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1 Summary

This report describes the wodone to explain and reduce the difference between the NAM
predicted longterm subsidence and the field data in the Ameland field, The Netherlands: The
subsidence appears to continue even though the depletion rates have been decreasificasitin

over the past yearsAs a result, the maximum subsidence and the subsidence patterns predicted by
previous subsidence models did not fully agree with the field data, making predictions of subsidence
uncertain. Thdongterm subsidence study addresses this issue with part two-() B8ing a follow

up of part one that was finished in 2015 and outlined in NAM (2015a). The study work in part one
(LTS) concluded on the relevant physical mechanisms that could explain the dogsrsubsidence
observed above the Ameland field. The main objective of thelLiBject is the implementation of

the results obtained in LAISnto a newconfrontationworkflow, applied on a real field case: the
Ameland field. A unique feature of thigwkelopedconfrontationworkflow is that it onsiders the
uncertainty ofgeodeticdata, the reservoir modeindthe geomechanical modén the forecasting of
subsidence resulting from gas production.

A key element of the new workflow is that model results aompared with subsidence
measurementsn an objectiveway. The workflow incorporates the findings of the HBRudy and as
demonstrated here is able to identify the most likely model factors, like reservoir and aquifer
depletion scenarios, and parametealues for the compaction model and influence function (i.e. a
model that translates the compaction source to surface subsidence). Moreover, posterior (after
confrontation with the geodetic data) probability distributions for the model data show redéfine
distributions for the input values of the model data. The workflow consists of 5 main components as
visualised irFigurel, thatare summarisel here.

geodetic data

pressure

scenarios and subsidence

geomechanical members
models

likely members
confrontation that best match to
the data

Figurel. Main components of theconfrontation workflow as adopted in this study.

Results of the LTS study demonstrate that a successful workflow was created that confronts
subsidence model results thimeasurements in an objectiweay. The workflow incorporates the
findings of the LT-Bstudy and as demonstrated hecanidentify the most likely model factors, like
reservoir and aquifer depletion scenarios and parameter values for the subsidence model. Moreover,
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posterior (after confrontation with the geodetic data) probability distdilons for the model
parameter valueshow redefined distributiongvhen compared to therior input values of the
model parameters

Pressure scenarios

To describe thg@ossible variation in theressure scenarios for Ameland, 58 reservoir scenarios were
created that were all history matched to the available pressure and production data. The scenarios
are characterized by different levels of depletion in time of both the western and eastern aquifers.
Because of the long production history of the field (sib®86) combined with the regular
measurements of the pressures in the producing wells, the development of the pressure in the gas
bearing part of the structure isarrowly constrained and therefore showittle variation between

the 58 models.

Subsidence embers

For every pressure scenaribe parameter values of the compaction model and influence function
were variedin a Monte Carlo simulation. In the current study, one generic compaction ndekd

the RTCiM model (Pruiksma et al, 2015), with thditaah of a linear elastic branch. For the influence
function, a modified Geertsma and van Opstal (1973) model is used with the addition of a time
dependent shape factor that is calibrated to the viscous behaviour of a salt layer embedded in an
elastic oveburden, modelled by a finite element modeThe two timedependent processes (one in

the compaction and one in the influence function) have a distinctly different effect on the subsidence
rate. Subsidence as a result of reservoir compaction always leashange of the subsidence bowl
volume In contrast to this, the viscous behaviour of the salt only impactshiapeof the

subsidence bowl and not the volume.

Each parameter picked by the Monte Carlo procedure results in a subsidence model membar, with
group of members defining the ensemble.

Geodetic data

Several significant innovations were applied in the use of geodetic data. Observations from levelling
and GPS techniques have been used in the format of spatiporal(i.e. in space and timejouble-
differences. Uncertainties are described by a fully populated covariance matrix, that also takes
shallow movements into account (idealisation noise). Outlier removal has been implemented in a
formal way.

Confrontation

Each member is confronted to thegdetic data. The resulting test statistic defines the probability

and weight of the specific member. The used theory to calculate the test statistic is based on Nepveu
et al. (2010) with modification explained in this report.

Output and results

The modelled results versus the geodetic data are presented for tWbpEofiles over the island and
for many individuatiouble-differences. The overall fit to the data is good, matching better to the
location of the deepest point of the bowl and matchimegtter to the benchmarks on the eastern part
of the islandas compared toesults fromearliermodels.The weighted averageas also used to
calculatethe subsidence rates in the Pinkegat area along with their confidence intervals. It is
observed that theconfidence interval is narrow and is, at present, far below the defined boundary
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reduction in the subsidence ratedter a hypothetical stop in 1996, but also smaller but clear
reduction following a hypothetical stop in 2016. The latter being smaller can be explained by the
reduced effect of a later stop on the pressures in the gas field, knowing that most of thaghsen
produced by 2016. For a hypothetical stop in 1996, the production stop is ten years after the start of
production, which is comparable tbe current field life of the Waddenzee fields like Nes and
Moddergat. Based on this analogiteantherefore be concludel that an emergency stop scenario in
the Waddenzee for fields like Nes and Moddergat would result in a significant decrease of the
subsidence rate in the Waddenzee.

A verification of the effecdf more geodetic datan the accepted model ensdste members when
bringing inlonger time seriehias also beengrformed as part of this studyr'he results show

narrowing band specifically in the early monitoring period. early measurement campaigns quickly
narrow the uncertainty.

In summary, thepplication of further detailedstatistica) analysis to pressure scenarios, field data
and geomechanical models improved our ability to describe the Ameland subsidence, giving
confidence in the ability of our models to predict subsidence in the Ameiafdi f



2 Introduction

Thanks to extensive subsidence monitoring, Néfddervedthat subsidence at the Ameland field
continues after productiofinduced depletion has slowed down significgritbm the rates in the

first decades of the field (80s and 90s). More precisely, the rate of subsidence per unit depletion (at a
particular location above the Ameland field) is increasing over tguggesting time-dependent
(combination of) mechanism(s) at work in or around theerwoir.

This report describes the results of thengTermSubsidence Study pa2t(LTSI), which is a follow
up study of part XL TS, NAM, 2015& Both studies are aimed toetter understand theobserved
spatial andemporalbehaviourof subsidence masurements above the Rotliegem@sreservoirs in
the northern part of the Netherlandsvith LTS focussing on the possible physical causes andILTS
applying this knowledge for an actual field case: subsideboee the Ameland field

The LTS researéhframed around geodetic observatioasove the Ameland fielthat show a

continuing subsidence even afttdre rate of reservoipressure depletion raslowed down

significantly This behaviour was not well understoind2011but wasmathematically resaled by the

introduction of afunction describing a timelependence of subsidence on depletithe Time decay

model, Mossop, 2012)Thisnew functionresolves largelythe mismatch between model predictions

and subsequent survey measuremeiat the possiblainderlying physicahechanismsvere not

properly understood. This situatiomas unsatisfactory for NAM, Sodihd other stakeholders like

GRS 2| RRSY¥GSINRY XSBRy T2 | OafyhRlikende@ ¢ g AWy XKBA LILILINE D |
allows gas production in the Waddenzee area.

As mentioned before, LISNAM, 201%) focused on the possible mechanisms that could explain
such observatios. The main conclusiosifrom this study are listed below.

2.1 Summary of part 1 (NAM, 2015a)
The mairfindings of the LT-8study are listed below:
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in and around the Ameland reservaind not an artefact of noise and uncertainty in the
geodetic data.

1 Timedependent creep behaviour is observed and predicted to be associated with
compaction of the sandstone in the gas reservoir, pressure diffusion and partial depletion of
the aquifers as well as flow of the overlying salt. Salt flow in isolation appeats heta
plausible explanation for time dependent subsidence, while the compaction and pressure
depletion models remain viable hypotheses within the possible uncertainty ranges.

1 Deformation experiments of Rotliegend reservoir coraterial under irsitu corditions show
that reservoir compaction involves a porositgpendent element of inelastic deformation
through graincracking and an elastic (reversible) element. The contribution ofregersible
inelastic strain increases withcreasingporosity.

1 The sibsidence modelling precision can significantly be improved by taking correlation
structures in the surveillance data into account. By appropriately differencing the survey
data, biases as well as complexities in covariance structures can be reduaddtitm,
methods have been developed identify and handé outlier measurements, data reduction



techniques for large geodetic data sets, as well as improvements to procdssinoding GPS
data.

1 Animproved and more formal statistical method is proposeudatidate and test the quality
of subsidence predictions against the survey data. It is based on a Bayesian framework that
can provide a coherent structure for the creation of initial models built on prior information,
the objective updating of these modelising collected geodetic data and the quantitative
testing of future predictions.

2.2 Previous LTSI reports

The LT3 research started in MarcB016by a consortium of NAM, TNO amtd Delft A workplan
(NAM, 2016dyvas written with the aim to deploy the knowledge on geomechanicsearsgmble
basedconfrontationtechniques by TNO (TN@017)andgeodetic processing byU Delftivan Leijen
et al., 2017pn AmelandThe application to the Ameland field and the reswitshe first
confrontation of thesubsidence modahembers to thegeodeticdata are described in two reports
(NAM, 2017, 2017b).

Even thougtsignificanttechnical progress was recognised by theiewers, theDutchregulator
SodM(StateSupervision ofMines) concluded that the worlshouldbe improved by a number of
modifications(SodMletter, 2017) to be addressed in a follewp study (this report):

1. Improve the fit of the subsurface models to the measured date Section 7.4)

2. Includethe effect of the lage observed overpressure in the subsurface mdse¢ Section
4.2.2)

3. Use a single generic compaction model instead of 4 specific compaction nsetelSection
4.2.1)

4. Use a realistic range of salt parameter val(s=e Section 4.3.1)

Consequentlyconsidersome neglected coariancegsee Chapter 6)

6. Resolve geomechanical modelling issues that were introduced by the TNO program AEsubs
(see Section 4.3)

o

The current report is written as a staradone report, i.e. it can be read without first digestifg
previous LTS reports. It describes in detail the latest insights in Ameland subgideteking and
presents a complete overview of tlw@nfrontationworkflow, addressing the six suggestions for
improvement listed in the SodM letter.



3 Static and dynamic reservoir modelling of the Ameland area

3.1 Summary of the static model
The static modeprovides the properties to the dynamic reservoir madehemodelis described in
detailin NAM (2010). A summary of that work is presenteteéfow.

The objective of the study in 2010 was to prepdymamicreservoir modekcenarioghat

incorporate the key uncertainties that pertain to subsidence modelling of the Ameland gas fields and
the aquifers. Before 2010, a Petrel static reservoir model wdsih005 for late life field

development planning using the analysis of the comprehensive Ameland Field Review (subsurface
study during20052007). Subsequently, a Petrel static reservoir model rebuild was undertaken in
2009 to incorporate new insightsid analysis based on field performance and well results. In 2010,
these models were deemed unsuitable to underpin subsidence modelling for an update of the
Ameland Winningsplan, hence, a full subsurface model rebuild was undertaken, described in the
NAM (210) report.The main characteristics of this model are:

1 Rebuild from scratcdelivering a new base case static model for a new large dynamic model
that deliveredpressure information for subsidence modelling in the whole Waddearea,
including Amelandields and Waddezeefields (AmelaneDost,AmelandNoord,Ameland
Westgat; NesNoord areaTernaard; NedMloddergat including all southern aquifer&igure
2).

9 Vertical layer thickness of only 1 m.

1 2 scenarigbased on porosity distribution. The scenario based on a continuous porosity
deemed to be more likely and is chosen as the base case static thatlserves the
dynamic model in the LTiSstudy.

1 Application ofnew (sequential Gaussian simulation) techniques for property modelling
honouringgeological trends.

1 Based on the 2009 PreS¥Rrestack deptmigration)seismic cube.
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Figure2. Outline of Petrel2009 model showing model coverageagjuifers and Ternaard gas field. The model extends
into the Wadderzeefields (Modddergat Nes, and_auwerszeeOosf) and onshore NL to cover areas of surface subsidence
monitoring. Also, the well paths of the wells used in the NAM (2010) report are vissad.

N
AME| OORD
MOO- 2A \A%«. G-1 NO7A103

g H-M09- 2 4 Awm'mu* \ #

; _go&s A No:-.d; NO7A102
o,
AMELA D-N07FAA

AWGABR

A~

-20; NCTUBNANGLIE
“% w102 E*ﬁ%%awc.wﬁ_\;ﬂ

) e ’
O A’*E-Wéfim 1020% TANES \mgm—'l
‘ ) L AME 1023 1000 {

610000
=

1
HOA- 1E BUR-1 4 JE-10 L
0A- 1B + E101) ) o
Hcﬂ Mwms.al/ \
2, LAND-O
7 s |/ o (
= \
5
g 1B\
8 - T-1A
__AROER | + \\
“\ MeT-1
o 3",\MODDER GAT
NEs S X
L MGTE
g z P AN
. ) = .
g ) < O
BUF102 6LF- 102A N A \Qt_;srsuwsk]w’m
LF R N { E
; \ 4 2C e
| BEWA BLE-to1 N\ _NANJ-2Cg g
FERWERDER e, PO B 1O METSLAWIER” 7\ |
“-BLF-105 sk Bie-108a e WIzZ-1 SOUTH.
“BLEA04] - BLIJA HTM- 1 & % A 3ETBN-3
i “8LFH08 D \ HHTM- 1A ! N-1
e Kilometers \jiUIDQOST v, q Q;.
8] o051 2 3 4 5 . BLIVA ZUID \ : ) Hen-2
2 L N . &
2 170000 175000 180000 185000 190000 195000 200000

Figure3. Overview of the fields and drilled wells in the Waddeeearea (status 2017).
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3.2 Dynamic modelling

As described ithe previous sectionabase case static model was constructed and used to buld
dynamic modelEven thoughthe full area of interest is present in the dynamic model, it was decided
to only investigate the effect on the subsidence because of the production from the Amélastd
AmelandWestgatand AmelandNO7FAfields Figure3). The poduction of theAmelandOost field

will havea dominant effect on the subsidence data because:

Thegeodeticmeasurements are above or close to this field

It is the biggest field (@& andGas Initially In Plac&(1B-wise)

It hasthe highest cumulative gas production

It has at presentthe lowest reservoir pressurand therefore the highest depletion.

= =4 =4 =4

Therefore,in the sections beloythe focus will beon the AmelandOostfield, andthe approach
appliedin the dynamianodellingdomain will be explained

3.2.1 Ameland-Oost field overview

TheAmelandOost fieldis inthe Dutch part othe Southern North Sea area. The field was discovered
in 1964 by well AM& drilled from the Ameland llsnd. The field contains several intra field faylts
further subdividing the field intcseveralproducing blocks with different degree of connectivity
across the faultsThe faultblocks in this field are EA15, E1213, E14, E21, E22, E23, E24, E25 and
B27 (Figured).
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Figure4. AmelandOost fieldoverview. The contour lines are the depth of the top of the reservoir in meters.
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