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6 Subsidence

6.1 Summary

This chapter presents in more technical detail the subsiddiocecasts as presenteth chapter5 of the
Groningen winimgsplan Landsubsidenceabove the Groningen fielid caused by compactiaof the reservoir
due to the gas production. In a first ordapproach the compaction in theeservoircan be calculated by
multiplying thedepleting thickness, # amount of depletion(or pressure dropand the compressibility of the
rock. Geodetic information above the field indicatemveverthat the relationshipbetween pressure drop and
subsidences not simply linearThe most logical explation for this phenomenon ibelieved to be a more
complexcompaction behavior of theeservoir

Therefore tvo compactionmodelsare investigatedfor the Groningen subsidenaalculatiors, both descriling

a nonlinear relationship with pressure drog.e. the time deay (NAM, 201} model and the rate type
compactionisotach mode(RTCIMTNO2013} The time decay model, according to which compaction decays
with time after a presure perturbation, has been adopted in NAM for subsidence calculations since 2011.

Typically geodetic observatiorabove the gas fields in The Netherlands sh@mwincrease of thesubsidence

rate after the first years of production. Thérst model used to match this observation was hi-linear
compactionmodel andthis wasused by NAM till 201However, when updating the Ameland winningsplan in
2010 it became apparent that the-bhear model could not describe the ongoing subsidence observed above
this field (NAM, 201) with the decreasing depletionate at the end of field lifeAn updatedmodel to address

this delayed subsidencboth at the start and atthe end of the production wasdmpted: the time decay
compaction model. The time decayodel has lesdree parameters than the Hinear model while matching

the full geodetic dataset above the field of Amelamglng the compressibilitfCm}porosgty relation based on
laboratorydata.

A similarapproachwas followedfor matching the subsidence above ther@ingen fieldbut in this casehe
aforementionedCmporosity trend linecould not be used directhyA calibrationfactor of about 0.5had to be
applied to this trend linein order to obtain a goodemporal and spatialmatch between modelled and
measuredsubsidenceFor the 2016 winningsplan, supported by this documerat,spatially varying Cm value
derived from a direct inversion of the geodetic data was used to fuitherovethe match.

Besides the application of théme decay model, aecondmodel wasadopted from TNOTNO,2013) i.e.the
RTCiMmodel. This modehlsoprovidesa good match with the historical subsidence data contains more
degrees of freedomvhen compared to the time decay model

Reservoipressuresrom the GroningenMoReS modehave been used as inptdr the compactiormodel The
distribution ofreservoirporosity and thickness were taken from the static Petrel model and upscaled with the
condition that the upscaled compactidye equal to the sum of the compaction of the indivial layers.

I wa{ YS{iK2R ¢l &gootnS®Ri-ThiEtueeK @dddlledrid&eagured historic subsidence

6.2 Introduction

The Groningen fieldvasdiscovered in 1959 and gas production started in 196@bally, he field belongs to
the top-ten largestgas fielé. Subsidence was recognised as a risk before produbgganandwas monitored
from the start through regular levelling surveys. Since 1993 also satellite based Interferom8grithetic

Aperture Radar (nSAR measurementshave been used fothis purpose In 2013 the firstcontinuous GPS
monitoring station in Groningen was installed in Ten Post.

The subsidence modelwere revised and refinedhrough time as more data became availableCompaction
modelshave to meettwo basiccriteria: they have to closely match the subsidence measurements and they
should be based on plausible physical mechanisms. Se6t®will describe the availability of data.e.,
laboratory compaction data and geodetic data. Sectohdescribeshe geomechanics of the Groningen field
includng the compaction models and the importance of overburden behaviBubsequensections §.5and

6.6) describe model calibration and the subsidence forecasts.
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6.3 Geodetic and geomechanical data

This sectiondescribeswo sources of data relevant for modedlibration. Firstan overview will be presented
of the geodetic data, followed by a description of the geomechanical data (Cm measurements). Other data
such as geological data and pressure data have been descriBedtihof thisTechrical Addendum

6.3.1 Survey protocol

The Dutch mining lawfiom 2002)requires thata survey plan im placefor all onshore gaand oil production
activities. The State Supervision of Mines (Staatstoezicht op de MjjBedM) has to be informed every year
on the status of the survey plann anychanges madéo the plan, and on the geodetic surveyscheduledor
the coming year.

For Groningena full levelling survelias to be carried ouwtvery 5 years.
Prognosis _ ! inspection 1
Report Inspection i Report |
L
Meetplan
Benchmark
w Data

Basis

Prognosis Measurement

Winningsplan /

| | Network
Opslagplan Maintenance
Analysis
Meetregister
AnaIySis

Figure6-1 Shematic overview of a measurement and control workflow that is embedded in all Dutch production
plans

An initial survey for Groningen was carried out in 1964t only covered the southern part of the field. The

first full levelling survegoveringthe entire area was in 197Zhelatest surveyprocedures have beendefined

by SodM and Rijkswaterstaat Dd@T Dienst (RWSID) in Januari 2008 In addition, in 2014 Indusjr

J3dzZA RSt AySa KI @S 0SSy RSTFAYSRI ¢gKAOK KI @S 0SSy Llzof Aal
R20dzySyd GAGft SR GaDS2RSGAAO0OKS olara @22N) aiayoz2dzws> L
SodM. The evelling networks are designed $uthat the benchmarks at the edges of the network are just

outside the subsiding area.

Results of the surveyare officially reported in the Survey Registarich is publically accessibl&€he Survey
register consists of a free network adjustmenf‘ddhase) as aquality controlon the observations, a state of
differences with relative heights (relative to the chosen reference benchmark) and height differences of the
benchmarks between epochand a mapof the survey network and benchmat&cations labelled with the
height differences between the last and previous epoch. rEp@rted height differences are not corrected for
possible autonomous movemebut present the total displacement at surfacéhe interpretation of the root
cause lpe it deformation dueto gas extraction, autonomous movement or otherwise) can only be carried out
by expert analysis and is not part of the survey register.
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6.3.2 Surveying techniques

Current surveying techniques are:

- Spirit levelling
- PSInSAR (Satellite Radar Interferometry)
- GPS (as part of GN&3dbal Navigation Satellite System)

6.3.2.1 Spirit Levelling
This techniquédnas been used for Groningen since 1964.

Surveys are executed according to regulations defined by-BNUSas stated it NB RdzO G & LISOA FA OF G A
NAP, Secundaire werpassingen t.b.v. de bijhouding van het NAP, versie 1.1 van januam y Q ®

The equipment used includes certifiesklfregistering optical levelling instruments and barcode level staffs.
Measurements are registered fully automatic in a registration ealgation system defined by RWHD.

6.3.2.2 PSInSAR

Since 2010, deformation based on-RRSAR technique is reported, in conjunction with a number of levelling
trajectories for validation.

Deformation is estimated from phase differences between the acquisitimigspersistent scatterers (Hanssen,
2001). The spatial resolution depends on the presence of natural reflectors, such as buildings. To obtain a
precision comparable to levelling, error sources (like atmospheric disturbangiégaldnaccuraciesneed to k@
estimated and removed. To support this, a time series of satellite images is require@g>gtages) and

ample resolution of scatterers. The estimated deformation velocity from INSAR observation® isntnByear

(see Ketelaar, 2009).

The big advantagesf the INSAR technique are its high temporal resolution (> 10x per year) and the dense
spatial resolution. No survey crew is required in the field, hence no disturbance of the area and no security
risks. Moreover, the accuracy of Rf5AR is comparable kevelling.

6.3.2.3 GPS

Global Positioning System (GPS) stations have been placed at 10 Groningen field facilities; Eemskanaal;
CNR2Y062a0Kz Qi %I yR(iX h@SNBROKAfRI ¢2dzOKSYZ ¢ y]1 SNLI N
first GPS station was alrepglaced on the Ten Post location in Q1 2013. The new stations are recording since

26th March 2014. GPS stations are continuously monitoring the horizontal and vertical components of
subsidence of the ground surface. They are best placed on an exisfiloiing. Locations Stedum, Usquert

and Zeerijp, do not have buildings. There, a three legged reinforced concrete construction was placed to
anchor the GPS. Data is transferred from the GPS locations by 3/4G modems.

6.3.3 Survey design
6.3.3.1 Levelling network

The Graingen levelling network is part of the bigger Northern Netherlands netwigure 6-2 below displays
the levelling network, as surveyed in12)
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Fgure6-2 Levelling network Groningen field

6.3.3.2 PSInSAR

The persistent scatterers (PS) have a constant reflection in time and space and correspond merely with
buildings in the terrainFigure6-3 below shows in green dots the persistent scatterers as detected in the
descending Radars&ttrack.
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Figure6-3 Spatial coverage with Persistent Scatterers in Neetbt Netherlands on the basis of images from descending
Radarsat2 track
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6.3.3.3 GPS
The locations of theontinuously recordin@PS station@ the Groningen field are shown Figure6-4.
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Figure6-4 Location of the GPS stations in the Groningen field.

6.3.4 Levelling and IBARJata used for the calibration
¢CKS OFfAONIXdGA2Yy Ad R2YS 2y (KS & Rofthethdridinriddedvéed | G Sy ¢ =
epocls of the levelling campaignaising benchmark 000A2080 nearby Gasselte (Drenthe) as reference point

8

Technical Addendum to the Winningsplan 2016 1% April 2016



The measwrd height differences of the levelling surveys precessedwith the geodetic program Move a
free network adjustment.

The benchmarks within the area bounded by a purple square indicatédgire6-8 are used. RMS values
were calculated for each benchmark as describeddotion6.5.1 8 out of 1000 benchmarks were excluded
from the dataset as they were showing a very high RMS (higher than 7) value and showing a temporal
subsidence pattern that is in disagreement with the subsidence behaviour observed in neighbouring points.

Two sets of levelling data have been used to catibthe model. The first set only contains data that were
recorded in the full levelling campaigrBhese datasets aréi 15 04 1964, H 01 09 1972, H 01 09 1975,
H_15 07_1978, H_01_07_1981, H_01 09 1985, H_01_08_1987, H_15 05 1990, H_14 05 1991,
H_ 28 06_193,H_13 06_1997,H_05 06 1998, H_17_06_2003, H_13_08_2008, H_25 04 2013,

Next to the levelling surveys also Insar surveys were used. Instead of using the Insar data as a separate dataset
the Insar datawere integrated with the levelling dataF{gure 6-5). These combined datasets used in the
calibration are: D_29 03 1993, D_30_03_1995, D 29 03 1996, D_29 03_1997, D_30_03_ 1998,
D_30_03 1999, D_29 03 2000, D_29 03 2001, D_29 03 2004, D_29 03_2005, D_30_03_2006,
D_30_032007, D_29 03 2008, D_29_03 2009, D_30_03 2010, D_30_03 2011, D_29 03_2012,

D_29 03_2013D_30_03 2014, D_30_03_2015

0 - &> : : :
< i E | .
! ! | < Leveling
< CInsar
e oo i e
o | |
RS | |
L e
= O |
E : :
- o |
£ 15 <><> ---------------------------------------
3 B :
A i
= :
A Et%:hlj
20 T
: : : : : A
25 oo e e s
30 - i i . . .
1960 1970 1980 1990 2000 2010 2020
Year
Figure6-5 Integration of the Insar data¢d squares) with the levelling dathlgediamondg

6.3.5 Data from uniaxial compaction experiments

Subsidence measurements are the primary data source tisa calibrate the geomechanical modeldn
addition, compaction experiments on plugs taken from reservoir core sampieside insight into the
compressibilityof the reservoir rock.

However, conclusions should be drawn with care. The sparse santg@imgity of core material cannot fully
constrain the spatial variability of the reservoir compressibility. Similarly, the total compaction of #waoes
formation is a function of the reservoir thickness and the changes in pore fluid pressur¢hered are

uncertainties, especially away from wells where this data has been measulmedecent years much

9
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consideration has been given to the unloadirfgle core confining stress during exhumation, which can lead
to the possible development of micieracks, thus making the samples more compressible. The expectation is
adzOK Waz2FTaSyAy3aQ ¢g2dzxZ R 0SS S & LdgE domprdssion tédiBh] S R
there are many other sources of uncertainfiherefore, the models should first match the subsidence data,

0K G

while the reservoir compressibility should fall within the range of measured plug data.

6.3.5.1 Rotliegendes corsamples

The Groningn Cmvalues[*10°bar"] compae well with all other availabledata onRotliegendesore plugs.
Figure6-6 plots these values as a function of porosity. A Héstubic polynomial trend linewith porosity

fraction [], using a leassquared regression based on all data (L2 norm), is also plotted in the graph. Based on
the good agreement between Groningen data and the overall ROSL data, it was decided to use thésoregre

fit as a starting point for the calibration of the geomechanical model to the subsidence measurements:
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Figure6-6

Comparison of the Groningen data to all availdR@SL Cm values as a function of atmospheric porosity
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6.4 The Groningen Geomechanical model

The Groningen geomechanical modmimputesthe compactiondue to depletionat reservoir level and
transfers the derived strains to surface subsidence by using a-aeahytial approach Geertsma 1973 and

Geertsmaandvan Opstal, 1973 his methodology imcorporatedA y { KSf f Q&

W{do/fQ az2Fis

The compaction model has the same dimensions as the MoReS reservoir simulation model. Thefakien
compaction model is shown fRigure6-7. Theareas in blue indicate the location of the aquife@mpared to
the 2013 winningsplan the MoReS simulation model has been extended. This has been doqmiditly

model the aquifer depletiosurrounding the Groningen field.
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Outlineof the geomechanical modaireen indicates the gasearing part,and blue the waterbearing part

The geomechanical model uses the top reservoir map, the reservoir thickness, the nepeegsure and the
porosity as an input for the calculations. The model consists of one single reservoir layer instead of the 30
MoReSlayers and therefore an upscaling method is applied that is documentetbre detailin section6.4.3

When alibrating the modeto the measured subsidence, theubsidenceeffect caused byneighboringdfieldsis
removed by making thearea in wich the benchmarks arehosen in the west andosith smaller than the
externt of the compaction modelln the south tle area isfurther restrictedbecause the subsidence in this area

is affectedas wellby saltmining between Annerveeand Groningen(seeFigure6-8).
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Figure6-8 Area definitionof thebenchmarks used in the calibration (withie purplepolygon.

The compaction at reservoir level igleculated withtwo different compaction modelsthe time-decay andhe
isotach model, which arboth outlined in the next paragraphs. Calibration of the models to the subsidence
data is describeth section6.5.

6.4.1 Time Decay Compactionauel

The observation of a delayed, slowly accelerating subsidence at the onset of pressure depletion in combination
with continuing subsidence after depletion has oegésis consistent with a time lag (time decay) process
where the subsidence response to reservoir compaction is asymptotic, with a characteristic time decay
constant. Processes of this type are fundamental and commonplace throughout the natural worldgréhey

the signature of norequilibrium dynamical systems. The archetype of processes in this class is the familiar
diffusion or heat equationTime decay type models have been proposed as explanations for subsidence delay
in the past.Houtenbos [pers. comm.2006] proposed a simple empirical time decay relationship between
Wadzo aARSYOS @2ftdzySQ FyR (KS isslesimthe pAysical IreasoninilBdRtozD S R ®
rejection of this proposal by NAM and SodM. It was observed at the time thoughtyréimsfer functions of this

type did appear to provide a satisfactory temporal match to subsidence data and that they are characteristic of
a diffusive, and thereforghysically reasonable, procesA. distantly related time dependent process was
containedwithin the Raé Type Compaction Model [RTCM] (de Waal, 198@lich also sought to explain
observed subsidence delay above a nhumber of reservoirs.

6.4.1.1 Volumetric Time Decay

While it cannot be claimed that the precise cause of the volumetric time decay prbasdseen identified, it
seems highly likely that it is associated with volume strain in the reservoir rather than elsewhere in the
subsurface. The constrained volumeadtr, g, at a point,x, in the reservoir is then the usual instantaneous
product of pressure changesp, and constrained uniaxial compressibility,, but now convolved with a time
decay function.
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