed is the marked anisotropic nature 
of the plume spread with its pronounced NNE-SSW 
elongation (Fig.  3 ). Th is was not known until the fi rst 
monitoring data became available in 1999. 

 Th e observed   area of the CO 2  accumulation 
trapped at top reservoir   is signifi cantly lower than the 
upper limits of both the axisymmetric and the 3D 
modeled scenarios. Th at is because the latter both 
assume a single layer which contains almost the full 
amount of injected CO 2 , the former spreading unfet-
tered beneath a fl at topseal, the latter spreading 
beneath the observed topseal relief. Th e lower 3D limit 
corresponds to semi-permeable mudstones, with 
multiple CO 2  layers and a cool reservoir with low 
permeability sand which does not allow suffi  cient CO 2  
to reach the reservoir top. Th e axisymmetric lower 
limit is the impermeable mudstone scenario which 
does not allow any CO 2  to reach the reservoir top. 

 Th e observed   volume of the CO 2  accumulation 
trapped at top reservoir   is much lower than the upper 
axisymmetric limit which assumes a single layer with 
almost all of the injected CO 2  accumulating at the 
reservoir top. In addition, the warm reservoir scenario 
maximizes total CO 2  volume. Th e multiple layer 
scenarios provide a much better match for this 
performance measure. 

 Th e observed   area of all layers summed   falls well 
within the upper and lower limits of the predicted 
scenarios. 

  Figure 10.    Predictive 3D fl ow models of topmost layer development by 2008 based on information available in 1996, 
assuming wholly impermeable intra-reservoir mudstones (a) and wholly permeable mudstones (b), compared with 
actual monitoring data acquired in 2008 (c). 

  Figure 9.    Effect of intra-reservoir mudstones properties 
on predicted volume of the topmost CO 2  layer, compared 
with two quantitative estimates (Models 1 and 2) derived 
from the time-lapse seismic measurements. 11  
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 Th e observed   spreading co-effi  cient   falls within the 
upper and lower limits of the predicted scenarios, 
closer to the lower values associated from the multiple 
layer scenarios. 

 Th e main knowledge gap in 1996 was with regard to 
the properties of the intra-reservoir mudstones, so it 
was not known whether the plume would form as a 
single CO 2  layer, at the top or at some other level 
within the reservoir, or as a multi-layer feature span-
ning much of the reservoir thickness. Consequently 
there was a very wide variation in predicted perfor-
mance measures, particularly with respect to the 
development of the topmost CO 2  layer. It is notable 
though that the observed data do fall within the 
predicted limits for all of the performance measures. 
Th is is a positive result and provided a robust basis for 
building more informed model scenarios based on the 
monitoring datasets acquired from 1999 onwards.  

  2001 model: predictions based on 
baseline data plus 1999 and 2001 
monitoring datasets 
 Th e time-lapse seismic monitoring surveys became 
available between 1999 and 2001 and immediately 

revealed the nature of the CO 2  plume in the reservoir 
(Fig.  3 ). Th e 1999 data showed the plume to comprise 
a number of separate refl ective horizons interpreted as 
thin layers of CO 2  trapped beneath the intra-reservoir 
mudstones. Crucially, the 2001 data were able to 
confi rm the same distinct refl ections, substantiating 
the hypothesis of a stable plume structure with 
discrete and mappable spreading layers. 

 An additional key observation is that CO 2  reached 
the top of the reservoir just prior to the 1999 survey. 
Back-projecting the observed growth of the topmost 
layer by 2001 gives an arrival time at top reservoir 
some ten weeks before the 1999 survey. Th is is an 
important and very robust observation because it 
precisely defi nes the gross vertical fl ow properties of 
the reservoir from the injection point to the topseal. 

 No additional information on reservoir tempera-
tures was available in 2001. 

 Th e key impact from the time-lapse seismics is that 
model scenarios with permeable and impermeable 
intra-reservoir mudstones were discarded. All 2001 
models have semi-permeable mudstones with multi-
layer plumes (Fig.  12 ), and mudstone eff ective fl ow 
properties calibrated by the observed arrival time of 
the CO 2  at top reservoir.  

  Figure 11.    Summary synthesis plots for the performance measures from 1996 showing the minimum and maximum 
end-members of the model predictions and the observed data (red spots). Topmost layer volumes are estimated from 
the seismic data using two different methods. 11  
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corrective ‘eccentricity factor’ to be applied, based on 
the observed elliptical plume geometry in plan view 
(Fig.  3 ), rather than the axisymmetric (circular) 
geometry of the models. Th e 3D models do not 
reproduce the maximum migration distance very 
well, indicating that parameter uncertainties still 
exist. 

 Th e observed  area of the CO 2  accumulation trapped 
at top reservoir  lies within the predicted limits for 
both axisymmetric and 3D modeling scenarios. Th e 
former still tend to give higher values than observed 
due to unfettered spreading beneath a fl at topseal. Th e 
latter quite closely bracket the observed values sug-
gesting some real reduction in parameter uncertainty 
compared with 1996. 

 Th e observed  volume of the CO 2  accumulation 
trapped at top reservoir  is a key parameter. It is 
bracketed by the predicted limits which are much 
tighter than in 1996. It is notable that the low mobility 
end-member fi ts the observations best, whereas the 

 Development of the topmost CO 2  layer was also 
much better constrained by 2001, largely because the 
extreme limits on the amount of CO 2  reaching the 
reservoir top were removed (Fig.  13 ). 3D model 
end-members are controlled essentially by the range 
in sand permeability and reservoir temperature, both 
of which control plume mobility, and also by a range 
in the amount of CO 2  reaching the reservoir top. It is 
notable however that the high mobility end-member 
does not properly match the lateral spread of the 
observed data.  

 Overall, uncertainties in the performance measures 
were much reduced from the 1996 predictions 
(Fig.  14 ), summarized below:  

 Th e observed  plume footprint area  is within the 
predicted range, which is much tighter than for the 
1996 scenarios. 

 Observed  lateral migration distance from the injec-
tion point  lies within the predicted range for the 
axisymmetric models. To achieve this did require a 

  Figure 12.   Predicted plume development for 2008 for the multi-layer plume, based on 
information available in 2001. (a) ‘Low-mobility’ scenario with a cool-reservoir and low 
permeability (1 darcy sands). (b) ‘High-mobility’ scenario with a warm-reservoir and higher 
permeability (3 darcy sands). 

  Figure 13.    (a) and (b) Predictive 3D fl ow models of topmost layer development by 2008 based on information avail-
able in 2001, compared (c) with actual monitoring data acquired in 2008 (c). 
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layers established by the 1999 and 2001 surveys 
continued to develop in a systematic way (Fig.  3 ). A 
key additional piece of information was reservoir 
temperature data provided by the water production 
operation at the nearby Volve fi eld  15  which confi rmed 
a ‘cool reservoir’ scenario with a top reservoir tem-
perature of 29 °C and an injection point temperature 
of 36 °C. [N.B. Volve operations did not actually 
commence until 2007, but for the purposes of this 
analysis we assumed that the information was avail-
able in time for the 2006 predictive scenarios]. 2006 
predictive modeling therefore included only the cool 
reservoir scenarios (Fig.  15 ).  

 Mudstone permeabilities were further tuned to 
match the CO 2  arrival time at top reservoir and also 
the observed growth of the topmost layer. Th e latter 
spans the period from 1999 to 2006 and enables 
quantifi cation of the time-variant CO 2  fl ux through 
the plume, enabling refi nement of the permeability 
characteristics in the reservoir. An additional confor-
mance criterion was also tested, the relative areas of 
the individual layers, which were matched to the 
monitoring data by adjusting the permeabilities of 
each inter-mudstone sand unit (Fig.  15 ). It is clear that 

previous performance measures tend to be fi tted 
better by the high mobility end-member. Th is suggests 
that we are not seeing a simple convergence of under-
standing on all modeling parameters. 

 Th e observed  area of all layers summed  falls slightly 
below the predicted range. Th is is almost certainly 
because the axisymmetric model allows unfettered 
lateral spreading beneath fl at intra-reservoir seals 
whereas in the real reservoir buoyant ponding be-
neath mudstone relief will inhibit lateral spread. 

 Th e observed  spreading co-effi  cient  lies above the 
upper predicted limit, but the stability of the overall 
plume architecture is well reproduced by the models. 
Th ere is some weak indication that the cooler (low 
mobility) models maintain the stable value rather 
better than the warmer (high mobility) scenarios.  

  2006 model: predictions based on 
baseline data plus 1999, 2001, and 2006 
monitoring datasets and temperature 
information 
 In the period 2001 to 2006 additional time-lapse 
seismic monitoring surveys showed that the CO 2  

  Figure 14.    Summary synthesis plots for the performance measures from 2001 showing the minimum and maximum 
end-members of the model predictions and the observed data (red spots). Topmost layer volumes are estimated from 
the seismic data using two different methods. 11  
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improve matching of the lateral spread. Regarding 
CO 2  mobility, all the presented simulations assumed 
injection at reservoir temperature, but recent work 15  
suggests that CO 2  in the plume might be warmer than 
the surrounding reservoir due to adiabatic compres-
sion and heating in the wellbore. Th ese permeability 
and mobility issues would be a target for further more 
detailed modeling.  

 Overall, uncertainty in the performance measures is 
further reduced compared with 2001 (Fig.  17 ), sum-
marized below:  

 Th e observed  plume footprint area  is within the 
predicted range, which is much tighter than the 1996 
and signifi cantly tighter than the 2001 scenarios. It is 
notable that the axisymmetric model geometry is still 
able to accurately predict plume footprint even with 
large amounts of CO 2  in the plume and the observed 
eccentric lateral spread of some of the layers. Plume 
footprint is a function of the number of layers and 
reservoir architecture, and its accurate prediction 

this additional conformance criterion could provide 
important additional insights into the reservoir 
permeability structure and the growth of individual 
layers, but details of this are outside the scope of this 
paper. 

 Prediction of the topmost CO 2  layer development 
continued to improve, mainly because of improved 
calibration of topmost layer growth, and elimination 
of the warm reservoir scenarios (Fig.  16 ). Layer 
growth is controlled by the uppermost sand perme-
ability and also by the range in the amount of CO 2  
reaching the reservoir top, governed by the permeabil-
ity structure in the deeper reservoir. It is notable that 
the high mobility end-member still does not fully 
match the lateral spread of the observed data. Th is 
refl ects residual uncertainties in terms of reservoir 
permeability, and the CO 2  mobility. Unlike the earlier 
simulations which assumed laterally uniform and 
isotropic permeabilities, some of the 2006 3D models 
followed  11  in introducing permeability anisotropy to 

  Figure 15.    Predicted plume for 2008 based on information available in 2006 (a) ‘Lower mobility’ scenario 
(1 and 3 darcy sands); (b) ‘Higher-mobility’ scenario (1 and 6 darcy sands). 

  Figure 16.    (a) and (b) Predictive fl ow models of topmost layer development by 2008 based on information available in 
2006, compared with (c) actual monitoring data acquired in 2008. 
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ponded beneath topography and so has a larger 
spread. 

 Th e observed  volume of the CO 2  accumulation 
trapped at top reservoir  is a key parameter. With 
availability of the 2006 dataset, a third methodology 
was used to calculate the layer volume from the 
seismic data, to give three modeled values in total. For 
the revised calculated values it is just bracketed by the 
predicted limits which are much tighter than those 
from 1996 and signifi cantly tighter than those from 
2001. Th ere is a tension between the need for very 
high permeabilities in the topmost sand (to address 
the observed rapid layer spread) and the observed 
volume of the topmost layer which is less than pre-
dicted by the axisymmetric models with a high 
permeability topmost layer. Th e prediction for 2008 is 
nevertheless satisfactory with observed values track-
ing the lower limit of the predicted range. 

 Th e observed  area of all layers summed  falls below 
the predicted range. Th is is partly because the range 
of the predicted values is smaller than with the earlier 
scenarios due to the restricted number of models run 
in 2006. Nevertheless, it seems that this particular 
performance measure cannot be reliably predicted 

indicates that the fl at-lying geometry of the axisym-
metric model is generally appropriate. 

 Observed  lateral migration distance from the injec-
tion point  lies within the predicted range for the 
axisymmetric models but this is not surprising given 
that a corrective ‘eccentricity factor’ has been applied. 
Th e 3D models do not reproduce the maximum 
migration distance very well, but predictions are 
much improved on the earlier scenarios. It is clear 
that parameter uncertainties are still associated with 
the extremely rapid northward migration of the CO 2  
along the linear tongue (Fig.  3 ), but overall the 
predictive ability of the 3D models is quite 
satisfactory. 

 Th e observed  area of the CO 2  accumulation trapped 
at top reservoir  lies within the predicted limits for the 
3D modeling scenarios, but not for the axisymmetric 
ones. Th e former are tight and show good forward 
prediction to 2008, superior to the predictive capabil-
ity of the 2001 3D scenarios. With the axisymmetric 
scenarios, the combination of the high permeabilities 
required at top reservoir and the fl at topseal geometry 
of the model means that the modeled layer inevitably 
spreads too thinly compared with the actual layer 

  Figure 17.    Summary synthesis plots for the performance measures for 2006 showing the minimum and maximum 
limits of the model predictions and the observed data (red spots). Topmost layer volumes are estimated from the 
seismic data using three different methods. 
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layer plume scenarios. Th e 2006 predictions further 
improved as the ‘warm’ reservoir scenarios were 
eliminated and more details on CO 2  layer growth 
became available.  

 It is clear that even by 2006, a perfect prediction of 
the 2008 topmost layer was not easily obtainable. Th is 
is due to continued (though much reduced) geological 
uncertainty and also to likely limitations in the rather 
simple predictive model itself. So, as more detailed 
information becomes available, new areas of uncer-
tainty arise as ‘unknown unknowns’ become ‘known 
unknowns’. Nevertheless, it is also clear that the basic 
process of layer development (buoyancy-driven 
migration by fi ll-spill beneath the topseal topography) 
is satisfactorily understood and it seems clear that the 
new uncertainties are matters of detail that will not 
lead to signifi cant unexpected future behavior.  

  Conclusions 
 Demonstrating conformance between predictive 
models of reservoir performance is technically 
challenging because a unique and perfect match is 
near impossible to achieve. 

 Th is study does not set out to show that the Sleipner 
storage site  per se  is in conformance, but rather to 

with the applied modeling strategy. Th is is almost 
certainly because the axisymmetric model allows 
unfettered lateral spreading beneath fl at intra-reser-
voir seals whereas in the real reservoir, buoyant 
ponding beneath mudstone relief will inhibit lateral 
spread. 

 Th e observed  spreading co-effi  cient  lies above the 
upper predicted limit, but the temporal stability of the 
overall plume architecture is well reproduced by the 
models. Predicted values are between about 60% and 
80% of the observed values, a notably better fi t than 
the 2001 predictions which were typically 50– 60% for 
the cool reservoir (Fig.  14 ).   

  Discussion 
 Th e extensive conformance modeling exercise has 
demonstrated that time-lapse seismic and other 
monitoring data have served to radically improve 
understanding of plume evolution with time and our 
ability to make reliable predictions of future behavior 
(Fig.  18 ). Predictive models in 1996 included a wide 
range of plume geometries and layer confi gurations, 
with great uncertainty on predicted outcomes. Th e 
2001 predictions had a much lower uncertainty range, 
based principally around the elimination of single 

  Figure 18.    Predicted plumes for 2008, showing low-mobility and high mobility end-members based on 1996, 2001, 
and 2006 information. 
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illustrate a generic approach by which conformance 
might be demonstrated. It has shown that a set of 
relatively simple performance measures can be used to 
demonstrate storage conformance, the key element 
being to show that as more monitoring data is ac-
quired through time, uncertainties progressively 
reduce and predictive capabilities improve. Th is is 
consistent with the underlying processes controlling 
plume development being understood. 

 As uncertainties reduce, predictive capability improves, 
but strong focus should still be maintained on the less 
likely ‘end-member’ model scenarios to avoid the 
possibility of unexpected or divergent future outcomes. 

 At site closure, predictive models should be suffi  -
ciently robust, and uncertainties suffi  ciently under-
stood, to eff ectively rule out the possibility of signifi -
cant adverse future outcomes. 

 Given the diffi  culty in obtaining unique or perfect 
matches between modeled and observed data it is 
recommended that regulators set conformance criteria 
at realistic achievable levels, focussing principally on 
progressive reduction of uncertainty with time and 
demonstration that the fundamental storage processes 
are suffi  ciently well understood.  
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