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1 Nederlandse samenvatting 
 
 
Dit rapport beschrijft de mogelijke ondergrondse mechanismen die hebben geleid tot het 
ontstaan van een scheur in de buitenste buis van de injectieput Rossum-Weerselo-2 
(ROW-2). Op basis van de bevindingen wordt vervolgens beschreven wat de impact is voor 
toekomstige risico’s voor overige in gebruik zijnde waterinjectieputten in de lege gasvelden 
in Twente. Het rapport volgt na een eerste rapport van NAM in mei 2021, waarna 
additionele vragen zijn gesteld door de toezichthouder, het Staatstoezicht op de Mijnen.  
Belangrijk om te vermelden is dat het incident met de scheur in de buitenste buis in 
waterinjectieput ROW-2 niet heeft geleid tot schade aan de binnenbuis, waardoor het 
productiewater wordt geïnjecteerd in het lege gasveld. Er is dus geen productiewater gelekt 
en er zijn geen negatieve gevolgen voor mens en milieu opgetreden.  
Het huidige rapport gaat uitgebreid in op de mogelijke mechanismen in de diepe ondergrond 
die een verklaring kunnen zijn voor de geobserveerde verschuiving van gesteentelagen die 
de scheur in de buitenbuis van waterinjectieput ROW-2 heeft veroorzaakt. Deze 
mechanismen zijn het gevolg van (historische) activiteiten in de Twentse gasvelden, zoals de 
productie van gas en de injectie van productiewater. 
Na studie is gebleken dat er een aantal mogelijke mechanismen naar voren komt, waarbij 
het ene mechanisme het incident beter kan verklaren dan het andere. Daarbij moet 
vooropgesteld worden dat het niet mogelijk is om het optreden van bepaalde mechanismen 
volledig uit te sluiten. Ook bestaat de mogelijkheid dat het incident is veroorzaakt door 
meerdere mechanismen die tegelijk optreden en elkaar mogelijk beïnvloeden.  
Geomechanische berekeningen tonen aan dat het effect van koeling door het geïnjecteerde 
water in het relatief warme reservoir leidt tot de grootste spanningsveranderingen. Andere 
spanningsveranderingen en verplaatsingen door drukdaling, wat zorgt voor compactie, en 
drukstijgingen zijn beperkt.  
Voor sterke natuurlijke zoutbeweging in de regio is weinig aanwijzing en het mechanisme 
waarbij anhydriet (de eerste afsluitende gesteentelaag boven het injectiereservoir) wordt 
omgezet naar gips lijkt op deze diepte niet te kunnen plaatsvinden. 
Een ander belangrijk mechanisme is de verzwakking van mogelijke kleilagen door het contact 
met het relatief zoete injectiewater.  
De berekeningen tonen verder aan dat de grootste verandering in de schuifspanningen 
plaatsvindt in het lege gasreservoir en in de onderste meters van de afsluitende laag. De 
kans op verplaatsing via bestaande laagvlakken dan wel breukvlakken is daarmee het grootst 
in deze zone.  
De afsluitende laag in Rossum-Weerselo wordt gevormd door een pakket van meer dan  
50 m anhydriet en haliet (steenzout). Met name door de aanwezigheid van steenzout is de 
kans verwaarloosbaar dat er lekkage kan ontstaan door de afsluitende laag. Steenzout 
gedraagt zich op deze diepte als een viskeuze vloeistof en kan daarmee schuifspanningen 
opnemen zonder dat het breekt. 
Dit gegeven zal ervoor zorgen dat de kans op gevolgen voor mens en/of milieu minimaal is, 
zelfs in het geval dat de put volledig zou zijn afgeschoven. Dit geldt ook voor de andere 
waterinjectieputten in Rossum Weerselo.  
De kans dat de andere injectieputten beschadigd raken door een verschuiving/afschuiving 
van gesteente is kleiner dan voor ROW-2 vanwege de afwezigheid van grote breuken in de 
nabijheid van die putten. Bovendien zijn de andere actieve waterinjectieputten in Rossum 
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Weerselo anders geconstrueerd. In deze putten wordt injectiewater in beide reservoirs 
geïnjecteerd. Bij een eventuele beschadiging van de buitenbuis zal het water altijd 
wegstromen in de lagen waarin al geïnjecteerd wordt en dus feitelijk geen verandering van 
de situatie opleveren. 
In de update van het Twente Waterinjectie Management Plan (Bijlage 9) is opgenomen dat 
zowel boven als onder de afdichting van de binnenbuis verbeterde surveillance en 
monitoring worden toegepast. Maatregelen daartoe zijn al geimplementeerd. De combinatie 
van annulaire vloeistofniveau-metingen en logging activiteiten in de binnenbuis zorgen er 
voor dat een eventuele scheur al in een vroeg stadium ontdekt wordt en, mocht deze 
situatie zich voordoen, de put op tijd veilig gemaakt kan worden. 
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2 Introduction 
 
During the tubing workover in water injection well Rossum-Weerselo 2 in February 2021, the 
production casing was found sheared at a short distance above the production packer at a 
depth of approximately 1.1 km. The event was observed by the dense seismic monitoring 
network, which points to a non-seismic slip event. Consequently, NAM decided not to 
reinstate the well and instead the well was abandoned. A “Final Findings Report: Location 
Rossum-Weerselo-2 Well integrity investigation of well ROW-2” was published in May 2021 
(hereafter: “the May 2021 report”, or Ref. 1). The document provides information on the 
background of the workover, the reconstruction of the events and observations during the 
workover. It also provides a first analysis of the possible root causes or threats behind the 
casing shear and presents recommendations for the other Rossum-Weerselo water injection 
wells. The May 2021 report was reviewed by SodM (Ref. 2).  
Feedback from the regulator, SodM, on the May 2021 report concluded that:  

1. NAM collected sufficient data from injection well ROW-2 prior to the shut-in and 

abandonment. The collected data is of sufficient quality to investigate the incident. 

2. The casing shear in ROW-2 has not resulted in a safety or environmental risk. 

3. More work is needed to understand the root cause of the casing shear. The root 

cause can possibly help to assess the risk on similar events for the other injector 

wells. The main concern is injector well ROW-7, which is positioned close to the 

ROW-2 well.  

4. The 2018 NAM monitoring programme and communication protocol was not robust 

enough to detect the failure in ROW-2 in a timely manner.  

This report is an addition to the May 2021 report, focusing on point 3 in the list above. SodM 
addressed in their review (Ref. 2) several, more detailed, recommendations and follow-up 
questions. A Bow-Tie analysis was executed in 2021 to provide a more comprehensive 
framework to highlight all possible threats and barriers and shared with the regulator.  
 

2.1 Report outline 
The bowtie analysis, outlined in chapter 8, forms the basis of the current report. The report 
first (chapter 4-7) addresses the geology and the data required to answer or quantify the 
possible scenarios that led to the shear of ROW-2. Also, the first part outlines the most likely 
interpretation of the camera images of the event down hole ROW-2. Chapter 8 forms the 
core of the report and describes possible subsurface scenarios that could have led to the 
shearing event. Several scenarios are added to the possible causes that were mentioned by 
SodM and in the May 2021 report by NAM. Finally, chapter 9 and 10 describe the 
consequences of the findings for ROW-2 for the other injection wells in Rossum-Weerselo 
and the risk management options to minimize the probability on similar incidents. 
 

2.2 The Schoonebeek redevelopment; source of the produced water  
The ROW-2 water injection well was part of the production water disposal system for the 
Schoonebeek oilfield which is located some 40 km to the north of ROW-2. The Schoonebeek 
oilfield was discovered in 1943. From 1947 until 1996, NAM produced some 40 million m3 of 
highly viscous oil (out of a STOIIP of 165 million m3) from almost 600 production and 
injection wells. In the mid-1990’s declining production, low oil prices and high operating 
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costs led to the decision to shut in the field and to abandon the majority of wells and 
facilities. This process was complete by the early 2000’s.  
At about the same time a redevelopment study was started driven by the substantial volume 
of remaining oil-in-place and enabled by a number of technological advances. This study 
resulted in a Field Development Plan (FDP) to redevelop the western part of the oilfield, the 
so-called Solution-Gas Drive Area (SGDA) with a Low-Pressure Steam Injection concept. In 
short, the redevelopment consists of about 40 horizontal oil production wells, and 25 
horizontal steam injection wells. Steam is injected to heat up the reservoir rock and reduce 
the viscosity of the oil. In the production wells the warm oil together with gas and water are 
produced to surface, and flow to the Schoonebeek Oil Treatment Plant. There the oil, gas 
and water are separated. The oil is exported to a refinery in Lingen, Germany. The gas is 
burned to generate steam in the Schoonebeek Central Heating Plant. The water is exported 
via pipeline to the Rossum-Weerselo field in Twente and injected into the depleted 
Zechstein carbonate reservoirs. Figure 2-1 presents a schematic overview of the project. The 
Redevelopment project started production in 2010, with start of water injection in ROW in 
2011. 

 
Figure 2-1: Schematic Overview of the Schoonebeek Redevelopment project 

 

2.3 Rossum-Weerselo Water Injection 
As part of the Schoonebeek redevelopment plan, a separate FDP was prepared to address 
the water disposal part of the SGDA redevelopment. Based on an Environmental Impact 
Assessment (MER) including considerations like storage capacity, minimization of risks, and 
cost, the decision was taken to inject the Schoonebeek produced water into a number of 
depleted gas fields in Twente. NAM obtained permits for injection into the Rossum-
Weerselo (ROW), Tubbergen (TUB), and Tubbergen-Mander (TUM) depleted gas fields. Since 
mid-2015, only the Rossum-Weerselo field has been in use for water injection. 
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The Rossum-Weerselo field is situated in the Twente area in the east of the Netherlands and 
is characterized by an elongated dome shape with the main axis in the NW-SE direction. Gas 
has been produced from the Zechstein-2 and -3 carbonates and from the underlying 
Carboniferous of the Rossum-Weerselo DC field and the Oldenzaal DC field. Figure 2-2 
highlights the wells in Rossum-Weerselo that were converted to water injectors in 2009. 
Since mid-2015, wells ROW-2, ROW-4, ROW-5 and ROW-7 have been used for water 
injection.  

 
Figure 2-2: Depth contour map of the Top Zechstein 3 carbonate in the Rossum-Weerselo field, with 
the wells converted to water injection in 2009 indicated as blue dots. 

 
The subsurface risks associated with water injection into the Twente depleted gas fields 
have been analysed in a set of study reports that have been reviewed by external experts. 
The integral risk analysis and the overview of the study reports has been compiled in the 
“Overkoepelende Analyse Ondergrondse Risico’s Waterinjectie Twente” (ORA, Ref. 3). As 
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required by the water injection permit, the “Waterinjectie Management Plan” (WMP 2018, 
Ref. 4) describes in detail the activities that NAM carries out to ensure the integrity of the 
water injection system (wells, injection reservoir and reservoir caprock). As part of the WMP 
NAM submits a yearly report of the injection parameters, and 6-yearly Technical Evaluations 
of the injection wells, to the supervising authority Staatstoezicht op de Mijnen (SodM).   
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3 Background of the casing shear event  
In February 2021 the 7” casing in ROW-2 was found to be sheared. A detailed description of 
the lead-up to the event including a timeline is provided in the May 2021 report (Ref. 1). The 
background of the casing shear event is explained in Chapter 3 and Chapter 4. The May 2021 
report concluded that the shear event was caused by inter-bed slip. At the request of the 
regulator additional work has been done to elaborate on the alternative causes which can 
explain the shearing event. This is presented in current report.  
A schematic overview of the scenario’s considered here is given in Figure 3-1. Slip along a 
fault plane would result in a shear with a higher angle, scenario A, than inter bed slip: 
scenario B. To explain the results observed in the caliper data a third scenario was 
considered. In this scenario the distributed load over a short length of the casing would lead 
to deformation but not shear. The camera images show that a shear has occurred and 
therefore this scenario has been repudiated.  
The available data has been re-examined, where appropriate, to broaden the view on the 
root cause of the incident. This section summarizes the timeline of observations and the 
interpretation of the various observations that connect directly to the incident.  
 

 
Figure 3-1: Overview of the deformation scenarios considered in the caliper analysis. A) A casing shear 
over a thin plane between two stiff rock intervals at an angle (>20°, e.g. caused by slip over a fault 
plane) B) a casing shear along a thin plane between two stiff rock intervals (i.e. angle < 20°) e.g. 
caused by interbed slip C) a uniform deformation over a weak layer between two stiff rock intervals 
(reproduced from fig 3 in Ref. 21) in which no casing shear is observed. 

 
 

3.1 Angle of casing shear feature 
In the initial findings report the root cause has been identified to be slip over a bedding 
plane. The formation dip at the well location is around 22°, as explained below. If the casing 
shear is caused by fault slip, a steeper angle is expected. Therefore, the objective is to get an 
understanding of the possible shear angle, to potentially distinguish between the source of 
the shear. The angle of the casing shear is expected to be either equal to the formation dip 
angle (22° ± 8° as measured on the seismic) or to the angle of the fractures/faults (54° ± 2° or 
69° ± 2°). From the collected data, the casing shear feature is at an angle between 29° and 
66°. Because of the large uncertainties in the data, neither scenario can be excluded. In 
section 3.2 cartoons are shown for both interbed slip and fault slip. 
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3.1.1 May 2021 report evaluation and new data analysis 
To assess the likelihood of the different identified root causes, input is needed on the angle 
of the feature that is related to the casing shear. In the May 2021 report from May 2021, the 
angle of the feature was identified based on the striae on the tubing after retrieval to 
surface. In the current report, additional analysis was done on the caliper run in the tubing, 
the caliper run in the casing and the video camera run in the casing. In addition, the core 
retrieved during drilling of the ROW-2 well in 1955 was also viewed again, with the objective 
to see if there were any features in the core that may be linked to the shear feature.  
Please see table below for all information gathered. 
 

Type of information Investigation depth* from - to Issues found at interval  

Caliper in 4” tubing 1110 – 1138 m AH DFE • Jun 2017: No issues  
• Oct 2018: deformation @ 1132.8 

AH DFE = 1128.7 m AH TBF 
• Nov 2019: deformation @ 

1120.5 m AH DFE = 1116.5 m AH 
TBF 

• Angle of deformations at ~55°. 

Recovered Tubing – 
Scratch marks 

Bottom section of recovered 
tubing, cut below or at casing 
shear interval. 

• Scratch marks at an angle of 29° 
vs. the outside of the tubing. 

Caliper log in 7” 
casing 
OD 4.30” 

0 – 1116 m AH TBF = 4.07 – 
1120.07 m AH DFE 

• Tool could not pass beyond 
casing shear, hold up depth 1116 
m AH TBF = 1120.07 m AH DFE 

Camera run 
OD 1.69” 
Focus length ~5 cm 

8.09 – 1125.41/1125.52 m AH 
NRT =  
4.07 – 1121.39/1121.50 m AH 
DFE 

• Clear view of casing shear top in 
upper part of the casing with 
camera at 1125.44 m AH NRT = 
1117.35 m AH TBF. 

• Camera held up on ledge of 
lower part of shear of bottom 
part of the casing at 1125.57 m 
AH NRT = 1117.48 m AH TBF. 

• Calculated angle of feature is 
between 29° and 66°. 

Core 1115.5 – 1118.1 m AH DFE 
1127.2 – 1162.4 m AH DFE 
1197.0 – 1228.4 m AH DFE 

Recurring fracs in the interval 
1127.2 – 1136.4 m AH DFE 
Angle of fracs 54° and 69° vs. side of 
core. 

 
A range of angles is measured based on the different data acquired from the ROW-2 well. 
The data demonstrates that the shear feature is not horizontal, but likely at an angle 
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between 29° and 69°. A recurring angle with regards to observed fractures and a fault is 54°, 
as measured in the caliper run of the tubing and the likely angle from the video images, as 
well as a fracture direction seen in the core material. For interbed slip, a lower angle would 
be expected. The core indicates a layer dip of around 8°, however the core is cut in the 
preferential direction for the fracture analysis and from the 3D interpretation horizon dip 
could be up to 30°. Interbed slip would be in line with the 29° angle at the low side of the 
angle from the video images, and in line with the scratch marks on the retrieved tubing of 
29°.  
 

3.1.2 Tubing caliper interpretation 
In the water injection management plan (EP201810244166) monitoring requirements are 
specified. Part of the surveillance requirements is an annual caliper survey to ensure the 
tubing integrity of the water injectors. As also stated in the initial findings report, a 
deformation was observed at approximately 1133 m AHDFE in October 2018 and at 
approximately 1121 m AHDFE (i.e. in the same interval where later the casing shear was 
observed) in November 2019. 
The tubing caliper measurements can provide additional information regarding the failure 
mechanism of the casing.  Figure 3-1 shows a schematic overview of three failure 
mechanism of the casing and the resulting expected imprints on the tubing, which can be 
revealed by the caliper data acquired in the tubing. If dents are observed with a vertical 
offset, the vertical offset and remaining diameter inside the tubing can be used to derive the 
shear angle. 
Figure 3-2 shows the caliper data acquired in 2018 over the deeper deformation interval. In 
this figure the data has been sorted such that opposing caliper fingers are plotted in the 
same track and filled to highlight the cross section of the tubing. Since a 24-arm caliper tool 
was used, this results in 12 sets, covering the full 360 degrees of the wellbore. In Figure 3-2 
14 tracks are shown: the first and last track between the two depth tracks show the same 
data, the 14th track shows the caliper pair again on which the shear angle analysis has been 
done, removing ½ diameter from the cross-section to exaggerate the deformation. The 
forces exerted by the caliper arms cause the tool to centralise and therefore deformations in 
the tubing on one side can appear on the opposite side. 
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Figure 3-2: Log plot showing the 12 opposing caliper pairs from the October 2018 caliper data. The 
first and last track, between the two depth tracks, show the same data. Note that this plot is not to 
scale. The information used to determine the shear angle is shown in the ninth caliper track. This 
track is plotted again on the right, removing the middle ½ diameter to exaggerate the deformation 
profile.  

 
 
The forces on the tubing cause ovalization of the tubing; the diameter increases as shown in 
the first four tracks and decreases in the sixth to eleventh track. It is expected that the forces 
exerted by the casing cause maximum deformation of the tubing along the direction of shear 
and that the angle of shear is transferred onto the tubing and can be used to determine the 
shear angle. Hence, the caliper pair in which the minimum diameter is observed is used (the 
track with the annotations showing the distances between the dents in Figure 3-2).  
In this track, and the track to the left, two local minima are observed on either side of the 
tubing. As shown in Figure 3-1, this could be the result of either a single shear plane through 
the casing or a weaker layer. Assuming the deformation of the tubing is caused by a single 
shear plane, the horizontal and vertical distance of the local minima can be used to 
determine the shear angle. From the data presented in Figure 3-2 an angle of 55 degrees is 
derived, which is in range of the shear angles derived from the camera images and the 
fractures observed in the core. 
Assuming it has been caused by a weak layer within the formation (e.g. shale layer), the 
vertical distance would provide an indication of the thickness of this layer, in this case 
~10cm. 
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Figure 3-3: Same plot as Figure 3-2, now for the caliper data acquired in November 2019. This shows 
the deformation inside the tubing at the same depth as where the casing shear has been observed. A 
similar analysis was done here to determine the shear angle. 

 
A similar analysis has been done for the deformations observed in the caliper data acquired 
in November 2019. The zone with deformations is at the same depth as where later the 
casing shear was found. In this data identifying two dents on opposite sides of the casing at 
different depth is less clear compared to the deformation found in October 2018. Therefore, 
scenario B from Figure 3-1 is still a valid scenario to explain the caliper response shown in 
Figure 3-3. If a shear angle is assumed (scenario A), a similar angle (~55 deg) is observed as in 
the October 2018 data.  
 

3.1.3 Recovered Tubing Scratch marks 
During the workover executed in Feb 2021, the tubing was recovered by cutting the tubing 
at a depth of around 1117 m AH TBF. The tubing was retrieved to surface and inspected. On 
the outside of the tubing, it was noted that scratch marks were present at an angle of about 
29° with respect to the outside of the tubing. See Figure 3-4 below for the picture made of 
the scratch marks. As mentioned in the initial findings report, the tubing was cut above the 
interval of main deformations and therefore these scratch marks cannot have been caused 
by sharp edges created by the casing shear. 
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Figure 3-4: Retreived tubing from ROW-2 with scratch marks on the outside of the tubing. 

 
 

3.1.4 Caliper in casing 
After retrieving the tubing, a caliper was run in the casing. The caliper did provide 
information on the state of the casing and showed that at the deepest part of the 
measurement, the casing was ovalised. During the camera run, the multi-finger caliper tool 
markings were seen on the casing wall. These markings stopped before reaching the casing 
shear, the casing caliper stood up on the casing shear ledge. 
 

 
Figure 3-5: The deepest point of the casing caliper investigation. No sign of multi-finger caliper marks 
deeper than this depth. 

 
 

3.1.5 Camera run in casing 
In the camera run in the casing, a lot of data was collected. The full details of the data 
collected can be found in Appendix A, section A.2. From the video run, several camera 
images were extracted that were interpreted in more detail, providing a view of the top of 
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the casing shear, down to the point where the camera assembly landed on the ledge of the 
lower part of the casing shear. In the run, the camera moved both downwards and upwards, 
so depth measurements from both runs were used in the interpretation of the camera run, 
see Figure 3-7. Since the camera landed on the ledge, the registered depths on that point are 
relatively clear. For the top of the casing shear, the camera will have been positioned slightly 
above that point to be able to image the casing. This distance was determined to be about 5 
cm. 
 
 
Taking the data collected from the video images, the shear angle can be determined within a 
band of uncertainty. The range obtained is between 26° and 62°, with the likely angle being 
54°. See Figure 3-6 and Figure 3-7 for the measurements and the resulting angle. 
 

 
Figure 3-6: View during pull up from the upper intersection point of the casing shear with the casing. 
The centre point where the camera landed on the ledge is shown, with the measurements taken with 
the likely diameter of the casing at the lowest part of the ledge. 
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Figure 3-7: Sketch of the casing shear feature with measurements from the video still in Figure 3-6. 

 

3.1.6 Models to explain the camera run interpretation 
To assess what the shear feature would look like, two 3D models (Figure 3-7) were created 
to test whether the camera images would be able to distinguish either scenario. 
Furthermore, the models were used to verify the amount of offset needed to reproduce the 
video still image, see Figure 3-8. Two tubes of around 2.2” (5.6 cm) internal diameter were 
cut perpendicular and at an angle of ~54 deg. White sheets of paper were attached on either 
end of the cutting plane to show the upper and lower part of the slip plane. This slip plane 
represents the rock, hence where paper is visible looking into the tube this will be cement 
and rock in the still image. The open area is the lower part of the tube. The pictures show 
there is hardly any difference between the views from the inside and hence both scenarios 
remain valid when considering the camera images. The fact that a shear plane is observed, 
does eliminate scenario C as shown in Figure 3-8. 
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Figure 3-8: Top left: camera image acquired in ROW-2. The other four images show 3D models 
representing the casing in the subsurface in two different configurations. Top: with a shear plane at 
an angle of 54° Bottom: a shear plane at 0° (top view). The paper represents the shear plane, the tube 
represents the casing. The top view picture was taken from the top of the tube, showing hardly a 
difference in the top view camera image. 

 
 

3.1.7 Angle of casing shear feature – Core  
The core retrieved during drilling of the ROW-2 well in 1955 was also viewed again, with the 
objective to see if there were any features in the core that may be linked to the shear 
feature. To be able to compare features on the core with features seen in the wellbore 
during logging (video), the depth recorded needs to be adjusted by -4.02 m. 1125.25 m NRT 
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is equal to 1121.23 m MD DFE (or 1117.21 m TBF), within the error margin of the wireline 
logging.  
No core was recovered from the interval where the casing shear occurred, however, core 
was recovered from deeper in the ZEZ3C formation, at a depth from 1127.2 m to 1133.97 m 
AH DFE. In this interval, a second feature was found at around 1132.57 m MD DFE in the 
tubing caliper run from 2018. At this depth features measured in the core are at an angle of 
around 54° and 69°.  
The core indicates a layer dip of around 8°, however the core is cut in the preferential 
direction for the fracture analysis and from the 3D interpretation horizon dip could be up to 
30°. 
 

 
Figure 3-9: ROW-2 core recovered from 1127.20 to 1133.97 m AH DFE.  
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3.2 Geological slip features 
In ROW-2, the casing was found to be sheared by the camera run done in February 2021. 
Since the casing was fully sheared, 2 scenarios were identified as most likely: Interbed slip or 
fault movement on a pre-existing fault. These two geological features are discussed. 
 

3.2.1 Interbed Slip 
In this scenario, a weak layer is present in the rock surrounding the wellbore of  
ROW-2. A weak layer can be composed of clay, or possible a mixture of halite or anhydrite 
and clay. The clay layer can form a weak plane in the stacking of formations which will take 
up the stresses that pre-exist and release the stresses by moving the formations along the 
plane. Since the bedding has a low angle in the area around ROW-2, this weak plane will also 
have a low angle.  
In the Rossum-Weerselo field, several members in the Zechstein formation are composed of 
relatively weak rock types, such as halite or clay, which are interbedded between stiff rocks, 
such as carbonates, dolomites or anhydrite. This combination of rocks with different 
geomechanical behaviour leads to a situation prone for stress concentration and possible 
deformation.  
For a more focussed view and the movement on the wellbore region, please see Figure 3-10 
below. The layer dip is taken as around 22°, representing the dip as measured on the seismic 
surface and close to the angle measured in the scratches on the tubing. 

 
Figure 3-10: Sketch of potential interbed slip along the clay layer on the interface of theZEZ3C 
carbonate and the ZEZ3A anhydrite. A set of thin clay layers was identified close to the interface. 
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3.2.2 Fault movement on a pre-existing fault 
In this scenario, a pre-existing fault was intersected in the wellbore of ROW-2 during the 
drilling of the well. A fault is the result of tectonic regional stresses that occur in the 
subsurface in the Netherlands over geological time. The regional neotectonic stress field has 
a NW-SE orientation1. Above the salt dome of the ZEZ1H halite, however, stresses may be 
rotated and more linked to the domal shape and historic salt movement either upwards or 
downwards. Salt movement can lead to extension of the layers above and hence normal 
faulting. A fault will continue to be a weak zone in the rock and can be triggered by different 
processes discussed in Chapter 8 in this report. In Figure 3-11 a sketch is provided of how a 
casing could shear as a result of a pre-existing fault in the rock. Layer dip here is taken as 8° 
and fault dip is taken as 54°, estimated from the collected information from the wellbore 
and core.  
 

 
Figure 3-11: Sketch of potential fault movement on a pre-existing fault in the layers above the ZEZ1H 
halite salt pillow. 

  

 
1 World Stress Map: World Stress Map (world-stress-map.org) 

http://www.world-stress-map.org/
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4 Geology  
The Rossum-Weerselo Field is situated in the Twente area in the east of the Netherlands. 
The produced gas field of Permian age is characterized by an elongated dome shape with a 
NW-SE orientation. Underlying the Permian reservoir of the Rossum Weerselo Field is a set 
of gas filled structures from Carboniferous age, the DC reservoir of the Rossum-Weerselo 
Field and the Oldenzaal Field. The fields in the Rossum-Weerselo area can be found at the 
depth of approximately 1250 m to 2000 m in the subsurface. A large salt dome formed by 
the Werra (ZEZ1) formation separates the gas bearing carbonate layers of the Zechstein from 
the clastic reservoir sands in the Carboniferous, see the schematic cross section in Figure 
4-1. In the cross-section, reservoir layers are indicated in green. The Triassic Bunter 
formations are overlying the Zechstein formations. The Triassic formations also show the 
domal shape and are eroded at the top. Overlying the Triassic formation, Jurassic Altena and 
Early Cretaceous/Late Jurassic Vlieland deposits are present, underlying a more horizontally 
bedded Tertiary North Sea formation. Late Cretaceous Chalk formations are missing from 
the stratigraphy in the area above the Rossum-Weerselo fields. 
 

 
Figure 4-1: Schematic Cross Section of the Rossum-Weerselo/Oldenzaal Field. 

 

4.1 Stratigraphy 
A detailed stratigraphic column is shown in Figure 4-2. In this table, the stratigraphy of the 
Rossum-Weerselo field is explained by showing the lithostratigraphy as encountered in well 
ROW-3. For the overburden and the Carboniferous, the formation level stratigraphy is 
provided. For the Zechstein, the member level stratigraphy is provided, next to the 
formation level stratigraphy. The boundaries between the different stratigraphic units are 
mostly erosional, indicated in the table by the red dotted lines. The Limburg-Zechstein 
boundary shows a clear unconformity, with a tilted Limburg below the Zechstein. The 
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boundary between Zechstein and Triassic appears to be non-erosional, although infill 
stratigraphy can be observed, most likely due to surface topography created prior to 
deposition of the Triassic.  
Originally gas-bearing layers and formations are indicated in green, the same as in the cross-
section. The overburden consists of mainly shales and sandstones of the Lower Germanic 
Trias Group and Upper Germanic Trias Group, which show erosion in the upper part of the 
domal structure. The boundary between the Jurassic Altena Group and the overlying 
Schieland Group is formed by an erosional unconformity. A similar erosional contact 
separates the Vlieland formations from the overlying Upper North Sea Group. The Chalk 
Group is not present in well ROW-3. 
 

 
Figure 4-2: Stratigraphy of the Rossum-Weerselo field, based on data from the ROW-3 well. Depth in 
meters along hole below rotary table (AHRT). 
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4.1.1 Active wells vs. stratigraphy 
ROW-4, -5 and -7 are all injecting commingled into the ZEZ3C and ZEZ2C reservoirs, whereas 
ROW-2 has injected only into the ZEZ2C. The ROW-3 well is completed on the deeper 
Limburg DC Sandstone reservoir and has been idle since mid-2015.  
  

4.2 Structure 
The Permian Zechstein reservoir of the Rossum-Weerselo Field is characterized by an 
elongated dome shape with the main axis in the NW-SE direction. Underlying the Permian 
Zechstein reservoir is a set of gas reservoirs from Carboniferous age, the DC reservoir of the 
Rossum-Weerselo field and the DC reservoir of the Oldenzaal Field. A large salt dome of 
halite in the Werra (ZEZ1) formation is situated in-between the gas bearing carbonate layers 
of the Zechstein and the clastic reservoir sands in the Carboniferous. The Triassic Bunter 
formations are overlying the Zechstein formations. The Triassic formations also show the 
domal shape and are eroded at the top. Overlying the Triassic formation are some Jurassic 
Altena and Early Cretaceous/Late Jurassic Vlieland deposits can be found, underlying a more 
horizontally deposited Tertiary North Sea formation. Late Cretaceous Chalk formations are 
missing from the stratigraphy in the area above the Rossum-Weerselo fields. 
 

4.2.1 Structure and compartmentalisation in the Rossum-Weerselo field 
The Rossum-Weerselo field consists of two carbonate reservoir layers, the ZEZ3C and the 
ZEZ2C, see Figure 4-3. These layers have a thickness of about 40 m, in the ROW-2 well both 
reservoirs were drilled vertically through a sub-horizontal section with 38 m thickness for the 
ZEZ3C and 37 m for the ZEZ2C. The structural interpretation and fault interpretation are 
based on interpretation of the ZEZ3A anhydrite layer, which gives a clear impression of the 
major faults in the Rossum-Weerselo field.  
Additional seismic interpretation and 3D modelling work done in 2021 as follow up to the 
May 2021 report confirms the fault pattern as interpreted for the existing maps. From the 
pressures measured during the gas depletion phase no significant compartmentalisation was 
observed (sections 8.1.1). During the water injection phase, there is some degree of 
compartmentalisation of the ZEZ reservoirs (section 8.2.2). Compartmentalisation could be 
due to the geometry of the connected fracture network, due to the fault pattern being more 
extensive in sub-seismic scale, or due to the varying reservoir quality over the extent of the 
field. 
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Figure 4-3: Top Reservoir maps of the ZEZ2C and the ZEZ3C reservoir intervals of the Rossum-
Weerselo field. 

 
The dynamic data from the injection phase suggest that the ROW-2 well and the ROW-7 well 
are located in one pressure compartment. The ROW-5 well shows a different pressure trend 
from the other wells in the field, indicating a separate pressure compartment for the ZEZ 
reservoirs. The ROW-3 well and the ROW-4 well are probably drilled in one single 
compartment, although this is not confirmed by dynamic data given that the ROW-3 well has 
been completed in the DC reservoir, and not in the ZEZ2C or ZEZ3C. The ROW-10 well was 
drilled in the same block as the ROW-3 and ROW-4 wells as an exploration well for the DC 
reservoir and was abandoned. For the ROW-6B, ROW-8 and ROW-9 wells in the South of the 
field, the DC was the target reservoir. Pressures were taken at the time of drilling in well 
ROW-8 and well ROW-9, finding a pressure of 20 bar higher than the pressure of ROW-2 and 
ROW-7A on that date, indicating that the wells are at least partially connected to ROW-2 and 
ROW-7A. This indicates that the compartment of ROW-2 is a large compartment, most likely 
bounded by the interpreted large-scale faults. 
In Figure 4-4 the segments based on the large-scale faulting are mapped out. This is based 
on the 2021 model that was created to enable geomechanical modelling. 
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Figure 4-4: Segments of the 2021 model showing the segments resulting from the large-scale faulting. 

 
In addition to the large-scale compartmentalising faults, two smaller faults have been 
interpreted in the vicinity of the well ROW-2, as seen on the map in Figure 4-3. These faults 
do not intersect the wellbore and are not within the seismic uncertainty range of 75 m 
lateral uncertainty. Further interpretation (2021) in the region around well ROW-2 has 
resulted in a confirmation of the two faults interpreted in the vicinity of ROW-2. These faults 
remain outside of the range of seismic uncertainty and are unlikely to have intersected the 
well. When checking for smaller scale faulting internally in the ZEZ2C and ZEZ3C layers, it is 
possible to interpret 3 antithetic faults, which would form a small graben structure together 
with the already interpreted faults. The level of confidence of the interpretation for the 
antithetic faults is low/medium, compared to the larger faults where the certainty of the 
interpretation is high.  
In Figure 4-5 is shown what the difference in confidence is based on. The high confidence 
faults show breaks in the relatively clear horizons caused by carbonate to anhydrite velocity 
contrasts. The low confidence faults are based on observed curvature in the horizon 
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interpretation at the top of the carbonate. In the well ROW-2 the features that were seen in 
the tubing and wellbore are highlighted. Feature 1 is the shallowest feature, which has been 
captured in the camera images and is located at the top of the ZEZ3C carbonate layer. 
Feature 2 is the feature detected by the caliper run in the tubing and is located in the middle 
of the ZEZ3C carbonate layer. 
The faults that are indicated as major faults in Figure 4-5 are also included on the existing 
maps from the Rossum-Weerselo Top Zechstein 3 Carbonate map in Figure 4-3. As seen in 
the cross-section, these faults are not close to ROW-2 and move away from the wellbore. As 
such, these high confidence faults are unlikely to have resulted in the shear of the casing in 
ROW-2. The possible fault feature shown in Figure 4-5 is much closer to the wellbore, and 
within seismic uncertainty. In the geomechanical modelling, the fault was moved to the 
wellbore to assess the likelihood of movement on this fault. 
 

 
Figure 4-5: Screen dump of seismic line through the well ROW-2, demonstrating the difference 
between the high confidence faults "Major Fault 1” and Major Fault 2” and the low/medium 
confidence antithetic fault marked as “Possible fault feature”. 

 
 

4.2.2 Structure and compartmentalisation in the Rossum-Weerselo DC field and the 
Oldenzaal (DC) field. 

The DC reservoirs consist of tilted fault blocks which have been eroded at the top, and 
overlain by the ZEZ1 formation. From shallow to deep, the Tubbergen J, K and L sands form 
three reservoir units, with increasing reservoir quality in the same order. The L sands only 
reach above the gas-water contact in the Oldenzaal field, which is the accumulation in the 
South of the Rossum-Weerselo area. The accumulation in the centre is the Rossum-Weerselo 
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DC field. The main producer wells in the DC have been ROW-3, ROW-6A and OLZ-7. The 
other wells did not produce much gas from the DC. 
The fault pattern in the DC is detached from the fault pattern in the ZEZ by the ZEZ1H salt 
pillow. 

  
Figure 4-6: Map of the 3D static model showing the wells, faults and GWC for the top DC (left) and the 
top K sands (right). 

 
 

4.2.3 3D static model for geomechanical modelling 
Two 3D static models were built for the Rossum-Weerselo field – a ZEZ model and a DC 
model, for use in the geomechanical modelling. The separate models were needed to allow 
fault modelling for both reservoirs.  
The ZEZ model was built based on the interpretation of the base of the ZEZ3C, the ZEZ1H top 
and the ZEZ1A top. The DC model was built based on a deep horizon interpretation, 
extrapolated upwards using the DC well tops from the wells drilled into the DC. Using this 
type of modelling, the erosional top of the DC formation is realistically represented int eh 
model. 
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Figure 4-7: Cross-section from ROW-2 to ROW-3, ROW-1, wells ROW-4, ROW-7 and ROW-10 are 
projected (well tops deviate in the figure since the wells are further away). 

 
Note that the new interpretation and model largely follow the fault pattern shown in the 
published maps (see Figure 4-8 for the fault pattern in the ZEZ 3D static model). 
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Figure 4-8: Maps of the 3D static model showing the wells, faults and GWC for the ZEZ3C and ZEZ2C 
reservoir layers. 

 
 

4.3 Interbed shale layer 
In the May 2021 report, a distinctive peak in the Gamma Ray log of ROW-2 was highlighted 
to show the presence of a shale layer close to the top of the ZEZ3C. The GR peak that was 
identified is clearly distinguishable at ~1121m AHORT in the first track of Figure 4-9. To 
compare the GR signature with nearby wells, the GR signal has been normalised2 (over the 
RBSHL and ZEZ3H), resulting in the GR signal shown in the second track. Normalising the 
signal reduced the amplitude of the GR peak. GR logs over the same interval have been 
acquired through casing during later interventions. Note that these logs were only acquired 
for depth reference and not to optimally resolve all subtle GR features. In these repeat logs, 
shown by the coloured lines in the third and fourth track of Figure 4-9, the GR feature is not 
visible. The normalised open hole GR log is included in black for reference.  
 
The righthand fifth track shows the resistivity measurements. No indication of a shale is 
observed here. However, at the time of logging the resistivity log, a number of borehole 
effects that affect the logging response were not known yet (e.g. the Groningen effect in 
which an overlying highly resistive formation affects the readings in the formation below). 
Furthermore, in theory a very high resistivity reading is expected over the overlying halite. In 

 
2 Usually normalisation takes place over rock formations with a standard response, like shale or halite. If one 
well deviates from all the others for all rock types, it may mean the environmental correction was not done 
properly. 



33 
 

the actual log data this is not observed, showing the limited ability of this 1950s tool to 
resolve high resistivity values under dynamic conditions. It is therefore not surprising that a 
thin layer with a lower resistivity, indicating a shale layer, is not observed. For these reasons, 
the open-hole resistivity log is discarded as a means to resolve the presence of a thin shale 
layer. 
 
Another way to assess the presence of the shale layer is through the available core 
description, see the top right of Figure 4-9. Over the relevant interval a significant 
percentage of core material was not recovered. This observation can possibly be linked to 
the presence of weak material, i.e. a poorly consolidated clay layer or fault gouge material. 
In the core description, thin streaks have been mentioned. The thickness of these clay 
streaks is below the resolution of the 1950s logging tools. In the lower right of Figure 4-9, the 
cuttings description is included. This shows that a significant percentage of clay is observed 
over the interval of interest. The cuttings description mentions a soft and plastic clay. Note 
that there is a depth uncertainty (order of meters) on the depth reported in the core 
description and cuttings description. Furthermore, the recovery of cuttings over the cored 
interval is generally very poor, which makes it difficult to draw conclusions with respect to 
drilled lithology.  
 
In conclusion, both cuttings description and core description show that clay is present, be it 
in layers that are probably too thin to be resolved consistently by the logging tools. 
Alternatively, a slightly thicker layer of soft clay may be present at the depth of the shearing 
event but lost in the coring process. 
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Cuttings description Rossum- Weerselo 2: 

 
Figure 4-9: Left: Log plot showing in track 1: GR as measured at the time of drilling the well (1955), 
track 2: the normalised open hole GR signal, track 3 shows in black the normalised open hole GR as 
reference and in green cased hole GR as measured in 2012, track 4: Top right: core description 
showing over the interval of interest (1119 – 1125 m AHORT) shows presence of shale streaks and 
majority of core material lost. Bottom right: cuttings description from ROW-2; same as shown in 
figure 17 of the May 2021 report. Note: there is a depth uncertainty between cuttings description 
depth and depth shown in the log plot, because cuttings are collected at surface and the lag time is 
estimated.   

 

4.3.1 Lateral extent of the shale plane  
 
To assess the lateral extend of the shale layer, a correlation panel with the normalized GR 
and resistivity measurements is presented in Figure 4-10. To account for the different well 
paths (deviation) and differences in depth because of geological structuration, the panel is 
flattened on the top of the Zechstein 3 carbonate (ZEZ3C). This shows that ROW-2 (1955), 
ROW-8 (1977) and ROW-9 (1978) have slightly higher GR readings at the top of the ZEZ3C 
indicative of a higher clay content. Note that the other wells (drilled between 1968 and 
1976) can still have shale layers with a thickness below the resolution of the applied tool.  
Next to log responses, the presence of a shale layer can be shown by evaluating the cuttings. 
As shown in the May 2021 report, ROW-2 is the only well in which cutting samples were 
frequently acquired. The other wells were sampled with a typical sampling interval of every 
5m or less frequent. As shown in the May 2021 report, no shale was described in the sample 
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descriptions. Since the sampling has been less frequent than ROW-2, the probability is high 
that a thin shale layer will be missed in the cuttings-description.  
The third data source to identify shale streaks is core. Two wells were cored over the interval 
of interest: ROW-2 and ROW-5.  As mentioned in Figure 4-9, the core recovery was poor 
over the top interval in ROW-2. A poor core recovery could point to a section of poorly 
consolidated material, i.e. a shale layer or fault gouge material. The other well with core 
over the top of the ZEZ3C, ROW-5, unfortunately lacks a detailed core description. Visual 
inspection of the core did not reveal shale streaks in the ROW-5 core. This is in line with the 
GR reading. Therefore, it can be concluded that the shale observed in ROW-2 is not 
extending over the entire field and is of limited lateral extend. 
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Figure 4-10: Correlation panel showing the ROW wells flattened on top ZEZ3C. Depth in the wells is given in meters along hole, measured from original rotary 
table. The first track shows the normalized GR signal, the right-hand track shows the deep resistivity measurements. ROW-2, ROW-8 and ROW-9 show a 
slight elevation in GR signal near the top of ZEZ3C, indicative of a higher clay content. 
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4.4 Limburg Group (DC) reservoirs 
For the benefit of the geomechanical modelling, a description of the DC is included here. The 
geomechanical model can be calibrated with the available geodetic data but this requires an 
understanding of the production and depletion from the DC fields in the area that may have 
contributed to the subsidence measured at surface. 
The Carboniferous Limburg Group in the Twente area is situated below the Zechstein Group 
and structurally characterized by tilted fault blocks. Gas was produced from the structural 
highs (Figure 4-11).  
The DC gas fields in the vicinity of the Rossum Weerselo Zechstein field are the Rossum 
Weerselo DC field (2 reservoir blocks) and the Oldenzaal field.  The ROW DC field produced 
gas until 2009 by wells ROW-3,7, and 8. The Oldenzaal DC field was produced until 1992 by 
wells ROW-6 and OLZ-7. A sidetrack of well ROW-6 was drilled in 2001, which produced gas 
from 2004 to 2009 at a very low rate of 10,000 m3/day.  More information on the DC 
production and depletion is presented in section 8.1.2. 
 

 
 
Figure 4-11: Left: outline (blue highlighted area) of the Oldenzaal DC field. Middle: outline (blue 
highlighted area) of the southern block of the Rossum Weerselo DC field. Right: outline (blue 
highlighted area) of the northern block of the Rossum Weerselo DC field. 
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5 Indications of ground movement 
Ground surface movement observations are key to understand deformation in the 
subsurface. They form possible indicators for uplift mechanisms like pressure increase and 
salt movement or subsidence mechanisms like compaction and cooling. If correlated to 
unique processes, surface movement measurements can be inverted to quantify subsurface 
deformation. Historically, levelling measurements formed the main source for surface 
deformation measurements. Nowadays, InSAR measurements form the main source, with 
data available starting from 2010.  
The Rossum-Weerselo field started the production of Zechstein gas in 1955 and of 
Carboniferous gas in 1976. The baseline for levelling measurements was acquired in 1971. 
Most of the production took place after 1970 and therefore the subsequent measurements 
fall within the period when most of the reservoir deformation took place. An overview of the 
cumulative deformation through time is presented in Figure 5-1.  

 
Figure 5-1: map view of the cumulative subsidence through time, based on levelling measurements 
only. 
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Since 1995, data have been acquired for an extended network every 3 years and two 
complementary maps are shown in Figure 5-2. All subsidence maps show a very limited 
subsidence of around a few centimetres. The point where a maximum subsidence is 
measured is indicated by a pink cross. This point shows a significantly higher subsidence then 
the surrounding benchmarks and is likely being influenced by other local autonomous 
processes. 
A time series of deformation measurements is shown for benchmark 029C0037 in Figure 5-3. 
The injection of water started in 2011 but did not result in a heave of the ground surface. 
The InSAR signal shows, if any, a small subsidence signal. 
 

 

 
Figure 5-2: Measured subsidence between 1995 and 2006 (left) and between 1995 and 2015 (right). 

 

 
Figure 5-3: deformation measurements since 1970 for the benchmark 029C0037. InSAR measurement 
within a search radius. 
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6 Geomechanical properties 
6.1 Stresses and stress path in Rossum- Weerselo 
The instantaneous shut-in pressure (ISIP) can be regarded as an upper bound value for the 
minimum principal total stress (S3) (Ref. 52). Four values for the ISIP were retrieved from 
injection tests in Rossum-Weerselo and one in Tubbergen-Mander. The tests in the ZE 
carbonates yield a high value for the ISIP of around 2.1 bar/10m. This value represents the 
initial (undepleted) condition. Because of the sparse data in this area, additional data was 
collected from the nearby Coevorden field (Ref. 53). The ISIP values reported for this field 
are presented in  
Figure 6-1 and show also high values for S3. The values that were measured in the Zechstein 
carbonates at virgin pressure were close to the vertical stress.  
The maximum principal stress is assumed to be vertical with a gradient of 2.2 bar/10m, in 
line with density data measured in wells. The initial minimum stress gradient of 2.13 
bar/10m (from the ISIP value) is almost identical, pointing to the near isotropic stress state. 
A depletion constant (the change in S3 with the change in reservoir pressure) was estimated 
based on data from two wells in which the ISIP was measured while the field was partially 
depleted. In this analysis the initial value for the S3 was assumed to be 2.13 bar/10m. The 
slope (0.37 and 0.71) of the two lines in the left figure in  
Figure 6-1 represents the depletion constant. The two values indicate that the effect of the 
depletion on the development of the stress is highly variable. 
 

 
 
Figure 6-1: Stress path for the S3 in the ROW wells. 
  

y = 0.37x + 241

y = 0.71x + 146

0

50

100

150

200

250

300

350

0 50 100 150 200

m
in

. T
o

ta
l 

st
re

ss
 [

b
ar

]

Reservoir pressure [bar]

ROW9

ROW7

Linear (ROW9)

Linear (ROW7)



 

41 
 

Table 6-1:  ISIP values for ZE carbonates and DC sandstones recorded in ROW, TUM and COV wells. 
 

well date of job Reported 
ISIP  
bar/10m 

depletion (bar) 
 (estimated from 
P/Z plot 
ARPR2012) 

average 
depth perf 
(TVD) 

formation 

ROW-9 21/2/1983 1.99 95 1200 ZEZ2C 

ROW-7 30/10/1986 1.68 105 1150 ZEZ3C 

ROW-3 2009 1.32 135 1800 DC 

ROW-6 2009 1.62 110 1800 DC 

TUM-2 29/11/1979 2.13 0 1200 ZEZ2C 

COV-2 27/01/1984 2 200 2720 ZEZ2C 

COV-24 11/09/1984 2.2 0 
 

ZEZ2C 

COV-35 29/05/1986 2 200 2800 ZEZ2C 

COV-21 10/01/1984 2.3 0 
 

ZEZ2C 

 
 

6.2 Overburden geomechanical rock properties 
Elastic rock properties for the overburden are based on the available sonic logs in the 
Rossum-Weerselo field. It is expected that only very small deformations in the overburden 
will be induced by pressure and temperature changes. Also, the majority of the lithologies in 
the overburden are composed of shales and therefore likely to behave undrained (no flow at 
small deformations). These assumptions conclude that the overburden can best be 
represented by the elastodynamic stiffnesses that can be derived from sonic data. Elastic 
bulk and shear modulus can be described by the following equations: 

𝐾 = 𝜌 _𝑠𝑝
−2 −

4

3
𝑠𝑠

−2 ,       𝐺 = 𝜌𝑠𝑠
−2 

In which 𝐾 represents the elastic bulk modulus, 𝜌 represents the bulk density,  𝑠𝑝  the 

compressional wave slowness (inverse of velocity), 𝑠𝑠  the shear wave slowness (inverse of 

velocity) and 𝐺, the shear modulus. The three independent parameters, 𝜌 , 𝑠𝑝  and  𝑠𝑠 , can 

be measured directly through open hole well-logging. 
Unfortunately, shear sonic log data was not available over Rossum Weerselo and nearby 
analogues. Instead, we refer to a Differential Effective Medium model (Ref. 5, Ref. 6) to 
estimate both bulk and shear modulus, given the compressional sonic log, density log and a 
lithology type. 
The rock mechanical stiffnesses were estimated at every log depth for which a sonic 
measurement, density measurement and lithology type was given in wells ROW-2, ROW-3, 
ROW-5, ROW-6, ROW-7, ROW-8, ROW-9 and ROW-10. Resulting estimated bulk and shear 
modulus were then used to compute the arithmetic mean for the main geomechanical units, 
Altena, Bunter, ZEZ3C, ZEZ2C and DC. On the North Sea no measurements were available in 
the log-data, and same properties were used as for Altena. As the North-Sea section is the 
shallowest one and relative thin, the impact of property uncertainty on the deformation and 
stress model outcomes is marginal. For the Zechstein salt section, standard literature 
parameters for salt were used, 

• Bulk modulus = 30 GPa 

• Poisson’s ratio = 0.35 (non-flowing, 0.4999 for flowing salt) 
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An overview of the layers used in the geomechanical models and their properties can be 
found in section 7. 
 
For comparison reasons, also the expected shear modulus was computed using the empirical 
relation between compressional and shear wave velocities from Castagna (Ref. 7), 

𝑠𝑠
−1 = 0.862𝑠𝑝

−1 − 1172 

Figure 6-2 displays the comparison between the DEM computed and Castagna computed 
shear moduli. 

 
 
Figure 6-2: Comparison between the shear modulus derived from the DEM model and the Castagna 
equation. 

 
For the clastic sections, Altena, Bunter and DC, results are comparable, which provides 
confidence in the used DEM model, as Castagna is only valid for clastic materials. For the 
carbonate sections the comparison is poor. This is as expected since Castagna is in principle 
not valid for the carbonate sections. 
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6.3 Carbonate reservoir geomechanical rock properties  
Ref. 50 presents a database of geomechanical data based on laboratory measurements. 
Young’s modulus as a function of porosity is presented in Figure 6-3 (Ref. 50). A trendline has 
been fitted to the data points.  
 

 
Figure 6-3: Young’s modulus versus porosity in Zechstein dolomites (Ref. 50) within the Zechstein 
(Platten dolomite, ZEZ3C). Blue dots show the additional data from the CLD-1 well. 

 
In addition, results from uniaxial compressibility tests were added from the NAM database. 
The samples were taken from cores from the Collendoorn gas field in south-eastern Drenthe. 
The calculated E in Table below is based on Poisson’s ratio (𝜈) of 0.2 and assuming the 
following relation between the Young’s modulus and uniaxial compressibility. 
 
𝐸 = [(1 + 𝜈)(1 − 2𝜈)/(1 − 𝜈)]/𝐶𝑚 
 
Table 6-2: 𝐶𝑚 and 𝐸 for Zechstein samples in the NAM database. 
 

well 
name 

field depth 
TV 

lythology cm_value 
10E-5 bar-1 

E 
calculated        
GPa 

porosity 
[%] 

CLD-1 collendoorn 2395.4 ZEZ2C 0.32 28.1 20.2 

CLD-1 collendoorn 2395.4 ZEZ2C 0.37 24.3 20.2 

CLD-1 collendoorn 2401.4 ZEZ2C 0.48 18.8 20 

CLD-1 collendoorn 2429.6 ZEZ1T 0.79 11.4 22.2 
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These values match the trendline in Figure 6-3 (blue dots). However, the low porosity 
samples show a deviation from the linear trendline presented in the figure. Up to a porosity 
value of 12%, a horizontal trendline with a constant value of around 55 GPa better fits the 
data than the proposed trendline. 
The elastodynamic properties derived from the log-data appear to follow the trendline but 
give are too stiff to predict the measured subsidence during the production phase. Reducing 
the Young’s moduli values by 33% enabled a match to the measured subsidence. The 
resulting values, indicated by the green dots, are within the uncertainty ranges of the 
laboratory scatter. The calibrated Young’s moduli are reported in chapter 7. 
 

6.4 DC reservoir rock geomechanical properties  
An understanding of the compressibility of the DC is required to investigate the possible 
effect on surface deformation and therefore the calibration of the model and an implicit 
estimate of the compressibility of the Zechstein reservoirs. Figure 6-4 shows measured Cm 
laboratory values of the compressibility and Poisson’s ratio. The Cm value that was obtained 
to match the subsidence above the Coevorden field (Ref. 12) was even lower (0.2*10-5bar-1). 
 

 
Figure 6-4: Measured Cm values (Ref. 11) of DC sandstones. 
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6.5 Effect of cooling on rock stress 
 
Ref. 9 presented analytical expressions for the rock stress change resulting from a cylindrical 
cooled zone of arbitrary height. They presented two end members for the limit cases of the 
diameter to height ratio. In the limit of small diameter to height they found: 
 

∆𝑆𝑟 =
𝐸 ∙ 𝛼𝑇 ∙ ∆𝑇

2(1 − 𝜈)
 

 
With: 
 ∆𝑆𝑟: change in minimum total radial stress  
𝐸: Young’s modulus 
𝛼𝑇: linear thermal expansion coefficient 
𝜈: Poisson’s ratio 
∆𝑇: the difference in temperature between the injected water and the reservoir rock 
In the reverse case, for a diameter >> height the dependency of the stress increases to an 
end member given by the following equation:  

∆𝑆𝑟 =
𝐸 ∙ 𝛼𝑇 ∙ ∆𝑇

1 − 𝜈
 

 
Data for the linear thermal expansion coefficient of Zechstein carbonate rocks are not 
available. Therefore, literature values will be used to quantify the cooling effects on the 
stress (Table 6-3). Also, volumetric expansion coefficients are quoted in the table. Assuming 
isotropic expansion, reported volumetric expansion coefficients are transferred into linear 
ones by dividing by three: 
 

𝛼𝑇
𝑙𝑖𝑛𝑒𝑎𝑟 = 𝛼𝑇

𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐/3 
 
Table 6-3: Thermal expansion coefficients for carbonate rocks from literature sources. 

 

Rock type Thermal expansion 
coefficient [10-6/°C] 

Temperature 
interval during 
tests [°C] 

Reference 
 linear volumetric 

Carbonate 3.48 to 10.8 10 to 32 30 Popov et al (2012) Ref. 10 

4.50 to 14.8 13 to 45 100 Popov et al (2012) 

Limestone 
  
  
  

  80 to 110 50 to 90 Pei et al. (2017) Ref. 11 

2.5 to 20 7 to 60 
- 

Berest and Vouille (1988) Ref. 
15 

  24 20 to 100 Robertson (1988) Ref. 16 

  8 ± 4 20 Skinner (1966) Ref. 18 

Limestone 
(Albanian outcrop)  

3.3 10 15 to 50 Andriani et al. (2013) Ref. 19  

Limestone (Oak 
Hall) 

3.4 ± 0.09 10.2 ± 0.3 2 to 38 
Wong and Brace (1979) Ref. 
20 

Limestone 1.9 to 9.3  -20 to 60 Frye (1967) Ref. 24 

dolomite 4.4   Frye (1967) Ref. 24 
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6.6 Salt viscosity 
Previous studies on salt creep in the Netherlands apply a creep law that contains two 
branches describing the relevant creep processes (e.g. Ref. 16). The assumption is based on 
model calibration to the ground surface deformation above the Barradeel solution mine. 
Dislocation creep, dominant at high differential stress is described by the first branch while 
the second branch describes the pressure-dissolution creep.  
 

𝜀�̇�𝑥𝑖𝑎𝑙 = 𝐴1exp (−
𝑄1

𝑅𝑇
) (

∆𝜎

𝛼
)

𝑛1

+ 𝐴2exp (−
𝑄2

𝑅𝑇
) (

∆𝜎

𝛼
)

𝑛2

 

 
where 𝜀�̇�𝑥𝑖𝑎𝑙 is the vertical strain rate [1/day], ∆𝜎 = 𝜎𝑎𝑥𝑖𝑎𝑙  − 𝜎𝑟𝑎𝑑𝑖𝑎𝑙  is the differential stress 
of a triaxial loading test [Pa]; 𝐴1 and 𝐴2 are the creep strain rate coefficients [1/day], 𝑄1 and 
𝑄2 are the activation energies in [J/mol], 𝑅 is the gas constant (8.314 J/°K/mol), 𝑇 is the 
ambient temperature [°K], 𝛼 is the reference stress [Pa]; 𝑛1 and 𝑛2 are the stress exponents 
for the non-linear creep  (𝑛1 >1) and the linear creep (𝑛2=1), respectively. 
Ref. 16 describes a history matched model for the Barradeel mine in the province of 
Friesland. The following parameter values were obtained by fitting the cavern convergence 
and the subsidence. 
 

type A1 [1/day] Q1/R [K] n1 A2 [1/day] Q2/R [K] n2 

Barradeel 
salt  

1.71 6206 3.6 1.2E-5 3007 1 

 
The Barradeel mine produces salt for a depth of around 2500 m at a temperature of 95 °C. 
The temperature has a significant effect on the creep rate according to the equation and in 
the circumstance of Barradeel it leads to convergence volume rates of around 40,000 
m3/day. The creep strain rate as a function of differential stress is presented in Figure 6-5 for 
the Barradeel mine (red curve). To investigate the potential strain rate at the ambient 
conditions in Rossum-Weerselo, the temperature is given a value of 54 °C. This condition is 
presented by the blue line in the Figure 6-5. It shows that the strain rate is 4 to 20 times 
slower over the whole stress range when compared to the strain rate at 95 °C. 
It is concluded that salt creep is a possible and significant process during the field life 
(production and injection) of Rossum-Weerselo. The possible effect of salt creep can be 
investigated in an elastic model by including the end members of constitutive behaviour in 
the models. The first end member assumes an instantaneous low viscous behaviour while 
the other end member assumes a non-flowing elastic behaviour. Both end members will be 
incorporated in the geomechanical scenarios. 
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Figure 6-5: strain rate versus differential stress for the presented parameter values at two different 
temperatures. 
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7 Geomechanical model 
 

7.1 3D Geomechanical model. 
A linear elastic 3D geomechanical model is build, with the layering and property values listed 
in Table 7-1. This model consists of 800,000 linear tetrahedral elements. Within this full-scale 
3D geomechanical model, the reservoir layers (ZEZ2C, ZEZ3C and DC) are included as 
separate layers having a thickness of a single element. This model is deemed sufficient to 
address expected displacement at surface, resulting from a combined change in pressure 
and temperature. The main objective of the model is the calibration of the reservoir stiffness 
to the geodetic data. The model is less suitable for investigating the local stress perturbation 
due to the coarseness of the grid. 
 
Table 7-1: Layer units as used in the geomechanical model (mean upscaled values). 
 

Unit Base Density 
(kg/m3) 

Bulk modulus 
[GPa] 

Shear modulus 
[GPa] 

Volumetric expansion 
coefficient (K-1  

Upper North Sea Base Upper North Sea 
Group (TNO) 

2310 12.0 4.4  

Altena (KN+AT) Base Altena Group 
(TNO) 

2310 12.0 4.4  

Bunter Base Lower Germanic 
Trias group (TNO) 

2490 19.4 11.3  

Zechstein evaporite 3 Top Shale layer 
(Petrel) 

2100 35 16.2  

Slip layer Top ZEZ3C reservoir 
(Petrel) 

2100 35 16.2  

ZEZ3C reservoir Top ZEZ3G/ZEZ2T 
(Petrel) 

2731 40.4 (24.5) 27.0 (18.4) 4.0e-5 

Zechstein evaporites 2 
(ZEZ2H, ZEZ2A) 

Top ZEZ2C reservoir 
(Petrel) 

2100 35 16.2  

ZEZ2C reservoir ZEZ1T/ZEZ1H (Petrel) 2804 51.7 (31.4) 34.2 (20.7) 4.0e-5 

Zechstein evaporites 1 
(ZEZ1H, ZEZ1A) 

Top DC (Petrel) 2100 35 16.2  

DC reservoir Basis DC 
reservoir/GWC DC 
(Petrel) 

2535 15.9 15  

underburden Base model 2600 68 64  

 
Figure 7-1 shows the structure of the model in a 3D view. The two near vertical lines show 
the well path of ROW-7 (left) and ROW-2 (right). 
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Figure 7-1: 3D view on the Geomec model. The North Sea formation is shown by the yellow layer, 
while the other layers are shown in a SW-NE cross section. 

 

7.2 2D geomechanical model 
To properly address the induced shear stresses and deformation that could develop from 
mechanisms or threats, described in the next section, a fine meshed 2D plain strain model 
was build. The orientation of the plane is SW-NE parallel to the short axis of the reservoir, 
running through both ROW-2 and ROW-7. 
The 2D cross-section model is displayed in Figure 7-2, with the bottom left figure indicating 
the location of the cross-section and the zoom-in highlighting the model refinements. 
The cross-section is taken perpendicular to the long axis of the field and hence subsurface 
arching effects in the 2D model are expected to be similar to the effects in the 3D model, as 
these are driven mainly by the short reservoir axis. 
 
On the zoom-in, the local mesh-refinement clearly shows detail, with an average edge length 
of the reservoir elements equal to approximately 7m. Moreover, within the 2D model we 
have used quadratic elements, increasing the accuracy of the computed stress and 
deformation fields significantly. 
Within the 2D model also a potential slip-layer and faults were explicitly included.  
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Figure 7-2:  2D analysis model. 
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8 Bow-Tie analysis – Root Causes 
 
The identification of threats and risk scenarios was structured by means of a Bow-Tie 
analysis that identifies the main threats and barriers that relate to the release of the hazard 
or top-event. The hazard is defined as the potential change of shear stresses on planes that 
can cause slip. The release of the hazard is the top-event and characterized by the slip of the 
plane (bedding/fault plane) with the potential consequence of casing shear (Figure 8-1) and 
impact on people and environment. The threats can be grouped by the phases of the field 
development (production, injection) and threats that link to the geology in the area. The 
most important barrier on the left side of the Bow-Tie is the ‘subsurface analysis’. Barriers 
on the right-hand side of the Bow-Tie are the well components (casing and tubing) and 
monitoring options to observe any deviations with mitigating actions accordingly. Another 
important barrier is the ‘cap rock’. As long leakage occurs below the cap rock it will not lead 
to subsequent consequences. Only if leakage occurs above the cap rock it could lead to the 
ultimate consequences, which is harm to people or damage to the environment. In ROW-2 
the tubing did not fail and the cap rock has never been compromised. Therefore, the 
consequences in the green area did not materialize and no harm was done to people nor the 
environment. 
 
 

 
Figure 8-1: Bow-Tie used to identify the possible root causes. The threats (pinkish boxes) result from 
the various phases of development (light blue boxes on the left). The top event is within the yellow 
box with the possible scenarios for the consequences on the right. The green area indicates the part of 
the risk scenario that didn’t materialize.  

 
SodM mentions in their letter the threats that need to be investigated in this follow-up 
study. These threats are identified by the asterisk in Figure 8-1. Besides these threats, NAM 
concluded in their Bow-Tie workshops that the threats without the asterisk should be 
included as well to address the full threat spectrum around the ROW-2 shear failure 
incident. The threats will be assessed and described in more detail in subsequent sections. If 
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the assessment of the threat concluded a situation where it could impact the shear stress at 
the position of the ROW-2 incident, the section also addresses the possible impact of the 
mechanism on the shear stresses, induced on the fault plane and interbed layer. The impact 
is described by the results from the geomechanical models. 
In the detailed assessment of the threat, we used the Italian flag methodology where the red 
colour shows the evidence against the existence of the threat, the green colour the evidence 
supporting the threat while the white part captures the neutral observations. 

 

8.1 Compaction from historical Depletion 
Compaction is a well-known mechanism for casing shear and casing buckling and damaged 
hundreds of wells throughout the world (Ref. 21, Ref. 22). Casing damage mainly occurs in 
reservoirs that show high levels (1-10 m) of compaction and subsidence. Compaction 
induces shear stresses and deformation concentrates around weak planes like existing fault 
planes and bedding planes. Volume strain reduction can result in slip when shear stress 
exceeds the strength of the weak plane or a weak formation. Figure 8-2 shows an example of 
casing deformation where two stiff layers (blue) are shifted due to deformation in a weak 
layer (yellow). The top stiff layer is moved to the right. 
 

 
Figure 8-2: Example of casing deformation (based on Fig. 3 in Ref. 21). 

 
Compaction introduces shear stress in the overburden that result from arching mechanisms 
(Figure 8-3). These shear stresses can result in slip of faults and interface planes between the 
rock formations. It should be noted that shear stress increase in the overburden is a fraction 
of the shear stress increase in the reservoir. The probability of fault slip and bedding slip is 
therefore highest at the top and bottom of the reservoir.  Evidence for this statement is 
gained by the location of earthquake hypocenters in the Groningen field where the vast 
majority of earthquakes is located in the reservoir (Ref. 23).  
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Figure 8-3: Compacting reservoir bedding-plane slip and fault slip (from Ref. 21). 

 
The threat of compaction was mentioned in the May 2021 report as a possible threat or 
mechanism for casing shear and was rediscussed during workshops at the start of the follow-
up project (this report). 
The evidence for the threat (Figure 8-4) is the fact that compaction always happens during 
depletion of a reservoir, however with a broad range of possible values. Another obvious 
piece of evidence is presented by the subsidence measurements described in section 5. The 
measurements indicate small subsidence and hence compaction values. On the neutral side 
is the uncertainty of the compressibility value for the reservoir. Also, the mechanism is 
mentioned in the literature as an explanation for casing shear and well buckling although 
mainly described and demonstrated for reservoirs that show high values for compaction.  
Evidence against it is the observation that the casing shear happened after the production 
(and compaction) phase. Also, there are no indications for high subsidence levels in the area.  
 

 
Figure 8-4: Italian flag for the compaction threat. 
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8.1.1 Zechstein depletion 
During the gas depletion phase, a series of infill wells were drilled between the start of 
production in 1955 (ROW-2) and 1978 (ROW-9) – see Ref. 1. The associated pressure 
observations provide a nice sample set of the lateral depletion of the gas accumulation. 
Figure 8-5 shows how all wells tend to fall within a 20 bar range from one another, indicating 
a reasonable lateral connectivity during gas depletion. All wells but ROW-2 were produced 
commingled from both the ZEZ2C and the ZEZ3C. Within the resolution of the 
geomechanical modelling, a single depletion trend was applied for both reservoirs over the 
entire lateral extent of the gas accumulation during the gas depletion phase. 
 

 
Figure 8-5: Rossum-Weerselo Zechstein reservoir pressure during the gas depletion phase. 

 

 
Figure 8-6: Rossum-Weerselo Zechstein gas production. 

 

8.1.2 Limburg depletion 
The Limburg Group is structurally slightly more complex than the Zechstein. Within the gas 
contour it is subdivided in 3 stratigraphic intervals (increasing in age: J/K/L), which subcrop 
against the Saalian unconformity that makes up top reservoir. These intervals are 
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interpreted to comprise stacked fluvial channel bodies against a background of overbank silt-
claystone (Figure 8-7), which adds uncertainty to the lateral connectivity of the penetrated 
sands.  
 
Figure 8-8 presents a hydrocarbon column map of the Limburg Group. When comparing this 
hydrocarbon column map to the historic gas production in Figure 8-10, it is obvious that the 
wells in the thickest hydrocarbon column (ROW-3 and ROW-6A) have dominated the gas 
production and reservoir depletion. The wells in the thinner gas column (OLZ-7, ROW-7A, 
ROW-8) tend to be poor producers as they are poorly connected to hydrocarbon reservoirs. 
This means their pressure measurements are only reflecting a highly localised reservoir 
pressure. 
 

 
Figure 8-7: Schematic stratigraphic overview with depositional interpretation. 

 

 
Figure 8-8: Limburg porosity column map. 
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Figure 8-9: Rossum-Weerselo Limburg reservoir pressure during the gas depletion phase. 

 

 
Figure 8-10: Rossum-Weerselo Limburg gas production. 

 

8.1.3 Model calibration and stress perturbations during the depletion phase. 
This section describes the calibration of the 3D model to the geodetic data and presents the 
results for the stress perturbations due to the production phase of Rossum-Weerselo. The 
pressure changes for ZEZ2C, ZEZ3C and DC, as described in the previous sections, were used 
as loading sources in a 1-way coupled way, using the rock mechanical properties for all units 
as listed in Table 7-1. 
 
Figure 8-11 displays on the left-hand side the geometry of the 3D model on a cross-section, 
and the full North-Sea unit. The right-hand side displays the vertical displacement, clipped at 
2cm, clearly denoting the subsidence bowl, developed at the surface (top North-Sea unit).  
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Figure 8-11 Left: overview of the geomechanical units in the 3D model. Right: Vertical displacement 
(m). Vertical to lateral scale aspect ratio is 1. 

 
From the right figure in Figure 8-11 we observe that the DC reservoir unit only has very 
limited impact on the deformation patterns and subsidence at the surface.  
 
The prior expected reservoir compaction is equal to the pressure change times the reservoir 
thickness times the uniaxial compressibility (derived from Young’s modulus and Poisson’s 
ratio) and is displayed in Figure 8-12 for ZEZ-3C and DC. The DC reservoir shows less than 1 
cm compaction for the larger part of the field, whereas for ZEZ3C it is well above 4 cm.  
Therefore, it is not expected that the DC reservoir will contribute significantly to the 
subsurface deformation processes, specifically since a thick competent halite section (ZEZ1H) 
is separating DC from ZEZ2C and ZEZ3C. 
 

 
Figure 8-12: Prior compaction from ZEZ-3C (left) and DC (right) 

 
The 3D Geomechanical model was used to calibrate the rock mechanical properties of ZEZ3C 
and ZEZ2C by finding a match between the modelled surface displacements and the 
displacements measured by the geodetic measurements. This calibration step was first 
performed for the depletion phase. A 33% reduction in stiffness was required to successfully 
match the surface data. The calibration of the model in the injection phase was less 
successful. The cooling of the rock results in further compaction but not at the rate that is 
reflected by the subsidence data. The small mismatch can be explained by additional time-
dependent processes that cause a delay in the subsidence like a rate-type compaction 
process or slow salt movement. These time dependent processes are not captured by this 
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elastic model. Overall, the match is satisfying which provides confidence to use the model 
for further analysis. DC was excluded from this calibration for reasons described above. 
 

 
Figure 8-13: Top row: calibration of the model and comparison to the geodetic data for the depletion 
phase. Bottom row: calibration to the data in the injection phase. 

 
Figure 8-13 displays in the first column the measured subsidence after depletion (prior to 
injection) in the top image and after 11 years of injection in the bottom image. The second 
column displays the modelled subsidence at the monitoring locations, using the uncalibrated 
model, resulting in smaller subsidence values. The right column displays the modelled 
subsidence, using Young’s moduli reduced by 33% for the ZEZ2C and ZEZ3C. By reducing the 
stiffnesses an optimal match was obtained for the depletion phase. For the injection phase 
the match is poorer. The model calculates further compaction due to cooling which is 
counteracted by a reservoir volume increase due to a small pressure increase. In total the 
model predicts marginal subsidence, less than what is observed from the measurements.  
Time dependent strain might explain the small mismatch between the data and model 
results. Creep processes, not accounted for in the model, in both the salt but also the 
reservoir itself can cause some delay in deformation.  
 

8.1.4 Geomechanical analysis for the depletion case 
The calibrated rock properties and overburden properties are used for the analysis of the 
various threats with the 2D model. The objective of the modelling is to show both the 
individual effects of the threats and the cumulative effects on the shear stresses and 
displacements. The results are used for a qualitative ranking of the threats, which makes 
parameter uncertainty of a lesser concern. Displacements and shear stresses will be 
calculated using a fixed set of parameter values for most of the layers. End members of 
parameter values will be used for the salt, shale layer and fault layer. These end members 
will switch the condition from fully frictionless to full stick for the slip layers and from purely 
viscous to stiff for the salt layer.  
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We consider the following scenarios: 

• Salt: viscous (direct response to shear stress) and stiff (no-flow) 

• Bedding slip: full slip versus no slip  

• Fault: full slip versus no slip 

The viscous salt scenario considers the full Zechstein section above the ZEZ3C. The 
combination of layer slip and viscous salt is excluded. It would only entail a slight thickening 
of the salt layer with no impact on the results when compared to the viscous salt only 
scenario. Frictionless faults and bedding layers need to be considered as a theoretical end 
member case. It is extremely unlikely that large continuous frictionless planes exist. Beside 
that the fact that all layers exhibit a certain strength and therefore friction, layers are likely 
to be discontinuous over larger distances due to lateral variations in the depositional 
processes and structural deformation expressed by smaller and larger faults.  
 
Multiple figures will be presented in the next sections where most of the figures are a zoom 
in of the model around the ZEZC reservoirs. Figure 8-14 shows the results for the full model 
after depletion and injection. 
 

 
 
Figure 8-14: Stresses and displacements for the no slip scenario after depletion and injection. The full 
extent of the model is shown here. 

 
Figure 8-15 presents an overview of the change in stresses and displacements for the 
scenario with a stiff salt and no slip layers. The shear stresses increase in the reservoir due to 
the depletion and to a very small degree at the bottom of the cap rock. The horizontal 
displacements are very limited at the crestal part of the reservoir and increase toward the 
edges as a result of the reservoir contraction. Figure 8-16 shows the horizontal 
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displacements over the well section in both ROW-2 and ROW-7. These displacements are 
very limited and cannot explain the observed shear in ROW-2. 
 

 
Figure 8-15: Changes in stresses and displacements after depletion, no slip (vertical axis in m TVDSS, 
horizontal axis in m). 

 
Figure 8-16: Displacement along the well path in ROW-2 and ROW-7 after depletion, no slip.  

 
A scenario with a fully flowing salt section above the ZEZ3C reservoir shows the effect of the 
displacements and stresses. In this scenario we assume no slip of any layer. Stresses and 
displacements are shown in Figure 8-17. Stress changes in the reservoir are higher due to the 
unconstrained strain conditions. The changes in shear stresses in the cap rock are even lower 
when compared to the stiff scenario. 
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Figure 8-17: Changes in stresses and displacements after depletion, for the viscous salt case. 

 
The deformations along the well path are slightly higher but too small to explain the shear in 
ROW-2. 

 
Figure 8-18: Displacements along the well path in ROW-2 and ROW-7 after depletion, for the viscous 
salt case.  

 

From these two scenarios we conclude that shear stress development is larger in the stiff 
salt case, especially when combined with fault and layer slip. The viscous salt scenario 
dissipates all shear stress and diffuses displacements. To follow a worst-case approach, we 
will only assume a stiff salt in further calculations. 
The next scenario presents a case where bedding slip is allowed for a continuous slipping 
layer between the top of the ZEZ3C reservoir and the ZEZ3A anhydrite above. The scenario 
assumes that the slip layer stops at the position of ROW-7 and should therefore be regarded 



 

62 
 

as a hypothetical end member case that allow for the largest slip at the location of ROW-2. It 
is very unlikely that such a continuous fully slipping layer can exist in the subsurface. In 
reality, small faults with a small offset would make such a layer discontinuous and therefor 
the transfer of displacements as well.  
Figure 8-19 shows that the change in stresses is comparable to the previous scenario but the 
displacements are different. Larger displacements occur right from the ROW-2 well but seem 
to be halted at the location of ROW-2 due to the bending of the layer and the decrease in 
horizontal contraction. 
 

 

Figure 8-19: Changes in stresses and displacements after depletion, for the bedding slip case. 

 
This displacement is also visible in the well deformation plot in Figure 8-20. A small kink in 
the horizontal displacements is visible in ROW-2 around 1090 m TVDSS, the depth of the 
assumed shale layer in ROW-2. 

 
Figure 8-20: Displacements along the well path in ROW-2 and ROW-7 after depletion, for the bedding 
slip case.  
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The next scenario considers a frictionless fault combined with a stiff shale layer. Again, to 
represent a worst-case scenario, the position of the ROW-2 well was shifted to the east to 
mimic a situation where a fault intersects the well at the position of the shear incident. The 
vertical displacements show a downward movement within the wedge that is between the 
two normal faults. Also, the shear stresses in in the zones surrounding the faults change 
significantly. 
 

 

Figure 8-21: Changes in stresses and displacements after depletion, for the fault slip case 

 
The displacements along the well path are visualized in Figure 8-22. The effect of fault slip is 
clearly visible and amounts up to a few cm. 

 

Figure 8-22: Displacements along the well path in ROW-2 and ROW-7 after depletion, for the fault slip 
case.  
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8.1.5 Conclusions for the depletion case 
Geomechanical analysis shows for all scenarios that the displacements are smaller than the 
observed shear displacements in ROW-2.  The analyses assume frictionless and continuous 
slip planes. This assumption is not realistic and therefore displacements from this simulation 
are likely to be smaller in reality.  
Significant shear stress increase is however visible in the reservoir making normal faults 
more prone for reactivation. This is a process that is confirmed by the recording of induced 
seismicity in other fields but is usually observed at higher levels of depletion and 
compaction. 
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8.2 Pressure Restoration due to Injection 

8.2.1 Limburg injection 
Injection in the Limburg was only tried in well ROW-3. The well proved tight, and only a 
cumulative volume of 0.04 mln m3 of water was injected. This volume is insufficient to 
significantly affect the regional reservoir pressure or stresses. Injection in the DC is therefore 
excluded in the geomechanical scenarios. 
 

8.2.2 Zechstein injection 
The injection of water recompresses the remaining gas in place. Because gas compressibility 
is a function of pressure, in case of a good pressure equilibration throughout the system this 
would be a strongly non-linear process. The connected fracture network will provide a very 
fast conduit for pressure equilibration, but in places where the fracture network is absent or 
non-connected, the pressure is transduced through the very tight matrix rock. Given that the 
viscosity of water is some 1-2 orders of magnitude higher than gas, and given the saturation 
dependent relative permeabilities, it is likely that the water injection phase will see lower 
rate of pressure equilibrate. 
 
Figure 8-23 gives an overview of the measured reservoir pressures at datum level  
(1240 mTVDSS) during the water injection phase. Roughly three pressure trends are evident 
(ROW-9 was closed-in in 2015): 

• ROW-5 shows the lowest reservoir pressures, and follows an almost monotonously 

increasing trend, i.e. limited pressure leak-off upon shut-in in line with the very high 

injectivity observed from downhole gauges (Appendix B). 

• ROW-2 and ROW-7 roughly follow the same pressure trend. Given the close 

proximity of these wells, it is expected that they are connected to the same reservoir 

drainage volume. 

• ROW-4 shows the highest pressure trend. This well has a distinctly lower injectivity 

than the others, leading to large pressure fall-offs when injection is stopped. The 

trend in reservoir pressure over time is heavily influenced by the length of the shut-in 

time prior to acquiring the SPG measurement (relatively lower pressures for longer 

shut-in times). 
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Figure 8-23: Rossum-Weerselo Zechstein reservoir pressure during the water injection phase. 

 

8.2.3 Threat assessment 
Pressure increase leads to a change of shear stress in and around the reservoir, posing a 
potential threat for reactivation of faults and/or interbed planes. It is expected that in those 
areas of the reservoir where there is a dense/open fracture network (high injectivity wells), a 
fairly uniform reservoir pressure increase will develop. In those parts of the reservoir with 
limited open fractures, or shielded off by faults, there can be (steep) pressure gradients.  
The yearly pressure measurements in wells ROW-2 and ROW-7 show limited pressure 
increase around the injection wells (Figure 8-23). The reservoir is sub-hydrostatic and water 
injection does not require pressure support at surface (a fraction of the wellbore gravity 
head suffices to sustain flow into the reservoir). The pressure coning effect is therefore very 
limited. Also, it is difficult to predict the pressure front away from the well, due to the 
heterogeneity introduced by the fracture network.   
 
On the neutral side it is difficult to obtain pressure measurements at surface (due to the 
absence of a full water column to surface). As explained in section 8.1 the pressure 
measurements during the production phase point to a connected reservoir. It is 
questionable whether a similar connectivity will be observed during the injection phase. 
Also, a possible hysteresis effect (produced gas versus injected water) should be investigated 
when more pressures are acquired in the future, to improve the understanding of the effects 
of water injection on the pressure development. The evidence against the threat is the low 
likelihood of high pressures in the ZEZ2C at the location of ROW-2 due to water injection in 
ROW-7. The pressure measurements show little increase of bottom hole pressures and show 
no indication of severe pressure coning. 
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Figure 8-24: Italian flag for pressure increase. 

 

8.2.4 Geomechanical analysis for the pressure increase case 
Appendix B provides an analysis of the reservoir pressure history, both during the gas 
depletion phase and during the water injection phase. Given the very high injectivity index 
measured on ROW-2, the overpressure required to push the injection water into the 
reservoir is very small, and the near-wellbore pressure is dominated by the (measured) 
reservoir pressure. A pressure front is therefore difficult to predict and two scenarios are 
suggested to use in the geomechanical models: 

• A scenario where pressure build-up from ROW-7 in the ZEZ2C is limited by the fault 

just east from ROW-2. 

• A scenario that assumes a pressure build-up to the eastern edge of the reservoir.  

A linear fit to the measured pressures in Figure 8-23 can be used to assess the yearly 
increase. 
During injection it is assumed that the salt behaves fully elastic in all scenarios because of 
the relative short duration of the injection period compared to the depletion phase.  
 
Figure 8-25 presents an overview of the change in stresses and displacements for the 
scenario without slip layers after the depletion and injection phase after 10 years of 
injection. The actual event happened after 6.5 years of injection but due to the uncertainty 
of the evolution of the cooling front, the 10-year period in the model mimics a high-end 
scenario for this threat. In this scenario we assume a pressure increase limited by the faults. 
The small pressure increase causes a small increase in the min stresses that has hardly any 
effect on the displacements. The scenario with a pressure increase up to the eastern edge of 
the reservoir was also investigated but this resulted in even smaller deformations. 
Therefore, we will only show the results from the first pressure scenario. It should be noted 
that the results in Figure 8-25 resemble the results in Figure 8-15 implying that the effect of 
pressure increase on the results is negligible.  
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Figure 8-25: Changes in stresses and displacements after 10 years of injection, due to pressure 
increase over the full 2D section. 

 

The next scenario presents the case where bedding slip is allowed. The pressure increase 
causes a small “correction” of the displacement that resulted from the depletion phase. The 
total horizontal displacement after both depletion and injection is smaller than 1cm at the 
top of the ZEZ3C reservoir close to ROW-2. 
 

 

Figure 8-26: Changes in stresses and displacements after depletion and injection (pressure effect 
only), for the bedding slip case. 
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The next scenario presents the case where frictionless fault slip is allowed. Like in the 
depletion scenario, it is assumed that ROW-2 is drilled through a fault to assess a worst-case 
scenario. 

 
Figure 8-27: Changes in stresses and displacements after injection (pressure increase effect only), for 
the fault slip case 

 
When compared to Figure 8-22, the displacements are not affected by the pressure increase 
that results from the injection phase. 

 
Figure 8-28: Change in displacements along the well path in ROW-2 and ROW-7 after injection 
(pressure increase effect only), for the fault slip case.  

 

8.2.5 Conclusions for the pressure increase case 
 
Pressure increase has a negligible effect on the stresses and displacements. If any, it resulted 
in restoration of the induced stress that are remnant from the depletion phase. 
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8.3 Cooling due to Injection 
Cooling of the reservoir will also lead (like depletion) to a volume decrease of the reservoir. 
The change in stress due to cooling can be very significant. This is demonstrated by an 
example of a cooled thin wide reservoir with the assumption of uniaxial deformation. The 
stress change in horizontal direction is given by (Ref. 14): 

∆𝜎𝑥 =
𝛼𝑇𝐸

1 − 𝜈
Δ𝑇 

With ∆𝜎𝑥the change in horizontal stress, 𝛼𝑇 the coefficient of linear thermal expansion, 𝐸 
the Young’s modulus, 𝜈 the Poisson’s ratio and Δ𝑇 the change in temperature. 
 

8.3.1 Threat assessment 
The evidence that supports the threat or mechanism is, besides the fact that cool water is 
injected, the existence of a fractured reservoir. This possibly allows for flow and cooling at 
larger distances when compared to matrix injection.  
As shown by the formula above, the stress change is significant due to temperature changes 
that supports the importance of the mechanism as well from a theoretical point of view.  
The magnitude of the change depends however on the availability of parameter values. This 
considers especially the value for the expansion coefficient. This uncertainty is placed in the 
“neutral” block.  
Arguments against the threat are the expectation that the temperature change is moderate. 
Also, it is known that ROW-2 didn’t inject in the reservoir where the shearing event has 
happened. Combined with the knowledge that temperature diffusion or conduction is a slow 
process, it can be concluded that the likelihood of cooling at the location of the shearing 
event is small by water injection in ROW-2.  
Cooling of the ZEZ2C at the subsurface location of ROW-2 is however still possible via the 
water injection in ROW-7. The likelihood of this scenario is low due to slow displacement of 
the cooling front with time away from ROW-7 and is therefore placed in the “evidence 
against the mechanism” box. 
 

 
 
Figure 8-29: Italian flag for cooling. 
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8.3.2 Temperatures  
During the drilling process, the temperature is recorded by logging tools. This information is 
used here to determine the geothermal gradient and reservoir temperature in the injection 
reservoir. The datum depth used for the reservoir is at 1240m TVDss.  
Figure 8-30 shows the individual bottom hole temperature measurements as measured in 
ROW-3, ROW-4, ROW-5, ROW-6A, ROW-7A, ROW-8, ROW-9 and ROW-10. By linear fitting of 
the data, the geothermal gradient is derived. This results in a temperature of 54 deg Celsius 
at the datum depth.  
 
 

 
 
Figure 8-30: Bottom hole temperature as measured during the drilling of ROW-3, ROW-4, ROW-5, 
ROW-6A, ROW-7A, ROW-8, ROW-9, ROW-10. The dashed line shows a least square fit. 

 
For the temperature of the injected water, the surface arrival temperatures are given in 
Appendix D.  
 

8.3.3 Cooling zone 
A simple model was applied to calculate a first order approximation for the cooling zone. The 
validity of this simplification is tested in Appendix D. The model assumes that the cumulative 
water injected (Wi) effectively creates two cylindrical injection fronts, Figure 8-31. 
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The outside front (rWI) assumes a piston like, cylindrical displacement of the injection water 
that moves out into the gas filled reservoir matrix rock with cumulative injection: 

𝑊𝑖 = 𝜋 ∙ 𝑟𝑊𝐼
2 ∙ ℎ ∙ 𝑁

𝐺⁄ ∙ 𝜙 ∙ (1 − 𝑆𝑤𝑐 − 𝑆𝑔𝑟) 

whereby rWI follows from: 

𝑟𝑊𝐼 = √
1

𝜋

𝑊𝑖

ℎ ∙ 𝑁
𝐺⁄ ∙ 𝜙

1

(1 − 𝑆𝑤𝑐 − 𝑆𝑔𝑟)
 

 
with  

Wi cumulative water injection 
rWI temperature front  

 matrix porosity (whilst ignoring the fracture contribution to total porosity) 
h reservoir height 
N/G net-to-gross fraction 
Swc connate water saturation 
Sgr  residual gas saturation 
 

The inside front (rTI) assumes perfect heat exchange at the interface of a cylindrical 
temperature front where there is a step change in the temperature. The model assumes that 
the cold injection water will cool the reservoir rock from its initial temperature (Tini) to the 
temperature of the injection water (TWI), after which the water will continue to flow further 
out into the reservoir at Tini. 
The total heat that is transferred until the injection water reaches the same temperature as 
the virgin rock is given by: 

∆𝐻 = 𝑀𝑊 ∙ (𝑇𝑊𝐼 − 𝑇𝑖𝑛𝑖) ∙ 𝑊𝑖  

In turn, the total volume of rock that gets cooled by this heat transfer is governed by: 

∆𝐻 = 𝑀𝑟𝑜𝑐𝑘 ∙ (𝑇𝑊𝐼 − 𝑇𝑖𝑛𝑖) ∙ 𝑉𝑟𝑜𝑐𝑘 

Note that the total gross volume (V) is the sum of the pore volume  

Vpore = V∙ 

and the rock volume  

Vrock = V∙(1–) 

thus: 

V = Vrock /(1–) 

The volume of cooled rock can now be expressed as a function of the cumulative water 
injection: 

𝑉𝑟𝑜𝑐𝑘 =
𝑊𝑖 ∙ 𝑀𝑤

𝑀𝑟𝑜𝑐𝑘
 

And the cooling front can be calculated from: 

𝑟𝑇𝐼 = √
1

𝜋
∙

𝑊𝑖 ∙ 𝑀𝑤

ℎ ∙ (1 − 𝜙) ∙ 𝑀𝑟𝑜𝑐𝑘
 



 

73 
 

Note that this calculation ignores the enthalpy of the gas in place, which is a relatively small 
term. 
 

 
Figure 8-31: Simplified cooling model. 

 
A sensitivity study was done with this model to establish the potential extent of the 
temperature and water fronts. The following parameters were assumed: 

TWI Injection temperature   20 oC 
Tini Initial rock temperature  54 oC 

 Matrix porosity   7.5 % 
Sgr  residual gas saturation  0.25 
Mw  Volumetric heat capacity water 4200 kJ/m3/K 
Mrock  Volumetric heat capacity rock 2000 kJ/m3/K 
h Height      38 m 
NTG  Net-to-Gross fraction   0.92 
Swc  Connate water saturation  0.1 

 
 
The associated model response as a result of the ROW-7 injection into the ZEZ3C is given in 
Figure 8-32 (equal injection split assumed between the ZEZ2C and ZEZ3C). Two additional 
(dotted) lines are drawn into the figure, the annular pressure event in 2017 that is attributed 
to the ROW-2 casing shear, and the distance between ROW-2 and ROW-7 (some 450m). 
Figure 8-33 shows the calculated water and temperature fronts in Sep-2017 on the segments 
map (Figure 4-4). Both Figure 8-32 and Figure 8-33 show that a for a radial temperature 
front over the full reservoir thickness, neither the temperature front nor the waterfront has 
reached ROW-2 during the historic cumulative water injection into ROW-7.  
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Note that the model only provides an end-member solution. For instance, Figure 8-34 shows 
a schematic illustration whereby most of the injection water finds its way downflank by 
gravity. Alternative realisations could involve only a partial flooding/cooling of the full 
reservoir thickness (e.g. water at the bottom of the reservoir, gas on top), or a flowpath that 
is fully dominated by the spatial orientation of a connected fracture network (unknown). 
 
 

 
Figure 8-32: Calculated water and temperature fronts from ROW-7 using the simplified cooling 
model. 

 

 
 
Figure 8-33: Waterfront (blue) and cooling front (red) around ROW-7 water injector in 2017. 
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Figure 8-34: Schematic illustration of water preferentially flowing down-flank, away from ROW-2. 

 
 

8.3.4 Geomechanical analysis for the cooling case 
 
The effect of cooling is further investigated by the geomechanical model. Similar plots as for 
the pressure decrease and increase scenarios will be presented. The first scenario calculates 
the stresses and displacements due to a change in temperature assuming full elastic 
behaviour in all layers. To show the effect of the cooling on the results, the stress changes 
due to the depletion phase are set to zero. Results for the cumulation of all threats will be 
shown at the end of this section. 
Figure 8-35 shows localized effects in and around the cooled sections, with two cooled 
reservoirs at the location of ROW-7 and one cooled reservoir at the location of ROW-2. The 
change in total minimum stress is large relative to a moderate change in the temperature. 
The horizontal displacements are largest towards the flanks of the reservoirs. The 
displacements are limited in the crestal part because they cancel each other out. The 
displacements at the location of the two wells are also very small. Obvious is also the 
reduction in vertical stress. Particularly around ROW-7, the cooling and related stress 
perturbance volumes are relatively small causing an arching effect of the stresses where the 
non-cooled zones support the overburden weights. Around ROW-2, the cooling zone already 
expanded significantly, such that vertical stress change at the wellbore location is only 
marginal. Arching effects due to a lack of pressure change at the right-hand side of the 
bounding fault, in combination with significant reservoir tilt, still cause small vertical stress 
changes at that side of the bounding fault. 
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Figure 8-35: Changes in stresses and displacements after injection, due to 10 years of cooling and 
pressure increase. 

 
Figure 8-35 (and subsequent figures in this report) display the stress and deformation state 
at the end of the injection period, but it should be noted that the stress changes evolve 
laterally over time, due to an increasing cooling zone. For the purpose of illustration, Figure 
8-36 displays the shear stress evolution over time, emphasizing that in the course of time, 
different parts of the subsurface see variation in shear stress. 
 

 
Figure 8-36: evolution of the von Mises stresses with injection time. 

 
Figure 8-37 shows the displacements for the cooling scenario for the full elastic model. 
Especially the vertical displacement is larger when compared to the results from the 
depletion case. 
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Figure 8-37: Change in displacements along the well path in ROW-2 and ROW-7 after injection (both 
cooling and pressure increase effect), no slip case. 

 
When a slip layer is considered at the top of the ZEZ2C, the evolution of the displacements is 
different compared to the previous scenario. Due to the contraction of the cooled ZEZ3C 
reservoir section around ROW-7, a displacement occurs along the slip layer, which pulls the 
reservoir right to the edge of the cooling zone to the left. Note that due to the slip layer, 
shear stress in the overburden just above the slip layer is dissipated. 
 

 
Figure 8-38: Changes in stresses and displacements after injection, due to 10 years of cooling and 
pressure increase for the layer slip scenario. 
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The effect of the slip layer in this scenario is most noticeable for the horizontal 
displacements. A small kink is visible at the location of the shale layer in ROW-2, but the 
deformation is smaller than what is observed down hole. 

 
Figure 8-39: Change in displacements along the well path in ROW-2 and ROW-7, due to 10 years of 
cooling and pressure increase for the layer slip scenario. 

 
 
To further explore the cooling scenario, an alternative scenario assumes a volume of water 
that expands more laterally due to gravity but therefore considered to be thinner. This 
entails that the cooling front from ROW-7 is closer to ROW-2 after 10 years of injection. 
Figure 8-40 shows that cooling zones from ROW-2 and ROW-7 in the ZEZ2C are connected 
while the front of the cooling zone in the ZEZ3C is halfway between ROW-7 and ROW-2. This 
all results in a smaller vertical displacement but a larger horizontal displacement at ROW-2, 
also reflected in Figure 8-41. 
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Figure 8-40: Changes in stresses and displacements after injection, due to 10 years of cooling and 
pressure increase for the layer slip scenario, with water only flowing in the bottom half of the 
reservoir. 

 
Figure 8-41: Change in displacements along the well path in ROW-2 and ROW-7 after injection (both 
cooling and pressure increase effect) for the layer slip scenario, with water only flowing in the bottom 
half of the reservoir. 

 
Also, the response of a frictionless fault to the cooling has been investigated. Again, it is 
assumed that ROW-2 penetrates the fault at the spot where the shearing incident happened. 
Results are shown in Figure 8-42 and Figure 8-43. Shear stresses tend to concentrate around 
the fault, an observation that also holds for the other threats. However, the scenario doesn’t 
result in large deformations in ROW-2 and ROW-7. 
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Figure 8-42: Changes in stresses and displacements after injection, due to 10 years of cooling and 
pressure increase for the fault slip scenario. 

 
Figure 8-43: Change in displacements along the well path in ROW-2 and ROW-7 after injection (both 
cooling and pressure increase effect) for the fault slip scenario. 

 

8.3.5 Cumulative effects  
 
In the previous sections, the effects of the threats were investigated in isolation, while it is 
hypothesized that the observed shear displacement could be the result of a cumulative 
effect where the individual components strengthen each other. The scenario that is 
described in this section incorporates the stress changes and deformations from the 
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depletion phase and injection phase by both the change in pressure and temperature. The 
results confirm that the deformation is largest in the wells when the effects are combined. 
Especially, the small thin patch of relatively large deformation in the top of the ZEZ3C at the 
location of ROW-2 (within the red circle) resulted in a large horizontal displacement. The 
horizontal slip displacement in the middle of this patch amounts more than 10 cm, close to 
the location of the ROW-2 well (Figure 8-45). 
  

 
Figure 8-44: Changes in stresses and displacements after injection, due to the combined effect of all 
threats. 

 
Figure 8-45: Change in displacements along the well path in ROW-2 and ROW-7 due to the combined 
effect of all threats (note the different scale). 
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8.3.6 Conclusions for the cooling case 
Comparing all threats, we conclude that cooling results in the largest stress changes and 
deformations. The deformation resulting from this threat alone, however, is still smaller than 
the observed shear with the knowledge that frictionless planes don’t exist in the subsurface. 
Only in a scenario where all threats are combined, a modelled deformation that is close to 
the shear displacement in ROW-2 is observed. 
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8.4 Deep ZEZ1H Salt Movement  
 
The threat of salt movement by halokinetic processes was mentioned in the findings report 
as being the most likely threat or mechanism for casing shear. The proposed scenario was 
based on an upward movement that caused an increase in shear stress in the stiff layers 
above and hence slip on a clayey interbed layer at the top of the ZEZ3C layer. The estimate 
of the likelihood was based on the observation of thinning and dips of the youngest 
sediments in the area that correlated partly with the depth map of the top ZEZ1H. Also, the 
faults in the carbonate layers above the ZEZ1H salt cushion indicate later salt movement 
(Figure 8-46). This is evidence that supports the existence of the threat. On the neutral side, 
the observation of active tectonics in the nearby Roer Valley Graben could support the 
threat but the observation can’t be verified. Existence of faults in young sediments might be 
an indication of recent salt movement, just like the possible correlation between recent 
surface deformation and salt cushion movement. This is investigated and described in the 
next sections. 
Another, but weaker form of evidence against this mechanism is the lack of morphological 
studies in the Twente region that would describe the impact of salt tectonics on soil 
structures. 
 

 
Figure 8-46: Italian flag for the salt movement threat. 

 

8.4.1 Mechanism 
Salt cushion formation is a form of salt diapirism and is a mechanism that is driven by 
differential subsurface loading that induces shear stresses and hence viscous flow of the salt 
(Ref. 8). It is a self-enhancing mechanism, resisted by the strength of the overburden and 
boundary friction along the edges of the salt body (Ref. 8). An upward movement of a salt 
body induces shear stresses in the overburden as a result of horizontal stretch, often 
characterized by normal faulting regime. These faults can be critically (prone to reactivation) 
stressed in case of active salt movement, making them more prone to fault slip. Indicators of 
active diapirism are investigated and described in the following sections. 
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8.4.2 Indications based on thinning and faulting of shallow layers 
The May 2021 report mentions that active salt tectonism could be a likely source for stress 
perturbations in the subsurface at the location of the Rossum-Weerselo field. Evidence was 
gained from two sources: 

1. Conformance of the bedding dip of the shallowest sediments in the seismic section 

with the dip of the salt cushion. This conformance is indicated in Figure 8-47, where 

the shallow sediments (within the red ellipse) visible on the seismic section seem to 

dip at a similar angle as the deeper sediments at the western flank of the salt 

cushion. Moreover, the sediments within the blue ellipse are disturbed and may have 

been faulted by changes in stresses induced by salt movement.  

Re-interpretation of the section led to the conclusion that a layer dip conformable 

with the dip of the salt structure could only be confirmed for sediments up to the 

Lower Cretaceous Vlieland Sandstone Formation. Also, the faulted Triassic/Jurassic 

layers above the pillow can only confirm active salt diapirism till around 150 myr ago. 

Younger sediments are poorly imaged on the seismic but within the green ellipse it 

can be observed that the sediments from the Upper North Sea group have a 

horizontal bedding plane and do not seem to be affected by salt diapirism. 

 
 
Figure 8-47: W-E TWT (time) seismic section through the Rossum-Weerselo field. The transparent 
purple area indicates the ZEZ1H and the ZEZ2C and 3C are within the transparent green area. The 
inclined bedding of the Jurassic-Triassic sediments is indicated by the red ellipse (similar to figure 20 
from the May 2021 report). The blue ellipse indicates the faulted zone in the Triassic sediments. The 
green ellipse highlights the shallowest sediments. 
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2. A correlation of the thickness of the youngest sediments with the depth of the top 

Zechstein could possibly provide a second indication of recent salt tectonism.  The 

May 2021 report explains how the possible recent activity can be further explored by 

a comparison between the depth variation of the top salt and the thickness variation 

in the youngest sediments of the Upper North Sea Formation (Figure 8-48). Such a 

relation could exist when the domal structure of the Rossum-Weerselo field can be 

correlated to the thickness variation in the Upper North Sea Group (NU). The 

hypothesis is that movement of the salt dome influences the accommodation space 

with less space and therefore a thinner layer of NU sediments close to the crest of 

the salt structure. The maps show that the crest of the salt dome correlates positively 

to a thinner NU in the northern part of the Rossum-Weerselo field and above the salt 

dome of the De Lutte field. In the southern part of the Rossum-Weerselo field this 

correlation is poor or absent. 

 

 
 

Figure 8-48: Left: top Zechstein depth, Right: Depth Upper North Sea. Green: shallow, Red: deep, scale 
bars in meter (source TNO). Figure 21 from the May 2021 report. 

 
It should be noted as well that thickness variation can be caused by multiple 
processes. As an example, geomorphological maps (source: TNO) show significant 
surface relief from the remnants of erosional/depositional glacial processes which 
also cause lateral thickness variations in the youngest sediments. In conclusion, there 
is no clear evidence from the thickness maps pointing to recent active salt diapirism. 
 
 
 
 
 
 
 
 
 



 

86 
 

3. A third source of data that could indicate recent movements of the salt cushion in the 

region are the surface ground movement data. Figure 8-49 shows the deformation 

rate inferred from InSAR data (source: bodemdalingskaart.nl) with warmer colours 

showing subsidence and cooler colours showing heave. The two inserted maps at the 

bottom show the location of the gas fields and the depth of the base of the Lower 

Germanic Trias Group which indicates the depth of the top Zechstein.  No visual 

correlation between ground movement and the depth variations can of the top 

Zechstein be retrieved. 

 

   
 

Figure 8-49: InSAR measurements (bodemdsalingskaart.nl) in the Twente area. Bottom left insert: 
location of the gas field within the center the Rossum-Weerselo field. Right bottom insert: Top 
Zechstein map in the area (warmer colors indicate shallower depths) 
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8.4.2.1 Conclusion from observations 
While the May 2021 report acknowledged this mechanism as a major threat for inducing 
shear stress, we conclude in hindsight that there is almost no evidence for recent salt 
movement. We still consider the possibility of a small movement of the salt in the 
geomechanical model. The motivation for this choice is the possibility that the deformation 
from salt movement is relatively small and not apparent in the surface movement signal.  
 

8.4.3 Model approach 
The model approach is to mimic upward salt movement by a small pressure increase in the 
salt. This leads to an increase in volume strain and subsequently to an upward displacement 
of the top of the salt that is highest where the ZEZ1H has a maximum thickness. Maximum 
displacements should be smaller than a few centimetres following the reasoning in the 
previous section. 
 

8.4.4 Shear stress and displacements calculations 
Figure 8-50 shows the impact of the inflation of the ZEZ1H on the change in stress and 
displacements. The vertical displacement of the overburden above the salt is a few 
centimetres. The change in shear stress is negligible due to a continuous pressure increase 
below the reservoirs, i.e. the layers are tilted rather than bended by this process.  
 

 

Figure 8-50: Changes in stresses and displacements due to salt deformation, for the bedding slip case. 

 
This negligible effect is further illustrated by the well deformation plot in Figure 8-51. This 
scenario already incorporated layer slip but no deformation was visible even at the location 
of the slip layer. 
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Figure 8-51: Displacements along the well path in ROW-2 and ROW-7 due to salt depletion. 
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8.5 Volume Increase by transition of Anhydrite to Gypsum 
 
When anhydrite is exposed to water, it can be chemically transformed into gypsum 
accompanied with an increase in volume. This mechanism is introduced in the May 2021 
report as a potential threat. The report mentions that the likelihood is small due to the 
stress conditions at the depth of the incident. Nevertheless, a deeper investigation was 
requested by the regulator and therefore the threat will be re-assessed here.  
The Italian flag shows supporting evidence for the threat by the available phase diagrams 
indicating gypsum is stable at low temperature and pressure. Also, it is known that anhydrite 
is present in the cap rock at the location where the incident happened. Another serious 
incident, providing supporting evidence, demonstrates that the transition has led to 
significant deformation and damage to houses in the village of Staufen-im-Breisgau in 
Germany (Ref. 30; Ref. 40).  
Evidence against the threat is the fact that no uplift is observed near the incident or above 
the Rossum-Weerselo field. The anhydrite is the cap rock for the Zechstein carbonates and 
therefore swelling and hence uplift should be observed if the mechanism is significant. Also, 
other wells show no evidence of casing shear while anhydrite is being exposed to injection 
water in these wells. Furthermore, a good cement section between the ZEZ2C injection 
reservoir in ROW-2 and the anhydrite layer at the depth of the incident prevents water from 
reaching to the depth of the incident, which is considered as evidence against the threat as 
well.  
On the neutral side, it needs to be investigated whether expansion can happen under the 
stress conditions at the location of the incident. Also, it should be investigated whether a 
possible reaction is self-terminating due to possible permeability reduction following a 
volume increase. These questions will be addressed in the next sections. 
 

 
Figure 8-52: Italian flag for the possible transition of anhydrite to gypsum. 
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In this section, we focus on the hypothesis whether the transformation of anhydrite (CaSO4) 

to gypsum (CaSO4 • 2H2O), and associated volume expansion, could have played a role in the 
shearing incident. Anhydrite may react with water (H2O) to form gypsum via the following 
reversible reaction (e.g., Ref. 44; Ref. 36), 
 
     [1] 
 
 
The hydration reaction gives rise to a solid volume increase of ~61% and, in the case of 
reaction in a confined space, the (potential) generation of a “force of crystallization” (also 
known as “crystallization pressure” or “crystallization stress”) that can cause deformation 
(Ref. 46; Ref. 42). Field observations show that reaction [1] can lead to the formation of 
mineral veins with directionally grown gypsum crystals suggestive of a crystallization force 
(Ref. 26; Ref. 27; Ref. 35), which, elsewhere, has been interpreted to have caused local 
overpressure and hydrofracturing (Ref. 37). Cases of significant surface heave (up to 10 mm/ 
month) have been linked to swelling of anhydrite(-rich) formations that got exposed to 
water after human-induced changes of the subsurface (Ref. 40; Ref. 39). 
Given the presence of an anhydrite(-rich) body at around ~1.1 km depth in the ROW-2 well 
(Ref. 1), the above observations trigger the question whether anhydrite-to-gypsum 
crystallization-induced swelling could have played a role in causing casing shear. To 
investigate this, a literature study was conducted addressing i) pressure-temperature phase 
equilibria in the CaSO4-H2O system, ii) the conditions under which a crystallization stress 
from the anhydrite-to-gypsum reaction can develop, and iii) the nature of confined swelling 
reactions, including the possibility of a self-limiting or self-terminating mechanism. We 
compare the downhole pressure-temperature conditions in ROW-2 with the notorious case 
of Staufen-im-Breisgau, a town in southwest Germany where anhydrite-to-gypsum 
conversion at ~60 m depth led to surface uplift and widespread damage to buildings and 
infrastructure (Ref. 30; Ref. 40). 
 

8.5.1 Anhydrite-gypsum phase stability  
The CaSO4–H2O system is characterized by three minerals, gypsum, bassanite (CaSO4 • 
½H2O), and anhydrite (Ref. 48; Ref. 36). We reproduced the pressure-temperature 
equilibrium diagram of Ref. 48 for the range [0-238] MPa in Figure 8-53. At atmospheric 
pressure conditions, gypsum is stable up to ~58°C above which anhydrite is the stable phase. 
The gypsum-anhydrite stability boundary is especially sensitive to temperature, reaching a 
triple point with bassanite at ~235 MPa, 80.5°C (Figure 8-53). 

CaSO4 (s) + 2H2O (l) ⇆ CaSO4 • 2H2O (s) 
[46.0 cm3]  [36.0 cm3]  [73.8 cm3] 
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Figure 8-53: Pressure-temperature equilibrium diagram for the CaSO4 – H2O system, after Ref. 48. 
Secondary depth axis coupled to the primary pressure axis assuming an overburden density of 2100 
kg/m3. Red markers (dots and dashed line) indicate the estimated conditions for Staufen-im-Breisgau 
(S-i-B, after Ref. 40) and the depth to casing shear in ROW-2 (Ref. 1). 

 
Taking an overburden density of 2100 kg/m3 (cf. Ref. 45) the lithostatic stress at 1.1 km 
depth in the ROW-2 well is estimated ~22.7 MPa. The ambient temperature is 54 °C and 
lower for the areas that are exposed to the cool water. An indication of the temperature 
range for ROW-2 is visualised in Figure 8-53. By comparison, in the case of Staufen-im-
Breisgau (S-i-B), the lithostatic stress is only ~1.5 MPa (Ref. 40). Clearly, from Figure 8-53, 
under the pressure-temperature conditions relevant for S-i-B as well as at 1.1 km depth in 
the ROW-2 well, gypsum is stable and anhydrite metastable in the CaSO4 – H2O system. 
 

8.5.2 Pressure conditions of the anhydrite-to-gypsum swelling reaction 
We next address the possibility of swelling stress and volumetric strain when an anhydrite 
body at 1.1 km depth is brought in contact with water. To address this, we consider the 
conditions under which a force of crystallization from reaction [1] can develop. 
Anhydrite-to-gypsum swelling behaviour is studied in the laboratory by exposing natural or 
synthetic anhydrite(-rich) rock or powder in a uniaxial cell to excess water (i.e., oedometer 
tests, see e.g., Ref. 38; Ref. 34). Ref. 43 reviewed cases of swelling rock in tunnels, including 
those cutting through anhydrite(-rich) formations. He showed that laboratory studies of 
anhydrite-rich shales cause a swelling stress in the range from 1.7 MPa to 4.7 MPa. In a 
comparison with observations from tunnels cutting the Jurassic Gipskeuper, a rock formation 
that is common in Southern Germany and characterized by natural gypsum-anhydrite 
stratification, Ref. 43 demonstrates that the depth to the gypsum-anhydrite boundary (or 
transition zone) is consistent with the estimated horizontal stress value of ~2 to 2.5 MPa. It is 
argued that below the observed gypsum-anhydrite transition zone the stress state exceeds 
the swelling stress that can be generated by reaction [1], and as such the conversion from 
anhydrite to gypsum is inhibited. In other words, below the gypsum-anhydrite interface the 
stresses are large enough to prevent swelling, that is, the transformation of anhydrite into 
gypsum (Ref. 43). 
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More recent work on anhydrite-to-gypsum crystallization-induced stress includes that by 
Ref. 33 and Ref. 34. Ref. 33 reported a swelling stress of 11 MPa when reacting Drierite, a 
synthetic, powdered form of anhydrite that is commercially available as a strong water 
absorbent, with water. The observed swelling stress of 11 MPa is relatively high, however, 
we note that Drierite is a form of CaSO4 that is chemically manipulated to enhance its 
performance as a desiccator. Ref. 34 rehydrated anhydrite rocks from tunnel outcrops and 
observed maximum swelling stresses of 2.0-2.6 MPa. 
Following Ref. 43, the anhydrite-to-gypsum reaction is inhibited when the lowest principal 
stress exceeds the maximum swelling stress that can be achieved. In Figure 8-54 we 
compare the lab-observed, maximum swelling stress values from Ref. 43 and Ref. 34 (vertical 
dashed lines) with the effective minimum horizontal stress (Sh,min, eff) expected at 1.1 km 
depth in the ROW-2 well. We exclude the swelling stress values reported for Drierite 
because this is not a naturally occurring substance. Taking Sh,min ≈ 0.9xSv for evaporites, 
where Sv is the lithostatic stress assuming an overburden density of 2100 kg/m3, Sh,min,eff 
≈ 9.5 MPa in the case of a pore fluid pressure of Pf ≈ 11 MPa (hydrostatic) and Sh,min,eff ≈ 

22 MPa in the case where Pf = 0 MPa (i.e., simulating full depletion). The ‘true’ effective 
minimum horizontal stress likely lies somewhere in between these points, as indicated with 
the double arrow in Figure 8-54. For comparison we also plot the stress conditions expected 
for the anhydrite layer at Staufen-im-Breisgau (S-i-B, taken from Ref. 40). 
It becomes clear from Figure 8-54 that, when assuming the maximum swelling stress values 
of Ref. 43 or Ref. 34, the lowest predicted effective minimum horizontal stress value 
(Sh,min,eff) exceeds the maximum swelling stress that can be achieved by the reaction, 
implying that the reaction is inhibited. For the case of Staufen-im-Breisgau the stress lies 
below the one which can be generated by the anhydrite-to-gypsum reaction, which explains 
why anhydrite swelling and associated surface heave is prevalent here (see Ref. 40). Clearly, 
the depth to the anhydrite formation plays a key role in the manifestation of the anhydrite-
to-gypsum swelling reaction.  

 
Figure 8-54: Minimum (effective) horizontal stress at 1.1 km depth in the ROW-2 well, and at Staufen-
im-Breisgau (S-i-B, from Ref. 40: Minimum (effective) horizontal stress at 1.1 km depth in the ROW-2 
well, and at Staufen-im-Breisgau (S-i-B, from Ref. 40), with maximum swelling stresses developed 
upon confined anhydrite hydration reported by Ref. 43 and Ref. 34 (vertical dashed lines).  
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8.5.3 Confined swelling reactions: a self-limiting mechanism 
Numerous authors have studied mineral reactions producing a force of crystallization. While 
most of these reactions are strictly speaking not conform reaction [1], important learnings 
can be drawn from their observations on the nature of confined swelling reactions, which 
have direct implications for the potential conversion of anhydrite to gypsum at the in-situ 
condition in ROW-2. 
Firstly, focusing on the quicklime-to-portlandite reaction, Ref. 47 measured a crystallization 
stress of up to 153 MPa, much less than the theoretical possible value of 3.4 GPa. Using 
microstructural observations as a basis it was argued that fluid transport pathways are 
progressively shut down, while the reaction proceeds, due to processes such as sintering, 
grain growth, dynamic recrystallization, or simply clogging of the pore space by reaction 
products (Ref. 47). Since fresh, undersaturated fluid is needed for the reaction to proceed 
this effectively limits reaction extent including the development of any significant 
crystallization stress or volume strain. The anhydrite-to-gypsum reaction is expected to show 
the same self-limiting effect. Significantly, it was already noted by Ref. 43 that massive, pure 
anhydrites show little swelling stress (<0.2 MPa) due to the development of a “surface layer 
of impervious gypsum”, upon which swelling stops (Ref. 29, Ref. 43). In the exceptional case 
of Staufen-im-Breisgau mentioned above, the anhydrite formation is heavily fractured which 
at the relevant depths of ~60 m can facilitate fluid access and sustained reaction (Ref. 40). 
Next, Ref. 41 focused on the reaction of Bassanite with water to form gypsum. Based on 
theory these authors hypothesized that the reaction would generate a crystallization stress 
of 185 MPa, whereas their experiments showed a maximum value of just 3.6 MPa. They 
point out that deformation resulting from the hydration reaction involves a competition 
between reaction-induced volume expansion and creep-induced compaction. It is argued 
that reaction-induced stresses were limited by the strength of the porous aggregate, which, 
in the case of gypsum, is extremely low (Ref. 32; Ref. 28). In other words, in a swelling 
reaction forming gypsum, the potential crystallization stress will be limited if developed at 
all. 

8.5.4 Conclusions 
We investigated whether hydration of anhydrite (CaSO4) to form gypsum (CaSO4 • 2H2O), 
and associated volume expansion, could have played a role in causing casing shear at ~1.1 
km depth in the ROW-2 well. Based on a literature study we conclude that the stress 
conditions at 1.1 km depth in the ROW-2 well are large enough to inhibit the transformation 
of anhydrite into gypsum, therewith preventing swelling. Moreover, confined swelling 
reactions tend to be self-limiting. We conclude that volume expansion or crystallization 
stress from the anhydrite-to-gypsum reaction can be ruled out as a cause for casing shear at 
the ROW-2 well and will not be further studied in geomechanical models. 
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8.6 Strength Reduction of shale and gouge material 
The presence of possible shale streaks at the top of the ZEZ2C was mentioned in previous 
sections, as was the possibility that natural faulting is accompanied by shale smear and 
gouge in the fault. When brought in contact with (fresh) water, it is known that the strength 
of the shale can reduce by osmotic processes. Shale swelling is a well-known threat for 
borehole stability where the chemical potential of a solution is determined by the ion 
concentration. A more (ion) saturated solution will draw water from a less saturated 
solution. It is very likely that the potential of the injected water is higher than the original 
pore water. Figure 8-55 shows a plot of the measured and forecasted solid concentration of 
the injection water. The trend is decreasing as a result of the ultra-pure water steam 
injection. At the start of the injection the production stream is a mixture of condensed fresh 
water and salt saturated reservoir water. With an increased cumulative injection volume the 
share of the freshwater increases with time and therefore the total dissolved solids will 
decrease. The observation leads to the conclusion that shale weakening is a possible process 
in the Twente fields with an increasing potential as a function of time. 
 

 
 
Figure 8-55: Dissolved measured and forecasted solid concentration in the Schoonebeek production 
water.  

 
The mechanism of fault weakening, during water injection, is also mentioned by Ref. 49. The 
M=2.8 earthquake in the depleted Weststellingwerf field was probably caused by a strength 
weakening of the fault when the fault was brought in contact with water. The authors 
mention two mechanisms: fault lubrication and a decrease in capillary pressure in the fault 
gouge material when it was first contacted by water. The mechanisms are linked to a 
carbonate gouge where the capillary pressure forms a main contributor of the fault gouge 
cohesion. With the loss of the capillary pressure in the gouge, the cohesion and therefore 
the strength decreases. Rather than an increase in shear stress that would invoke faults 
reactivation, it is the cohesion weakening that caused fault slip while the shear stresses 
remain constant. It was further demonstrated in the paper that the shear stresses induced 
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by the water injection were fairly low and actually too low to explain the reactivation. The 
effect is visualized in a Mohr-Coulomb plot in Figure 8-56. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 8-56: Cohesion weakening of fault gauge material caused by injection of water. The dashed 
red line shows the virgin strength of the fault. The solid line is the reduced strength. 

 
 

8.7 Salt dissolution  
 
Extensive research to the effects of fresh water injection to the possible dissolution of salt in 
the nearby Tubbergen field was carried out by Ref. 51. The same reference mentions that 
Rossum-Weerselo should not be treated as an analogue because both the ZEZ2C and ZEZ3C 
injection reservoirs are bounded by insoluble anhydrite layers and therefore protected for 
any salt dissolution by direct injection (see Figure 8-57). ROW-2 injected only in the ZEZ2C 
carbonate and this reservoir is bounded at the top by the ZEZ2A anhydrite layer. This implies 
that in the case of a possible dissolution scenario in the ZEZ2H above the ZEZ2A, injection 
water in the ZEZ2C needs to percolate through micro annuli over a distance of 10 m 
(thickness ZEZ2A). A small salt cavern would only develop when the water will flow along the 
salt and gets saturated with salt. Moreover, the saturated water needs to be replaced by 
new fresh water before the volume can grow again. This means that the saturated water 
needs to find a way back into the ZEZ2C reservoir (unlikely because of the pressure 
differential) or a way above to the depleted ZEZ3C that will be hindered by another 4 m of 
anhydrite and a cemented casing shoe. At the time the well was worked over to a water 
injector, the cement quality has been verified. This cement bond log shows good quality 
cement over the full logged interval (i.e. from 1155m to 1175m AHORT), which confirms the 
presence of a barrier between ZEZ2C and ZEZ3C. This log is shown in Figure 8-58. A third 
barrier in this scenario is the impact of a hypothetical cavern with a volume of a few cubic 
meter. Such a small volume will not cause stress perturbations at the top of the of the 
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ZEZ3C, where the shearing incident happened, because of a 50 m thick very hard and stiff 
anhydrite and carbonate layer. This layer will bridge (stress arching) the small volume with 
some stress perturbation only at the bottom of the thick layer.  
 

 
 
Figure 8-57: lower section of the composite well log of ROW-2. In blue the ZE anhydrite members, in 
orange the ZE halite members and in green the ZE carbonate members. 
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Figure 8-58: Cement bond log over the bottom part of the 7” casing showing good bond over the 
interval opposite the ZEZ2H. This log was acquired, in 2013, prior to converting ROW-2 to a water 
injection and showed zonal isolation between the reservoirs ZEZ2C and ZEZ3C.  

 
Therefore, this threat is not considered to explain the shear failure of the casing. There is 
simply no fluid that has been exposed to Zechstein halite members.  
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9 Barrier assessment (Right-hand side of the Bow-Tie) 
 
Well and completion design considers the use of the well and the forces and fluids it is 
exposed to during the well life. Obviously, advancements in well design and understanding 
of subsurface risks have improved the integrity of wells in the last decades. A proper well 
design protects (to a certain extent) against unexpected (geo)mechanical forces and against 
wall loss due to corrosion or scouring during the drilling process or during the production 
phase. 
 
The barriers identified in the Bow-Tie for ROW-2 consist of the casing, the tubing , well 
integrity monitoring, and the caprock. ROW-2 was drilled in 1955 and completed with a 7” 
23# N80 casing at the depth of the shear and displacement event. In the next we will focus 
on casing. 
 
In ROW-2, the tubing forms another barrier. Since the well was completed with a packer 
across the ZEZ2H, the shear was located above the packer in the ZEZ3C injection reservoir. 
The shear led to loss of annular fluid into the ZEZ3C and subsequent gas ingress from this 
reservoir. The tubing of ROW-2 has remained intact. If this barrier had also failed, then 
injection water would have flowed into the ZEZ3C reservoir, which is the same reservoir 
where nearby ROW-7 injects water.  
 
ROW-4, -5 and -7 were completed in a different manner. In these wells, the location of the 
tubing packer is above the ZEZ3&4. (Figure A-6) Any loads developing on the casing in ROW-
4, -5 and -7 in the ZEZ3C, with a resulting casing shear below the packer, would have no 
further consequences on well integrity (note that worldwide many wells are completed open 
hole below the packer indicating that the casing has no well integrity purpose to protect 
fluid flow from entering unwanted areas). A (cemented) casing design across a producing 
zone is often used for isolation purposes and/or preventing wellbore collapse due to 
unstable producing zones. 
 
Finally, the far-right side of the Bow-Tie contains the cap rock as a geological barrier. This 
barrier is 50 meters thick and consists of a sequence of carbonate, anhydrite, and halite 
layers. These layers provide an extremely tight seal above the injection zones. Around the 
wellbore annular flow is protected by cement and across halite layers additional pack off 
around the casing prevents injection fluid to reach areas above the cap rock. 
 

9.1 Casing Integrity 
 
Casing integrity under normal conditions is ensured by specifications and well design 
considerations during the engineering phase. Input to the design consist of the forces a well 
typically experiences as well as the fluids it will see during the drilling and production phase. 
Casing grade and dimensions (wall-thickness and diameter) largely determine how a well 
maintains its integrity under changing conditions during the lifetime of a well. In following 
sections, the barriers to deformation/shear in ROW-2 will be evaluated.   
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9.1.1 Corrosion 
 
Internal corrosion: The Multi Finger Caliper Report from 17/02/2021 shows no major 
corrosion apart from some scattered pits in the 7” casing, mainly at shallow depths. 
Weakening of the casing in ROW-2 due to corrosion is therefore insignificant and forces 
exerted on the string must have exceeded the nominal shear strength of the 7” 23# – N80 
casing.  
 
Summary of the MFCT report: The majority of the 7ʺ casing is shown to be in moderate 
condition, with the lower section of the logged interval shown to be in critical condition due 
to the presence of severe localised deformation.  
• The maximum recorded ID of 6.901ʺ at 1114.08 m, would be equivalent to an 84.4% 
penetration if related to metal loss. However, this very high ID relates to a short section of 
very ovalised casing from approximately 1113.85 to 1114.20 m and does not relate to 
corrosion. 
• From approximately 210 to 400 m there is widespread pitting corrosion present. All of the 
22 joints within this interval contain pits with maximum percentage penetrations between 
17% to 40% into the casing nominal wall thickness.  
 
External corrosion: Sulphide stress cracking is a corrosion mechanism that cannot be ruled 
out completely. The presence of (small amounts) of H2S in the ZEZ3 carbonate in 
combination with relative low temperatures and decades of exposure of the casing to sour 
gases can all add up to increased brittleness of the 7”23# N80 casing. The displacement of 
the casing suggests that geo-mechanical forces have moved the pipe but a particular weak 
spot on the casing due to SSC may have been the reason for the casing to shear at that 
depth.  
 

9.1.2 Casing Collapse Resistance 
Deformation of casing can occur due to external forces acting either on the inside or the 
outside of the pipe. In ROW-2 the liquid level in the annulus dropped to a level of around 
1000 mtr AH. With the drop in fluid level no internal support from the liquid column was 
anymore provided to the inside of the casing and invoked the question whether the lack of 
internal support was sufficient for external forces on the casing to: 
 

- Deform the casing 

- Deform and, also, shear the casing 

Note that deformation of casing can occur across salt layers when cement quality is low or 
when cement is not present (i.e. no layer between formation and casing). Salt creep is a 
phenomenon seen in salt layers in onshore Netherlands and protection against deformation 
in NAM is provided by use of heavier (thicker wall) casing of a higher-grade steel. This 
protection by so called “MUST” casing is standard practice in NAM since 1979.  
ROW-2 has been drilled in 1955 and therefore this well could potentially be exposed to salt 
point loading. However, salt point loading is unlikely to exert forces to “clean-shear” the 
casing as seen in ROW-2. The stresses induced by salt creep are in the order of the lithostatic 
gradient and approximately 2x the hydrostatic pressure, not sufficient to shear the casing as 
observed. (at 1116 m ahTBF this pressure is in the order of 25 – 30 MPa) 
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Moreover, the shear-depth indicated hard and stiff carbonate just opposite the location of 
the failed casing. 
 
It must be noted that some deformation of the casing was observed by the MFCT at depths 
opposite the halite layers in the Zechstein (at appr 1110 m ahTBF), which confirms the 
potential to cause deformation of older casings, with poor cement behind pipe. However, 
the forces will never be sufficient to shear the casing in a “scissors” like mode. 
 
 

9.1.3 Casing Shear 
Casing shear often occurs at weaker areas of the casing such as below or above casing joints 
or where stresses are not evenly distributed due to ovalisation/deformation. Also wear of 
casing due to scouring in deviated sections are known areas for casing shear. 
Still, it requires a significant force to shear and displace the casing as observed in ROW-2.  
For the 7” 23#, N80 casing, the shear strength is, according to the Von Mises criterion, 
approximately 0.577 x the tensile yield strength (Ref. 58), which is 318 MPa and therefore 
more than 10-fold the collapse pressure required to only deform the casing. (See also 
section 9.1.4 below). Shear stresses on (the cross-section of) the casing exceeding 318 MPa 
and higher are likely only created by the loads of fault movement or slip, most likely close to 
the depth of the sheared casing but it is also possible that movement occurred at a (slight) 
depth offset at a weaker area of the casing. (Area affected by stress concentrations due to 
casing connections and/or weakening due to SSC corrosion). 
In ROW-2 the casing shear occurred just below a casing connection which is a weaker section 
in the 7” casing string. 
 

9.1.4 Von Mises criterion for casing shear 
The Von Mises criterion relates the tensile strength of a metal structure (beam or pipe) to 
the shear strength needed to shear the considered structure. 
An approximation for the shear strength is to multiply the tensile strength by 0.577. (Ref. 58)  
For the ROW injector wells the following specs apply: Figure 9-1  
 

 
Figure 9-1: ROW Injectors casing dimensions and tensile strength 

 
The resistance to shear for all Twente injection wells can be calculated from the dimensions 
of the casing. Figure 9-1. 
 
In Table 9-1 the shear ratings of the production casings of ROW injection wells are tabulated 
based on the Von Mises criterion. 
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Table 9-1: shear ratings production casing. 

 
The maximum allowable tensile stress before failing of the 7”23# N80 casing in ROW-2 is 552 
MPa. When multiplying by 0.577, the maximum shear-stress this casing can withstand 
before failing is 318 MPa. (Significantly higher than the collapse resistance of 26 MPa) 
 
However, the load applied on the casing is impossible to determine as it is dependent on the 
fault geometry (unknown) and the rock mass that has moved. Figure 9-2 
 

 
 
Figure 9-2: (unknown) Load case - Casing shear. 
One can assume that the shear resistance of the casing will be puny compared to the forces exerted 
by the movement of the rock. To illustrate that, it is possible to estimate the minimum load required 
to shear the casing for a range of angles of a fault plane.  
 

Table 9-2 loads have been converted into the dimensions of a cubic rock mass for 
imagination purposes 
 
 
 
 

Well Nominal Tensile 
Rating (10^3 daN) 

Tensile Stress Rating (MPa) Shear Stress Rating (MPa) 
(Von Mises) 

ROW-2 237 552 318 

ROW-4 311 517 299 

ROW-5 311 517 299 

ROW-7 519 517 299 
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Table 9-2: fault angle and rock dimensions to initiate shear in ROW-2. 

*cross-sectional area casing will slightly increase for increasing angles but has no- or minor 
impact 
 
The results show that a relatively small block of rock is required to shear the casing and it is 
likely that failure would occur under any fault or bedding slip inclination. For this example, 
friction forces have been ignored but even if these were included, the rock dimensions would 
not change significantly. 
 
 

9.1.5 Shear Resistance ROW-4, 5 & 7 
All wells in Twente appeared to be designed for similar load conditions which is not 
surprising as drilling and production conditions can be expected to be the same in the 
reservoir. Therefore, any of these casings are very likely to fail because of a fault movement 
or movement along a bedding plane. ROW-7 would benefit from thicker wall thickness of the 
pipe and would be able to resist shear better than the other wells. However, this is still 
relative, any rock displacement is likely fatal for any of these wells. For completeness the 
results for ROW-7 are tabulated in a similar fashion as ROW-2 above (Table 9-3). 
 
Table 9-3: fault angle and rock dimensions to initiate shear in ROW-7. 

 

9.1.6 Compression loads 
In the May 2021 ROW-2 report (Ref. 1) the cement quality opposite the Zechstein 3 halite 
(ZEZ3H) formation is interpreted as moderate to poor. The CBL was taken to a depth of 
1116,71 mtrs ahTBF just into the carbonate layer at the shearing point of the casing. Cement 
quality was poor towards the shearing depth with the log showing low bond index (BI). Poor 
bond and lack of cement could have resulted in sections of free pipe. It is known that free 
pipe can take up compression loads which can lead to weakening of casing. This helical 

Max shear 
strength 

casing ROW-2 
(MPa) 

Cross 
sectional 

area casing 
(m2) 

Angle 
fault 

plane (α) 

Mass 
rock 

(kgx10^3) 

Sg Rock 
(kg/m3) 

Volume 
rock 
(m3) 

Dimensions 
rock LxBxH 

(mtr) 

318 0.0043 1 7987 2600 3072 14.5 

318 ~ 0.0043* 10 803 2600 309 6.8 

318 ~ 0.0043 20 408 2600 157 5.4 

318 ~ 0.0043 30 279 2600 107 4.8 

318 ~ 0.0043 40 217 2600 88 4.4 

Max shear 
strength 

casing ROW-7 
(MPa) 

Cross 
sectional 

area casing 
(m2) 

Angle 
fault 

plane (α) 

Mass 
rock 

(kgx10^3) 

Sg Rock 
(kg/m3) 

Volume 
rock 
(m3) 

Dimensions 
rock LxBxH 

(mtr) 

299 0.01 1 17491 2600 6727 18.9 

299 ~ 0.01* 10 1758 2600 676 8.8 

299 ~ 0.01 20 893 2600 343 7.0 

299 ~ 0.01 30 611 2600 235 6.2 

299 ~ 0.01 40 475 2600 183 5.7 
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buckling and subsequent shear are possible mechanisms in wells with unsupported casing, 
however in ROW-2 there is evidence that halite layers above and below the shear point have 
packed off the casing and effectively anchored the casing preventing displacement and 
deformation by axial forces. Therefore, it is unlikely that such a mechanism has led to casing 
shear in ROW-2 
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10 Subsurface barrier assessment for other injectors 
 
The existing injectors in the Rossum-Weerselo field are ROW-4, ROW-5 and ROW-7 (Figure 
10-1). For ROW-7 and ROW-5 it is concluded that the subsurface lateral distance to the 
closest mappable fault is around 500 m. ROW-4 is at a closer distance of around 350 m to 
the nearest fault. These distances are a factor 5 to 10 larger than the distance to the nearest 
fault in ROW-2. Also, the density of fractures and sub-seismic faults decreases with distance 
from a main fault. These observations make shear failure via a fault plane less likely in the 
other injectors.  
Section 4.3.1 described the lateral extent of the potential shale layer. A thorough 
investigation of the gamma-ray logs in all ROW well revealed that the signature of a possible 
shale layer is most clear in ROW-2 and less clear in the other wells. This makes the existence 
of a thicker shale layer less likely in the other wells and therefore also decreases the 
likelihood that slip will occur on shale layer in the other wells. This doesn’t exclude the 
scenario that slip can occur via small layers of shale with a thickness below the log resolution 
in the other wells.   
Geomechanical analysis reveals that the potential for slip is highest for those wells that are 
approached by a cooling front from one side. Contraction of cooled reservoir rock induces 
shear stress and slip to wells at short distances from the cooling front. This scenario is 
unique in Rossum-Weerselo for the setting of ROW-7 and ROW-2. With the abandonment of 
ROW-2, this scenario is blocked for possible future consequences. The northern injector 
ROW-5 is isolated and therefore this risk scenario doesn’t apply for this well.  
 
Qualitatively, it can be concluded that the probability for a similar shearing event in the 
current injector wells is considerably smaller than in ROW-2. When considering other wells 
for injection then this statement needs to be reviewed based on further work and active 
surveillance. E.g. in case ROW-3 reinstatement is considered as ROW-3 is close to ROW-4. 
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Figure 10-1: Top ZEZ2C map show the subsurface location of the wells and the compartments. The 
gas-water contact is indicated by the thick black line. Water injection wells in blue, other wells in 
black. Abandoned wells are crossed out and are grey or greyish blue (WI). Wells in black are closed in 
or suspended. 
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11 Conclusions 
 
The ROW-2 casing shear event was analysed using a Bow-Tie approach. A range of plausible 
mechanisms for casing shear were identified and further investigated. These 6 “threats” 
constitute the left side of the Bow-Tie and have been further investigated through modelling 
and research.  
The right side of the Bow-Tie see Figure 11-1 describes the barriers that were in place when 
the event occurred and which served to prevent damage to the environment or people. 
These barriers consisted of casing and tubing, both including surveillance and monitoring, 
and most importantly the presence of a thick caprock of Zechstein layers. 
 
 
 

 
Figure 11-1: Bow-Tie. 

 

11.1 Left hand side of the Bow-Tie. 
Although “cooling” appears to be a dominant threat for the fault/bedding slip plane to 
move, it cannot be ruled out that a combination of threats, eventually, was responsible for a 
critical stressed plane to induce or trigger sliding/slipping. It is plausible that wetting of a 
fault/bedding slip plane in combination with cooling provided the necessary conditions for 
the casing shear, possibly supported by remnant shear stresses from the depletion phase. 
The other mechanisms have also been investigated but either appear to have negligible 
effect on the subsurface stress conditions or modelled displacements (salt movement). 
Finally, anhydrite to gypsum conversion is unlikely to occur.  
The threats described are subject of investigation during the development phase of any 
subsurface project. A properly executed subsurface analysis would provide a ‘barrier’ against 
potential threats. ‘Active failures’ would be superficial work done and/or underestimating 
risks. Considering the exceptional event in ROW-2 it is unlikely that this could have been 
prevented by “better” subsurface analysis.    
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11.2 Right hand side of the Bow-Tie 
One of the outcomes of the full investigation into ROW-2 is the failure within NAM to come 
to an integrated and timely analysis of anomalous casing pressure signals, inadequate 
internal communication, and subsequent reporting to SodM. This so-called ‘active failure’ 
has been described in the Bow-Tie and is preceded by what is called a ‘pre-condition’ and a 
‘latent failure’, shown by the red boxes. The latent failure can be described as the company 
wide lack of attention given to low pressures (because there is no history of incidents 
causing harm due to low pressures) and the focus on preventing high pressure incidents 
(with known incidents in the company and industry) 
 
Furthermore, the Bow-Tie shows completion items (casing and tubing) as barriers (blue, 
vertical bars). These barriers prevent fluid access into undesired areas, when intact or 
deformed (but still intact). Barrier integrity can be breached when rocks slide over sufficient 
distance. Completion items will likely shear off, either fully or partly, depending on the 
dimensions of the tubulars. See also Figure 9-2. 
 
Finally, the far-right side of the Bow-Tie contains the cap rock as a geological barrier. This 
barrier is 50 meters thick and consists of a sequence of carbonate, anhydrite, and halite 
layers. These layers provide an extremely tight seal above the injection zones. Around the 
wellbore annular flow is protected by cement and across halite layers additional pack off 
around the casing prevents injection fluid to reach areas above the cap rock. 
 

11.3 Remedial actions to date 
 
In separate appendices to this document, it is explained what has happened in ROW-2 and 
what measures have been taken since. An extension of surveillance methods with focus on 
low pressure annulus measurements has been proposed and implemented. These 
instructions are rolled out to operators in the field and have also been recorded in the 
updated WMP. With the closer surveillance of the liquid level in the A-annulus, a casing 
shear event as happened in ROW-2 cannot be prevented but does allow for timely measures 
to be taken to isolate the well and keep it safe. 
 
 

11.4 Conclusions and recommendations for other Twente water injectors 
The Bow-Tie used for ROW-2 can also be applied to the other Twente water injectors. Three 

conditions are key for the water injectors to operate safely: 

1) Adequate subsurface analysis; identify nearby faults on seismic  

2) Updated monitoring & surveillance program for casing, tubing and packers is in place, 

in case condition 1 cannot be met. This updated WMP plan is under review with 

SodM. 

3) Cap rock above injection zone is thick and provides a reliable seal away from the well 

and has a proven seal around the well either by cement and/or formation pack-off by 

halite or shales. 
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If above conditions apply, the risk to people and environment are negligible and meet the 

ALARP principles accepted in the industry. 

In Table 11-1 below the 6 subsurface threats on the left-hand side of the bowtie for ROW-2 

are compared for the other Twente water injectors. Furthermore, the presence for nearby 

faults and/or a slip plane have been considered. This overview provides a relative ranking of 

the subsurface conditions and associated suitability for water injection (condition 1 above). 

It shows that all other wells score better than ROW-2, indicating a lower risk of a similar 

casing shear event for all other wells, including ROW-7. Conditions 2 and 3 equally apply for 

all water injectors in Twente, offering sufficient guarantees for safe water injection for now 

and in the future. 

Table 11-1: Relative comparison of subsurface threats for the Rossum-Weerselo water injectors. 
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Appendix A Well Information & Data 
 
Since data is provided from different sources at different times, the reference depths for the 
different logs/cuttings and measurements can be different. To be able to read and fully use 
the provided data, the following overview on reference depths has been created, see Figure 
A-1. The “Rig floor” refers to the original drilling of the well in 1955, the “Synergy Rig” was 
used for the work-over/abandonment in 2021. 
 

ROW-2 well reference levels 

 
 
Figure A-1: Depth references for the different types of observation compared to each other. 

 

 

A.1 ROW-2 - Timeline of observations 
During the lifetime of well ROW-2, different measurements have been done to determine 
the status of the well and confirm integrity of the production tubing and production casing. 
The timeline below will help to understand the status of the well before, during and after the 
incident. Also, any other major events in the lifetime of the well are described in the table 
below. (Ref. 1) 
 

Date Event Action/Observation Data acquired 

1955 Exploration well 
drilled 

Barefoot completion in 
the ZEZ2C. 

 

1955 Gas Production 
started 

 
Rossum Weerselo field 
total production 7.5 
N.Bcm (normal billion 
cubic meter) 

 
 
No internal corrosion 
of casing detected. 

1986 Workover to current 
status. Caliper run of 
casing. 
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Date Event Action/Observation Data acquired 

Jun-1989 TSG survey of tubing 3 joints with a penetration 
of 27%, tubing in fair 
state. 

 

May 1998 Kinley Microscopic 
Caliper 

No penetrations indicated, 
tubing in excellent 
condition. 

 

2009 Well converted to 
injector 

Packer fluid changed from 
condensate to KCl brine 
1.03 sg 

Pressure in the field 
around 10 bar 

Jan-2011 Water Injection Start 
– TUB/TUM/ROW 

  

Mid-2015 Water Injection in 
ROW only 

  

Nov-2015 A annulus liquid top-
up 

142 liters added (18 m of 
annulus height equivalent) 

 

Oct-2016 A Annulus P increased 
by N2 

P increased from 2 to 5 
bar 

 

Jun-2017 
and earlier 

Caliper log  No deformations 
observed 

19-Aug-
2017 

Annulus pressure 
dropped to 0 

A broken gauge was 
suspected 

 

Aug-2017 Check of pressure 
gauge 

No gauge fault detected, 
gauge reset. (Likely with 
slight positive pressure) 

Pressure above 0. 

Oct-2017 ROW wells annulus 
top-up round 

Annulus pressure back at 
around 4 bar. No top-up 
needed. 

Pressure increase 
likely due to gas 
ingress, not known at 
time of inspection 

Oct-2018 Caliper log Tubing deformation 
observed, no full wall 
penetrations 

1128.6 – 1129.3 m 
TBF 
 

Nov-2019 Caliper log Tubing deformation 
observed, no full wall 
penetrations 

1116.6 – 1117.2 m 
TBF 

Dec-2019 Surface system 
maintenance 

Water injection was 
stopped 

 

Jan-
2020/Feb-
2020 

Packer Fluid 
measurement 

Depth of packer fluid at 
900 – 1000 m below 
surface 

Uncertainty on status 
of well integrity, 
injection not 
restarted. 

Apr-2020 Well suspended   

Feb-2021 Tubing workover Tubing cut and retrieved Casing shear detected 

Feb-2021 Logging operations Multi-Finger Caliper 
Cement Bond Log 
Camera Run 
Lead Impression Block 
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Date Event Action/Observation Data acquired 

Tubing stump imprint 
acquired 

Feb-2021 ZEZ abandoned   

 
 

A.2 Data update – downhole video interpretation 
Based on feedback from the public, additional work has been done on the evaluation of the 
camera images acquired in February 2021. This was to clarify the images and to see whether 
the images can also provide information about alternative interpretation to the findings in 
the initial findings report (i.e. a shear plane close to horizontal as depicted in scenario B in 
Figure 3-1). Since a sheared casing is observed in the camera images, scenario C is 
invalidated. Assuming the casing is sheared under an angle, the angle of the casing shear is 
derived in this section. The camera run lasted about 1 hour, providing input over the casing 
from surface down to a depth of 1125.41 m NRT, equivalent to 1117.32 m TBF. Please note 
that any recorded depths on the video images are approximations of the actual depth. 
Uncertainty of depth assessment is around 5 cm within the same run (up or down). At that 
point, the camera had landed on the ledge of the lowest part of the bottom part of the 
casing. Also, the point where the top part of the casing shear can be observed, while passing 
it on the way down and again on the way back up.  
 

Camera set-up 
The camera that was run in the casing of well ROW-2 had a weight of 63 kg, and an outer 
diameter of 1.69”. The camera has a backlight behind the camera unit, and 3 sets of 2 lights 
each next to the lens. Due to the protective rim around the lights and camera, shadows can 
be expected in the upper part of the image of the casing. See Figure A-2 for the camera 
dimensions and configuration. 
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Figure A-2: Frontal view of the downhole camera (above) and side view showing the configuration 
with the backlight and the lights in the rim around the camera lens.  

 
On each camera image, depth measurements are shown. Due to the stretch in the logging 
cable, the depth recorded differs between going down with the camera and pulling the 
camera up. As such, for each significant point in the camera run, two depths can be 
determined, one from the run going down and one from the run going up.  
Next to the stretch uncertainty, the angle of the camera lens determines at what depth the 
upper section of the shear will be observed. The camera will have to pass that point by 
enough centimetres to show the shear section in focus, see Figure A-3.  
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Figure A-3: The position of the camera to be able to observe the top of the casing shear. The shadow 
zone based on the positioning of the lights behind the camera is shown. In the bottom part of the 
casing, the tubing is visible. 

 
A check with the logging contractor did not provide the focus range. To get an 
approximation of the focus range, the video images of landing on the ledge was used. This 
provided a focus distance of about 5 cm. In the depth measurement of the top part of the 
casing shear, this 5 cm will have to be added to the depth recorded (depth is positive) to get 
the actual depth of the top of the casing shear. This is not applicable to the landing depth on 
the ledge, as the camera landed on the ledge physically. 
 
 

Observations from the camera run 
While going down to the point of the casing shear the upper part of the shear is observed 
when the camera is at a depth of 1125.23 m (Timer 10:14:18). In this image (Figure A-4), the 
tubing can be seen in the lower part of the casing.  
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Figure A-4: Camera still from the camera run in ROW-2 (going down). Camera is at the top of the 
casing shear feature, showing the full diameter of the casing over the feature. 

 
The landing point on the ledge is encountered at 1125.24 m NRT, equivalent to 1117.15 m 
TBF. After the camera had landed on the ledge, the cable weight was slacked off, after which 
the camera was pulled up again. This gave a second measurement of the distance between 
the ledge and the upper cut of the shear feature. The first movement of the camera in the 
pull-up run was observed at 1125.57 m NRT or 1117.48 m TBF. 
 

 
Figure A-5: Camera still from the camera run in ROW-2 (pull up, at first movement). The camera has 
landed on the ledge of the lower intersection point. The centre point of the camera is indicated with a 
yellow dot. The picture is blurred because it is out of focus. 

 
While going upwards, the upper part of the casing shear was encountered at 1125.44 m 
NRT, corresponding to 1117.35 m TBF. The difference between going down and pulling is 
due to cable stretch. In wireline logging, the depth recorded during the run going up is seen 
as the most accurate. In section 3.1 is described what the distance is between the measured 
position of the camera, and the image of the casing wall, the focus distance. This focus 
distance is around 5 cm. From the recorded depth of 1125.44 m NRT / 1117.35 m TBF, the 
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focus distance needs to be added to get the depth of the upper part of the casing shear, 
which results in 1130.44 m NRT or 1122.35 m TBF. 
 
The second distance to assess is the amount of displacement that was seen in the horizontal 
direction, i.e., the distance that can be seen in the camera image between the lower part of 
the casing and the upper part of the casing. To assess this distance, a compensation is 
needed for the image recorded by the video and the fact that the shear is at an angle to the 
wellbore. Looking at the image from the top of the casing shear, the open part seems larger 
than the part where the ledge is. However, the fact that the camera did not manage to pass 
the sheared section means that the camera, which was centralised in the casing, did land on 
the ledge.  
This puts the central point (middle of the casing if it were not sheared) on the ledge of the 
lower part of the casing, on the exposed rock. The actual point where the camera landed 
was indeed completely on the rock face when the video stills are checked. 
The reason why the video camera could not pass the ledge, even though we see a large 
opening in the video still taken at the upper point of the casing shear, is due to the view into 
a shear feature at an angle. The camera will have a view into the lower part of the casing, 
which will seem a lot larger, as the shear is coming upwards towards the camera, and 
provides a view into the open area of the lower part of the casing. Instead of the casing wall 
that would be seen here in a normal situation without the shear. The camera itself is 
centralised inside the casing and will go straight down, landing on the ledge. 
 

A.3 Rossum-Weerselo full well overview 
 
 
Wellbore 
Common 
Name 

Well Class Field Name Wellbore Status Wellbore 
Spud Date 

Wellbore 
Abandonment 
Date 

ROW-1 EXPLORATION ROSSUM WEERSELO ABAND,DRY/FLUID_UNKNOWN 01/Apr/43 19/Jul/43 

ROW-2 INJECTION ROSSUM WEERSELO INJECTOR,WATER,SUSP 20/Mar/55   

ROW-3 INJECTION ROSSUM WEERSELO INJECTOR,SUSP 06/Apr/68   

ROW-4 INJECTION ROSSUM WEERSELO INJECTOR,WATER 20/Apr/71   

ROW-5 INJECTION ROSSUM WEERSELO INJECTOR,WATER 04/Jun/72   

ROW-6 DEVELOPMENT OLDENZAAL ABAND,DRY/FLUID_UNKNOWN 03/Jan/76 18/Jan/76 

ROW-6A DEVELOPMENT OLDENZAAL PLUGGED BACK AND SIDETRACKED 19/Jan/76   

ROW-6B DEVELOPMENT OLDENZAAL SUSP,GAS SURF 16/Apr/01   

ROW-7 INJECTION ROSSUM WEERSELO ABAND,DRY/FLUID_UNKNOWN 27/Oct/76 23/Nov/76 

ROW-7A INJECTION ROSSUM WEERSELO INJECTOR,WATER 24/Nov/76   

ROW-8 DEVELOPMENT ROSSUM WEERSELO SUSP,GAS SURF 04/Dec/77   

ROW-9 INJECTION ROSSUM WEERSELO INJECTOR,SUSP 22/Feb/78   

ROW-10 APPRAISAL ROSSUM WEERSELO ABAND,DRY/FLUID_UNKNOWN 27/Jul/96 04/Oct/96 
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A.4 Injection well completions 
A schematic of well completions at the start of the water injection phase is given in Figure 
A-6. 
 

ROW-2 ROW-4 

 

 
  

ROW-5 ROW-7 
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ROW-9  

 

 

Figure A-6: Schematic well completions. 

 
 
 

  



 

121 
 

Appendix B Reservoir pressure analysis 
 

B.1 Objective 
This chapter analyses the reservoir pressure behaviour over time, and sets out to investigate 
the possible range in reservoir pressure for both the gas depletion and water injection phase 
of the Rossum-Weerselo field. 
 

B.2 Reservoir description 
The Rossum-Weerselo gas field at ZEZ2C and ZEZ3C level is a domal shaped structure, with 
minor crestal faulting. These reservoirs consist mainly of shallow marine and platform 
Carbonates that show an average porosity of 7%. The existence of a natural fracture network 
enhances the productivity of these carbonates. Figure B-2 includes a cross-section through 
the field with the gas bearing formations (Zechstein and Limburg) indicated in green. The 
assumed GWC's for the ZEZ3C and ZEZ2C have been determined on the basis of spill points 
at levels of 1380 and 1450 mTVNAP respectively. There is a significant gas column of up to 
some 330m, Figure B-1. 
The last field review was done in 1999, Ref. 55. 
 

 
Figure B-1: Reservoir stand-off from the Gas Water Contact for each well (ZEZ2C GWC at 1450 
mTVNAP).  
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Figure B-2: Geological overview..
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B.3 Gas production phase 
Gas was produced from the Zechstein reservoir of the Rossum-Weerselo field between 1955 
and 2009, from the Zechstein-2 and -3 carbonates. 
Production from the Zechstein reservoir started in 1955, Figure B-3 

• ROW-2 was drilled and started production in 1955 

Over time, infill wells were drilled. These wells consistently encountered the reservoir to be 
depleted in line with the observed trend from the wells which are already in production. 

• ROW-3 was drilled in 1968. It produced from the Zechstein up to 1988, when it was 

recompleted on the Limburg. 

• ROW-4 was drilled and started gas production in 1971. 

• ROW-5 was drilled in 1972, and started gas production in 1973. 

• ROW-7 was drilled in 1976. It started gas production in 1988. 

The peripheral wells saw pressure lags up to 20 bar: 

• ROW-8 was drilled in 1977. RFT pressures were acquired on the Zechstein, the well 

was completed on the Limburg. 

• ROW-9 was drilled in 1978. It started gas production in 1990. 

These observations suggests that the whole field is in pressure communication, although 
communication may be restricted by either faults or low permeability. 
The production of the sour gas was temporarily stopped in 1987 for environmental reasons, 
it resumed when the Emmen desulphurisation plant was commissioned in November 1988. 
Compression was installed at the ROW central location in December 1990. 
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Figure B-3: Gas production phase: well rates and pressure measurements for the Rossum-Weerselo Zechstein reservoir. 
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B.4 Water injection into fractured reservoir 
As part of the Schoonebeek Redevelopment FDP work, significant studies were done to 
predict the reservoir performance for the water injectors. The technical subsurface work 
underlying the injection forecast was partly done by Horizon Energy Partners, Ref. 56, and 
was published in the SPE literature, Ref. 56. 
It was attempted to predict the various dynamic effects that act simultaneously during water 
injection into a depleted gas field with theoretical calculations: 

• nonlinear reservoir re-pressuring effect,  

• temperature-dependent water viscosity,  

• gas PVT effects,  

• possible injection induced fracturing with pore pressure dependent stress,  

• pump performance  

• injectivity index 

Figure B-4 and Figure B-5 provide schematics of water injection into a gas filled reservoir of 
tight rock with a natural fracture network. Initially, water will preferentially go into the 
connected natural fracture network (very high permeabilities). Once that network is filled up 
and pressurised, water will start to leak off into the rock matrix (very low permeabilities). 
The dynamics of sustained injection are governed by this latter process, whereby the natural 
fracture network provides a massive surface area of rock matrix (compared to the 
perforated area at the wellbore).  
Given that the fluid mobility of water is typically some 2 orders of magnitude lower as 
compared to gas, reservoir pressure equilibration via the rock matrix (away from the 
connected fracture network) is a slower process for water dominated rock than for gas filled 
rock. 
 
 

 
Figure B-4: Schematic of injection into fracture network (superimposed on a picture of an outcrop) 
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Quick injection into the connected natural 
fracture network 

Slow leak-off of water into the (relatively 
tight) matrix rock 

  
Figure B-5: Schematic of injection into a fractured reservoir 

 
 

B.5 Water injection history 
Figure B-6 gives an overview of the cumulative water injection by the wells that were 
converted to water injectors into the Zechstein. All water injectors were completed on both 
the ZEZ2C and ZEZ3C intervals (ROW-4/5/7/9), except for ROW-2 which was only completed 
on the ZEZ2C. Well ROW-3 is completed on the underlying Limburg DC sandstone reservoir, 
and has not injected into the Zechstein. ROW-9 is no longer used since mid 2015, and ROW-2 
is no longer used since end 2019. 
 
 

 
Figure B-6: Cumulative water injection by well into the Rossum-Weerselo Zechstein reservoir. 
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B.6 Reservoir pressure 
The pressure history for both the gas production and water injection phases is given in 
Figure B-7. In contrast to the single pressure depletion trend during the gas production 
phase, there is a spread in the reservoir pressure during the water injection phase.  

• ROW-2 and ROW-7 show a very similar pressure behavior, which is to be expected 

given their mutual proximity 

• ROW-5 shows a distinctly lower pressure trend.  

• ROW-4 sees big fluctuations in the measured pressure, which may indicate a slow 

leak-off from the connected fracture network to the wider field. 

 

 
Figure B-7: Reservoir pressure measurements for Rossum-Weerselo Zechstein. 

 
Figure B-8: Reservoir pressure measurement for Rossum-Weerselo Zechstein by test type 
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Ref. 57 describes how a whole raft of dynamic effects are simultaneously at play during the 
water injection phase, complicating the modelling of the phenomenon. Relatively simple 
material balance calculations are proposed which assume that each well is connected to a 
reservoir volume equivalent to its cumulative gas production3. Upon water injection into the 
depleted gas reservoir initially the reservoir pressure is low, but as the pressure goes up, the 
gas compressibility goes up, leading to a non-linear pressure behaviour as a function of 
cumulative water injection (purple lines in Figure B-9). However, in reality the wells show 
measured downhole pressures that are higher than the calculated field average pressure 
from material balance (blue points in Figure B-9). Most likely the lower mobility of the water 
as compared to the gas causes this deviation with respect to the material balance 
expectation, potentially in combination with dual porosity effects from the fracture-matrix 
system (injection water can flow easily into the fractures, but is slow to leak off into the tight 
matrix). 
The downhole pressure measurements are seen to be a function of the recent injection 
history to various degrees: 

• high pressures after high rates with short shut-in times prior to the measurement. 

• Low pressures after low rates and long shut-in times 

This effect is strongly pronounced for well ROW-4 (Figure B-11), but minor for ROW-2 (Figure 
B-10). 
 

 
Figure B-9: Reservoir pressure surveillance for the Rossum-Weerselo injectors versus estimated 
average reservoir pressure in the connected volume. 

 

 
3 This is a conservative assumption: that there is no intra-reservoir communication between wells during the 
water injection phase. This was not the case during the gas production phase (section B.3), but the assumption 
acknowledges the lower mobility of the water as compared to the gas. 
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Figure B-10: ROW-2 injection history in combination with measured reservoir pressures and their 
shut-in times. 
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Figure B-11: ROW-4 injection history in combination with measured reservoir pressures and their 
shut-in times. 

 

 
Figure B-12: Datum pressure (by well) versus cumulative field injection. 
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B.7 Downhole gauge data 
 
The rate and shut-in time dependence of the measured reservoir pressures (from SPG 
measurements) is also evident from downhole pressure gauges. At the start of the injection, 
annual surveillance was done with downhole gauges. Some examples are given in Figure 
B-13 to Figure B-18 (all plots on the same scale). It can be seen that there is a range in the 
performance. Especially ROW-4 is relatively tight; it sees the pressures build up during 
sustained injection, and enormous pressure fall-offs (up to 150 bar) during prolonged shut-
ins. ROW-9 and ROW-2 see similar behaviour, but less pronounced. ROW-9 sees a fall-off up 
to 60 bar for similar injection rates, ROW-2 sees a fall-off up to 15 bar but with significantly 
higher injection rates. Wells ROW-5 and ROW-7 see very limited pressure increase during 
injection periods and very limited subsequent fall-offs, suggesting very high injectivities. At 
times, they actually show an inverse pressure trend: the pressures go down during injection, 
and up during shut-in periods. This is due to the fact that a gas column forms in the well 
upon shutin (as explained in Appendix C). 
The various injectivity tests between 2010 and 2013 do not indicate any induced fracturing. 
Most likely the water is injected in an already existing natural fracture network in the 
Zechstein Carbonates, which supplies sufficient injectivity. 

 
Figure B-13: Downhole pressure gauge data (red) and injection rates (blue) for ROW-2 in 2012. 

 

 
Figure B-14: Downhole pressure gauge data (red) and injection rates (blue) for ROW-2 in 2013. 
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Figure B-15: Downhole pressure gauge data (red) and injection rates (blue) for ROW-4 in 2013 
 

 
Figure B-16: Downhole pressure gauge data (red) and injection rates (blue) for ROW-5 in 2012 
 

 
Figure B-17: Downhole pressure gauge data (red) and injection rates (blue) for ROW-7 in 2012. 
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Figure B-18: Downhole pressure gauge data (red) and injection rates (blue) for ROW-9 in 2013. 

 
 

B.8 PQ data 
When reviewing the daily THP versus rate (PQ) data for the ROW wells, wells ROW-2, 5 and 7 
show a distinctly different trend than ROW-44 (Figure B-20). This can be understood when 
considering two elements. 
Firstly, the theoretical reservoir performance during water injection is governed by (first 
order approximation): 

Injectivity Index = Q / Pinj 

Inflow:   FBHP = PR + Pinj = PR + Q /II 

Outflow:  FBHP = FTHP + gh – pfriction 

Hence the Flowing Tubing Head Pressure profiles can be calculated as a function of the 
flowrate from: 

FTHP = PR + Q /II – gh + pfriction 

or alternatively, the flowrate can be calculated as a function of the FTHP: 

  Q = (FTHP – PR + gh – pfriction) × II 

From the inflow performance equation it is evident that for a very low reservoir pressure, in 

combination with a very high Injectivity Index (and hence a very low Pinj) there will be a 
very low bottomhole flowing pressure (FBHP). In fact, this FBHP may even be too low to 
sustain a full water column to surface.  
Secondly, when looking at the tubinghead of such a strong injector, the water actually 
appears to be falling into the well, rather than that it requires active pushing from the 
surface on down. In effect, it is not even possible at surface to push any water into the 
reservoir, because of the absence of a full liquid column. As a result, the pressure behavior 
at the THP is governed by the upstream elements. For the existing injectors 
(ROW/TUB/TUM), injection pumps are installed in-line without a by-pass. Thus injection can 

 
4 Note that the daily data as displayed in Figure B-20 can be somewhat misleading due to daily averaging. When 
comparing Figure B-20 to the instantaneous PQ points in PI, no injection points exist for ROW-4 below 400 
m3/d. 
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only take place when the pump is running. Because the reservoir does not provide a back-
pressure, choking is required downstream of the pump to generate sufficient back-pressure 
to get within the pump operating envelope. Hence the PQ behavior observed at the tubing 
head reflects the combined effect of the pump and the choke (to obtain a larger flow, the 
choke is opened further, inducing less pressure drop, instating a higher THP). 
 
Based on the observations from the historic injectors, a subdivision can be made between 
strong and tight injectors (schematic overview in Figure B-19) with the following 
characteristics:  

• Strong injectors (ROW-2/5/7/9) 

At the start of injection, strong injectors are sub-hydrostatic. The FBHP is thus low, 

that it cannot sustain a full liquid column to surface 

o Relatively low PR (due to large/well connected reservoir volume) 

o Relatively large II (a small P is required to drive the injection into the 

reservoir) 

• Tight injectors (ROW-4) 

These wells require a relatively high FBHP from the start of injection (sustaining a full 

water column to surface) 

o Relatively high PR (poor connection to the larger reservoir) 

o Small II (a large P is required to drive the injection into the reservoir) 

 

 

 
Figure B-19: Schematic of reservoir injectivity for weak versus strong injector (ignoring tubing 
friction). 
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Figure B-20: Rossum-Weerselo injection history by well.
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B.9 Different types of injector conditions 
Figure B-21 shows a detailed overview of ROW-4 tubinghead data during a 1.5 months 
period in 2017. Various transfers in the injector conditions can be observed. The graph starts 
with a sustained injection period (highlighted in blue), followed by a shut-in period (in red) of 
some 2 weeks (including a minor injection period). Subsequently, upon restart of injection 
the injection conditions are sub-hydrostatic (highlighted in green). The pump is generating a 
discharge pressure around 60-70 bar, but downstream of the pump the flow is choked to 
control the injection rate around 1000 m3/d. After a couple of days, a full column of water is 
established within the wellbore from reservoir to tubing head, and the reservoir starts to 
build-up a back-pressure at the tubing head. To sustain a constant injection rate, increasingly 
higher tubinghead pressures are require to drive the water into the reservoir, and the choke 
is gradually opened up further (period highlighted in blue). After shut-in, the THP is seen to 
drop off rapidly, as the water drains off into the reservoir and the water column falls below 
the tubing head; the tubinghead pressure no longer “feels” the reservoir.  
 
 

 
Figure B-21: ROW-4 surface injection conditions in the period 22/5/2017 to 10/7/2017, indicating 
suction and discharge pressure of the injection pump (top), choke settings (second from top), Tubing 
Head Pressure (third from top), and injection rate (bottom). 

 
Figure B-22 shows a 1.7-year period of injection, between January 2017 to September 2018. 
Again, the different well conditions are highlighted with the colors: 

• Green: sub-hydrostatic injection  

• Blue: injection with a full water column to surface 

• Red: shut-in 

• Red (shaded white slant): shut-in with full gas column to surface 

Material observations can be made from the graph for both flowing and shut-in conditions: 

• Shut-in conditions 

In July 2017 a 3-month shut-in period starts, during which after some 1.5 months a 

sudden rise in THP is observed whilst the well remains shut-in. This is associated with 

a full gas column building up into the well. In the absence of water injection and 

under the influence of gravity, the water in the reservoir (near-wellbore area) is 
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establishing a gas-water-contact which falls below the top of perforations. Once the 

full wellbore volume of water has drained into the reservoir, the rise in THP stops, 

and from then on the Closed-In Tubing Head Pressures reflect the reservoir pressure 

(minus a gas column). 

 

• Flowing conditions 

A prolonged injection period starts late September 2017. The first 4 months there is 

sub-hydrostatic injection (highlighted in green). Subsequently, when the injection 

rate is increased from around 800 m3/d to around 1000 m3/d (20/1/2018), the FTHP 

is seen to start building up, indicating a switch from sub-hydrostatic injection to a full 

wellbore of water (highlighted in blue). Upon reduction of the rates back to around 

800 m3/d (22/1/2018) the well switches back to sub-hydrostatic injection. An 

additional 5 similar transitions are highlighted in blue and green in the following 

months, each associated with rate changes (and more can be seen when zooming-in 

further on the timeline). 

 
Figure B-22: Injection tubing head pressure (top) and injection rate (bottom) for ROW-4 from January 
2017 to September 2018. Different flow periods are highlighted. 
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B.10 Shut-in conditions 
Three types of conditions are observed during shut-in periods: 

• Full water column 

• Partial water column 

• Full gas column 

 
During shut-in times, the THP can be seen to suddenly rise (e.g. 4-14 August 2017 in Figure 
B-22): a full gas column from reservoir to surface establishes, as the GWC in the near 
wellbore area falls below top of perforations. From this point onwards, the THP tracks the 
reservoir pressure (minus a gas column). This behaviour was nicely validated with the SPG in 
2014, which confirms the calculated CIBHP, Figure B-23. In Figure B-23 a filter was applied to 
the daily database for periods of no-flow, with THP greater than 15 bar (as a proxy for a 
stable gas column). In the early life of the water disposal well (2011-2014) the full gas 
column would quickly establish upon shut-in. This allows for observing a nice overview of the 
pressure dissipation into the reservoir. The near-wellbore reservoir pressure is seen to fall-
off by some 20-30 bars in the first month of shut-in. However, as time progresses (2015 
onwards) there seems to be an increasing period with a partial water column in the well 
before a full gas column is established, masking the initial stage of the pressure fall-off from 
view at the tubing head. 
 

 
Figure B-23: Daily THP data for ROW-4, with calculated Closed-In Bottom Hole Pressures (CIBHP) 
during periods of non-injection where a full gas column is established to surface. 
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B.11 Conclusions 
After the start of the gas production phase in 1955, 6 infill wells were drilled between 1968 and 
1978 from which reservoir pressures were acquired. These infill wells were spread out 
throughout the reservoir, and all found reservoir pressures that were roughly in line with the 
prevailing pressure trend. It is therefore concluded that no significant pressure barriers exist 
between these wells with respect to gas mobility. 
However, during the water injection phase, three distinct pressure trends are observed. It is 
possible that with respect to water mobility (orders of magnitude lower compared to gas 
mobility) the reservoir is either: 

• Effectively behaving as separate tanks separated by baffling faults,  

• Showing relatively constant pressures in areas that are connected by a shared fracture 

network 

• And/or that big pressure gradients exist due to the low effective permeability.  
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Appendix C Gas migration upon injection shut-in 
 
Upon shut-in of the injection wells, sometimes pressure build-ups are observed. This is 
explained in Figure C-1, showing how a gas cap can build up in (crestal) injector wells upon shut-
in, and consequently fill up the wellbore with a gas column to surface. 
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Figure C-1: Schematic of fracture and matrix behavior during injection and upon shut-in 
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Appendix D Temperature front resulting from cold water injection 
 
 

D.1 Temperature evolution in space and time 
 
When relative cold water is injected, it will start to cool the reservoir as well. Assuming a 
pancake layered earth, with a reservoir section of height L, in which cold water will be injected 
in a piston-like, radial fashion. 
 
To enable to address the radial extend of the cooled region at a certain point in time, the 
advection diffusion equation needs to be solved, reading, 

(1)                        𝜌𝑐𝜕𝑡𝑇(𝑥, 𝑡) = 𝐾∇2𝑇(𝑥, 𝑡) − 𝑢∇𝑇(𝑥, 𝑡) + 𝑆(𝑥, 𝑡) 

when the heat flow, flowing with velocity u, is assumed to be incompressible, ∇𝑢 = 0, and the 
thermal conductivity of the bulk, K, is assumed to be constant in space and time. The heat 
capacity, 𝐶 = 𝜌𝑐, is the heat capacity of the bulk, 

(2)                        𝜌𝑐 = 𝜌𝑓𝑐𝑓𝜑 + 𝜌𝑠𝑐𝑠(1 − 𝜑) 

with 

• 𝜌𝑓𝑐𝑓 , the density (kg/m3) and specific heat (J/(Kg degC)) of the injected material 

• 𝜌𝑠𝑐𝑠 , the density (kg/m3) and specific heat (J/(Kg degC)) of the solid rock material 

• 𝜑 , the the porosity 

The heat flow velocity, u, through the porous medium is the heat transported by the pore fill 
material flowing through the pores. Thus for a 1d situation incompressible situation for which 
𝜕𝑥𝑢 = 0 and in which a heated fluid flows with a rate Q through a section of width 1 and height 
H, this velocity would equate to, 

(3)                       𝑢 = (𝜑𝜌𝑓𝑐𝑓)
𝑄

𝜑𝐻
 

In which the factor between the first pair of brackets is the energy per degC that flows through 
an elementary volume of porous rock with a velocity as given by the factor within the second 
pair of brackets. 
Ogata and Banks (1961) provide a semi-analytical solution to the 1D advection-diffusion 
differential equation as function of distance x and time t, under the assumption of 
instantaneous equilibrated temperatures in pore fluid and solid matrix, 𝑇 = 𝑇𝑠 = 𝑇𝑓 at all times, 

to read, 

(4)                         ∆𝑇(𝑥, 𝑡) =
∆𝑇0

2
{erfc (

𝑥−𝑣𝑡

2√𝐷𝑡
) + exp (

𝑣𝑥

𝐷
) erfc (

𝑥+𝑣𝑡

2√𝐷𝑡
)} 

In which D is the effective diffusion coefficient of the bulk, 

(5)                         𝐷 =
𝐾

𝜌𝑓𝑐𝑓𝜑+𝜌𝑠𝑐𝑠(1−𝜑)
 

and 𝑣 the effective heat flow velocity, 

(6)                        𝑣 = (
𝜌𝑓𝑐𝑓

𝜌𝑓𝑐𝑓𝜑+𝜌𝑠𝑐𝑠(1−𝜑)
)

𝑄

𝐻
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When the diffusivity coefficient K reaches zero, the solution can be approximated through 
(7)                        ∆𝑇(𝑟, 𝑡) ≈ ∆𝑇(𝑟 = 0)𝐻𝑐(𝑣𝑡 − 𝑟) 

In which 𝐻𝑐(𝑥) is the Heaviside function. Hence the extend of the heated zone is determined by 
the amount of bulk volume that can be heated to ∆𝑇, given the amount of fluid injected with an 
excess temperature ∆𝑇. 
 

Similarly, in case of radial diffusion we would then expect the solution to read 
(8)                        ∆𝑇(𝑟, 𝑡) ≈ ∆𝑇(𝑟 = 0)𝐻𝑐(𝑣𝑡 − 𝑟2) 

With the effective heat flow velocity, 𝑣, now to read 

(9)                        𝑣 = (
𝜌𝑓𝑐𝑓

𝜌𝑓𝑐𝑓𝜑+𝜌𝑠𝑐𝑠(1−𝜑)
)

𝑄

𝜋𝐻
 

An equivalent semi-analytical solution for radial advection-diffusion, in case the diffusion 
coefficient is not insignificant could not be found in literature, but an approximate similarity 
solution was given by Birhanu et.al.(2017) to read, 

∆𝑇(𝑟, 𝑡) = ∆𝑇0 {1 −
𝜓 (

𝑟2

4𝐷𝑡 ,
𝑣

4𝐷
)

Ψ (
𝑣

4𝐷)
} 

In which 𝜓(… , … ) is the upper incomplete Gamma-function and Ψ(… ) the complete Gamma-
function, 

𝜓(𝑧, 𝑥) = ∫ 𝑡𝑧−1
𝑥

0

exp(−𝑡)d𝑡,      Ψ(𝑧) = ∫ 𝑡𝑧−1
∞

0

exp(−𝑡)d𝑡 

Thus, knowing the thermal properties, porosity, completion thickness, and applying an injecting 
rate, one can compute the effective heat flow velocity from Equation (4) and compute the 
extend of the cooled zone from Equation (3), noting the nature of the Heaviside function, 

𝑟 = √𝑣𝑡 

With the found radius, the stress path factor, 𝛾ℎ (
𝐿

2𝑟
) , is computed through Equation (2) and 

the thermal induced stress drop can then be computed from Equation (1). 
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D.2 Expected temperature front  
 
Injection water 
The actual daily water injection in ROW-7 is given in Figure D-1 (a long duration average was 
used for the model results in ). Average injection temperature was assumed at 20 degC (Figure 
D-2 provides a good overview of water arrival temperatures based on well ROW-2 which was 
online more regularly than well ROW-7). The heating of the water along the wellbore is ignored 
(within the noise). Average reservoir temperature is around 50 degC, yielding a temperature 
drop of 30 deg. 
 
The following properties were used for the injected water. 

Density  𝜌𝑤 (kg/m3) 1020 

Specific heat 𝑐𝑤 (J/Kg/degC) 4200 

Temperature change Δ𝑇 (degC) 30 

 
 

 
Figure D-1: ROW-7 daily water injection history 

 

 
Figure D-2: Average water arrival temperatures at the ROW-2 wellhead 

 
 
 

ROW-7 daily water injection
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Rock properties 
For the porous rock (ZEZ3C), the following properties were used: 

 Porosity 
(-) 

Grain 
density 
(Kg/m3) 

Spec. heat 
(J/(Kg C)) 

Case 1 0.075 2630 900 

Case 2 0.075 2630 900 

 
 
An overview of thermal conductivity ranges for various rocks (sandstone/limestone/dolomite) 
and pore fille (gas/liquid) is given in Figure D-5. Thermal conductivity varies roughly from 1 
W/(m degC) to 8 W/(m degC) depending on rock type and pore fill. 
 
Model results 
The plots in Figure D-3 display the radial growth of the temperature front over time for well 
ROW-7, overlain by the analytical solution determined by the Heaviside function displayed by 
dotted lines, for a period of 10 years of injection. Figure D-4 gives the same graph for well ROW-
2. The Heaviside analytical solution appears to be a reasonable approximation for the 
temperature evolution and the radial extend of the cooled zone is expected not to exceed 
beyond 150 m after 80 years of cold injection (without further thermal loss to the over and 
underburden). 
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Figure D-3: Normalised temperature front for ROW-7. Comparison of the Heaviside approximation to the 
analytical diffusion equation solutions for varying thermal conductivities. 

 

 
Figure D-4: Normalised temperature front for ROW-2. Comparison of the Heaviside approximation to the 
analytical diffusion equation solutions for varying thermal conductivities 
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Figure D-5: Rock conductivity as a function of solidity ( = 1 – porosity) with the Rossum-Weerselo property range indicated in red. Source: E.C. 
Robertson, 1988, Thermal properties of rock, U.S.Dept.Inter.Geol.Survey, Open-File Report 88-441.
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