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EXECUTIVE SUMMARY

Nedmag B.V. (Nedmag) induces surface subsidence by salt squeeze mining from their Veendam
concession in Groningen, north-east Netherlands. SGS Subsurface Consultancy (SGS) has
executed a subsidence modelling study consisting of a history match over the period 1993-2016 and
a forecast for subsidence beyond 2016 as a result of production from existing wells and two new
wells, VE-5 and VE-6.

In accordance with the scope of the study, subsidence modelling was carried out using the
Geertsma-Van Opstal model with a variable rigid basement. Main input data to the model were
cavern depths and locations and squeeze volumes. Observed subsidence data were used to
calibrate the model (i.e. to history match against). All data were delivered to SGS by Nedmag.

The history match of a simplified subsidence model resulted in a reasonable fit of the modelled
subsidence bowl to the observed subsidence values at benchmark locations. A detailed history
match, which included allocation of production volumes to individual well locations, resulted in a
subsidence model that was deemed appropriate for future subsidence forecasting.

A subsidence forecast was performed for three squeeze production scenarios provided by Nedmag.
The first scenario is based on the existing wells only, whereby all future squeeze volume is assigned
to the TR-1 cavern. The two other scenarios include production from two new wells, VE-5 and VE-
6, which are envisaged to be drilled to the west of the existing wells. In the second and third scenario
40% and 20% of the total squeeze volume will be produced by the new wells respectively.

In the production scenario with a squeeze contribution from current wells only, the maximum
permitted subsidence of 65 cm will be reached near the TR-1 well location by 2031.

Two to five years of delay in reaching the maximum permitted subsidence can be achieved in case
of drilling the VE-5 and VE-6 wells and assigning 20 to 40% of the total squeeze contribution to
these wells. This would allow production of 0.44 to 1.1 million m3 additional squeeze volume
compared to the scenario with squeeze contribution from current wells only.

This study is considered a deterministic approach and thus represents one possible development of
subsidence due to salt squeeze mining from the Veendam area. The scope of this study did not
include uncertainty modelling and/or assessment of uncertainty ranges related to the input data,
subsurface simplifications, modelling assumptions and methodological constraints.
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1 INTRODUCTION

Nedmag B.V. (Nedmag) is mining magnesium salt from its Veendam concession located in the
province of Groningen, north-east Netherlands (Figure 1-1). Originally, conventional solution mining
was used, whereby caverns were created that were kept close to lithostatic pressure. Since 1993, a
squeeze mining technique is applied, whereby the pressure in the caverns formed by conventional
solution mining is gradually lowered to 60-80 bar below the lithostatic pressure, which allows creep
(squeeze) of the magnesium salts into the caverns. Squeeze mining results in gradual thinning of
the salt layer and, subsequently, leads to surface subsidence. The subsidence resulting from salt
mining is monitored by (bi)annual measurement surveys at benchmark points. All subsidence
measurements are relative to the 1993 level. Nedmag has a permit to induce, with salt mining, up to
a maximum of 65 cm surface subsidence at benchmark point locations compared to the 1993
reference level. By April 2016, the maximum observed subsidence was 37.7 cm.

Magnesium rich salt minerals, especially bischofite (MgCl2:6H20), are produced from Permian
Zechstein deposits which are located between 1500 and 2000 m depth in the Veendam area. The
bischofite layer within the Zechstein deposits shows significant thickness variations, from several
metres up to 21 m thick. Nedmag has modelled historical subsidence from 1993 onward with the
Geertsma-Van Opstal method. The observed widening of the subsidence bowl with time was
accommodated for in this model by an increasing reservoir radius. A TNO publication on subsidence
related to gas extraction (Muntendam et al., 2012 [1]) suggests that the behaviour of the subsidence
bowl! with time could be more realistically captured by assuming a variable rigid basement in the
Geertsma-Van Opstal model. Based on this experience Nedmag, wants to model the existing and
future subsidence resulting from squeeze mining with the Geertsma-Van Opstal model applying a
variable rigid basement.

Nedmag is planning to drill new wells to the west of the existing salt wells and requires prediction of
expected subsidence due to future salt mining from both the existing wells and the planned wells.
Nedmag has requested SGS Subsurface Consultancy (SGS) to perform a subsidence modelling
study using the Geertsma-Van Opstal model with a variable rigid basement, the results of which are
reported here.

1.1 SUBSIDENCE MODELLING

At Nedmag’s request, subsidence due to Nedmag’'s salt production was modelled using the
Geertsma — Van Opstal model (Van Opstal, 1974 [4] and Geertsma, 1966 [3]) with a variable rigid
basement depth parameter. This method has been successfully applied to model gas production
induced subsidence, e.g. by Muntendam et al. (2012) [1].

The analytical Geertsma — van Opstal model assumes linear and uniform elastic behaviour of the
formations in which the reservoir (or salt cavern, in this case) is embedded. The model further
assumes a rigid basement below the reservoir, at or below which displacement is zero for all rock.
The implication of these assumptions is that any effect of a non-planar or laterally varying
overburden geometry will not be considered. The analytical approach used in this model is a
simplified representation of the real subsurface. The depth of the rigid basement determines the
shape of the subsidence bowl and as such mimics the elastic behaviour of the overlying layers.
Contrary to what the name may suggest, it is not a physical parameter that represents the geological
basement. A schematic illustration of the rigid basement depth affecting the subsidence bowl shape
is included in Appendix A. In this study, a variable rigid basement depth is used to describe the
subsidence bowl shape development through time. Subsidence can be calculated at any specified
point at surface or on a dense grid of surface locations.

The measured surface subsidence in the Veendam concession area is not only the result of salt
mining activities, but is also partly due to nearby gas production (the Groningen, Annerveen and
Kiel-Windeweer gas fields are surrounding the Veendam salt mining location). The observed
subsidence may also include an autonomous subsidence component (i.e. subsidence originating
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from movements in the shallow subsurface). This study only models the salt mining induced
subsidence.

1.2 INPUT DATA

The following data were provided to SGS by Nedmag and were used as input to the study:

- Cavern (well) locations and depths

- Sgueeze volumes (per individual well until cavern connection, from then on volume per cluster)

- Cavern connection times

- Subsidence at benchmark locations due to squeeze mining in the period from 1993 to 2016
(processed from the original data by ‘objectpunt’ analysis)

The study covers the production from 13 existing wells (VE-1 to 4 and TR-1 to 9) and two planned
wells (VE-5 and VE-6). The historic squeeze volumes were provided by Nedmag, who established
these squeeze volumes by mass balance calculations based on injected water volumes,
understanding of the nature of the salt layers, salt solution processes and on extracted brine
volumes. Input into the modelling study consisted of a single deterministic set of squeeze volumes.
Over time, salt caverns of different wells have become connected, possibly through preferential
dissolution paths or due to mobilisation of the Bischofite crystal water as a result of pressure
differences between the caverns, to form clusters from which the salt is produced. When producing
from a cluster, the production figures per individual well cannot be accurately established. Therefore,
Nedmag only provided total cluster squeeze production volumes. Cavern (well) locations, production
figures and cavern connection times are available in Appendix A.

The subsidence data from benchmark measurements available for this study were processed from
the original data by the Antea Group and by Nedmag. The original subsidence measurements have
undergone ‘objectpunt’ analysis to separate contributions from various sources, notably to separate
the gas-extraction induced subsidence from the salt-mining induced subsidence. For this study, only
the part of the measured subsidence allocated to salt-mining was used as input data into the model
and is referred to in this report as ‘subsidence’ or ‘observed subsidence’. Input into the modelling
study consisted of a single set of benchmark data without measurement and processing error bars.
The Veendam benchmark network contains 258 benchmark points. 119 of these have monitored
subsidence since the start of the studied period (1993) and have been used in this study (Appendix
C). Figure 1-1 shows the subsidence bowl as observed from benchmark measurements in April
2016, the last benchmark measurement survey available for this study. By April 2016, the maximum
observed salt induced subsidence was 37.7 cm close to well TR-1. All measurements together
reveal the presence of a symmetric, circular subsidence bowl around this point.
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Figure 1-1 Cumulative observed subsidence (in cm) at benchmark locations by April 2016
(cubic interpolation). Due to the sparsity of the benchmark points the outermost
contours become unreliable. The data are only interpolated (i.e. no extrapolation)
and the contours therefore stop at the outer edge of the data. Inset shows
location of Veendam concession.

1.3 STUDY OUTLINE

The study consisted of two phases: a history matching phase and a forecasting phase. First, the
observed subsidence over the period 1993-2016 was history matched, from which several
subsidence modelling parameters were determined. These derived parameters were employed in
the following phase of subsidence predictions for various potential future well and production
scenarios. These scenarios were based on existing wells and two new wells: VE-5 and VE-6. All
modelling was carried out in Python.
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2 HISTORY MATCH OF HISTORICAL SUBSIDENCE

The main objective of the history match phase was to create a mathematical model calibrated to
available subsidence data and to prepare the model for subsidence forecast. In addition, squeeze
volumes from cluster production were allocated to specific wells.

The model calibration was carried out in two steps:

- Simplified history match
To verify consistency between the calculated squeeze volumes and subsidence data, a
simplified subsidence model was developed. In this exercise, the squeeze volume from all wells
and clusters was assigned to a single location: the TR-1 cavern. For each time step, rigid
basement depth and cumulative squeeze volume were calculated via optimisation. Optimisation
aimed at finding the smallest mismatch between modelled and observed subsidence at all
benchmark points.

- Detailed history match
In the detailed history match, a varying rigid basement formula was applied, for which the
function parameters were determined through an optimisation exercise. The optimisation again
aimed at finding the smallest mismatch between the model and the observed subsidence
values. Additionally, the cluster squeeze volumes as provided by Nedmag were used and
mathematically allocated between various wells to improve the match between modelled and
observed subsidence.

The history matching exercise optimised the model based on cumulative subsidence from 1993.
Therefore, only those 119 benchmark points where subsidence has been monitored since that year
were used in this study (Appendix C). Points that were later added to the network have not been
used for the optimisation of the modelling parameters. The method summaries and main findings
from both the simple and detailed history match are presented below.

2.1 SIMPLIFIED HISTORY MATCH

In the simplified history match, the entire historic squeeze volume was assigned to a single well —
the TR-1 well. This well location corresponds with the approximate centre of the observed
subsidence bowl (Figure 1-1). The model aimed at matching the cumulative subsidence in each
benchmark point by minimizing the root-mean-square error (RMSE). The RMSE is the root of the
mean squared difference between modelled and observed subsidence and is based on all available
benchmark points (listed in Appendix C). Two parameters were used to optimise the model:
cumulative squeeze volume and rigid basement depth. Optimisation was performed for every
subsidence measurement survey from January 1999 to March 2016. Earlier surveys, from February
1995 to January 1998, were not used in the simplified history match, because the subsidence
measurements from this period contained too much scatter to find a meaningful optimum. The
maximum subsidence in this initial period is less than 10 mm, therefore excluding these data does
not significantly impact the conclusions from the simplified history match. For each combination of
optimisation parameters (squeeze volume and rigid basement depth) the RMSE was computed and
the parameters that led to the smallest error were selected as the optimum. This was done for every
benchmark survey. The results from this optimisation can be visualized in an error density map, an
example of which is presented in Figure 2-1. The combination of parameters which resulted in the
minimum error is labelled as “local minimum”.

Page 5 of 30



|
|
S' S OGC/NL/HAG/2018/NL30H-1S-NMI-001-01

T NEDMAG B.V.

MODELLING OF SUBSIDENCE INDUCED BY SALT
SQUEEZE MINING FROM THE VEENDAM CONCESSION:
HISTORY MATCH 1993 — 2016 AND FORECAST
INCLUDING TWO NEW WELLS

12
5500
9
5000
§’4500 7
=
a
[}
°
+ 4000
)
g 5
P
o 3500
o
2 - 3
@ 3000
2500 -2
2000

1000000 2000000 3000000 4000000 5000000
Total squeeze volume (sm3)

Figure 2-1 Error density map illustrating the model error (RMSE in cm, based on the
difference between modelled and observed subsidence at all benchmark
locations) for varying combinations of rigid basement depth and cumulative
squeeze volume for the April 2016 survey.

The optimum parameters for each benchmark survey date are summarized in Table 2-1. As can be
seen in the second column, the rigid basement parameter is varying between 2834 and 3774 m
depth. The modelled optimum squeeze volumes (column 3,

Table 2-1) are compared to the cumulative volumes reported by Nedmag in columns 4 and 5. The
differences between modelled and reported squeeze volumes are relatively small (<13%), which is
considered acceptable to continue with a detailed history match. In the simplified history match, the
modelled volumes are consistently less than the volumes reported by Nedmag. This is probably the
result of the simplified modelling approach where all production is assigned to one location producing
a single subsidence bowl. By allocating the total squeeze volume to the TR-1 location, the model is

forced to focus on matching the main subsidence bowl and to ignore the contributions from other
production locations.
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Results from the simplified history match with the two optimisation
parameters rigid basement depth and squeeze volume. In the rightmost two
columns, the modelled squeeze volume is compared to the volumes reported

by Nedmag.
Benchmark |  Rigid Squeeze | squeeze Modelled
volume volume
survey basement delled | reported / reported
date depth (m) mode’e et (%)
(my) | ™
Jan 1999 3626 1194395 | 1237705 97%
Jan 2000 3774 1443921 | 1456876 99%
Jan 2002 3000 1667802 | 1853106 90%
Jan 2004 3429 2156421 | 2297674 94%
Jan 2006 2834 2353722 | 2724744 86%
Jan 2008 3178 2848164 | 3122759 91%
Jan 2010 2853 3038207 | 3505141 87%
Mar 2012 3031 3639670 | 4095653 89%
Feb 2014 3005 3989265 | 4503023 89%
Apr 2016 2950 4331444 | 4925577 88%

In Figure 2-2, the subsidence model for April 2016 is compared to the observed subsidence in a
stacked cross plot of distance from the TR-1 well (approximate centre of the subsidence bowl)
versus subsidence for all benchmark points. The figure illustrates that the model is able to match
the maximum observed values as well as the overall shape of the subsidence bowl, even with the
simplified modelling approach. Despite this overall shape agreement, the figure also shows that
improvements can be made: the model exceeds observations in the deepest part (<500 m from the
centre) while it falls behind on the flanks between ~1000 and 2000 m from the centre. Achieving an

even better fit to the data is the main objective of the detailed history match discussed below.
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Figure 2-2 Modelled (red dots) and observed (black dots) subsidence (April 2016) vs.
distance to TR-1 well location. Modelled cumulative squeeze volume = 4331444
m3, modelled rigid basement depth = 2950 m. The modelling error (RMSE) is 1.49
cm.

2.2 DETAILED HISTORY MATCH

The detailed history match focused on further improvement of the subsidence model to better match
the observed subsidence. A second objective was to allocate the squeeze volumes that were
provided per cluster (Appendix A) to individual wells. Guided by Nedmag’s request to SGS the
following assumptions were implemented in the detailed history match:

- Reported squeeze volumes were used as input into the model
- All subsidence surveys from May 1993 to March 2016 were used for model calibration
- Rigid basement depth was modelled using a formula adapted from Muntendam et al. (2012)

[1]:
—(t-ty)

c/k(t)=c/k(0)-d(c/k)1-e ==

where c is the reservoir depth, k the rigid basement depth and c/k(t) the ratio of these two over time.
The original formula had a plus (+) sign after the first term (c/k(0)) and described a reducing rigid
basement depth with time. The gas induced subsidence bowl that was subject of the study by
Muntendam et al. (2012) was narrowing and steepening because of salt creep in the overburden
[1] of the reservoir and this effect was simulated by a shallowing rigid basement depth. In the
Veendam situation, the ‘reservoir’ lies within the salt and the subsidence bowl widens. To accurately
describe such a widening bowl, the formula was to be adapted for this study. The depth increases
from a starting position c/k(0) with a rate that is defined by a rate parameter d(c/k) and by the
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relaxation time of the salt (Tzou). These three parameters were subjected to the optimisation
exercise in this history match.

Volume allocation to individual wells and optimisation of this allocation involved a large number of
parameters, namely a volume allocation fraction for each well at each benchmark survey date.
Together with the rigid basement parameters described above, this resulted in more than 100
parameters to optimise for. As a result, there existed a high probability to find a local minimum and
hence to find a sub-optimal solution for the optimisation objective function. To overcome this
problem and to increase the probability of finding a true global minimum, the optimisation algorithm
was initialized multiple times (25 runs), using random initial values for each parameter in each run.
From the 25 runs two minima were found, which are summarized in Table 2-2 (individual results for
each of the optimisation runs are presented in Appendix D). Within each of these minima the total
model error is relatively constant, but between the two there is a significant error difference. All runs
that ended up in the minimum with the larger error have a similar rigid basement behaviour: a
minimally varying basement depth (small d(c/k)), which starts at 1000 times the reservoir depth
(c/k(0) = 0.001). During the optimisation, the c/k(0) parameter was allowed to vary between 1 (rigid
basement equal to reservoir depth) and 0.001 (rigid basement ‘infinitely’ deep) and so the
optimisation process got ‘stuck’ at the bounding value. Because of this, and because of its larger
modelling error, this minimum is considered a local minimum, while the other is considered to
represent the global minimum: a true optimal solution of the optimisation function.

Table 2-2 Summary of the optimisation results as part of the detailed history match: rigid
basement depth parameters and modelling error for the two minima identified
(details see text). The modelling error is presented as the root-mean-square error
for all benchmark point at all survey dates available.
o Mean rigid basement parameters (z stdev) Average
minimum # runs
c/k(0) d(c/k) Tzout RMSE (cm)
global 16 0.704 (0.002) | 0.695 (0.155) | 50.1(13.6) 0.7154
local 9 0.001 (0) 0.005 (0.002) | 53.8(22.5) 0.9723

For the detailed history match, cluster production volumes were allocated to individual wells and
these allocation fractions were part of the optimisation exercise whereby the total error between
modelled and observed subsidence was minimised (a typical example of the individual well
allocation fractions is presented in Appendix E). In all simulation runs the optimisation algorithm
found a similar optimal result where the maximum volumes are allocated to wells TR-1 and TR-2.
This result is in line with visual inspection of the reported subsidence data which show a circular
bowl centred around these wells (see Figure 1-1).

The modelled subsidence is compared to the observed subsidence at all benchmark locations for
April 2016 in Figure 2-3. Comparing Figure 2-3A and Figure 2-2 shows that the detailed history
match has addressed the shortcomings of the simple history match in the deepest point and on the
flanks of the subsidence bowl (as described above) and resulted in a smaller modelling error (RMSE
has reduced from 1.49 to 1.33 cm). In the shallower parts of the bowl however, between ~2 and 10
cm subsidence, the model often exceeds the observations. The map in Figure 2-3B shows for each
benchmark point whether the modelled subsidence is exceeding the observations (red dots) or
whether it falls behind (blue). The larger the circle, the larger the relative mismatch between
modelled and observed subsidence. The model is both under- and overestimating the amount of
subsidence, both near the centre of the subsidence bowl (i.e. near the TR-1 cavern centre) and on
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the flanks. Note that because the size of the bubbles is proportional to the mismatch this display
under-exposes points where the model matches well with the observations.

AO “.: .'® 3")‘- ACA . B

T 576000

blue: model falls behind observed
red; model exceeds observed

1 cm differencey

2 cm difference,

4 cm difference

@eler 1)

e cavern center ®
10 ® &
574000 ® B
i ? oo eog
® o
£ o2 ® oo .‘ @
=3 é ~ 572000 ® -
8 -20 - (=] ¢ ° o
s i & e o o
3 AR RMSE = 1.33 cm > A ﬁ% .
l‘ . 4
@ -2 ‘ , o S0 .
& 570000 @ ® ‘:?‘ “'gee Ve
i « ®
. .
A o 2
-30 ® S
®
568000 4 oL,
228 ®
» o
R \ ®
-40 1KM L
—
566000
0 1000 2000 3000 4000 5000 246000 248000 250000 252000 254000 256000
Distance from TR-1 (m) X (RD)

Figure 2-3 Detailed history match QC (April 2016, based on the best optimisation run). A:
Modelled (red) and observed (black) subsidence vs. distance to well TR-1 well
(compare to Figure 2-2). The root-mean-square error for the April 2016 survey
alone is 1.33 cm. B: bubble plot of difference between modelled and observed
subsidence (size proportional to amount of mismatch, colour indicates over- or
underperformance)

The mismatches between modelled and observed subsidence as shown in Figure 2-3B could,
amongst others, result from simplifications in the model and/or uncertainties in the allocation of
subsidence contributions during objectpunt analysis. For example, the Geertsma-Van Opstal model
assumes the reservoir is embedded in a uniform medium and therefore cannot account for
overburden geometry variations that may affect the symmetry of the subsidence bowl. Besides this,
the subsidence measurements may contain contributions that are not accounted for in the model,
e.g. locally varying compaction of the shallow subsurface (autonomous subsidence) or the split
between salt induced and gas induced subsidenc contributions may not have been fully accurate.
Despite the observed differences, the model is clearly capable of matching the deepest part and the
overall shape of the observed subsidence bowl! (Figure 2-3A). Matching the deepest part of the
subsidence is most important because salt mining induced subsidence is not allowed to exceed 65
cm at any benchmark point within the Veendam concession. Based on this consideration, the
subsidence model using the optimised parameters from the detailed history match is considered
acceptable and is used for forecast calculations.

For all 16 optimisation runs that ended in the global minimum (Appendix D) the differences in rigid
basement behaviour for the history matched period are minimal. The initial rigid basement depth,
defined by the c/k(0) parameter, is very similar, and despite variations in the rate parameter d(c/k)
and salt relaxation time (tzout) the rigid basement depth curves are almost indistinguishable for the
period until April 2016. This is illustrated in Figure 2-4. However, when the parameters are used to
forecast rigid basement depths the differences become larger (Figure 2-4) which will result in
different subsidence forecasts. A clear trend can be observed between the modelling error and the
future basement depth.
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Figure 2-4 Rigid basement depth behaviour for all 16 global minimum runs assuming a
reservoir depth of 1700 m and coloured according to the RMSE modelling error.
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3 PREDICTION OF FUTURE SUBSIDENCE

For future salt production from the Veendam concession, Nedmag is planning to allow a yearly
squeeze contribution of 220,000 m3 until the permitted maximum subsidence is reached. Nedmag
is also considering drilling two additional wells (VE-5 and VE-6) at ~ 2700 m west of the TR-1 well
location (see Figure 3-1). The VE-5 and VE-6 planned well locations are situated near the western
edge of the current subsidence bowl (see Figure 3-1A). Nedmag has requested SGS to forward
model the impact these new wells would have on the future subsidence development in the area.

It should be noted that the current benchmark network in the area is not dense enough to effectively
monitor the future subsidence in the VE-5 and VE-6 area, even if the additional benchmark points
are considered that have been added to the network after 1993 (Figure 3-1B).

A -=--- Subsidence contour (2 cm) B * existng well

576000 _ 700 Subsidence contour (5 cm interval) Zuidbroek 576000 W0 propesed new well Zuidbroek

*  existhg welt «  benchmark-poing-(available since '93) <

% - proposed new well » - benchmark poim.added 19 the nétwork ater*93

.e .
574000 574000
-
.
.....
572000 572000 . . ‘oo gdR4,
. .

o =)
e 3
> >

570000 570000

568000 568000
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Figure 3-1 A: Modelled subsidence (in cm) for April 2016 with the proposed VE-5 and VE-6
well locations (in green). B: Benchmark network coverage of the existing and
new well locations.

The subsidence forecasts are based on the subsidence model from the detailed history match
described in Chapter 2. The parameters associated to the run with the smallest error (RMSE =
0.7140 cm, Appendix D) are carried forward into a single deterministic subsidence model. Despite
the fact that modelling uncertainties are not addressed in this study, the subsidence model’s
sensitivity to the rigid basement definition is illustrated by executing all forecast scenarios a second
time using the parameters associated with the largest error (RMSE = 0.7168 cm, Appendix D). These
results are available in Appendix E.

A subsidence forecast was performed for three squeeze production scenarios that were provided by
Nedmag. The first scenario is based on the existing wells only: all planned squeeze production is
assigned to the TR-1 cavern. Two other scenarios include production from the VE-5 and VE-6 wells
where either 40% (scenario 2) or 20% (scenario 3) of the total squeeze volume will be produced by
the new wells. A summary of all modelling input parameters is shown in Table 3-1.
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Table 3-1 Model input for the subsidence forecast scenarios

| | i Total squeeze Rigid basement depth
. Annual squeeze volume a ocation volume fraction parameters
Scenario (220,000 m?)
TR-1 | VE-5&6 c/k(0) D(c/k) Tzout
1 All new squeeze volume will be 1 0
assigned to cavern TR-1
Squeeze volume allocation: TR1
2 (60%) + VE-5&6 (40%) 0.6 0.4 0.707 0.502 333
3 Squeeze volume allocation: TR1 0.8 0.2
(80%) + VE-5&6 (20%)

For each scenario, the forecasted subsidence is displayed twice: once for 2023, when a maximum
subsidence of approximately 50 cm is reached, and once for the year in which the modelled
subsidence reaches the maximum permitted subsidence of 65 cm at a benchmark location. This
moment varies for the different scenarios as can be observed in the resulting subsidence maps in
Figure 3-2 to Figure 3-4.
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Figure 3-2 Subsidence forecast (in cm) for 2023 (left) and 2031 (right) based on production
scenario 1.
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Figure 3-3 Subsidence forecast (in cm) for 2023 (left) and 2036 (right) based on production
scenario 2.
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Figure 3-4 Subsidence forecast (in cm) for 2023 (left) and 2033 (right) based on production
scenario 3.

The forecast results are summarized in Table 3-2, which shows the year in which the maximum
permitted 65 cm of salt mining induced subsidence is reached at a benchmark location, as well as
the cumulative squeeze volume at that time. According to these results, assigning part of the planned
production to two additional wells (VE-5 and VE-6) has a clear impact on the development of the
subsidence bowl (Figure 3-2 to Figure 3-4). By distributing the squeeze volume extraction across
the area through production from additional wells, the time when the maximum permitted subsidence
is reached can be delayed. When production is only from the existing wells, the maximum permitted
subsidence will be reached in 2031, at which time a total cumulative squeeze volume of 8.22 million
m?3 would be realised. In scenario 2, the year in which the maximum permitted subsidence is reached
is delayed by 5 years until 2036. By this time, the cumulative squeeze volume will be 9.32 million
m3, 1.1 million m® more than in scenario 1 where all new squeeze volume is assigned to the existing
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TR-1 well. In scenario 3, a smaller part of the planned production is assigned to the new wells, which
results in a delay of 2 years before reaching the maximum permitted subsidence and an increased
cumulative production of 0.44 million m3 compared to scenario 1.

Table 3-2 Summary of forecast results
Permitted subsidence (65 cm) reached at
Scenario Squeeze volume -
production allocation Year Cumulative squeeze
volume million m3
1 100% from TR-1 2031 8.22
60% from TR-1
2 2036 9.32
40% from VE-5&6
80% from TR-1
3 2033 8.66
20% from VE-5&6
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4 DISCUSSION OF MODELLING LIMITATIONS

The subsidence model described above represents a possible development of subsidence due to
salt squeeze mining by Nedmag from the Veendam area. The scope of this study did not include
uncertainty modelling and/or assessment of uncertainty ranges related to the input data, subsurface
simplifications, modelling assumptions and methodological constraints. The only uncertainty that
has been evaluated during this study is the model’s sensitivity to the rigid basement depth
parameters, which is illustrated by the alternative scenario in Appendix E. Since only one parameter
variation has been included in the forecast (with a statistically insufficient number of runs to reliably
capture the full solution space), the results of this study should be regarded as a single, deterministic
case providing an indication of possible subsidence due to future salt squeeze mining.

Input data considered to have a potentially significant uncertainty range that could generate a
broader range of forecast outcomes are the calculated squeeze volumes and the subsidence
measurements. For instance, significant uncertainties are attached to the squeeze volume
calculations. The subsidence measurements carry both measurement uncertainties and
uncertainties due to objectpunt analysis.

Other potential contributors to model uncertainty and resulting forecast are related to the
methodological choices and constraints. An example of this is, for instance, the simplified
geomechanical behaviour of the reservoir and overburden. The Geertsma-Van Opstal model
assumes a homogeneous half-space in which the reservoir resides which results in an intrinsically
symmetric subsidence bowl at surface. In reality, the overburden may contain dipping layers with
varying geomechanical properties which would influence the shape of the subsidence bowl.

Post production creep effects such as continued subsidence or rebound (as suggested by Fokker,
2011 [2]) were also outside the scope of this study.
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5 CONCLUSIONS

The existing and future subsidence as a result of salt squeeze mining in the Veendam concession
were modelled using the Geertsma-Van Opstal method with a variable rigid basement. The history
match of a simplified subsidence model resulted in a reasonable fit of the modelled subsidence bowl
to the observed subsidence values at benchmark locations.

The detailed history match, which included allocation of production volumes to individual well
locations, resulted in a subsidence model that was deemed appropriate for future subsidence
forecasting. Rigid basement parameter variation was included as an uncertainty in the forecast. As
further uncertainty modelling was outside the scope of this study, the forecast result can essentially
be considered a deterministic case that gives an indication of the possible subsidence due to future
salt squeeze mining.

In the production scenario with a squeeze contribution from current wells only, the maximum
permitted subsidence of 65 cm will be reached near well TR-1 by 2031.

Two to five years of delay in reaching the maximum permitted subsidence can be achieved in case
of drilling the VE-5 and VE-6 wells and assigning 20 to 40% of the total squeeze contribution to
these wells. This would allow production of 0.44 to 1.1 million m3 additional squeeze volume
compared to the scenario with squeeze contribution from current wells only.

The main driver is the productivity of the new wells (maximum squeeze rate) in these scenarios. The
larger the production rate in the new wells, the smaller the squeeze rates in the current wells, and
hence the later the permitted subsidence will be reached.

The current benchmark point network is not dense enough to the west of VE-5 and VE-6 to
adequately monitor potential future subsidence from these new wells.
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6 GLOSSARY

Nedmag Nedmag B.V.

SGS SGS Subsurface Consultancy / SGS Nederland B.V.
TNO-AGE TNO Advisory Group for Economic affairs
Antea Antea Group Nederland

WHC well head centre

NAM Nederlandse Aardolie Maatschappij

m metre (unit of length)

cm centimetre (unit of length)

m3 cubic metre

(k)ton (kilo)ton = (10%*)102 kg (unit of weight)
RMSE root-mean-square error
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APPENDIX A RIGID BASEMENT ILLUSTRATION

Surface

Rigid basement

subsidence / compaction

0 1 2
dfic

Figure 7-1 Rigid basement effect on shape of subsidence bowl! for asimple model (geometry
illustrated in inset)

The depth of the rigid basement influences the shape of the subsidence bowl, which is illustrated in
the figure above. Subsidence is shown along a line across a rectangular reservoir with uniform
compaction. The vertical axis shows the amount of subsidence relative to the amount of compaction
in the reservoir. The horizontal axis highlights the extent of the bowl beyond the edge of the reservoir
(d) as a factor of the reservoir depth (c). The deepest and steepest bowl is obtained with a rigid
basement depth (k) equal to the reservoir depth (k/c = 1).
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APPENDIX B PRODUCTION DATA
Table 7-1 Cavern (well) list and coordinates (RD)
Well X Y
VE-1 250795.00 570500.00
VE-2 250366.95 570226.79
VE-3 251106.26 570042.89
VE-4 250561.51 570990.30
VE-5 249195.00 570319.00
VE-6 249109.00 570691.00
TR-1 251846.61 571088.29
TR-2 251882.99 571423.42
TR-3 252154.63 570836.10
TR-4 252278.26 571920.98
TR-5 252159.32 571185.27
TR-6 252287.92 571553.39
TR-7 251278.28 571089.19
TR-8 252467.39 571089.43
TR-9 251811.62 570133.51
Table 7-2  Cavern connection times: wells that share the same colour form a cluster and
are producing from the same cavern
VE- | VE- | VE- | VE- | TR- | TR- | TR- | TR- | TR- | TR- | TR- | TR- | TR-
Well 1 2 3 4 1 2 3 4 5 6 7 8 9
Oct-82
Nov-96
Jul-97
Jan-98 . .
Jul-99
Nov-99 . .
Mar-01
Oct-02
Nov-06
Sep-09
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Cumulative squeeze volumes from separate wells and clusters at the time of
subsidence measurement

Table 7-3
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APPENDIXC BENCHMARK SUBSIDENCE DATA

Table 7-4  The following tables show the benchmark data available for this study: point

number, coordinates and salt induced subsidence between 1993 and 2016
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61C°0- | ¢0C0- | ¥8T'0- | 8ST'0- | 6ET'0- | €CT°0- | ¥OT'0- | G80'0- | €L0°0- | T90'0- | ¢SO'0- | €VO'0- | 620°0- [ 000 | 9T0°0- 0000 YIS'TLS ST0'€SC 20T
0LT°0- [ 9ST'O- | ¢vT'0- | ¢2T'0- | 90T0- | ¥60°0- | 6£0°0- | 990°0- | GS0'0- | 9¥0'0- | 6€0°0- | 2€0°0- | T200- | STO'0- | CT0°0- 000°0 00S'TLS 0zZe'eSe 00T
T0T°0- | €60°0- | ¥80°0- | 2Z0°0- | €90°0- | 9S0°0- | 8¥0°0- [ T¥O'O- [ €60°0- [ L20'0- | €20°0- | 6T00- | ¢T0°0- | OTO'0- | L00°O- 0000 66T'TLS 116'€52 L6
LL00- | TLOO- [ ¥90°0- | LSO0'0- | 0S0°0- [ €¥0°0- [ 8€0°0- | ¢€0'0- | £¢0'0- | 0¢0'0- | T¢O'0- | 8T0°0- | ¥IO'0- [ TTO'O- | 600°0- 000°0 YYETLS ¥00'7Se 96
880°0- [ 180°0- | ¢L0°0- | T90'0- | ¥S0'0- | 8¥0'0- | ¢¥0'0- | ¥€0'0- | 0E0'0- | T20'0- | ¢20'0- | 8TO'0- | €T0'0- [ OTO'O- | 800°0- 0000 95€'2.S T2L'ese G6
LET'O- | 9¢T'0- | ¥TIT'O- | L60°0- | 980°0- [ €0°0- [ ¢90°0- | ¢S0°0- | 9¥0°0- | LEO'O- | SE0'0- | OEO'0- | €20°0- [ 6TO°0- | 9T0°0- 000°0 9Tv'2LS 622'€Se €6
S0C’0- | 88T'0- | 69T°0- | ¥¥T'O- | 9¢T°0- | 60T°0- | ¢60°0- | 920°0- | 690°0- | 850°0- | €50°0- | 9¥0'0- | 8€0'0- [ ¢€0'0- | 620°0- 000°0 967'2LS 2ov'zse 68
¥0C°0- [ 98T°0- | 99T'0- | OYT'O- | TCT'O- | €0T'O- | G800~ | 690°0- | T90°0- | 6¥0°0- | G¥O'O- | LEO'O- | £2¢0'0- [ 0CO'0- | 8TO0- 0000 0S5'2.S ¥86'TSC 18
LZ€0- | T0€0- | ¥.C'0- | 9€C°0- | 00C°O- | ¥.T°0- | ¥¥T°0- | 8TT'O- | OOT'O- | £80°0- | ¥20°0- | 6S0'0- | T¥O'O- [ L2O'O- | €20°0- 000°0 §S6'TLS ¥/8'15¢ 18
re0o- | vIE€0- | 982°0- | 9¥2'0- | LT2°0- | 06T°0- | 6GT0- | 8¢T'0- | 60T'0- | ¥60°0- | 080°0- | ¥90°0- | €¥O'0- [ L20'0- | 220°0- 000°0 S89'T.S 000252 6L
LSE0- | LTEO- | 96C°0- | ¥SC'0- | L¢2'O- | L6T'O- | ¥9T'0- [ €€T'0- [ 60T'0- [ €60°0- | 820°0- | 850°0- | 9€0°0- | 6I0°0- | STO°O- 0000 02S'TLS 09.'152 69
VSE€0- [ SCE€0- | L6C0- | SSC'0- | 8¢¢'0- | 66T°0- | 99T'0- | SET'0- | €TT'O- | 860°0- | ¢80°0- | 850°0- | Tv00- | ¥20°0- | 6T0°0- 000°0 €€S'TLS 686'TSC S
997°0- | €vT'0- | 6TC'0- | S8T'0- | T9T'0- | 8ET'0- | ¥YIT'O- | ¢60°0- | 820°0- | 290°0- | 8S0°0- | 6#0°0- | ¢€0°0- | ¢20°0- | 8T0°0- 000°0 0.T'2LS 08.'T152 144
¢0€0- | vLTO- | TSC°0- | 8TC'0- | S6T'0- | ¢/T'0- | S¥T'O- [ 6TT'O- | ¥60°0- [ 220°0- | €90°0- | S¥0°0- | L20'0- | €T0°0- | OTO'O- 0000 ¥TL'0LS 18Y'25e 9€
9€E€'0- [ 90€'0- | GLC'0- | OvC'0- | GTC'0- | 06T'0- | ¢9T'0- | ¢€T'0- | TOT'O- | €80°0- | 290°0- | 6#0°0- | 820°0- | €T0°0- | OTO0- 000°0 02.'0LS 88¢'2Se e
PSE'0- [ €CE0- | G6¢°0- | 95¢°0- | 0EC’O- | €0C'0- | €LT°0- | 6ET'O- | OTT'O- | T60°0- | 920°0- | SSO'0- | ¢€0°0- [ 9T0°0- | ¢T0°0- 0000 6€8'0LS 691°252 8¢
89€°0- [ 9€€'0- | LOE0- [ L9¢°0- | OvC'O- | ¢TC'0- | 64T°0- | 9PT'O- | LTT'O- | 660°0- | ¢80°0- [ ¢90°0- | LEO°0- | 0C0°0- | STOO- 0000 6T0'TLS 691°252 6T
€LE°0- | Tv€0- | ¢I€'0- | TLC'O- | €¥C'O- | ¥IC'0- | T8TO- | 8YT'0- | OCT'0- | ¢OT'0- | §80°0- | 0L0°0- | OVO'O- [ ¢¢0°0- | 9T0°0- 000°0 8LT'TLS 19T°25¢ LT
69€0- | 6EE'0- | 60€°0- | L9¢'0- | 6€C°0- | OTC'O- | LLT'O- ( ¥¥T'0O- [ 8TT'O- | ¢0T'0O- | ¥80°0- | 290°0- | O¥0'0- | €20°0- | L10°O- 0000 S82'TLS 991°25¢ 9T
0L€0- [ OVE'0- | OTE0- | 89¢'0- | O¥C'0- | TTC'O- | 8LT'0- | ¥PT'0O- | 6TT'O- | €0T'0- | 980°0- | TLO00- | ¢¥0°0- | ¥20°0- | 6T0°0- 000°0 VL€' TLS 9e1'ese ST
08¢°0- [ 8ST’0- | 9€C°0- [ SOC'0- | T8T'0- | T9T'0- | 9€T'0- | ¢TT'0- | ¥60°0- | T8O'0- | 690°0- [ SSO'0- | 8€0°0- | 920°0- | 1200~ 000°0 82S'T.S 1T1°252 1
€CE0- | 86C°0- | ¥.C'0- | 8€C'0- | €TC'0- | 06T'0- | ¢9T'0-  SET'O- [ LTT'O- [ €0T'0- | 680°0- | ¥20°0- | §S0°0- | OVO'0O- | SEO'O- 0000 LES'TLS €€5'25¢ [4%
9v€'0- [ 6T€0- | ¢6C'0- | €5¢°0- | 9¢¢'0- | 66T°0- | 89T'0- | ¢ET'0- | ¢TT'O- | 860°0- | ¢80°0- | 690°0- | ¥¥0°0- | 820°0- | €20°0- 000°0 8vS'TLS 20e‘ese 0T
8SC°0- [ LE€TO- | 9TC'0- [ SBT'0- | €9T0- | EYT'O- | 6TT'0- | 660°0- | 880°0- | 920°0- | €90°0- | ¥S0°0- | LEOO- | £20'0- | ¥20°0- 000°0 TE6'TLS 209'2s¢ L
¢87°0- | 09T°0- | 9€C°0- | TOC'O- | 8LT'0- | SST'O- | 82T'0- [ SOT'O- [ ¢60°0- [ 6£0°0- | 690°0- | 850°0- | O¥O°0- | L2O'0O- | ¥20°0O- 0000 €26'TLS 86€'25C S
v0€0- [ 08C°0- | ¥S5C'0- | 8T¢'0- | ¢6T0- | 89T'0- | 8ET'0- | ETT'O- | 660°0- | S80°0- | ¥.0°0- | ¢90°0- | ¥¥0°0- | 820°0- | ¥20°0- 000°0 9€6'TLS ¥61°25¢ €
¢0€'0- | LLT0- | 0S¢°0- | €T2°0- | /8T°0- | ¢9T°0- [ SET'0- | OTT0- | ¥60°0- | T8O'O- | 690°0- | 2S0'0- | 8€0'0- [ 920°0- [ 2¢20°0- 000°0 6v6'T.S 886'TS¢C T
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NEDMAG B.V.

MODELLING OF SUBSIDENCE INDUCED BY SALT

SQUEEZE MINING FROM THE VEENDAM CONCESSION:

HISTORY MATCH 1993 — 2016 AND FORECAST

INCLUDING TWO NEW WELLS

6SC°0- | €€C0- | TTC'O- | ¢8T°0- | ¢9T°0- | ¢¥T'O- | ¢Z1°0- | 00T0- | TLO°O- | £S0°0- [ €¥0°0- | 920°0- | ¥TO'O- | SO0°0- | €00°0- 0000 S2S'0LS 990'1S¢
81C0- | v6T'0- | 9/T°0- | ¢ST0- | GS€T'0- | 6TT'O- | 2OT'0- | €80°0- | 6S0°0- | 9¥0°0- [ ¥€0°0- | 610°0- | 600°0- | SOO0- [ 200°0- 0000 190°0LS 182'15¢
18T°0- | T9T0- | 9YT'0- | 9¢T°0- | TIT'O- | OOT'O- | 980°0- | €.0°0- | €50°0- | T¥0'0- | 820°0- | ¥TO'O- | 8OO'O- | 200°0- | €000~ 000°0 085'0LS 86€'0S¢C
€LC°0- | 9¥T0- | ¥2Z'0- | T6T°0- | OLT'O- | 8YT'0- | GCT°0- | ¢0T'O- | €L0°0- | 6S0°0- | G¥0O'0- | 820°0- | STO'O- | SO0°0- | €00°0- 0000 0/8'0LS 0€6'0S¢
€vC0- | LTTO- | L6T°0- | OLT'O- | ¢ST'O- | ¢€T0- | ¥TT'0- | ¥60°0- [ 990°0- | €50°0- | 6€0°0- | €20°0- | ZTO'0- | SO0°0- | €00°0- 0000 062'0LS 06T'TSC
8vT0- | T¢Co- | 96T°0- | 89T0- | TST'O- | GET'O- | OZT'0- | ¢OT0- | ¢L0°0- | 6S0°0- [ S¥0°0- | 0200- | TTO0- | €00°0- [ €00°0- 0000 0.5'0LS §65'0S¢
£90°0- | 6S0°0- | ¥S0°0- | 9¥0°0- | ¢¥O'0- | LEO'O- | €E0°0- | T€O0- | ¥20°0- | 8TO'O- | ZT0°0- | ¥00'0- | 200°0- | TOO'O [ 0000 0000 0TT'0.S 2G8'61C
0€0'0- [ 9¢00- | €20°0- | 020°0- | 8TO°0- | 9TO'0- | ¥T0O'0- | ¥I0'0- | ZTO0- | 600°0- [ L00°0- | SO0°0- | ¥00°0- | 200°0- | 200°0- 000°0 09T°2.S 088'8v7C
850°0- [ ¢s0'0- | 9¥0°0- | 6€0°0- | G€0'0- | ¢€0'0- | 820°0- | G20°0- | 0¢0°0- | STO'O- [ OTO'O- | SO0°0- | ¥OO'0- [ 0000 | TOO'O- 000°0 ¥65'0LS 16S'6VC
6€0°0- [ v€0'0- | 6¢0°0- | G20'0- | ¢¢0'0- | 6TO'0- | 9TO'0- | ¥IO'0- | ¢TO'0- | 80O'O- [ 900°0- | €00°0- | TOO'0- | TOO'O | TOOO- 000°0 22e'TLS vee'eve
9€0°0- [ TEOO- | 9¢0°0- | €20°0- | 0¢0O'0- | LTO'O- | ¥T0°0- | TIO0- | OTO'0- | L0O'O- [ SOO'0O- | €00°0- | ¢00'0- [ 0000 [ 000°0 000°0 ¥98'T.S T20'6vC
09C°0- [ S€C’0- | €TC'0- | 08T'0- | 09T°0- | 6ET'0- | 9TT'0- | ¥60°0- | 890°0- | GS0°0- [ ¢¥0°0- | 920°0- | €TO'0- | ¥00'0- [ 200°0- 000°0 02T'T.S 018'0S¢
08T°0- [ ¢9T'0- | €EYT'O- | OCT'0- | €0T'0- | £80°0- | 0L0°0- | £S0°0- | €EVO'0- | ¥€O'O- [ 920°0- | LI0°0- | 600°0- | ¥00°0- [ 2¢00°0- 000°0 0€L'TLS 02s'0se
9€T'0- [ Te¢T'0- | 90T'0- | 680°0- | G20°0- | €90°0- | 0S0°0- | O¥0'0- | T€EO'0- | ¥¢0'0- [ 8T0'0- | ¢T0°0- | S00°0- | €00°0- [ TOO'O- 000°0 910'2.S S0v'0Se
1S0°0- [ £¥0°0- | ¢¥0'0- | GE0'0- | ¢€0'0- | L¢O'0- | €20°0- | 610°0- | STO'0- | €TO'0- [ €T0°0- | 600°0- | S00°0- | €00°0- [ 2¢00°0- 000°0 092225 082'vS¢
6v0°0- [ 9¥0'0- | T¥O'O- | ¥€0'0- | 0E0'0- | 9¢0°0- | €20°0- | 020°0- | LTO'O- | ¥TO'O- [ €T0°0- | L00°0- | ¥00'0- | €00°0- [ 2¢00°0- 000°0 0/8'TLS 08.'vS¢
LT0°0- [ 8T0°0- | LTO'O- | STO0- | ¥TO'O- | €TO'0- | ¢T0°0- | OTO'0- | 600°0- | 80O'O- [ 2Z00°0- | SO0°0- | ¥O0'0- | €00°0- [ €00°0- 0000 €LE'TLS ¥.5'55¢C
60T°0- [ TOT'O- | T60°0- | 820°0- | 890°0- [ 090°0- | 0S0°0- | ¢¥00- | €E0°0- | 9¢0°0- [ T20'0- | ¥10°'0- | 800°0- | ¥00'0- [ 200°0- 000°0 0L¥7'025 02L'€se
¢80°0- | 940°0- [ 890°0- | 6S0°0- [ TS0'0- | S¥0'0- | 8€0°0- | T€0'0- [ G¢0'0- | 0CO0'0- | STO0- | 600°0- [ 900°0- | €00°0- | TOO'O- 0000 0€¥'0LS 0.6'€S¢
190°0- [ 8S0°0- | ¢50°0- | 9¥0°0- | OFO'0- [ 9€0°0- | 0E0'0- | G20°0- | T¢0'0- | LTO'O- [ ¥T0°0- | 600°0- | SO00°0- | ¥00°0- [ 200°0- 0000 0ve'0LS 0ze'vse
8¥0°0- [ 9¥0'0- | ¢¥O'0- | LEO'0- | €E0'0- | 6¢0°0- | 920°0- | T¢0'0- | 8T0°0- | STO'O- [ ¢T0'0- | 600°0- | 900°0- | ¥00°0- [ €00°0- 0000 0T€'0LS 00S'S¢C
€¢0°0- | €¢00- [ €20°0- | ¢¢0'0- [ 6TO'0- | 8T0°0- | 9T0°0- | ¥TO'O- [ TTO'O- | 600°0- | 800°0- | 900°0- | ¥00°0- | €00°0- | ¢00°0- 0000 02€'0LS 09€'G5¢
6L1°0- [ 6ST'O- | EPT'O- | ¥CT°0- | OTT'O- | 960°0- | ¢80'0- | 890°0- | 8¥0°0- [ 9€0°0- [ 920°0- | €10°0- | L00'0- | €00°0- [ TOO'0- 0000 008'695 0zy'1se
9€C’0- [ 0TC'0- | 06T'O- | G9T°0- | S¥T'0- | 8CT'O- | 60T'0- | 880°0- | €90°0- | 8¥0'0- [ S€0'0- | T¢0'0- | OTO'0- | ¥00°0- [ TOO'0- 0000 0G0'0LS 0€5'1S¢
681°0- [ 0LT'0- | ¥ST'O- | ¥ET'0- | 8TT'0- | €0T'O- | Z80'0- | 690°0- | ¢S0°0- | T¥O'O- [ OE0'0- | 0C00- | TTO'0- | ¥000- [ 200°0- 0000 086'695 0LL'252
6CT°0- [ 9TT'0- | 90T'0- | €60°0- | 980°0- | ¢L0°0- | 6S0°0- | 6¥0°0- | 9€0°0- | 8¢0'0- [ T¢0'0- | ¥10'0- | LOO'0- | €00°0- [ 200°0- 0000 066'695 0Ge'ese
LLEO- | vvEO- | ETE0- | TLC'0- | EVC'O- | €TC'O- | OBT'O- | 9¥T'0- | STT'O- | S60°0- [ 6L0°0- | 090°0- | ¢€0'0- | €T0°0- | 600°0- 0000 1G0'TLS §G6'TSC
€LE°0- | 6EE0- [ 60€0- | L9¢°0- | 6€C'0- | 60C'0- | 921°0- | EVT'O- [ OTT'O- | T60°0- | GZ0°0- | €50°0- | 8¢0'0- | 600°0- | 900°0- 0000 0L0'T.S T0L'TSC
6S€°0- [ 8¢€0- | 6620 | LSC0- | 0€C’0- | 66T'0- | Z9T°0- | 9€T°0- | 80T'0- | ¢60°0- [ £LL0°0- | 9S0°0- | ¢€0'0- | STO°0- [ TIO0- 0000 66€'TLS 659'TSC
9L€0- [ €vE0- | ¥IE€0- | ¢/C'0- | 9¥2'0- [ 9T2'0- | SBT'O- | ¢ST'0- | OCT'0- [ ¢0T'0- [ 980°0- | S90°0- | T¥O'0- | ¥20°0- [ T20'0- 0000 080'T.S 2€5'1S¢
9T-1dv-T | #T-G93-T [2T-#elN-T | OT-Uer-T [ 80-Uer-T | 90-UeC-T | #0-Uer-T | 20-Uer-T [ 00-Uer-T | 66-UeC-T | 86-UeC-T | L6-Uer-T | 96-Uer-T [ G6-INC-T | 56-094-T | £6-AeIN-T A X
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NEDMAG B.V.

MODELLING OF SUBSIDENCE INDUCED BY SALT

SQUEEZE MINING FROM THE VEENDAM CONCESSION:

HISTORY MATCH 1993 — 2016 AND FORECAST

INCLUDING TWO NEW WELLS

¥10°0- [ 910°0- | 8100 | 9T0°0- | STO'O- | ¥T0°O- | ¥T0'0- | ¢10°0- | TTO0- | 600°0- [ 800°0- | L00°0- | L00°0- | ¥00°0- | ¥00°0- 0000 098°2.S 0/8'vS¢
1100- | TTO0- | TT00- | OTO'O- | 600°0- | 800'0- | L000- | 900°0- [ S00°0- | SO0°0- | ¥000- | €00°0- | €00°0- | TOO'O- | TOO'O- 000°0 02S'v.S 0ze'6ve
810°0- [ 610°0- | 6T0°0- | 8T0°0- | 9TO'0- | €T0°0- | ¥T0O'0- | TIO0- | OTO'0- | OTO'O- [ 800°0- | 800°0- | SO0°0- | SO0°0- [ €00°0- 000°0 09T'€LS 02T'vse
1100- | €T00- | €T0°0- | ¢T0°0- | TTO'0- | 600°0- | 600°0- | 8000~ | L00°O- | 800°0- | L00°0- | L00'0- | S00°0- | SO0°0- | €00°0- 0000 0€S'€LS 0L9'6vC
€¢0°0- | TTO0- | T2O0- | 9TO'0- | ¥TO'O- | ZT0°0- | ¢T0°0- | 800°0- | L00°0- | 900°0- | 900°0- | SO0°0- | €00°0- | ¥00°0- | 200°0- 000°0 0/2'v.S 0ET'TSC
0€0°0- | 8¢0'0- | 9¢0°0- | ¢20°0- | 8T0°0- | STO'O- | ¥TO'0O- | OTO0- | 800°0- | L0O'O- | £L00°0O- | £00°0- | ¥00°0- | ¥00°0- | 200°0- 0000 098°€LS 09T'1S¢
8¢0°0- | 8¢00- | 9¢0°0- | ¥20°0- | ¢¢0°0- | 6T0°0- | STO'O- | €10°0- | ¢TO°0- | TTOO- [ 600°0- | L00°0- | SO0°0- | ¥00°0- | ¥00°0- 0000 0Sv'v.S 0T6'€SeC
¥¥0'0- [ €¥0'0- | OVO'O- | GE00- | 0E0'0- | 920°0- | ¥20°0- | 8T0°0- | LTOO- | €TO'0- | ZTO°0- | €T0°0- | 600°0- | 800°0- | ¥00°0- 000°0 0ze'eLs 0eg'ese
€000 ¢00°0- | ¥00°0- [ ¥00°0- | S00°0- | S00°0- [ 900°0- [ 900°0- | £00°0- | SO0°0- | €00°0- | ¥00°0- | ¥00°0- | ¥00°0- | €00°0- 000°0 ove'zls 0.5'G5¢
€L0°0- | 0L0°0- [ €90°0- | SS0°0- | L¥0'0- | O¥0'0- | S€0°0- | 6¢0°0- [ 9¢0°0- | T¢0'0- | 020°0- | 6TO°0- | ¥TO'O- | ¢TO'0- | 600°0- 000°0 8€C'€LS £v5'2Se
8L0°0- [ v£0°0- | 890°0- | 6S0°0- | 0S0°0- | €¥O'0- | 8€0°0- | ¢€0'0- | 6¢0°0- | G¢0'0- [ €20°0- | €20°0- | LTO'O- | 9T0°0- | €T0°0- 000°0 9GZ'€LS 25e'ese
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NEDMAG B.V.

MODELLING OF SUBSIDENCE INDUCED BY SALT

SQUEEZE MINING FROM THE VEENDAM CONCESSION:

HISTORY MATCH 1993 — 2016 AND FORECAST

INCLUDING TWO NEW WELLS
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SQUEEZE MINING FROM THE VEENDAM CONCESSION:
HISTORY MATCH 1993 — 2016 AND FORECAST
INCLUDING TWO NEW WELLS

Table 7-5 Summary of the detailed history match results showing the three rigid basement
parameters that were subjected to the optimisation procedure and the resulting
modelling error. The runs are coloured to illustrate the two minima that were

identified.
optimization Rigid basement depth parameters RMSE (cm) |OC?|{g|oba|
run C/k(O) d(C/k) Tzout minimum
0 0.704 0.675 48.3 0.7154 global
1 0.001 0.003 30.4 0.9723 local
2 0.701 1 78.2 0.7168 global
3 0.706 0.566 38.8 0.7146 global
4 0.001 0.006 59.4 0.9723 local
5 0.706 0.565 38.7 0.7146 global
6 0.001 0.007 69.1 0.9723 local
7 0.705 0.578 39.9 0.7147 global
8 0.705 0.632 44.6 0.7151 global
9 0.001 0.001 56.3 0.9723 local
10 0.001 0.003 26 0.9723 local
11 0.703 0.852 63.6 0.7163 global
12 0.703 0.826 61.3 0.7162 global
13 0.705 0.634 44.7 0.7151 global
14 0.703 0.83 61.7 0.7162 global
15 0.704 0.72 52.2 0.7157 global
16 0.001 0.006 58.8 0.9723 local
17 0.001 0.003 22.8 0.9723 local
18 0.706 0.569 39.1 0.7146 global
19 0.705 0.636 44.8 0.7152 global
20 0.001 0.008 84.1 0.9723 local
21 0.706 0.568 39 0.7146 global
22 0.707 0.502 333 0.7140 global
23 0.001 0.007 77.6 0.9723 local
24 0.702 0.972 74 0.7167 global
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APPENDIXE EXAMPLE OF THE INDIVIDUAL WELL ALLOCATION FRACTIONS

Table 7-6 A typical example of squeeze volume allocation fractions after optimisation.
The numbers are fractions of the total cumulative volume produced to that
date.

Allocation well fraction
Date
TR-1 TR- | TR- | TR- | TR- | TR- | TR- | TR- | TR- | VE- | VE- | VE- | VE-

2 3 4 5 6 7 8 9 1 2 3 4

Feb-
95 - - - - - - - - - - - - -
Jul-95 _ _ _ _ R R - - - - - - -
Jan-96 - - - - - - - - - - - - -
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APPENDIXF SUBSIDENCE MAPS USING ALTERNATIVE RIGID BASEMENT

PARAMETERS
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Figure 7-2 Subsidence forecast (in cm) for 2023 (left) and 2031 (right) based on production
scenario 1 using the rigid basement parameters from the global minimum that
resulted in the largest modelling error, see Appendix D. 2031 is the year when
subsidence at a benchmark location reached the maximum permitted 65 cm.
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Figure 7-3 Subsidence forecast (in cm) for 2023 (left) and 2037 (right) based on production
scenario 2 using the alternative rigid basement parameters. As a result of
applying the alternative parameters to scenario 2 the maximum permitted
subsidence at a benchmark location is reached in 2037, one year later than in the

forecast reported in Chapter 3.
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Figure 7-4 Subsidence forecast (in cm) for 2023 (left) and 2033 (right) based on production
scenario 3 using the alternative rigid basement parameters.
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