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Executive Summary

This report was originally submitted to State Supervision of the Mines in May,
2007 and has been refined using their feedback. The results of this review
and feedback are contained in Addendum 1: Results of modelling review by
SodM, June — September, 2007.

The Harlingen Upper Cretaceous reservoir is a chalk reservoir at a depth of
approximately 1000m and has been producing gas since 1988. A total of 1.8
Bcm of gas has been produced (up to September, 2006) with an associated
surface subsidence between 9 to 10 cm. The economic limit of the pool is
forecasted to be 2016, at which point the ultimate subsidence due to gas
extraction is estimated to be 12-13cm.

Geologic and reservoir parameters have been combined in a reservoir model
to provide a conceptual model of the pressure depletion of the Harlingen
Upper Cretaceous reservoir associated with gas production. This data, along
with rock property information from controlled laboratory experiments has
been incorporated into a computer simulation to predict gas caused surface
subsidence. The model predictions were then compared to actual measured
subsidence from survey markers in the area for the years 1997, 2000, 2003,
and 2006. The theoretical subsidence model was then iterated until the
modelled results had the best statistical fit to the measured data. A review of
both surface and deep founded levelling points revealed a wide variety of
quality in the foundations of these points and some points were of such
suspect quality they had to be excluded.

The subsidence model for the Harlingen Upper Cretaceous reservoir is
complete and will be updated periodically when new information is available
(pressure surveys, cumulative production) to ensure no major changes are
required. The surface subsidence levelling points, and the frequency of



measurement, will be reviewed in detail to generate a measurement plan

which provides accurate information in a timely manner.

The results presented in this report are subject to the cumulative statistical

uncertainty of the input variables and, as such, are believed accurate to +/-
20%.
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Geology and Reservoir Characteristics

The Harlingen calcium formed a deposit during the Upper Cretaceous
(Ommelanden). The structure was formed during the Tertiary (“Alpine”
compression). The calcium is regionally 200 to 400 metres thick. A
geological study shows good homogeneous calcium deposition on the upper
side of the thick layers of several meters deep. The deeper situated calcium
is more compact with diminished petrophysical qualities. The upper side of
the structure is located around 1030 m deep, with a total gas column of

NP
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approximately 25 metres.
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The porosity of the upper side of the layers passes 30%, but the permeability
stays around 2 md. The saturations are determined by capillary gravitation



forces and increase along the gas column. The depth of the gas water
contact (GWC) seems to be variable, since the capillary pressures differ per
place. The depth of the GWC is located at approximately -1053 m/NAP in the
northemn part of the field. In the southern part of the field, examined by the
Harlingen-6 drilling, the upside of the reservoir is located at approximately -
1050 m/NAP. The GWC is estimated on -1065 m/NAP. This appears to give
an indication of the presence of a barrier between the Northern and Southern
parts of the field, even if the seismic profiles do not show a large fault. In the
eastern part of the field, examined by the Harlingen-5 drilling, the upside of
the reservoir is located at approximately -1030 m/NAP. The GWC is
estimated at approximately -1061 m/NAP. This also appears to give an
indication of the presence of a barrier between the Northern and Eastern parts

of the field, even if the seismic profiles do not show a large fault.



Pool History

The Harlingen Upper Cretaceous reservoir is located in southwest Friesland
between the towns of Harlingen and Franeker. The pool was initially
discovered in 1964 by well Harlingen-1 which encountered 7m of gas and
water but was not deemed economic to develop. In 1988, with the
development of the Zuidwal reservoir the gas processing infrastructure was
close enough that the development of the Harlingen Upper Cretaceous
reservoir was economically possible. The initial development was from wells
Harlingen-2, Harlingen-4, Harlingen-5, and Franeker-1 (see Appendix 1:
Wellbore Schematics for detailed completion information). The well
Harlingen-6 was drilled in 1985 but was not put on production until 1997
(primarily due to the distance from existing infrastructure). A number of wells,
including Harlingen-3 and Ried-2, intersected the reservoir, but in the down-
dip, non-productive aquifer region. Two horizontal wells, Harlingen-7 and
Harlingen-8, were added in 1992 and 1994, respectively. The final well to be
brought on production was Harlingen-9 in 2001.
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The field has produced a small amount of water from the start of production
and the water gas ratio has remained fairly constant. The productive interval
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has an increasing gas water contact from the top of structure down to the gas
water contact (S,, = 100%) with decreasing reservoir properties (Permeability

and porosity) from top to bottom.

The reservoir is composed of three pools, the South pool is produced by well
Harlingen-6, the East pool by well Harlingen-5, and the North Pool is
produced by the remaining wells in the reservoir. Each of the three pools
display a straight line relationship on the P/z plots indicating no aquifer

support and a pressure depletion drive mechanism.
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The reservoir is poor quality (average porosity of 25% and average
permeability of 2md) and the well productivity is low with current well rates
between 15 - 50 e3m3/d.
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Economic Limit
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Future Development

Infill drilling is planned for the Harlingen Upper Cretaceous reservoir in 2007.
The primary purpose of the three wellbores in the reservoir is to assist
drainage of areas of the reservoir that will not be drained by existing wells

before the economic limit is reached due to the tight reservoir properties.

Irbepth Structure
i Top Ommelanden Chalk

Additional wellbores will allow more uniform pressure depletion and will
increase the economically recoverable gas from the reservoir and are

targeting the higher pressure parts of the reservoir.
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Gas Caused Subsidence Theory and Process

The production of natural gas from a chalk reservoir can cause subsidence at
surface. The nature and extent of this subsidence is dependent on a number
of factors. Natural gas in a reservoir is contained in the pore space between
the rock. As the natural gas is produced from the reservoir, volume is
removed, and the remaining gas is at a lower pressure than originally. The
reservoir pressure acts on the reservoir rock (from the inside, per se), as does
the weight of the overburden. As sediment is deposited on the reservoir rock
the pressure acting down on the reservoir increases. When gas is extracted,
the internal pressure on the rock is lowered, and then the pressure from the
overburden is supported more by the rock than in its pre-development
condition. The overburden then compresses the reservoir rock and creates
reservoir compaction. This compaction is then transmitted through the layers
of the overburden until the surface subsides.

The amount of reservoir compaction is dependant on the amount of pressure
drop in the reservoir (DP), the thickness of the rock being depressurized (h),
and the strength of the reservoir rock (Cm). The amount (in total depth and
aerial extent) of surface subsidence is dependant on the elasticity of the
overburden layers and the depth of the compacting reservoir. Surface
subsidence is sometimes referred to as the subsidence bowl since the
compaction of a single point source will spread to a larger area at surface in a

shape similar to a bowl.

Historical Estimation

The estimation of maximum surface subsidence due to gas extraction from
the Harlingen Upper Cretaceous reservoir in the existing winningsplan
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submitted in 2003 was 10cm (+/- 20%). This estimate was based on pressure
depletion from material balance analysis, reservoir thickness from volumetric
analysis, and rock compressibility based on laboratory results of core from the
well Reid-2 (Cm = ~3 E*/bar).

In 2006, surface subsidence measurements were recorded that were above
this maximum value, prompting a review of the subsidence calculations. The
initial estimate of gas caused subsidence utilized the inversion model which
calculated rock compressibility from surface subsidence. The result was a
rock compressibility of greater than 10 ES/bar (equivalent to one of the
highest values for chalk reservoirs) and associated maximum surface
subsidence of 13 — 17cm. This suggested the chalk was in collapse mode
which was highly unlikely for the porosities seen in the reservoir. These
conclusions prompted further testing of reservoir rock, and, samples from the
well Harlingen-7 (in the area of maximum surface subsidence with samples
from the productive gas zone) were sent to the Norwegian Geotechnical
Institute in Oslo for uniaxial strain compaction testing in a triaxial test cell. A
review of the surface subsidence levelling points was also conducted.

-13-



Reservoir Model

The Harlingen Upper Cretacous reservoir is modelled as a pure depletion
drive with no support from the aquifer. This interpretation is based on the
poor reservoir quality below the gas-water contact (cementation of
permeability), the low water production rates, and the pressure drop during
cumulative production (P/z plot). The material balance equations indicate a
linear relationship between the amount of gas produced and the drop in

reservoir pressure.

The reservoir simulation uses the correlation between pressure drop and
cumulative production in each pool — North, South, and East, to give an
average pool pressure for the cumulative production in each pool. The
cumulative production is measured from well testing and gas sales volumes
monthly, and the reservoir pressure is taken from pressure recorders run in
wells at different times. The pressure recorders do show that the actual pool
pressure is higher than the pressures measured at the wellbores as
evidenced by well pressure still building after a shut-in period. This also
indicates a ‘tight’ reservoir. This is handled in the simulation by taking the
average pool pressure from the material balance relationship, the pressure
measured at the wellbore as a minimum, and calculating a pressure gradient
in the reservoir based on these two points (i.e. as you get further away from
the wellbore, the reservoir pressure increases).

The material balance values are history matched to historical pressures and
production volumes and then reservoir pressures are forecasted forward
based on future production volumes. This is then converted to the time scale
by using decline analysis to determine when a well will reach a cumulative

volume.
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The reservoir model has a grid size of 300m by 300m, and the reservoir
thickness is assumed to be constant in each pool from reservoir top down to
the gas-water contact (S,=100%). This gives a thickness of 18 meters, 27
meters, and 34 meters for the South, East, and North pools respectively. The
following is an example of pressure distributions in the reservoir (North is to

the right of the page in this illustration).
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Rock Mechanics

Uniaxial strain compaction experiments were conducted on core samples
recovered from the Harlingen-7 well in the North pool of the Harlingen Upper
Cretaceous reservoir (see Appendix 2; Uniaxial Compaction Coefficient of
Chalk, Compressibility of Harlingen chalk, Norwegian Geotechnical Institute).
The purpose of the experiments were to determine the compaction coefficient,

Cm, of the Harlingen Upper Cretaceous chalk.

The testing was conducted on both dry and brine saturated samples obtained
from the Harlingen-7 well. The dry sample produced a compaction coefficient
of 1.70E*/Bar and the brine saturated samples produced an average
compaction coefficient of 2.58E/Bar and then, with applied stresses
increased to simulate abandonment pressure, transitioned to an average of
3.92E%/Bar. The maximum value of C,, obtained on these brine saturated
samples was 4.86E/Bar in a pressure depleted reservoir condition.

The results of this testing established a range of compaction coefficient that
should be applicable to the Harlingen Upper Cretaceous reservoir. Given the
relatively high water saturations in the productive interval of the reservoir (i.e.
transition zone), the test results from the brine saturated samples are

considered more indicative of the average C, values for the reservoir.
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Overburden Model

The layers of sediment overlying the Harlingen Upper Cretaceous reservoir
(the overburden) were modelled using TNO's AEsubs subsidence modelling
software. The Stratigraphic layers are divided into four distinct layers with
varying properties (Young's Modulus and Poissons ratio) and are the

Quartenery, Miocene / Oligocene, Bruxxelian, and the Eocene / Paleocene.

Unit  Stratigraphic Thickness Depth top layer E

No. Unit (m) (m) (Gpa)
1 Quartenery 300 0 0.2 0.4
2 Miocene, 320 300 0.5 0.3
Oligocene
Bruxxelian 80 620 2.5 0.2
4 Eocene, 349 700 1.5 0.25
Paleocene

The elasticity properties for these layers were available from earlier
subsidence studies (EIf, 1994). The surface subsidence predictions were run
with a number of variations in overburden subdivision and stiffness in this

area and had a negligible effect in subsidence calculations.
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Subsidence Model

The modelling of gas caused subsidence from the Harlingen Upper
Cretaceous reservoir was done with AEsubs subsidence modelling software,
developed by TNO (reference to Fokker, 2002; and Fokker and Orlic, 2006).
Using reservoir parameters from the reservoir model and compaction
coefficients from the rock mechanics experiments, the AEsubs program
calculates reservoir compaction at a number of point sources in the
compacting reservoir. A solution is found for each point source and then
integrated over each grid block (in this case a 250 meter x 250 meter surface
grid) to calculate the resulting subsidence pattern at surface.

The initial subsidence model run used parameters calculated from reservoir
modelling and uniaxial strain experiments and was compared to levelling data
from the deep founded levelling points 0A2750, 0A2752, and 0A2756 for the
years 1997, 2000, 2003, and 2006.

--‘*"
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Reservoir pressures and compaction coefficients were then iterated to

generate a solution that best matched the surface subsidence measurements
of these deep founded points.

Once a reasonable match for these points was found for the four years of
surveying data (spread over nine years), the prediction was then compared to
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shallow founded subsidence markers for the same years. Further model
iterations were conducted until the final simulation provided a best fit to the
surface and deep founded survey markers (levelling points are addressed in

the following section).
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Levelling Points

Surface subsidence is measured by surveying ~60 levelling points every three
years. These levelling points, or benchmarks, are a combination of deep
founded and surface founded. Seven of the points are deep founded and the
remainder are surface founded. The surface founded points are bolts
connected to surface structures such as houses, barns, sheds, etc. and are
dependant on the foundations and construction quality of these structures to
provide accurate measurements of subsidence. The deep founded levelling
points are specifically constructed to measure subsidence without the
influence of shallow compaction forces such as ground dewatering, peat

compaction, and faulty building construction.

These deep founded points are composed of a metal rod inside a driven metal
tube (see Appendix 3; Grondmechanica Delft construction report). The tube
is driven through the soft surface layer until it reaches a hard ground layer
which prevents it from being driven further (this is monitored by both the
pressure required to drive the rod and the friction pressure). Five of these
deep founded levelling points were driven and landed in what appears to be
the hard Pleistocene layer and could be expected to give reliable results. One
deep founded point (0A2754) was driven to 37 meters searching for this hard
layer, but not encountering high friction pressure, the survey tube was finally
located at 31 meters. The absence of a deep hard layer combined with the
fact the survey rod was landed above the already pre-driven hole would
suggest this point is not a reliable survey point. This could also imply a
shallow surface geology (such as a potential peat layer) not continually
present in this part of the province of Friesland. The deep founded levelling
point 0A2750 also did not see the friction pressure response in the other five
reliable deep founded points but the survey point was located at the bottom of
the driven hole, making it more reliable than 0A2754 but one would expect it
to be less reliable than the other five points (this may also suggest a shallow
subsurface condition different than seen regionally).
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The following graph shows the variance in the modelled values when
compared to the measurements of the deep founded points 0A2750, 0A2752,
and 0A2756 for 1997, 2000, 2003, and 2006.
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The measured values of points 0A2752 and 0A2756 are less than the model
predicted values for all but one sample. Point 0A2750 has a trend of
increasing variance over time which is not reflected in the other two deep
founded levelling points. This variance between modelled and measured
readings could be due to the construction quality of point 0A2750 (as
previously noted) and the influence of salt modelling on this point. Points
0A2750 and 0A2752 have similar reservoir depletion, thickness and resulting
gas caused subsidence, however salt modeled subsidence for 0A2752 is 15%
of measured, while for 0A2750 it is 50% of measured (2006 data). A
breakdown of salt and gas modelled subsidence for all points is provided later

in the table on page 23.

The surface levelling points, as mentioned earlier, are mounted on existing
structures, and therefore, can be affected by surface compaction and building
techniques. A field inspection of points 3004 and 3005 showed them to be
connected to structures subject to localized subsidence or questionable

foundations.
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Surface levelling point 5G219, located only ~50 meters from deep founded
point 0A2750 showed an difference of 3.4cm in 2006 indicating this point is
affected by localized surface subsidence. Levelling point 5G165 also
demonstrates high variation to it's neighbouring levelling point 5G208 which is

located closer to the gas reservoir.

. @

When compared to the modelled surface subsidence, the 2006 modelled
surface subsidence matched the reliable survey points to within +2.2cm /-
3.3cm with a mean difference of —-0.5cm (on average, the model is predicting
0.5cm more subsidence than the measured values). Using the deep founded
survey points 0A2750, 0A2752, and 0A2756 the modelled values matched the
measured points to within +2.2cm / -1.0cm with a mean difference of 0.2cm.
The following plot shows the distribution of model results compared to
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measured data for 2006 (negative values indicate the model is predicting

more subsidence than measured).
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The above figures were generated from the output of the subsidence model
and the measured surface data subtracting the theoretical salt model
subsidence.
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Total Measured -
Leveling Gas Model Total Sat  Total measured Modelled
Point x y Value Model  Modelled subs 2006 (em) Comments
5G219 162160 578400 -0.0753 00777  0.1530 0.208 55 Excluded based on variation to 0A2750.
0A2754 164020 578300 -0.0871 0.0056 0.0927 0.143 50 Excluded based on construction problesm
3004 162890 578515 -0.0810 0.0361 0.1271 0171 4.4 Excluded based on evidence of localized setting
3005 162820 578290 -0.0807 00352 o0.1258 0.162 36 Excluded due lo building structural collapse
5G165 160120 575510 -0.0015 00006  0.0021 0.027 25 Indicates possible 2.5cm surface compaction
0A2750 162160 578380 -0.0756 0.0761 0.1517 0.174 22 Included but questionable construction
5D064 159950 576630 -0.0005 0.0074 0.0078 0.024 16
3001 163230 578916 -0.0933 00380 0.1313 0.147 16
5G142 163760 579150 -0.0870 0.0217 0.1087 0.124 15
5G125 162980 577420 -0.0868 0.0089 0.0057 0.111 15
3014 164150 578580 -0.0842 0.0062 0.0904 0.104 14
5G204 163820 577570 -0.0884 0.0030 0.0914 0.103 1.2
5G208 160650 575470 0.0000 00006  0.0006 0.01 08
5G205 162030 577510 -0.0750 00276 01026 0.108 05
5G179 161800 578460 -0.0631 0.1072 0.1702 0.173 03
5G207 160010 576450 -0.0010 00052 0.0062 0.008 0.2
5G234 163820 575480 -0.0091 00000 0.0092 0.01 0.1
5G004 162250 576750 -0.0786 00060  0.0846 0.082 -03
5G007 161400 577510 -0.0288 0.0385 0.0684 0.064 -0.4
3011 165540 576150 -0.0148 00000 0.0148 0.01 -0.5
3010 163200 575450 -0.0168 0.0001 0.0169 0.012 05
5G168 162060 579130 -0.0759 0.1521 0.2281 0.222 -06
5G201 163260 579330 -0.0803 0.0503 0.1305 0.124 0.7
0A2752 162390 577240 -0.0778 0.0130 0.0908 0.084 0.7
5G254 164304 579035 -0.0823 00078  0.0901 0.081 -0.9
50078 159770 577110 -0.0033 0.0169 00202 0.011 -09
0A2756 165220 576610 -0.0502 00000 0.0502 0.04 -1.0
0A2748 158820 577420 -0.0001 00293 00285 0.019 -10
3009 167950 576850 -0.0133 00000 00133 0.002 -1.1
5G200 161230 578900 -0.0182 02013 02196 0.208 -1.2
5G127 165250 578450 -0.0524 00005 0.0529 0.041 -1.2
5G197 165250 578600 -0.0466 0.0006  0.0471 0.033 -1.4
5G167 160950 578730 -0.0102 0.1864  0.1966 0.182 -1.5
5G220 161620 575890 -0.0317 0.0014  0.0331 0.017 -16
5G126 164600 577490 -0.0847 0.0005 0.0853 0.068 -1.7
5G019 165240 578000 -0.0676 00003 00679 0.05 -1.8
5G218 164620 578890 -0.0834 0.0036 00870 0.067 -20
5G217 165020 578930 -0.0648 0.0016 00665 0.043 -23
5G285 165815 577525 -0.0375 00000 00376 o.on -27
5G227 183320 579350 -0.0807 00472 0.1280 0.087 -31
5G235 162000 5768140 -0.0547 00020  0.0567 0.024 -33

The 2006 data can be described by the following statistics:

Mean -0.54
Standard Error 0.23
Median -0.67
Standard Deviation 1.40
Sample Variance 1.95
Kurtosis -0.55
Skewness 0.14
Range 5.50
Minimum -3.27
Maximum 223
Sum -19.35
Count 36.00
Confidence Level(95.0%) 0.47

The modelling results give similar results for years 2003, 2000, and 1997

shown in the following graphs and figures.
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The majority of surface levelling points show a good correlation to deep
founded levelling points when both are of quality construction, but care should
be taken to select appropriately founded structures, and, in regions with
potential surface compaction, deep founded levelling points should be
constructed to provide accurate measurements.
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Subsidence Prediction

The AEsubs program was used to generate subsidence contours for the

historical subsidence measurements once a statistical fit to the data had been

achieved. The following plots show the gas caused subsidence contours for

the years 1997, 2000, 2003, and 2006, respectively.
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The same model was also used to predict the impact infill drilling would have
on ultimate subsidence, as this would increase the amount of gas produced

before reaching the economic limit of gas production from the Harlingen
Upper Cretaceous reservoir.
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The contours above indicate it is reasonable to expect subsidence of 10 to
12cm in the future, but statistical variation in surface measured data
compared to model data (see Levelling Points section) suggest that the
expected maximum gas caused surface subsidence from the Harlingen Upper
Cretaceous reservoir could be as high as 12 to 13cm.
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Study Conclusions

Laboratory tests and computer simulations have been compared to actual
measurements to provide a realistic interpretation of gas caused subsidence

from the Harlingen reservoir.

Estimation of gas caused subsidence can be erroneously affected by
acceptance of surface levelling data that is of suspect quality. Data that is
significantly different than the conceptual model should be rigorously
scrutinized before being incorporated.

Current (2006) maximum subsidence caused by gas extraction from the

Harlingen Upper Cretaceous reservoir is 9 — 10cm.

The expected maximum subsidence caused by gas extraction from the

Harlingen Upper Cretaceous reservoir is 12 — 13cm.

There is potentially shallow compaction in areas of the Harlingen field that are

not accurately mapped.
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Appendix 1: Wellbore Schematics

=38



VERMILION

FIELD : LW WEST

WELL : FRA 1

NORM CLASSIFIED : NO

N* Bottom hole equipment

._m
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T
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2

2 locator seal assembly (3 Sm lqr'gif!'ﬁa'-ﬂ\-ﬂ :
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Type |Sta

/B
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Max inclination 55 oeg at 1650m ( totco )

Packerfluid Type [ DRW | s6 | 100 |

Compietiontype [Smpie ]

Type of SCSSV | Wire ine retnevable valve

Weight # 22 1ons % 221tons

|Bottom gauge Oves @no
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VERMILION

FIELD : LW WEST

WELL : HARLINGEN 2

RT/TH: 5.10 m.
COMPLETION DATE : 4/85

ANNULUS FLUID :
INHIBITED CACL2 BRINE S.G. 1.35

VOLUMES

DRILLING DEPTHS

TUBING : 3.1 m3

7" CSGSHOE: 1131 m

ANNULUS : 155 m3

9 5/8 " CSG SHOE

HOLE : 20.7 m3

13 3/8" CSG SHOE - 300 m

Xmas TREE

TUBING HEAD OCT 10"-3000 X 6°-3000

TUBING HANGER

FMC 6" SPECIAL WITH 3" CAMERON BPV PROF

L MASTER VALVE FMC 3 1/8"-3000

U MATER VALVE FMC 3 1/8°-3000

SWAB VALVE FMC 3 1/8"-3000
WING VALVES FMC 3 1/8°-3000
TOP CAP 6 1/2-4 ACME QUICK UNION
STRING
TEM] QTY DESIGNATION Deptn/Th] IDiin
1 1 |TUBING HANGER WITH 3" CAMERON BPV PROFILE 0.22] 3.000
2 | 3 |PUP JOINT 3 1/2" VAM 9.2% N80 541 2992
3 | 3 |TUBING 3 1/2" VAM 9 2# N80 33.94| 2992
4 | 1 _|PUP JOINT 3 /2" VAM 9.2% N80 35.85| 2592
5 1 |FLOW COUPLI&(_; 3 1/2° VAM 36.78| 2992
5 | 1 |CAMCO B6 SCSSSV NIPPLE 3 12" VAM 37.59] 2.813)
|

7 | 1 _|FLOW COUPLING 3 172" VAM 38.43| 2992|
8 | 1_|PUP JOINT 3 1/2" VAM 9.2% N80 38.94] 2092
9 | 1 |TUBING 3 1/2" VAM 9.2# N80 48 53] 2992
10 | 1 [PUP JOINT 3 1/2" VAM 9.2# N80 50.45| 2.992]
71 | 1 _|XOVER 3 1/2° VAM BOX_X_2 7/8" VAM PIN 5069 2 441
12 |_1_|PUP JOINT 2 7/8" VAM 6 4# N80 51.63] 2441
13 | 101 |TUBING 2 7/8" VAM 6.4% N80 992,55 2.441
14 1 |PUP JOINT 2 7/8" VAM 6 4% N80 554 45| 2 441
15 |_1_|K22 ANCHOR 80 SA 40 994 77

16 | 1 _|BAKER 84 X 40 SAB PACKER 996 25

17 1 |5" MILLOUT EXTENSION 967 87

18 1 |XOVERS5"VAMB X 27/8"VAM P 998 12| 2.441
19 1 |PUP JOINT 2 7/8" VAM 6 .4# N8O G995 06] 2.441
20 | 1 |BAKER 2.25" F NIPPLE 999.35] 2.250
21 | _1_|PUP JOINT 2 7/8" VAM 6 4# N80 1000.29] 2441
22 | _1_|TUBING 2 7/8" VAM 6.4% N80 1009.55] 2441
23 1 |PUP JOINT 2 7/8" VAM 6 4# N80 1011.49] 2 441
24 | 1 |BAKER 2.25" R NIPPLE 1011.77] 2.197]
25 | 2 |PUP JOINT 2 7/8" VAM 6 4% N80 101565 2 441
26 | 1_|WIRELINE ENTRY GUIDE 1015.85] 2.441

PERFORATIONS | RKB
1039 TO 1043 m. 2 1/8” UNIJET

N

(2]

THTT

[

TR T

NORM CLASSIFIED : NO

-38-




Vermilion

FIELD : LW WEST

WELL : HAR 4

RTTH: 566m ANNULUS FLUID :

COMPLETION DATE : 01/85 1.35 §.G. CaCi2 BRINE
VOLUMES DRILLING DEPTHS | RKB

TUBING : 2.5m3 7"CSGSHOE ® 1011 m

ANNULUS 13 m3 4 1/2° LINER HANGER @ 827 m

HOLE 17 5m3 _| 412" LINERSHOE @ 1101 m

Xmas TREE
TUBING HEAD OCT TCMOO 11°-3000 X 7 1/16"-3000

TUBING HANGER

OCT _TC1A WITH 3" CAMERON H BPV PROFILE

L MASTER VALVE

OCT GATE VALVE 3 1/8"-3000

U MATER VALVE

OCT GATE VALVE 3 1/8"-3000

SWAB VALVE OCT GATE VALVE 3 1/8°-3000
WING VALVES OCT GATE VALVE 3 1/8°-3000
TOP CAP MOTI OTIS TYPE 6 1/2-4 ACME QUICK UNION
STRING

ITEM] QTY DESIGNATION Depth/Th| ID/IN
1 1 |TUBING HANGER WITH 3" CAMERON H BPV PROFILE 0.15] 3.000
2 1 |PUP JOINT 3 1/2" VAM N80 9.2# 2992
3 3 |TUBINGS 3 1/2° VAM N80 9.2# 2992
4 1_|PUP JOINT 3 1/2" VAM NB0 9.28 2.992
5 1 |CAMCO B6 SCSSSV NIPPLE 31.47] 2.813
3 3 _|PUP JOINT 3 1/2° VAM N8B0 9.2# 2992
7 1 |X OVER 3 1/2" VAM X 2 7/8" VAM 34 63] 2441
8 1_|PUP JOINT 2 7/8" VAM NBO 6.4# 2.441
9 63 |TUBINGS 2 7/8" VAM NBO 6.4# 2441
10 1_|PUP JOINT 2 7/8" VAM N80 6.4# 2.441
11 1_|BAKER K22 ANCHOR 3.250
12 1_|BAKER SAB PACKER B806.66] 3.250
13 1 _|MILLOUT EXTENSION 5" VAM 4400
14 | 1 |XOVERS"VAM X 27/8" VAM B0B.47| 2441
15 1 |PUP JOINT 2 7/8" VAM NB0 6.4# 2441
16 1 |BAKER 2.25" "F "™ NIPPLE 810.51] 2.250]
17 | 1 |PUP JOINT 2 7/8" VAM NBO 6.4% 2.441
18 | 21 |TUBINGS 2 7/8" VAM NBO 6.48 2.441
19 1 |PUP JOINT 2 7/8" VAM N80 6.4# 2441
20 1 |BAKER 2.25" " R"™ NIPPLE 1006.80{ 2.187
21 1_|PUP JOINT 2 7/8" VAM N80 6.4% 2.441
22 1_|WIRELINE ENTRY GUIDE 1008.11] 2441

PERFORATIONS | RKB

1038 TO 1043 m. 2 1/8" ENERJET

— 1
2
3
A
+— s
—1— ¢
— 7
—— &
ot &
—1— 10
—— 1
L] — 12
34— 1
—4— 1
—t— 15
—t— 17
—— 18
— —
19
20
- -
— 21
/— 22
NORM CLASSIFIED : NO
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- -
Vermilion FIELD : LEEUWARDEN WEST | WELL: HARS
RTMH: 572m ANNULUS FLUID :
COMPLETION DATE : 01/85 1.35 S.G. KCL BRINE
VOLUMES DRILLING DEPTHS / RKB
TUBING .3 m3 7" CSG SHOE @ 1029.3 m. —_— 1
ANNULUS : 13 m3 4 1/2" LINER HANGER @ 82401 m
HOLE 18 m3 4 1/2" LINER SHOE @ 1111.38 m 2
Xmas TREE 3
TUBING HEAD OCT TCMOO 117-5000 X 7 1/16"-3000 4
TUBING HANGER __|OCT TC1A WITH 3" CAMERON H BPV PROFILE
L MASTER VALVE OCT GATE VALVE 3 1/8"-3000 5
UMATER VALVE  |OCT GATE VALVE 3 1/8"-3000 6
SWAB VALVE OCT GATE VALVE 3 1/8°-3000
WING VALVES OCT GATE VALVE 3 1/8°-3000 4 7
TOP CAP MOTI OTIS TYPE 6 1/2°-4 ACME QUICK UNION
STRING
ITEM[QTY DESIGNATION Depth/Th] _ID/IN
T | 7 |TUBING HANGER WITH 3" CAMERON H BPV PROFILE 0.18] 3.000
2 | 1 |X OVER3 1/2° VAM X 2 7/8" VAM 0.35] 2.441
3 1 |PUP JOINT 2 7/8" VAM NBO 6.4%# 1.79] 2441
4 3 |TUBINGS 2 7/8" VAMLNSO 6 4% 29 85| 2441
5 1 |PUP JOINT 2 7/8" VAM NBO 6.4# 31.28] 2441
5 | 1 |BAKER 2.31" "B TYPE SCSSSV NIPPLE 31.79] 2.312
—}— 8
7 1 [|PUP JOINT 2 7/8" VAM N80 6.4# 32.79] 2.441
8 | 82 |TUBINGS 2 7/8°_VAM N8O 6.4% 794.38] 2441
9 | 1 |PUP JOINT 2 7/8"_VAM N8O 6.4# 79582] 2441
70 | _1_|BAKER K22 ANCHOR 796 85] 3250
11 | 1 |BAKER SAB PACKER 797 56| _4.000
12 | 1 |MILLOUT EXTENSION 5° VAM 789.17] _4.400
13 | 1 _|X OVER 5" VAM X 2 7/8" VAM 799 47] 2441
14 1 |PUP JOINT 2 7/8" VAM N80 6 4# 800.52] 2441
15 | 1 |BAKER2.25" °F " NIPPLE 801.21] 2.250
—1 — 9
16 1 |PUP JOINT 2 7/8" VAM NBO 6.4# 802.21] 2441 -_ 10
17 22 |TUBINGS 2 7/8" VAM N80 6 4# 1017.51] 2441 L — _ 11
18 1 |PUP JOINT 2 7/8" VAM N80 6.4# 1018.95| 2441
1 12
19 | 1 |BAKER2.25" "R NIPPLE 1019.23] 2.197 —— 13
——— 4
20 | 1 |PUP JOINT 2 7/8" VAM NBO 6.4# 1020.19] 2.441 —— 15
21 | _1_|WIRELINE ENTRY GUIDE 1020.45] 2441 —— 16
. —t 17
18
19
- -
g 20
= . 21
= -
PERFORATIONS / RKB
70505 TO 1053.5m. 2 1/8" ENERJET
NORM CLASSIFIED : NO
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- -
Vermilion FIELD : LW WEST WELL : HAR 6
RIMH: 572m ANNULUS FLUID :
COMPLETION DATE : 2/85 135S G_ KCL BRIE
VOLUMES DRILLING DEPTHS /| RKB
TUBING: 3m3 7"CSGSHOE @ 1028 m _ 1
ANNULUS 13 m3 4 1/2" LINER HANGER @ 83360 m
HOLE 18 m3 4 1/2" LINER SHOE @ 1117m 2
Xmas TREE 3
TUBING HEAD OCT TCMOO 11-5000 X 7 1/16™-3000 4
TUBING HANGER OCT TC1A WITH 3" CAMERON H BPV PROFILE
L MASTER VALVE OCT GATE VALVE 3 1/8"-3000 5
U MATER VALVE OCT GATE VALVE 3 1/8"-3000 1 +— b6
SWAB VALVE OCT GATE VALVE 3 1/8°-3000
WING VALVES OCT GATE VALVE 3 HE'-SODU —— 7
TOP CAP MOTI OTIS TYPE 6 1/2"-4 ACME QUICK UNION
STRING
ITEM] QTY DESIGNATION Deg}hﬂ'h 1D/IN
1 1 |TUBING HANGER WITH 3" CA&ERON H BPV PROFILE 0.16] 3.000
2 1 |[X OVER 3 1/2°VAM X 2 7/8" VAM 0.36] 2441
3 1 |PUP JOINT 2 7/8" VAM NBO 6.4%8 1.80] 2441
4 3 |TUBINGS 2 7/8" VAM NBO 6. 4# 29.76] 2441
5 1_|PUP JOINT 2 7/8" VAM N8B0 6.4% 31.21] 2441
6 1 |BAKER 2.31" *B" TYPE SCSSSV NIPPLE 31.71]  2.312
8
7 1 |PUP JOINT 2 7/8" VAM N80 6.4%# 32.72| 2441
8 82 |TUBINGS 2 7/8" VAM N80 6.4%# 796.00] 2441
g 1 |PUP JOINT 2 7/8" VAM N8B0 6.4% 797.43] 2441
10 1 |BAKER K22 ANCHOR 797.65| 3.250
13 1 |BAKER SAB PACKER 789.15] 4.000)
12 1 |MILLOUT EXTENSION 5" VAM 800.78] 4.400
13 1 |X OVER 5" VAM X 2 7/8" VAM 801.08] 2441
14 1 |PUP JOINT 2 7/8" VAM N80 6 4# 802.58] 2441
15 1 |BAKER 2.25" °F " NIPPLE $02.88] 2.250
—_— 9
16 1 |PUP JOINT 2 7/8" VAM N80 6 4% 803.88| 2441 —_ 10
17 23 |TUBINGS 2 7/8" VAM N80 6.4% 1015.23] 2441 L —1 —_ 11
18 1 |PUP JOINT 2 7/8" VAM N8B0 6.4%# 1016.68] 2441
— 12
19 1 |BAKER2.25" "R" NIPPLE : 1016.98] 2.197 —— 13
—— 14
20 1 |PUP JOINT 2 7/8" VAM N80 6.4# 1017.9.§ 2441 — 1§
21 1 |WIRELINE E_NTRY GUIDE 1018.28| 2441 ——t 16
22 | 1 |SPES PLUS-PLUG 1064.00 - —— v
18
19
- -
= 20
/ 1 21
22
- -

PERFORATIONS /| RKB

1066 TO 1068 m. 2 1/8" ENERJET

NORM CLASSIFIED : NO
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VERMILION FIELD : LEEUWARDEN WEST

WELL : HARLINGEN 7

RT/TH : 6.36 m. ANNULUS FLUID : INH. WATER
COMPLETION DATE : EARLY 82
VOLUMES DRILLING DEPTHS
TUBING : 7.6 m3 _ 1
ANNULUS __12 m3 7" CASING 1000 m e 2
HOLE 258 m3 45 SLOTTED LINER FROM 1000 TO 1600 m —+— 3
Xmas TREE —+— 4
TUBING HEAD FMC 11" - 5000
TUBING HANGER___|FMC 11"- 45" +4— 5
L MASTER VALVE 4 1116 " FMC GATE VALVE —— 5
UMATER VALVE |4 1/16" FMC GATE VALVE WITH BAKER CSWC ACTUATOR | - 7
SWAB VALVE 4 1/16" FMC GATE VALVE
WING VALVES 4 1/16" FMC GATE VALVE (ONE WITH BAKER ACTUATOR) 1 -8
TOP CAP FMC ZUIDWAL TYPE — 9
STRING
TEM] QTY DESIGNATION Depth/Th| ID/in
T | 1 |TUBING HANGER WITH 4" CAMERON BPV PROFILE 0.20] 4.000
2 | 1 |XOVER 5'VAM X 4.5" VAM 0.40] 3921
3 | 1 _|PUP JOINT 4.5" VAM N80 13 5# 165] 3921
4 | 3 |TUBING 4.5"VAM N80 13 5% 36.06] 3.921
5 | 1 _|PUP JOINT 4.5" VAM N80 13 5# 37.93] 3.921
5 | 1 |45 VAM FLOW COUPLING 39.77] 3.921 —+4— 10
7 | 1 |SAFETY VALVE NIPPLE 3.81" BAKER B (DEV. 0dg) 4031} 3.813
8 | 1 |45 VAM FLOW COUPLING 42.14] 3921 —— 1
s | 1 _|PUP JOINT 4 5" VAM N80 13 5% 5275 3.821 —+4— 12
10 TUBING 4.5"VAM N80 13.5# 944 43| 3.921 4 13
11 | 1 _|PUP JOINT 4.5" VAM N80 13.5# 945 83| 3.921 —1—— 14
12 | 1 |45 VAM FLOW COUPLING 94766 3921 — 3§
13 | 1 |XOVER 45" VAM X _3.5" VAM 547.96| 2.992
14 |_1_|PUP JOINT 3 5 VAM N80 9.2# 949.44] 2992 — 16
15 | 1 |[TUBING 3.5° VAM N80 9 2# 958 63 2692 —— 17
16 | 1 |PUP JOINT 3.5" VAM NB0 9.2# 960.40] 2.992 -1 18
177 | _1_|3.5° VAM FLOW COUPLING 962 23| 2.992
—4— 19
18 | 1 |BAKER 281" TYPE "L" SSD (DEV. 37dg} 963.14] 2.812| — 20
19 | 1 _|PUP JOINT 3.6 VAM N80 9 2# 964 61| 2992 4
20 | 1 |TUBING 3.5" VAM N80 9.2% 974.18| 2 992 - —+— 22
21 | 1 _|PUP JOINT 35" VAM N80 9.2# 975.64] 2992
22 | 1 _|BAKER KC22 ANCHOR 976.59 ~J|]— 23
23 | 1 |BAKER PACKER SC-2PAH 7° 978.22
24 | 1 |4.5VAM MILLOUT EXTENSION 979.24] 3.921 —— 24
25 | 1 _|XOVER 45" VAM x 2 7/8" VAM 979.48] 2441 —4— 25
26 | 1 _|PUP JOINT 2 7/8" VAM NBO 6.4# 980 99| 2 441 [ |——— s
27 | 1 _|TUBING 2 7/8" VAM N80 6.4# 990.51] 2 441 —— 27
28 | _1_|PUP JOINT 2 7/8" VAM NBO 6.4# 991.96] 2 441 |
—— 28
28 | 1 |BAKER 231" "F- NIPPLE (DEV.42dg) 992.24] 2.312 —}— 29
—4— 30
30 | 1 |PUP JOINT 2 7/8" VAM N80 6.4# 993.75| 2.441 T |——= 31
31 | 1 |TUBING 2 7/8" VAM N80 6.4# 1003.22] 2.441 1L 1T
32 | 1 _|PUP JOINT 2 7/8" VAM N80 6 4# 1004.20] 2 441 32
33
33 | 1 |BAKER 225" "R" NIPPLE (DEV. 45d9) 1004.57] 2.250 ] 34
L — a5
34 | 1_|PUP JOINT 2 7/8" VAM N80 6 4% 1006.55] 2 441
35 | 1 |WEG 1006.76] 2 441 i 1
PERFORATIONS

SLOTS OF SLOTTED 4.5" LINER FROM 1601 TO 1205 M/RKB

NORM CLASSIFIED : NO
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VERMILION

FIELD : LEEUWARDEN WEST

WELL : HARLINGEN 8

RTTH: 678m ANNULUS FLUID : INH. WATER
COMPLETION DATE : AUTUM 93
VOLUMES DRILLING DEPTHS (RKB)
TUBING .76 m3 3 5/8" CSG 791.3m 10 SURFACE
ANNULUS 242 m3 TOP 7" LINER 781.3 m
HOLE 484 m3 4 1/2° SLOTTED LINER 1012.4-1830 m
Xmas TREE
TUBING HEAD COOPER TYPE AP 11°-5000
TUBING HANGER COOPER TYPE F-FBB 11-5000 X 4 1/2” VAM
L MASTER VALVE COOPER GATE VALVE TYPE FL 4 1/16-5000
U MATER VALVE FMC MODEL 120 4 1/16"-5000 WITH AVA OOW ACTUATOR
SWAB VALVE COOPER GATE VALVE TYPE FL 4 1/167-5000
WING VALVES COOPER GATE VALVE TYPE FL 4 1/16°-5000
TOP CAP FMC ZUIDWAL TYPE
STRING
ITEM| QTY DESIGNATION Depth/Th] 1D/in
1 | 1 |COOPER F-FBB TBG HGR WITH 4" CAMERON BPV PROFILE 0.40] 4.000
2 5 |TUBING 4 5"VAM NBO 12.6# 32.20| 3.957|
3 | 1 |45 VAM FLOW COUPLING 34.00] 3.957
% | 1 |SAFETY VALVE NIPPLE 3.81" BAKER B 34.50| 3.813
5 | 1 |45 VAM FLOW COUPLING 36.40] 3957
5 | 98 [TUBING 4.5"VAM NBO 12 6# 939.00] 3957
7 | 1 la.5" VAM FLOW COUPLING 84080 3957
8 | 1 IXOVER45 VAM X 35 VAM 941.20| 2992
5 | 1 |35 VAM FLOW COUPLING 943.00] 2992
10 | 3 |TUBING 3.5" VAM N80 9.2# 954,80 2092
11 | 1 |3.5° VAM FLOW COUPLING 956.60| 2992
72 | 1 |BAKER 2.81" TYPE "L" S50 {DEV. 46 DG.) 857.50] 2.813)
13 | 2 |TUBING 35" VAMNBO 92# 960.00] 2.992
14 | 1 _|KBH 80/40 ANCHOR 960.80
15 | 1 |BAKER SAB PACKER 961.80] 3250
16 | 1 _|5"VAM MILLOUT EXTENSION 964.00| 3921
17 | 1 _|XOVER 5" VAM x 2 7/8" VAM 954 40| 2 441
18 | 4 |TUBING 2 7/8" VAM N8O 6 4# 985.80| 2 441
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Appendix 2: Uniaxial Compaction Coefficient of Chalk
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Summary

Three uniaxial strain compaction cxperiments have been carried out on chalk
plugs drilled from available core material from Well Harlingen-7, Harlingen
field (Ommelanden chalk) for Vermilion Oil & Gas BV. The tests have been
performed for dry and brine saturated chalk with an initial porosity around
31%. The compressibility values are summarised in the following table:

Fluid Effective axial stress g1k compressibility Pore compressibility

Type o, (MPa) Cam (/MPa) Cyp (/MPa)

dry 6-40 MPa 1.70E-04 5.49E-04
dry >40 MPa 2.67E-04 8.61E-04
brine’ 6-23 MPa 2.58E-04 8.38E-04
brine” 23-30 MPa 3.92E-04 1.27E-03
brine’” >30 MPa 7.02E-04 2.28E-03

-
average value of iwo identical lests

The main findings of the study are:

1. The compressibility depends on the fluid in place. Higher
compressibility values are obtained in brine saturated chalk, especially
beyond pore collapse.

2. The onset of pore collapse starts at circa 40 MPa effective axial stress
for dry chalk, and circa 23 MPa for brine saturated chalk. Given the
initial stress conditions at Harlingen (effective vertical stress of 90 bars
or 9 MPa, initial reservoir pressure of 135 bars or 13.5 MPa) and
expected final reservoir pressure at abandonment (30 bars or 3 MPa,
corresponding to 19.5 MPa effective vertical stress), pore collapse is
not expected for the porosity intervals of 31% and below. Pore collapse
may occur in the higher porosity chalk intervals if existing in the
reservoir.

3. Available trendlines for North Sea chalk have been used to assess the
variation of compressibility throughout the reservoir section. Based on
a porosity log from Harlingen-2, a maximum rescrvoir compaction of
roughly 3 to 9 cm is predicted. The upper and lower ranges correspond
to different pore pressure depletion scenarios. The predictions are much
lower than current surface measurement. Discrepancy between the two
values could be due to the assumptions used in the current study (e.g.
intact chalk, representative vertical porosity distribution from
Harlingen-2), as well as other effects related to the interpretation of the
subsidence measurements (natural shallow compaction, contribution
from salt mining).
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1 INTRODUCTION

The Harlingen ficld, onshore gas reservoir in Northern Netherlands (Franeker,
Harlingen), is operated by Vermilion Qil & Gas BV after take over from Total.
The initial development plan was based on a subsidence prognosis of 10cm.
The current measurements indicate 13cm. Current prognosis gives a maximum
subsidence of 17cm at the end of 2025. Given this discrepancy, the authorities
have requested a revised production plan with updated prognosis.

Subsidence prognosis is complicated by deep solution salt mining in the neigh-
bourhood. The measured subsidence is & cumulative of reservoir induced
subsidence from the Harlingen field, as well as salt mining from beneath.
Numerical analyses must be donc to predict the impact of the different
industrial activitics (gas production, salt exploitation) on subsidence. Sub-
sidence is modelled by TNO on the behalf of the mining industry. Input data to
their model are the pressure changes predicted by Vermilion's reservoir
simulator. In Vermilion’s reservoir simulation, gas production is modelled
without aquifer support. Water is not mobile in the water bearing zones of the
reservoir. Elastic and plastic compressibility values have been used in sub-
sidence prediction, as well as an “Ekofisk- compressibility”. The values range
from 2.1 10”° /bar (elastic), 3.1 10”* /bar (plastic) to 9 10°* /bar (Ekofisk).

The chalk reservoir is divided into three “pools™: Northern (NP), Eastern (EP)
and Southern (SP) pools. NP and EP arc separated by a sealing fault. NP and
SP are distinguished on the basis of a different GWC. The gas bearing chalk
reservoir has a porosity varying between circa 25-36%, and permeability
between 1 and 2 mD.

In connection with a revision of the subsidence prognosis, Vermilion Oil and
Gas BV requested NGI's assistance in the set-up of the appropriate laboratory
program to measure and suggest representative reservoir chalk compressibility
values for the stress changes expected during production life. The scope of
work is specifically:
1) to prepare core samples for testing from existing core material
2) to measure in the laboratory chalk compressibility on the core samples
3) to comparc the values to other chalk data
4) to calculate an equivalent compressibility for whole reservoir section,
given the vertical variation of chalk porosity
5) to asscss the need for further laboratory testing and chalk cores from
new wells.

fAp200T\1 11200711 35\1 0-admin\rap\20071 135-1.doc FC
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PREPARATION OF SAMPLES FOR TESTING

The chalk material was provided by Rod Gibbons during his visit to NGl on
Monday, 12th february 2007. The chalk was cored from Harlingen-7,
honzontal well in the Ommelanden Chalk formation (Upper Cretaccous). Due
to the bad quality of the core, only 7 intact samples could be drilled at NGI.
Based on assumed grain density (2.68 g cm ) and measured weight and
dimensions, the porosity can be estimated for all samples. It is fairly uniform
between 30-31% (Table 2.1).

The three samples which are tested are all selected from Sample 1. Coring was
not oriented. However by assuming that the geological features visible in
Sample | could be related to the horizontal top unconformity, the most
probable oricntation of the core could be inferred. Three vertical plugs were
then drilled from Sample | (Figure 2.1).

Table 2.1 List of chalk samples prepared for testing

Sample Depth Test Weight Diameter Height Porosity
n (M) 1)) (g) (cm) (cm) (%)
1A 130056 11609 109,640 3.803 5.188 30.6
1} 1300.56 (IR} 10X 990 3.803 5.188 310
1C 1309.50 I'6i2 109,020 3.803 5.188 L0
2 1308.30 X5.770 3804 4.100 33
3 1307.00 . 76.470 3804 3.596 30.2
4 1311.00 - 63.110 3.803 2983 30.5
8 1303.80 - X1.030 3.804 3.965 3.2

MMM R XXX

Figure 2.1 Photographs of sample | and plugs for laboratory experiments

Due to the lack of porosity vanation in the samples selected, it is not possible
to measure the variation of chalk compressibility with porosity in the rescrvoir,
The variation will be estimated on the basis of published corrclations.

Once the plugs are cored, they are mounted with small pins for deformation
mcasurcment and sprayed with an external membrane 1o isolate the pore fluid
from the confining fluid during testing.
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Chalk is water sensitive and its mechanical properties are greatly affected by
the fluid in place. Water (brine) saturated chalk is weaker and more
compressible than oil or gas saturated one. Full weakening is obtained when
water saturation exceeds circa 15%.

In the following testing has been carried out on brine saturated and dry chalk.
For in situ water saturation below 15%, the properties of the dry chalk sample
should be representative of in situ conditions. Above 15% water saturation, the
properties of the brine saturated sample should be used. The brine composition

is taken from EIf (1993):
Table 2.2 Brine composition (from EIf, 1993)
Salt Concentration (g/l)
NaCl 58
KCl -
CaCl2, 6 H20 55.6
MpCl2, 6 H20 8.5
3 TRIAXIAL TESTING

3.1 Experimental sct-up

Each plug is mounted between end-caps and instrumented with LVDTs for
measuring strains in the axial and radial directions. The instrumented plug is
placed inside a pressure vessel equipped with an internal load cell. The
pressure vessel is filled with oil to apply confining pressure to the specimen.
Confining pressure, axial stress, axial strain, and radial strain (in two
perpendicular directions) are measurcd and/or controlled during each test. The
axial strain is measured between the two radial cantilevers mounted ca 24mm
from each other and 14mm from the end faces of the plug.

Recorded data is corrected for false deformation of the membrane, end-caps
and other parts of the triaxial cell. The tests are performed either dry (T1609)
or saturated with brine (T1610 and T1612) in drained conditions. For dry
testing, no back-pressure is used. Back-pressure is used for brine saturated
tests. Appropriate loading rates are used to ensure that no pressure build-up
occurs during loading due to limited drainage of the pore fluid.

The tests arc carricd out at ambicnt tempcerature. The cffect of temperature on
chalk behaviour is noticeable especially above 70°C, i.c. for temperaturcs
higher than the rclevant reservoir temperature. At higher temperature creep
rates increase and wezkening due to water — chalk interaction is more
pronounced.

£:\p\2007\1 1'20071 | 35\) 0-admin\rap\20071 135-1 doc FC
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3.3

Compressibility measurement by effective stress method under uniaxial
strain

The uniaxial strain condition is usually representative of reservoir deformation
during production, especially for thin elongated reservoirs. The condition
yields for most of the reservoir, except close to the reservoir boundaries.

The sample 1s loaded to in situ stress conditions, by increasing simultaneously
the confining pressure and axial stress to the target stresses (initial effective
horizontal and vertical stresses). The pore pressure is held constant to the
atmospheric condition (cry) or equal to | MPa for brine saturated tests,

The total vertical stress is the maximum principal stress and equals the weight
of the overburden. The horizontal stress is unknown. Previous testing carried
out by EIf (1993) assumed a ratio between total horizontal and vertical stresses
K of 0.8. The same stress conditions have been used in this study. The initial
stress conditions defined in EIf (1993) are given in Table 3.1.

Table 3.1 Initial stress conditions for laboratory experiments

Stress / Pore pressure Value (bars)

Total vertical stress oy 225
Initial total horizontal stress oy 180
Initial octahedral stress Go 195
Initial Reservoir Pressure p, 135
Initial Effective vertical stress o, 90

Initial Effective horizontal stress o), 45
Initial Effective octahedral stress o, 60

After loading to initial stress conditions, the effective vertical stress is
increased under imposed uniaxial strain boundary conditions (or so called Ko
conditions). During this type of loading, the horizontal stress will change to
maintain the condition of no lateral deformation.

In the tests, the effective vertical stress was increased far beyond the value
corresponding to full reservoir depletion. The aim was to estimate the onset of
pore collapse for Harlingen chalk. The final effective vertical stress fora
depleted reservoir (abandon reservoir pressure of 30 bars) is equal to 195 bars.

Results from the experiments

The constrained modulus M (i.e inverse of bulk compressibility) is calculated
from the applied vertical stress changes and recorded vertical deformation
during uniaxial conditions (Ko-loading):

F\p\2007\11\20071135\1 0-admin\rap\20071 135-1.doc FC
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do'| :
M=Z2 Equation 3.1
de, | -

The bulk compressibility under uniaxial loading conditions Cp. is equal to the
inverse of the constrained modulus M. The pore volume compressibility Gy, is
calculated from the constrained modulus M and initial sample porosity at in-
situ conditions:

C =—-r Equation 3.2

Note that the pore volume compressibility is often required for reservoir
simulation, where as the bulk compressibility is the parameter required for a
compaction analysis.

Porosity is updated from initial porosity and volumetric strain, assuming
incompressible grains:

d¢=—(1-g)de, Equation 3.3
For chalk, one usually distinguishes between the elastic compressibility, before

yielding or onsct of pore collapse, and the plastic compressibility after pore
collapse.

3.3.1  Test TI609 —dry
The results from the test are shown in Figure 3.1 and Figure 3.2. Additional
plots are given in"Appendix A. Pore collapse occurs from circa 40 MPa (400
bars) effective vertical stress. The compressibility values are summarised in the
following table:
Table 3.2 T1609 (dry) - Measured bulk and pore compressibilities
Test ID Effective axial stress | Com (MPa) |Gy (MPa)
T1609 6-40 MPa 1.70E-04 5.49E-04
T1609 >40 MPa 2.67E-04 8.61E-04|
£9'2007\1 1120071 13511 0-admin\cap\20071135- | doc FC
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T1609 - dry

y = 017012 - 0 1341
R' = 0 9986

Volumetric Strain (mS)

1 R e

0 10 20 30 40 50 60
Effective Vertical Stress o', (MPa)

Figure 3.1 1609 (dry) - Volumetric strain versus effective vertical stress
during testing

T1608 - ary

a L3 "0 1" x 2 "] »

Effective Octahedral Stress s'oct (MPa)

Figure 3.2 TI1609 (dry) - Updated porosity during testing

3.3.2  Test TI610 - brinc saturated

The results from the test are shown in Figure 3.3 and Figure 3.4. Additional
plots are given in Appendix A. Pore collapse occurs from circa 23 MPa (230
bars) effective vertical stress. The compressibility values are summarised in the
following table:
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Table 3.3 T1610 (brine) - Measured bulk and pore compressibilities
Test ID Effective axial stress | Cpm (/MPa) | Cp (/MPa)
T1610 6-23 MPa 2.34E-04 7.60E-04
T1610 23-30 MPa 2.98E-04 9.66E-04
11610 >30 MPa 4.08E-04 1.32E-03
T1610 - brine saturated
10
9

Volumetric Strain (mS)

y * 0 2978x - 0 9953|
® =0 9084

Figure 3.3

5 10 15 20

25 K

Effective Vertical Stress o', (MPa)

35

T1610 (brine) - Volumetric strain versus effective vertical stress

during testing

T1610 - brine saturated

e L] W 1" » »
Effective Octahedral Stress s'oct (MPa)
Figure 3.4 TI610 (brine) - Updated porosity during testing
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£ 3 Test TI612 - brine saturated

I'he results from the test are shown in Figure 3.5 and Figure 3.6. Additional
plots are given in Appendix A. Pore collapse occurs from circa 23 MPa (230
bars) cffective vertical stress. The compressibility values are summarised in the
following table:

Tuble 3.4 T1612 (brine) - Measured bulk and pore compressibilities

Test ID Effective axial stress | Com (/MPa)  [C,, (‘MPa) |
T1612 6-23 MPa 2.81E-04 9.16E-04 |
T1612 23-30 MPa 4.86E-04 1.58E-03 |
T1612 >30 MPa 9.95E-04 3.24E-03

T1612 - bnne saturated

25

o 3

Volumetric Strain (mS)
=

0 s 10 15 20 25 30 35 40 45
Effective Vertical Stress o', (MPa)

Figure 3.5 T1612 (brine) - Volumetric strain versus effective vertical stress
during testing
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T1612 - brine saturatod
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0
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[
2 ome
‘g 93 ——
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34

Effective dral Stress s'oct (MPa)

Figure 3.6 T1612 (brine) - Updated porosity during testing

Comparison with available correlations

The compressibility values inferred from the laboratory experiments arc plotied
in Figure 3.7 together with two trendlines proposed by Havmaller and Foged
(1996) for the clastic and plastic compressibilities (i.¢. before and after pore
collapsc) versus porosity. The compressibility values are fairly well bounded
and in good agreement with the clastic and plastic trendlines defined by
Havmeller and Foged (1996).

The initial uniaxial yicld stress, i.c. stress at which the stress strain curve
exhibits a first deviation from linear clastic behaviour, is plotted in Figure 3.8
together with the trendline proposed by Havmaller and Foged (1996). Note that
the trendline doces not explicitly distinguish between saturating fluid conditions
and loading rate, although it is more representative of lower water saturations.
The initial yield stress inferred from test T1609 (dry) is more or less in
agreement with the value predicted by the trendline.

According to Figure 3.8, the yicld stress reduces dramatically with increasing
porosity. Yiclding may occur at the end of field life (i.c. cffective vertical stress
of 19.5 MPa) in dry (or gas saturated) chalk for porosity intervals above 40%,
and in brine saturated chalk' for lower porosity values (circa 33-35%).

! assuming that pressure is also reduced during production in water saturated chalk
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Correlation from Havmeller & Foged (1996)
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Figure 3.7 Compressibility inferred from testing and compared to
trendlines
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Figure 3.8 Uniaxial yield stress for tests performed und trendline from
Havmeller and Foged (1996)
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4 EQUIVALENT COMPRESSIBILITY FOR WHOLE RESERVOIR

SECTION

Data matcerial and testing from the Ommelanden chalk is limited. Hence it is
highly improbable that the plugs tested will give a representative variation of
chalk behaviour within the reservoir.

The vertical porosity variation through the reservoir is shown in Figure 4.1
from Well Harlingen — 2. The porosity decreases with depth. In the gas bearing
chalk, porositics arc usually greater than 28% with maximum values above
35%. In the water bearing zonc, porosities are lower, between 25 and 30%.

4

Figure 4.1 Porosity log from Harlingen-2 (vertical well). Distance from top
cretaceous unconformily

Reservoir compaction and associated sea-bed subsidence are calculated by
TNO based on average reservoir compressibility for the depleting interval. It is
assumed that water is immobile in the watcer bearing formation, and the pore
pressure is only reduced in the gas bearing zone during production (Gibbons,
personal communication). It is important to take into account the variation of
porosity in the calculation of an equivalent compressibility cocfficient for
compaction prognosis.

A first order analysis of the effect of porosity variation on reservoir
compressibility is shown hercafter. Two calculations are performed:
1) Assuming that pressure is reduced only in the gas bearing chalk. The
compressibility is defined from the elastic trendline (Figure 3.7)
calibrated to the dry test.
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2) Assuming that pressure is reduced in both gas and water bearing chalk.
The compressibility is defined from the elastic trendline calibrated to
the dry test for the gas beaning zone, and from the elastic trendline
calibrated 1o the brine saturated tests for the water bearing zone.

The elastic compressibility is used since pore collapse is not expected within
the effective vertical stress range cxperienced during production for gas
saturated chalk below 40% porosity and brine saturated chalk below 33-35%
porosity.

The equivalent compressibility is calculated for the porosity log shown in
Figure 4.1 assuming homogcnous porc pressurc depletion throughout the
relevant interval (i.e. gas bearing zone or whole chalk formation). Expected
rescrvoir compaction is also calculated. The results are given in the following
table.

Table 4.1 Estimate of reservoir compaction due to pore pressure depletion

Depleting Thickness  Maximum Compaction Equivalent
interval (m) depletion (m) bulk
(bars) compressibility

Com (/MPa)
gas bearing 18.25 105 0.031 1.68 E-04
zone (facies
E,F,G)
gas and water 44 105 0.086 1.88 E-04
bearing zones
(facies
C,D,EF,G)

The results of the analysis indicate very limited compaction, with a maximum
of 8.6 cm for pore pressure reduction in the whole chalk formation. Assuming
full transfer to surface, a maximum subsidence of 8.6cm is predicted at the end
of production. This value is much lower than current surfacec measurement (in
the order of 14cm). The discrepancy between surface measurements and
current prediction could be due to the assumptions used in the current study
(e.g. intact chalk without fractures, representative vertical porosity distribution
from Harlingen-2), as well as other effects related to the interpretation of the
subsidence measurements (natural shallow compaction, contribution from salt
mining).
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Figure 1.1 T1609 - Photograph before and after testing. The tiny void
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Figure 2.1 T1610 - Photograph before and after testing. The tiny void
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CONSTRUCTIE VAN 7 ONDERGRONDSE MERKEN IN DE OMGEVING VAN FRANEKER

Vestigingen in Beigik en Engeland

TEN BEHOEVE VAN PETROLAND

C0-300770/13
januari 1988
Hma/Abg/1/184/petro

Opgesteld in opdracht van:
Ingenieursburo Oranjewoud BV

AFDELING GRONDCONSTRUCTIES
projectleider: ir. J. Heemstra
afdelingshoofd: ir. J.W. Sip

den, ming de
:‘ r ter Gaithe wan Se Amordae-
w o by de Kaomers van Koop-
handel e Fabdeten.
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BIJLAGEN:

1 Situatie

2t/n8 Sonderingen

9 t/m 15 Doorsnede vast punt
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bladnummer : - 1 -
ons kenmerk: C0-300770/13
datum : januari 1989

1. INLEIDING

E GRONDMECHANICA
DELFT

Op 18 juli jl. werd san Grondmechanica Delft door Ingenieursburo Cran-
mewm.rmischopdmhtm:mmdermndumﬂmindn
omgeving van Franeker te installeren ten behoeve van het waterpasnet-
werk van Petroland. Deze opdracht werd op 4 sugustus 1988 bij schrij-

ven 71-03825 bevestigd.
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ons kenmerk: C0-300770/13
datum : januari 1989

2. VOORONDERZOEK

Het betreft de volgende zeven punten:

globale x-cobrdinaat globale y-codrdinaat

- -

FR1 ' 162150 578400
HAR2 162380 577250
HARY 164010 578300
HARS 165280 576650
Gratingastate 159830 577380
Zweins 170350 578600
Ried2 168350 577150

wrmguiddnlduhnikndiopuw-zzldoordeopdncht-
gever was opgegeven,

Op grond van gegevens uit het archief van Grondmechanica Delft is per

p\mtmmdnnoekindctulondeuochtopulhdiepudemnund-

biedende laag mocht worden verwacht. Op grond van dit onderzoek is per
locatie als voorlopige diepte van de vaste zandlaag gerekend met:

FR1 NAP - 24 m Fuum
HAR2 NAP =25 m iim
M NAP - 24 m “:l!w.
HARS NAP - 25 @ low
Gratingastate NAP - 18 muw
Zweins NAP - 24,5 m §%w
Ried2 NAP - 25 m.Hlm

De werkelijke diepte is op basis van het terreinonderzoek bepaald.
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ons kenmerk: C0-300770/13
datunm : januari 1989

bladnummer : - 3 - GRONDMECHANICA
DELFT

3. VELDONDERZOEK

De locatie van de punten van onderzoek is getekend op bijlage 1.

Per locatie is begonnen met een extra zware sondering met meting van
de plaatselijke kleef en met hellingmeting. De resultaten en het bere-
kende kleefgetal zijn afgebeeld op bijlage 2 t/m 8.

Bij het sonderen bleek het risico voor uitknikken van de buizenstreng
dusdanig groot dat het niet verantwoord was de vaste laag over meer
dan enkele meters te verkennen.

Op grond van de resultaten van de sonderingen is in overleg met de
projectleider de definitieve geplande diepte vastgesteld, waarop de
ondargrondse maerken worden gefundeerd.
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4. CONSTRUCTIE EN WIJZE VAN PLAATSEN

Het principe van het systeem bestaat hieruit, dat de punt van de conus
in een zettingsvrije laag staat. De punt is door middel van stangen
met de oppervlakte verbonden, terwijl de omhullende buizen op en neer
kunnen gaan met de bewegingen van het masiveld of de daaronder liggen-
de samendrukbare lagen, zonder dat de punt beweegt.

De constructie bestaat uit een roestvrije lange-slag sondeerconus met
grote diameterpunt van gehard en verchroomd staal. De conus is samen-
gesteld uit een vast en een telescopisch schuivend deel. O-ringen en
een vuilschraapring zorgen ervoor, dat de in elkaar schuivende delen
vrij van vuil blijven. De maximale slag die deze delen ten opzichte

van elkaar kunnen meken, is 30 ca. In de punt worden de binnenstangen
geschroefd. Het buitenste deel van de conus dat kan schuiven ten op-
zichte van de vaste punt, wordt met behulp van standsardsondeerbuizen

varlengd tot de benodigde lengte.

Aan de hand van de gegevens wordt de vast-punt conus weggedrukt tot de
geplande diepte. De eerste binnenstang wordt in de punt van de conus
geschroefd. Vervolgens wordt de eerste sondeerbuis over de genoemde
binnenstang geschoven en op de mantel van de conus geschroefd. Per me-
ter worden binnenstang en sondeerbuis op de voorgaande geplaatst en
wordt deze handeling herhaald totdat de gewenste diepte is bereikt. De
schroefdraadverbindingen van de sondeerbuizen worden met een speciale
pasta waterdicht afgesloten. Tevens dient deze pasta om de buizen aan
elkaar te lijmen, zodat later bij het losdrasien van een dop niet de
streng kan loskomen. Verder worden de borstaansluitingen van de son-
deerbuisdraad voorzien van een anticorrosiemiddel. De ruimten tussen
de sondeerbuis en de binnenstangen worden gevuld met een speciale
olie. Dit is een milieuvriendelijk mineraal produkt, dat wrijving en
roestvorning moet voorkomen. Als dit bij elke meter wordt gedaan,
voorkost men zoveel mogelijk luchtinsluiting.

Wanneer de vereiste diepte is bereikt, wordt de streng sondeerbuizen
een gedeelte van de conusslag getrokken, bijvoorbeeld 20 cm van de
slag van 30 cm. Hierbij wordt tijdens het trekken met een waterpas-
instrument gecontroleerd of de san de binnenstangen gekoppelde punt
niet mee omhoogkomt. Daarna volgt de afwerking van het merk.
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bladousser : - 5 - GRONDMECHANICA
Gt} James 1985 DELFT

5. UITVOERING

Bij het installeren van de vaste punten bleek dat het door de grote
benodigde totaalkracht en de relatief weinig vaste bovenlagen in een
santal gevallen msar juist mogelijk was de definitieve geplande diepte
te bereiken.

Gezien het risico voor knik en breuk van de buizenstreng zijn de pun-
ten daarom in enkele gevallen een of twee decimeter hoger blijven
staan dan voorzien, zodat de afstand tussen bovenkant dop en putdeksel
in die gevallen minder dan de theoretische maat van 0,5 m bedroeg.

Een doorsnede van alle punten is gepresenteerd op de bijlagen 9 t/m

15.
De uiteindelijke installatiediepte bedroeg voor de punten

FR1 nv - 30,2
HAR2 mv
HARY av
HARS zv
Gratingastate av
Zweins uv
Ried2 av
dat wil zeggen in totaal 21,3 =m meer dan was gepland.

Gezien de terreinomstandigheden moest het punt Gratingastate iets ten
opzichte van de oorspronkelijke locatie worden verplaatst.

Bij het punt Zweins werd hinder ondervonden van de hoge grondwater-
stand.

Na het installeren van de punten zijn op verzoek van de opdrachtgever
de bovenkanten van de meetmerken conform de afspraken afgewerkt.

Het installeren van meetputten zal door de opdrachtgever in eigen be-
heer worden verzorgd.
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Addendum 1: Results of Modelling Review with State
Supervision of the Mines, June — September, 2007
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A review of the draft report submitted to State Supervision of the Mines in
May, 2007 resulted in identification of a number of technical focus items that
required further review. These focus items were:

1) The shape of the subsidence contours did not exactly match the shape
of the reservoir structure map. A review of the reservoir model grid
compared to the reservoir structure map was conducted, and
subsequently a review of the transformation from reservoir model co-
ordinates into Amersfoort X-Y coordinates.

2) The Compaction Coefficient, Cm, used in the draft report was the
maximum value from the testing under load. A review of the derivation
of a model C,, value from the rock mechanic testing results was
conducted.

3) Previous studies had included the possibility of some depressurization
of the water leg of the reservoir. This scenario was evaluated and
incorporated into the revised model.

4) The surface subsidence data collected from the shallow founded
markers should be included in comparison to model results, and the
quality of these readings should be investigated. The modelling data
has been compared to the surface measurements, but at this time, an
assessment of the reliability of these readings is ongoing.

The results of the review of these technical focus items are shown in the
following sections of this report. The resulting model does provide a more
accurate depiction of the physical reservoir, most notably at the edges of the
reservoir. This has caused the subsidence contours to become more natural
in appearance but the current (2006) and ultimate (2016) maximum
subsidence values are unchanged (9 — 10cm in 2006 and 12 — 13cm ultimate)

from the May report.
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Results of Coordinate Transformation Efforts

A comparison of the reservoir structure map to the reservoir model showed
that some slight geometric differences occurred at the edges of the reservoir.

-

Celladded ~ p
_ to Model 5

Cell removed
from Model .

This grid revision also altered the placement of some of the wellbores to more
accurately reflect the physical situation. The following pressure distributions
(shown in bar) were generated using the updated reservoir model.
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The review of the reservoir model geometry also indicated a need to alter the
transformation from the reservoir grid co-ordinate system to the Amersfoort x-
y co-ordinate system (the land co-ordinate system used in The Netherlands).
The reservoir pressure distributions above are oriented North-South and East
—West, but as can be seen by the reservoir structure map, the reservoir is
actually rotated 15.5 degrees from the Amersfoort x-y system. The center of
each reservoir grid was then represented by polar coordinates which was then
converted to an ‘Amersfoort x-y' polar coordinate system and then easily
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converted to the actual Amersfoort x-y system. A sample calculation is shown

below;
Amersfoort| Amersfoort 90-
SimX | SimY Sim Polar, h Sim Polar, theta | Polar,h | Polar, g Gamma Amers X Amers Y
1 1 21920 45 00 219.20 60 50 28 50 158540 78 572507 84
=SQRT((A3-0 5)*2+(B3-| =ATAN2(A3-0.5B3- =158350+G3°COS(| =572400+G3"SIN
1 1 0.5)°2)*310 0.5)*180/PI() =E3 =F3+155 =90-H3 13°Pi(}/180) {13*P1()/180)

These changes in reservoir model geometry have provided a more accurate

representation of the physical reservoir in the lateral extensions but have very

little impact in the central area of the reservoir subjected to the highest

pressure depletion. As such, the maximum calculated subsidence of each

model year is unchanged from the previous model results, but the lateral

extensions of the subsidence area are slightly affected with the impact of

making more natural looking subsidence contours (less square or geometric

as was evidenced in earlier models).
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Results of Rock Compaction Coefficient, Cr,, Review

As previously indicated in this report, the maximum value for Cr, obtained in
the rock mechanic laboratory testing was 4.86E°/Bar and this was used in the
previous modelling work. While this value was possible to achieve in the
laboratory, the corresponding reservoir pressure to replicate this value is
below the abandonment pressure of the reservoir. Such a high compaction
coefficient was used in the earlier model to provide a cautious approach in
simulating the gas caused subsidence (the result was forcing an over
prediction of gas caused subsidence), but was not justified as it did not
accurately represent the physical reality of what must be occurring in the
reservoir. Therefore, the value of Cr, used for the revised modelling was
3.92E5/Bar corresponding to the maximum brine saturated compaction
coefficient found in laboratory testing that is indicative of reservoir pressures
above abandonment pressure.

Also, the concept of increasing the compaction coefficient over time was
dropped and a constant C,, factor was used throughout the reservoir life. This
reflects the idea that the actual change in pressure over the producing life of
the reservoir changes the stress on the reservoir rock very slightly. Earlier
iterations used almost the entire range of the laboratory testing, while the
latest model honours the principle that stress induced by depressuring the
reservoir to abandonment conditions actually occurs in a limited range on the
strain-stress curve.
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Results of Water Leg Depressurization Review

The former reservoir model had uniform reservoir thickness for each of the

three pools (North, East, and South). The model was revised with varying gas

zone thicknesses to more accurately reflect the reservoir structure map. The

‘gas zone' is defined as having a water Saturation, S, of less than 50%. The

resulting gas height map shows a tapering of height above the gas-water

contact towards the edge of the reservoir, as one would expect to see in a net

pay isopach.
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The transition zone is generated from the same structure map, but this time
defined as being that region which is between 50 — 100% water saturation.

This results in the following thickness distribution (in meters);
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Previously, the water zone beneath the gas-water contact (defined, in the
former model, at S,,=100%) was considered incapable of depressurization
due to low porosity, low water rates, no evidence of pressure support on the
P/z plots and the presence of tight unconformities in the chalk. The current
model incorporates water leg depressurization since the low porosity below
100% water saturation provides a very small volume for depressurization, it is
quite likely this effect would not be evident on a P/z plot. Also, the tight
porosity would not provide much incremental water production, again as the
affected volume is very low. The layers of tight unconformities will limit the
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maximum depth of depressurization into the water leg, but it is possible to

have some depressurization occur. The thickness of water leg

depressurization is a function of the thickness of the transition zone — the area

of the reservoir with the thickest, best developed pay zone would intuitively

have the ability to depressurize deeper into the water leg.

The affected water zone thickness was iterated for each surface levelling

surveying year to give the lowest root mean square value of the difference

between modelled and measured for the surveyed data. The resulting water

leg thicknesses for the relevant data sets are as follows;

For 1997;
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For 2000;
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For 2003;
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For 2006;
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The 2006 data gives the following total affected thickness (gas, transition and

water zone) distribution as follows;
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This gives a maximum thickness of 58.6m which log data would suggest is the

maximum affected thickness due to tight unconformities and the very low
porosity. This same thickness distribution is used for the 2016 prediction.
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Surface Subsidence Measurement Quality Study (in
progress)

The previous subsidence study had used the three deep founded survey
markers of quality construction as a confirmation of the subsurface modelling
work. The latest subsurface modelling has been compared to levelling points
in the area (deep founded and shallow, regardless of construction quality) in
an attempt to identify areas of concern for the surface benchmark surveying

campaigns. A summary of the preliminary comparison is shown below.

JATH =

’t_-.’:i_;_,g. . Measured vs. Modeled
g /7 Difference over Time

The following graphs display the difference between measured subsidence
(measured = surface benchmark survey value - theoretical salt caused
subsidence) and modeled gas caused subsidence. The scale is in
centimeters and positive values indicate measured is greater than modeled
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A study into the quality of surface benchmark surveying is currently ongoing.
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Conclusions and Revised Subsidence Contours

The current gas caused subsidence model is a more accurate depiction of the
physical subsurface environment than the earlier model presented in May.
The ultimate subsidence values are unchanged, as the former and current
models have little net changes near the center of the subsidence bowl.
However, the less affected radial edges of the reservoir are now better

defined, resulting in smoother contours and a better conceptual model.

The revised gas caused subsidence contours for both 2006 and 2016 are
attached below.
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