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4 Velocity modelling and 
seismic event localization 

 

 

 

 

 

 



 

𝑉௜௡௦௧(𝑥, 𝑦, 𝑧; 𝑢) = 𝑉଴(𝑥, 𝑧; 𝑢) + 𝑘(𝑢)𝑧







 













 



 



5 Dynamic reservoir 
modelling 
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6 Geomechanical and 
seismicity modelling 
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7 General approach for 
seismic hazard assessment 
in Dinantian reservoirs 
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8 Seismic monitoring 
network 

 



 
 
 

 



 

 



 

 





 



9 Conclusions and 
recommendations  
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1 OVERVIEW 
 
The overall goal of this analysis was to see if any new information could be obtained from 
old data at the Californië site and to provide an overview of the production/injection 
performance of the wells CAL-GT-01, CAL-GT-03, CAL-GT-04 and CAL-GT-05. To that end, 
we attempt to estimate formation permeability values and link those to the newly interpreted 
geologic structures to serve as starting points for numerical reservoir modelling.  
 
In this report, we summarize the production data available that can also be used to estimate 
total well performance. Then the data for each well specifically is analyzed in turn. Every well 
had at least one production/pump test or injection test performed after drilling at multiple 
rates. Wells CAL-GT-03 and CAL-GT-05 have downhole PLT measurements which are 
invaluable for feedzone description and quantification. Even poor PLT data can be used to 
gain understanding. We also summarized the relevant available data and previous analysis 
performed for each well.  
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2 GENERAL PRODUCTION DATA 
 
The general production data for each site (CLG and CWG) were available as history excel 
files with the data expressed every 5 minutes. For the CLG dataset, the tags available were 
ESP inlet pressure and temperature; temperature and flow measured at various points; and 
injection wellhead temperature and pressure. The first datapoint was timestamped 2017-06-
01 00:05:00 and the last datapoint was timestamped 2018-09-10 00:00:00. The CWG dataset 
included the ESP parameters of temperature, flow, pressure, voltage, and current. Production 
temperature was also reported in the data set. The entire timestamp range of the dataset was 
from 2014-02-03 to 2018-05-16. However, flow data was only reported from 2016-11-30 until 
the end. Eventually, Q-Con Gmbh supplied flow data for the SafeGEO project for CAL-GT-03, 
but it was not available at the time of this analysis. The summary of the relevant tags for well 
performance indicators can be seen in Figure 1. The lack of historical flow data for the CWG 
dataset made it difficult to evaluate performance from 2014-2017. However, some flow data 
from well tests were available at earlier times. 
 

 

Figure 1: Well performance production parameters available in the production history dataset 
for both CWG and CLG. 

3 CAL-GT-01 S1 
As a note, we only analyzed data and performance of the sidetrack of CAL-GT-01. Any 
reference to CAL-GT-01 in the well performance section refers to CAL-GT-01 S1. 

3.1 Well Test Data and Previous Analysis  
A multi-rate production well test was performed on CAL-GT-01 on 6-7 August 2012. The data 
is available in an excel file. Previous analysis was performed by VITO and reported 
(Broothaers & Laenen, Execution and Interpretation of the Pump Tests on Geothermal Well 
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CAL-GT-01 (S02): Report for the SEI Application., 2012). The cleaning of the well began on 4 
August 2012 and lasted 34 hours. Immediately after cleaning, the production test began. The 
test was run at 6 different flowrates each lasting approximately 3 hours with a 1-hour pressure 
recovery period between tests. As can be seen in the figure, the pressure changes are small 
for flowrate changes. The production index (PI) of the well can be estimated as the slope in 
the line connecting flow periods. That value was around 40-85 m3/hr/bar. There is some 
uncertainty because the flow rate was decreasing over time for some fixed pump frequency 
values. For permeability estimates, the thickness of the productive zone in the well was not 
known. The total permeability thickness was determined to be about 16.2 D-m. This gives 
permeability values of 162 mD or 20 mD for reservoir thicknesses of 100 m or 800 m 
respectively. Both values were mentioned in the report as examples.  
 
  

 

Figure 2: Multi-rate pump test data from CAL-GT-01 (Broothaers & Laenen, 2012). 

 

3.2 New Analysis 
 
As no new data was acquired, there was little new work to be done for CAL-GT-01. A plot of 
the well performance for the two production data sets can be seen in Figure 3. The 2014-2015 
dataset is colored by date with blue data being the early times and red being the later times. 
The 2017/2018 dataset is also colored by time, but there was minor change in that period in 
well behavior. The pump pressure monitor was deepened by about 50 m from the 2014/2015 
dataset to the 2017/2018 dataset. The original data from Figure 1 was corrected to the depth 
of the 2014/2015 dataset (295 mVD). A rough estimate of the slope of the performance curve 
indicates a productivity index (PI) of about 70 m3/hr/bar. This value is consistent with what was 
previously obtained.  
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Figure 3: CAL-GT-01 well performance curve based on production data (colored by date). 

 
The multirate test was also re-analyzed using a simple radial Darcy flow model of the transient 
linesource solution. The simplified linesource solution can be expressed as: 
 

𝑝(𝑟, 𝑡) = 𝑝𝑖 −
1

2
𝑝𝑐 [𝑙𝑛(4η

𝑡

𝑟2
) − γ] 

 
Where p(r,t) is the pressure at a radius (r) and a time (t), 𝑝𝑖 is the original reservoir pressure, 
and γ =  0.5772 is the Euler constant arriving out of the original exponential integral term. η is 
the hydraulic diffusivity and is defined as: 

η =
𝑘

μϕ𝐶𝑡
 

 
Where 𝑘 is permeability, μ is viscosity, ϕ is porosity, and 𝐶𝑡 is the fluid compressibility.  

The 𝑝𝑐 term is defined: 

𝑝𝑐 =
𝑄μ

4π𝑘ℎ
 

 
Where 𝑄 is the volumetric flow rate (m3/s) and ℎ is the reservoir height.  
 
The fitting of the radial Darcy linesource solution with the multirate test data can be seen in  
Figure 4. The parameters chosen were the flowrate data from Figure 2; 6” well radius; μ =
0.001 Pa-s; ϕ =  0.02 (though the porosity effect is small on the final result); and 𝐶𝑡 =
1 × 10−9 Pa-1; 𝑝𝑖 = 49 bar. The best fit k-h value was found to be 204 Dm.  
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Figure 4: Radial linesource solution fit with multirate test data for CAL-GT-01 S1. 

Based on drilling geology reports and discussions with the geologist, the most likely inflow 
zones (from drilling mud losses) are about 100 m below the top of the carbonate limestone 
reservoir and a potential faulted zone around -2070 m (elevation). The total thickness of those 
two zones is likely less than 100 m. So, as two bounds for permeability estimation if each zone 
is 50 m (total 100 m), then the average permeability would need to be 20.4e-13 m2 (2.04 
Darcy). If the faulted zone is larger, an absolute upper limit could be 400 m height, meaning 
an average permeability of 5.1e-13 m2 (0.51 Darcy). 
These values simply serve as examples. For numerical models, permeability thickness is often 
the better estimator as reservoir model blocks may be relatively thick (10-100 m) and the k-h 
is the parameter that needs to be accurately captured for history matching purposes in the 
numerical model. 

4 CAL-GT-02 
CAL-GT-02 was intended as the injection well. After completion in 2013, the well turned out to 
have limited injection capacity (Broothaers, 2019). After a production test, the well eventually 
ceased to flow. It was determined that the well was inaccessible below the 9 5/8” casing shoe. 
Eventually, CAL-GT-03 was used for injection pending the possible repair of CAL-GT-02. 

4.1 Well Test Data and Previous Analysis 
A multirate test was run over 4 days from 16-20 September 2012 in CAL-GT-02 before 
completion. The data of Figure 5 can be seen visualized as a well performance plot in Figure 
6. The data show that the well performance was transient and best on the last day.  
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Figure 5: Multirate flow tests from September 2012 on CAL-GT-02. 

 

 

Figure 6: Well performance data from multirate injection test in September 2012 for CAL-GT-
02. 
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4.2 New Analysis 
From the injection performance plot of Figure 6, the injectivity index of the well was around 
1.5-3.5 m3/hr/bar. The first phase of the multirate test (blue data from Figure 5) was analyzed 
by the radial Darcy solution from CAL-GT-01. Using a kh value of 10 D-m provides a 
reasonable fit with the first 0.4 days. Afterward a kh value of 12.5 D-m provides a better fit. 
This indicates some stimulation or cleaning occurred. These values are reasonable values to 
begin for the reservoir numerical model.  

 

Figure 7: CAL-GT-02 Multirate test with radial Darcy flow fit for a permeability-thickness of 10 
Dm.  

 

5 CAL-GT-03 
CAL-GT-03 was originally intended to be a production well but was used for injection due to 
the failure of CAL-GT-02. The well is nearby the production well CAL-GT-01 and located near 
the Tegelen fault structure.  
 

5.1 Well Test Data and Previous Analysis 
There has been a reasonable amount of previous work and available data on CAL-GT-03 as 
the well was used for some time. Production data exists in 5-minute intervals from November 
2014 – March 2015 (See Figure 1). A production test occurred from 12-14 July 2013 with 
highly variable flowrates from the downhole ESP. A report over the tests is available (Laenen, 
2013). The report determined a PI for the well of 7 m3/hr/bar for lower discharge rates and 4.5 
m3/hr/bar for higher pump rates. Downhole pressure, temperature, spinner (PLT) 
measurements were made at a variety of flowrates in 2013, 2014, 2016, and 2017. The 
previous PLT analysis exists as an Excel file with percentage contributions determined for 
each 50 m (MD) well increment. No written report of the PLT analysis was located.  
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Table 1: Percentage of Total Flow for CAL-GT-03 depths from Excel workbook. 

 

5.2 New Analysis 

5.2.1 Production Data 

The well performance curve for the production data from November 2014 – March 2015 can 
be seen in Figure 8. The slope of the line of the data indicates an Injectivity Index (II) of about 
10 m3/hr/bar. This is slightly higher than the previous Productivity Index calculated (Laenen, 
2013), but consistent in general, for geothermal wells to have a higher II vs PI.  
 

 

Figure 8: Performance curve for CAL-GT-03 for production dataset from 2014-2015. 

5.2.2 PLT Data 

Some data was available for the PLT tests run in November 2013, October 2014, and October 
2017 at flowrates of 118 m3/hr, 148 m3/hr, and 248 m3/hr, respectively. All spinner data was 
re-analyzed to evaluate the fluid velocity in the wellbore. In an ideal spinner test, the well is 
held at a consistent flowrate and the spinner tool will completely pass the feedzones both up 
and down at at least one consistent velocity. More than one tool velocity can help to provide 

1770 1800 1850 1900 1950 2000 2050 2100 2150 2200 2300 2370

12+13 nov-13 1e 118 100% 37% 32% 24% 22% 0% 0% 0% 0% 0% 0% 0%

12+13 nov-13 4e 127 100% 44% 34% 27% 25% 15% 0% 0% 0% 0% 0% 0%

12+13 nov-13 2e 136 100% 41% 35% 27% 26% 16% 0% 0% 0% 0% 0% 0%

12+13 nov-13 3e 148 100% 44% 36% 27% 23% 16% 0% 0% 0% 0% 0% 0%

03-Oct-14 5e 148 100% 75% 61% 56% 56% 27% 13% 0% 0% 0% 0% 0%

03-Dec-15 6e 157 100% 74% 65% 59% 59% 23% 11% 0% 0% 0% 0% 0%

06-Oct-16 7e 156 100% 69% 58% 52% 52% 17% 0% 0% 0% 0% 0% 0%

06-Apr-17 8e 248 100% 68% 63% 58% 54% 22% 4% 0% 0% 0% 0% 0%

23-Oct-17 9e 248 100% 83% 75% 62% 59% 22% 9% 0% 0% 0% 0% 0%

m3/hMeasurement
MD
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more reliable velocity measurements as differences in the impellor response when the tool is 
moving with the fluid flow direction vs against the fluid flow direction can be seen. We followed 
the technique laid out in (Grant & Bixley, 2011) and separated the well in 5 m increments for 
flow analysis. In each interval, a “cross-plot” is constructed of spinner frequency (x) vs tool 
speed (y). The y-intercept of the line gives the fluid velocity in the well. The fluid velocity can 
then be used in a wellbore flow model to determine the flow and how the flow changes at 
different depths in the well.  
 
The PLT data for CAL-GT-03 were incomplete. There was one complete up and down pass 
in 2013 and 2014 at about 12 m/min and 10 m/min, respectively. There was only one complete 
up pass in 2017. The main problems with the data were: the up/down tool speeds in 2013 
were not consistent; the spinner response in 2013 is inconsistent between passes; there was 
only an up pass in 2017 (so it’s impossible to determine the actual fluid velocity); and the 
spinner seems to have been improperly chosen for the well. The issue with the spinner is that 
the spin seems to go to zero and not “positive” near the bottom of the well. It is especially 
visible in the 2013 up data but can be seen in nearly every dataset. So, the spinner response 
is not consistent across multiple passes and tool speeds/directions. Cross plots can be 
constructed from the 2014 dataset, but there will be some uncertainty/error below 2050 m MD. 
But that is near the bottom of the well and likely not essential.  
 
At first inspection, major feedzones can be seen at around 1780 m MD in all data and around 
1960 m MD in the 2014 dataset. There is also a more distributed feedzone around 2050 m 
MD over about 20-30 m. The pressure in the well also reduced for each test (in time) even 
though the flow rate was increasing. So, the well exhibited obvious signs of cleaning and 
stimulation.  
 
For 2013, we use only the down-pass data set. For 2017, there is only an up-pass data set. 
Those data were simply scaled to the appropriate fluid velocity for the given recorded flowrates 
from the tests and analyzed in that way.  
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Figure 9: Raw PLT data for tool speed, pressure, and spin frequency for the CAL-GT-03 PLT 
measurements. 
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Figure 10 displays the analyzed pressure and fluid velocities for each PLT test. The reservoir 
pressure (black) was determined by a shut survey immediately before the 118 m3/hr test in 
2013.  
 

 

Figure 10: PLT pressure measurements and analyzed fluid velocity results (negative = 
downward flow) for CAL-GT-03 PLT tests. 

 
Following from (Grant & Bixley, 2011), the Injectivity Index (II) of each feedzone can be 
determined by the flowrate decrease and subsequent fluid velocity drop at each zone. The 
injectivity index is defined as: 
 

𝐼𝐼𝑓 =
±𝑊𝑓

𝑃𝑅𝑓 − 𝑃𝑤𝑓
 

 
Where the subscripts f represents the feedzone, R the reservoir, and w the well. The variable 
W is the flow (in or out at the feedzone) and P is the pressure. 
 
A wellbore flow model can be constructed to determine the pressure drop within the wellbore. 
The pressure drop over the elevation change can be expressed as: 
 

𝑑𝑝

𝑑𝑧
= (

𝑑𝑝

𝑑𝑧
)

𝑠𝑡𝑎𝑡𝑖𝑐
+ (

𝑑𝑝

𝑑𝑧
)

𝑓𝑟𝑖𝑐
 

 
Where the static pressure change is: 

𝑑𝑝

𝑑𝑧𝑠𝑡𝑎𝑡𝑖𝑐
= ρ𝑔 
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And the friction pressure drop is: 
 

𝑑𝑝

𝑑𝑙
=

𝑓𝑀ρ𝑉2

2𝐷
 

 
Where D is the diameter of the wellbore, V2 is the fluid velocity, l is the wellbore length (z if 
vertical), and fM is the dimensionless “Moody friction factor”, which depends on Reynolds 
number and can be implicitly solved for.  
 
Referring to the velocity plots from Figure 10, we determine feedzones to be located 1788 
mD (-1436 mTVDSS, point source), 1801 mD (-1445 mTVDSS,105 m length), 1957 mD (-
1551 mTVDSS, point source), 2028 mD (-1600 mTVDSS, 20 m length), and 2060 mD (-
1622 mTVDSS, point source). The flow loss in each feedzone can be estimated to match the 
velocity drop over each zone. Then pressure, velocity, and flow were modelled by using the 
pressure drop equations above for the test flowrates. The results for pressure, fluid velocity, 
and mass flow can be seen for each test in Figure 11 - Figure 13. 
 

 

Figure 11: Wellbore model pressure (left), fluid velocity (center), and flow for CAL-GT-03 2013 
PLT dataset. 
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Figure 12: Wellbore model pressure (left), fluid velocity (center), and flow for CAL-GT-03 2014 
PLT dataset. 

 

Figure 13: Wellbore model pressure (left), fluid velocity (center), and flow for CAL-GT-03 2017 
PLT dataset. 

As the well performance was stimulating, the injectivity indices of each feedzone had to 
increase in time to match the changes in flow loss at each zone over time. The results of each 
PLT test analysis for feedzone location, extent, and injectivity index can be seen in Table 2. 
The total injectivity index of the well increased from 3.09 to 5.76 to 11.8 m3/hr/bar. The 
feedzone at -1550 mTVDSS showed the largest single increase in injectivity.  
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Table 2: Feedzone locations and injectivity indices for the PLT tests in CAL-GT-03. 

 
 
To complete the analysis, the goal was to arrive at permeability estimations for each 
feedzone to provide appropriate values for the reservoir numerical model history match. To 
do this, we utilized the steady-state radial linesource solution equation with skin included: 
 

𝑝𝑟 = 𝑝𝑤 +
𝑄𝜇

2𝜋𝑘ℎ
{ln(r/r_w) + 𝑆} 

 
Where r is the radius of pressure evaluation (away from the well) and 𝑝𝑟 is the pressure at 

that radius. In this case, that is the reservoir pressure from the feedzone analysis 𝑝𝑅𝑓. 

Additionally, k is the permeability, h is the reservoir height, Q is the mass flowrate (kg/s), μ is 
the fluid viscosity, and S is the skin factor. 
The radial flow assumption may not be a perfect assumption for the fractured reservoir at the 
Californië site, but it is a reasonable estimation for beginning the history matching process in 
the numerical reservoir model. We assume that S=0 for the 2013 test, then allow skin to 
increase to match the equivalent increases in well injectivity. We tested reservoir radii of 500 
m and 1000 m to determine that effect on the result and to provide a small range of 
permeabilities for testing. Summing up each feedzone, we can arrive at a total well k-h value 
(in D-m). We then fix that value and determine the skin that is required to maintain well 
injectivity increase over time. Table 3 shows the results of the wellbore modelling analysis 
for CAL-GT-03 for the 500 m reservoir radius and Table 4 shows the results for a 1000 m 
radius. The takeaway values are the feedzone kh values. These values can be placed in for 
appropriate kh values on the representative geologic structures in the numerical reservoir 
model.  
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Table 3: CAL-GT-03 results for Injectivity Index, kh, and skin for 500 m reservoir radius. 

 
 
 

Table 4: CAL-GT-03 results for Injectivity Index, kh, and skin for 1000 m reservoir radius. 

 
 
Linking the feedzone locations to geology, the likely structures that host each feedzone are: 
1788 mD (-1436 mTVDSS) – possibly permeable layer or fracture connected to nearby fault 
zone; 1801 mD (-1445 mTVDSS) – limestones (dolomites) with some distributed 
permeability; 1957 mD (-1551 mTVDSS) – possible permeable fracture or layer just above 
clays/shales (Pont d’Arcole formation); 2028 mD (-1600 mTVDSS) – Just below Pont 
d’Arcole formation; and 2060 mD (-1622 mTVDSS) – same general zone as distributed zone 
above.  

6 CAL-GT-04 

6.1 Well Test Data and Previous Analysis 
A multirate pump test was performed on CAL-GT-04 in February 2016 after drilling. The well 
has a 7” perforated uncemented liner and about 200 m of open hole 8.5” well at the bottom. 
The pump test data was analyzed by VITO (Laenen & Broothaers, 2016a) and later TNO-AGE 
(Juez-Iarre & van Kempen, 2017). The data from the original pump test were available in an 
Excel file – the rates can be seen in Figure 14. The initial VITO analysis indicated a very high 
negative skin value (~-8) and a fairly high well transmissivity (7.8-10.8 m2/hr). The permeability 

Year Flow [m3/hr] FZ Z MD Length II [m3/hr/bar] Total II kh (D-m) total kh (D-m) Skin

2013 118 -1436 1788 1 1.656 3.092 6.322 11.806 0

-1445 1801 105 0.68 2.597

-1551 1957 1 0.18 0.688

-1600 2028 20 0.252 0.962

-1622 2060 1 0.324 1.237

2014 148 -1436 1788 1 1.656 5.76 3.394 11.806 -3.999

-1445 1801 105 1.512 3.099

-1551 1957 1 0.828 1.697

-1600 2028 20 1.44 2.952

-1622 2060 1 0.324 0.664

2017 248 -1436 1788 1 2.16 11.826 2.156 11.806 -6.377

-1445 1801 105 3.402 3.396

-1551 1957 1 3.24 3.235

-1600 2028 20 2.304 2.3

-1622 2060 1 0.72 0.719

Year Flow [m3/hr] FZ Z MD Length II [m3/hr/bar] Total II kh (D-m) total kh (D-m) Skin

2013 118 -1436 1788 1 1.656 3.092 6.829 12.752 0

-1445 1801 105 0.68 2.806

-1551 1957 1 0.18 0.742

-1600 2028 20 0.252 1.039

-1622 2060 1 0.324 1.336

2014 148 -1436 1788 1 1.656 5.76 3.666 12.752 -4.32

-1445 1801 105 1.512 3.348

-1551 1957 1 0.828 1.833

-1600 2028 20 1.44 3.188

-1622 2060 1 0.324 0.717

Feb-17 248 -1436 1788 1 2.16 11.826 2.329 12.751 -6.889

-1445 1801 105 3.402 3.668

-1551 1957 1 3.24 3.494

-1600 2028 20 2.304 2.484

-1622 2060 1 0.72 0.776
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was estimated by VITO to be between 175 mD (480 m entire perforated + open hole section 
production) and 2 Darcy (50 m productive section). So a kh of around 84 – 100 Dm.  
 

 

Figure 14: Pump test on CAL-GT-04. 

A second analysis was performed by TNO-AGE in 2017. They also determined a high negative 
skin around the well of -8. Their analysis indicated a permeability thickness kh of 94 Dm, which 
indicated a permeability of 195 mD over the 480 m productive height of the well. No further 
analysis of CAL-GT-04 performance was performed during this project as no additional data 
was located. 

7 CAL-GT-05 

7.1 Well Test Data and Previous Analysis 
The production data from the CLG site includes 5-minute interval data from July 2017 to 
September 2018 as seen in Figure 1. The data plotted as a well performance curve can be 
seen in Figure 15. The earliest data is colored in the teal-blue color and latest data in magenta. 
The data indicates a poorer well performance than CAL-GT-03 with well pressures often over 
30 bar. The well did seem to stimulate in time though – showing an injection flow rate 100 
m3/hr at under 20 bar well head pressure in the later phases.  
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Figure 15: Performance of CAL-GT-05 for production data from July 2017 - September 2018. 
The data is colored by date where light blue colors are earlier dates and the purple/fuchsias 
are later dates. 

 
There was a specific multi-rate production/buildup test on the well in March 2016. That test 
was analyzed by both VITO (Laenen & Broothaers, 2016b) and TNO-AGE (Juez-Iarre & van 
Kempen, 2017). The pressure, flowrate, and pump frequency from the test can be seen in 
Figure 16. VITO’s analysis determined a total well permeability thickness kh of 1.8-3.5 Dm 
with a skin of -3. In the re-analysis by TNO-AGE, both the hypotheses of dual-porosity and 
homogenous porosity were tested. The results indicated a kh value of 1.6 Dm for the dua- 
porosity model and 9.3 Dm for the homogenous model. The skin was determined to also be 
about -3 (-3.5).  
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Figure 16: Pump test parameters from CAL-GT-05. 

 
In addition, PLT tests were performed in 2016 and 2017 on CAL-GT-05. In 2016, PLT logs 
were run in the static (shut) position and at two flowrates: 30 m3/hr and 120 m3/hr. The flowing 
surveys were run at 3 different tool speeds (both up and down) – 15, 30, and 45 m/min. The 
raw data from 2016 can be seen in Figure 17 and Figure 18. The data is of exceptionally good 
quality. A few notes: the tool speed is consistent both in the up and down passes; the spinner 
response is also consistent across each pass; and the temperature results show clear heating 
from about 2220-2300 m MD. The heating indicates that most of the fluid has exited the well 
in that region. The consistent spinner data/tool speed allows for accurate flow estimations.  
In 2017, PLT logs were run at two flowrates: 170 m3/hr and 250 m3/hr. Each survey was run 
at two different tool speeds (both up and down). The raw data can be seen in Figure 19 and 
Figure 20. Some data quality notes from 2017: the tool speeds are not as consistent as the 
2016 dataset and the spinner data is also inconsistent and appears the pitch was perhaps 
incorrectly chosen (cutting out at low flowrates).  
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Figure 17: Raw PLT data for 2016 survey at 30 m3/hr flowrate on CAL-GT-05. In the center 
image, temperatures are the dashed lines and pressures are the solid lines. 

 

 

Figure 18: Raw PLT data for 2016 survey at 120 m3/hr on CAL-GT-05 (pressure solid, 
temperature dashed lines) 
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Figure 19: Raw PLT data for 170 m3/hr test in 2017 on CAL-GT-05 (pressure solid, 
temperature dashed lines). 

 

Figure 20: Raw PLT data for 250 m3/hr test in 2017 on CAL-GT-05 (pressure solid, 
temperature dashed lines). 
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7.2 New Analysis 
The new analysis was focused on the PLT data. Specifically, to gain additional insights into 
the permeability and injectivity indices of each feedzone as performed for CAL-GT-03. The 
data of 2016 was analyzed using cross plots for direct fluid velocity determination. The data 
of 2017 was best used by taking a single pass and scaling the velocity to the expected velocity 
for the flowrate and well diameter. The up pass at 15 m/min was used for the 170 m3/hr dataset 
(orange data). For the 250 m3/hr dataset, we analyzed and scaled the data from the 40 m/min 
down pass (green data). These prove to be reasonable representations as the feedzone 
locations are consistent with the 2016 dataset which was indeed a clean dataset. There is 
some uncertainty around fluid velocity near the bottom of the well, but the location, extent, and 
injectivity of the feedzones can be estimated from the available data.  
 
The analyzed velocities and pressures can be seen in Figure 21. By the velocity plots, we 
determine feedzone locations and lengths (vertical distance) to be: 1847 m MD (-1560 
mTVDSS point source); 1927 m MD (-1620 mTVDSS, point source); 1982 m MD (-1660 
mTVDSS, 40 m length); 2043 m MD (-1705 mTVDSS, 75 m length); 2168 m MD (-1795 
mTVDSS, 25 m). 
 

 

Figure 21: PLT pressure and analyzed velocities for 2016 and 2017 datasets on CAL-GT-05. 
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Figure 22 through Figure 25 display the wellbore modelled results from the PLT tests 
graphically. The same procedure as utilized for CAL-GT-03 was also performed here.  
 

 

Figure 22: CAL-GT-05 wellbore model for 2016 dataset at 30 m3/hr. 

 

 

Figure 23: CAL-GT-05 wellbore model for 2016 dataset at 120 m3/hr. 
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Figure 24: CAL-GT-05 wellbore model for 2017 dataset at 170 m3/hr. 

 

Figure 25: CAL-GT-05 wellbore model for 2017 dataset at 250 m3/hr. 

For injectivity index and permeability estimation, we again followed the procedure outlined for 
CAL-GT-03 and assumed reservoir radius values of 500 m and 1000 m. We assumed the 
initial skin around the well was -3.5 to correspond to previous analysis (Juez-Iarre & van 
Kempen, 2017). The well also showed clear signs of stimulation in time. In the analysis, this 
was expressed as an increase of the negative value of skin (-5.7 for 500 m radius and -6.1 for 
1000 m radius). The results for the individual feedzone II and kh values are located in Table 5 
and Table 6. 
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Table 5: PLT feedzone analysis summary for CAL-GT-05 at 500 m reservoir radius. 

 
 

Table 6: PLT feedzone analysis summary for CAL-GT-05 at 1000 m reservoir radius. 

 
 
The results provide kh values for different depths in the well that can be used as starting points 
in the numerical reservoir model. Regarding the geological connection to the feedzones, the 
first feedzone at 1847 m MD (-1560 mTVDSS) likely corresponds to the Dinantian/Devonian 
transition zone in the reservoir. The feedzone at 1927 m MD (-1620 mTVDSS) is described in 
the drilling as marlstone/crumbly and geologically may correspond to the edge of a 
faulted/damage zone. At 1982 m MD (-1660 mTVDSS) is the first distributed feedzone and is 
in the Devonian sandstones with a distributed fracture network of permeability. This is also 
clear of the feedzones below (2043 m MD/-1705 mTVDSS and 2168 m MD/-1795 mTVDSS). 
They are within the distributed fracture network of the damaged sandstones but show a 
variation in their local permeabilities. The kh values should give the reservoir model a starting 
point for the permeability value to assign to those regions.  

Year Flow [m3/hr] FZ Z MD Length II [m3/hr/bar] Total II kh (D-m) total kh (D-m) Skin

2016 30 -1560 1847 1 0.072 1.71 0.157 3.735 -3.5

-1620 1927 1 0.234 0.511

-1660 1982 40 0.504 1.101

-1705 2043 75 0.54 1.18

-1795 2168 25 0.36 0.786

2016 120 -1560 1847 1 0.108 2.23 0.236 4.874 -3.5

-1620 1927 1 0.306 0.668

-1660 1982 40 0.648 1.415

-1705 2043 75 0.81 1.769

-1795 2168 25 0.36 0.786

2017 170 -1560 1847 1 0.108 4.12 0.128 4.874 -5.766

-1620 1927 1 0.792 0.681

-1660 1982 40 1.728 2.043

-1705 2043 75 0.81 1.437

-1795 2168 25 0.72 0.585

2017 250 -1560 1847 1 0.108 4.12 0.128 4.874 -5.766

-1620 1927 1 0.792 0.681

-1660 1982 40 1.728 2.043

-1705 2043 75 0.81 1.437

-1795 2168 25 0.72 0.585

Year Flow [m3/hr] FZ Z MD Length II [m3/hr/bar] Total II kh (D-m) total kh (D-m) Skin

2016 30 -1560 1847 1 0.072 1.71 0.179 4.259 -3.5

-1620 1927 1 0.234 0.583

-1660 1982 40 0.504 1.255

-1705 2043 75 0.54 1.345

-1795 2168 25 0.36 0.897

2016 120 -1560 1847 1 0.108 2.23 0.269 5.559 -3.5

-1620 1927 1 0.306 0.762

-1660 1982 40 0.648 1.614

-1705 2043 75 0.81 2.017

-1795 2168 25 0.36 0.897

2017 170 -1560 1847 1 0.108 4.12 0.146 5.56 -6.0833

-1620 1927 1 0.792 0.777

-1660 1982 40 1.728 2.33

-1705 2043 75 0.81 1.639

-1795 2168 25 0.72 0.668

2017 250 -1560 1847 1 0.108 4.12 0.146 5.56 -6.0833

-1620 1927 1 0.792 0.777

-1660 1982 40 1.728 2.33

-1705 2043 75 0.81 1.639

-1795 2168 25 0.72 0.668
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1 BACKGROUND 

1.1 Geothermal Operation and Seismic Monitoring at Californië 

Earthquake activity near the Californië geothermal site has been continuously monitored by 

Q-con since September 2014. Seismic monitoring of the CWG doublet commenced with three 

monitoring stations in September 2014 (stations K01, K02, and K03). Two additional stations 

(K04 and K05) were deployed in November 2015 before drilling of the wells for the second 

geothermal doublet. Each monitoring station is equipped with a 3-C short-period surface 

seismometer (Lennartz LE3D) sampled at 100 Hz.  

Routine data processing was performed using a highly sensitive STA/LTA detector combined 

with an amplitude threshold detector. Since the start of seismic monitoring in September 2014, 

a total number of 17 local earthquakes have been detected (Figure 1). The earthquakes 

occurred between Aug 2015 and Sep 2018. Using the magnitude definition by Dost et al. 

(2004), reported earthquake magnitudes range from ML = −1.2 to ML = 1.7. These magnitude 

values are sensitive to the earthquake depth, which was revised at a later stage after seismic 

velocities could be calibrated (Vörös & Baisch, 2022). 

Operations at the CWG doublet stopped in May 2018, as no permit for continuous operation 

was granted by the regulator. Production from the CLG doublet was suspended in August 

2018 following an ML = 0.0 earthquake. Six days after stopping operations, a felt earthquake 

of magnitude ML = 1.7 occurred within the previous cluster of reservoir seismicity. This was 

followed by eight additional earthquakes ML ≤ 0.0 within six days. No further earthquakes have 

been detected until March 2020. 

In March 2020, one of the operators (Californie Lipzig Gielen Geothermie BV) terminated the 

monitoring contract. Seismic monitoring continued with a reduced station network consisting 

of the original stations K01, K02, and K03. Data processing was limited to running a relatively 

insensitive amplitude threshold detector designed for detecting perceptible earthquakes 

(PGV>0.3 mm/s). No earthquakes (exceeding the level of perceptibility) were detected in the 

time period March 2020 until today.  

In September 2021 station K02 was shut-down and has not been replaced until now. 
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Figure 1: Absolute hypocentre location in map view. Error bars show the location accuracy 
with a 2σ confidence level (formal inversion error). Triangles denote the location of the seismic 
monitoring stations. Events were colour-coded according to the time of occurrence (see 
legend). The grey patch depicts the Tegelen fault. The black lines show the well trajectories 
of GT01, GT03, GT04 and GT05, respectively. Black arrow indicates Northern direction. 
Coordinates with respect to x = 204,042, y = 380,050 (RD). The first six events occurred prior 
to production start of the CLG doublet. Event hypocentres are depicted as determined for the 
SHA before seismic velocity model was calibrated. Figure from Baisch & Vörös (2019). 

1.2 Scope of Study 

For constraining geomechanical interpretations of the seismogenic processes at Californië, 

trailing earthquakes are of particular importance. At the level of perceptibility, no earthquakes 

were detected after March 2020. It is, however, unclear if seismicity at a lower magnitude level 

has occurred. 

To answer this question, the time-continuous seismogram data shall be re-processed using a 

template detector.  
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2 TEMPLATE DETECTOR 

2.1 Data Base 

Time-continuous waveform data is available in data archives at Q-con. The original data was 

acquired for different operators using different data formats (cd11, miniSeed). Consequently, 

data copies in the Q-con archives are distributed over multiple hard drives (Figure 2). 

In a first step, data from different sources was merged into a single data base using a 

homogeneous data format. Almost all data files exist for the period 2015-2023. In total, less 

than 1 day of data files is missing in the merged data base.   

It should be noted, however, that the number of stations changed over time. After March 2020, 

only stations K01, K02, and K03 were operated. In 2021, station K02 had to be removed 

because new buildings were developed in the area. Therefore, an almost complete waveform 

data record for the period 2018-2023 is provided only by stations K01 and K03.   

  

 

Figure 2: Raw data distribution on different hard drives. 

2.2 Design of Detector 

Initial tests have indicated that the 17 known earthquakes at Californië exhibit a comparatively 

low waveform similarity. For increasing the sensitivity of the template detector, multiple 

templates as well as a low similarity threshold have been used. In total, 12 earthquakes exhibit 

a sufficient signal-to-noise ratio at stations K01 and K03 for being used as templates. These 

12 earthquakes define the set of templates. Figure 3 shows a waveform example of one of the 

templates.   

For detection, each template is successively moved on a sliding window over the time-



 

SGEO001 www.q-con.de 6 / 10 

 

continuous waveform recordings of stations K01 and K03. All data is band-pass filtered in the 

range 1-30 Hz. In each time step, the multi-channel waveform cross correlation coefficient 

ccmult is computed following Baisch et al. (2008). A detection is declared if ccmult >0.3. 

 

 

Figure 3: Snapshot of the configuration panel for the template detector. Waveforms of a 
template event are shown in light grey. The selected template is shown in red. It consists of 6 
channels, each covering P- and S-wave onsets. 

2.3 Test 

The template detector has been operated on the time windows of the 17 known earthquakes. 

All known earthquakes were detected. 

2.4 Template detection 2018-2023 

The template detector has been operated from 10.09.2018 to 01.07.2023 yielding 

approximately 3.300 detections. Subsequently, each detection was visually inspected. All but 

one detection could be clearly identified as false triggers. 

The remaining detection #1685 could be clearly identified as a reservoir earthquake. This 

earthquake occurred on 07.02.2022 19:57:52 UTC and was detected by the template of the 

ML=1.7 main event (Figure 4) with a waveform similarity of ccmult =0.53. 
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Figure 4: Top: Waveforms of the template event (ML=1.7 main event). Bottom: Waveforms of 
the new detection. P- and S-phase onsets are marked by red and green lines, respectively.  

 

3 EARTHQUAKE PROCESSING 

3.1 Hypocenter 

The earthquake occurring on 07.02.2022 was recorded by stations K01 and K03 only. With 

two stations, the absolute hypocenter location is not well constrained. 

Instead, its relative hypocenter location with respect to the main event has been determined 

using the approach described in Baisch et al. (2006). Formally, the inversion is not well 

constrained, but the relative travel time differences compared to the main event are extremely 

small. Based on these travel time differences, the location of the new earthquake is well 

constrained. The earthquake is located in the immediate vicinity of the hypocenter of the main 

event (relative distance of ~10 m). 
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3.2 Magnitude 

In previous reports on Californië seismicity (e.g., Baisch & Vörös, 2019), different magnitude 

scales were used. Reported magnitude values were generally depending on earthquake 

depth. After calibrating seismic velocities, earthquake depth changed considerably (compare 

Vörös & Baisch, 2022). The associated impact on earthquake magnitude has not been studied 

yet. 

For providing a homogeneous magnitude scale for the entire catalogue of Californië seismicity, 

the local magnitude ML
R of each earthquake has been determined relative to the ML=1.7 main 

event (see subsequent section). This magnitude scale is based on the following assumptions: 

1. The source-receiver paths for different earthquakes are approximately the same.  

2. The magnitude of the calibration event (ML=1.7 event) is correct. 

Both assumptions appear to be justified: (1) Earthquake hypocenters are closely spaced 

(Vörös & Baisch, 2022) implying very similar source-receiver paths. (2) The main event is also 

assigned ML=1.7 by the KNMI, who is the authoritative institution for earthquakes in the 

Netherlands. 
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3.3 Catalogue 

 

date time lat lon depth [m] ML
R 

18-Aug-2015 02:47:05 51.40991 6.0893466 -2192 0.1 

05-Dec-2015 08:07:28 51.41001 6.0933441 -2445 0.5 

26-Jan-2016 02:47:00 51.412404 6.0902309 -2434 0.1 

02-Apr-2016 14:17:16 51.418007 6.0833162 -2536 -0.3 

25-Jan-2017 16:27:12 51.408784 6.0917092 -2376 0.2 

31-Jan-2017 04:01:56 51.415842 6.083939 -2366 -0.2 

08-Apr-2018 10:29:27 51.409846 6.0893043 -2448 0.1 

25-Aug-2018 16:43:27 51.425307 6.0802734 -2506 0.2 

03-Sep-2018 18:11:23 51.410266 6.0893983 -2396 -0.2 

03-Sep-2018 18:12:35 51.411083 6.0899763 -2368 0.1 

03-Sep-2018 18:20:31 51.410368 6.0897539 -2441 1.7 

03-Sep-2018 18:26:37 51.412097 6.0901977 -2205 0.3 

03-Sep-2018 20:44:12 51.410382 6.0855934 -2435 -0.3 

04-Sep-2018 00:13:15 51.409097 6.0906 -2418 -0.5 

06-Sep-2018 15:27:20 51.410323 6.0884887 -2355 0 

06-Sep-2018 15:58:22 51.410548 6.0884689 -2398 -0.1 

09-Sep-2018 20:50:22 51.411986 6.086946 -2384 0.4 

07-Feb-2022 19:57:52 51.410429 6.0896632 -2445 0 
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1 BACKGROUND 

1.1 Scope 

• Propose a comprehensive set of different types of seismic monitoring options for the 

Californië geothermal field. 

• The seismic monitoring focusses on detecting and locating earthquakes occurring in a 

predefined target area. The target area is approximately 4 km x 6 km, covering regions 

where previous seismicity occurred as well as an extended area around the GT05 

injection well (Figure 1). 

• Assess the expected performance of the monitoring networks. 

 

Figure 1: Definition of target area for monitoring future production (pilot phase) at Californië.  

1.2 Relevant Factors 

The performance of a seismic monitoring system is depending on the number of monitoring 

stations, their spatial distribution, and on the background noise level at the instruments sites. 
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The hypocentre location accuracy primarily depends on the station network geometry, i.e. the 

spatial distribution of stations which are recording an earthquake with sufficient signal-to-noise 

ratio. Hypocentre location accuracy tends to improve when using more stations. 

The lower detection level of the network (magnitude of completeness) can be improved by 

reducing the seismic background noise level. This can be achieved by proper site selection or 

by using downhole instrumentation. Furthermore, the amplitude of the seismic signals is 

stronger the closer the recording instrument is to the source. Therefore, the lower detection 

level can be improved by instruments recording close to the seismic source.  

 

2 MONITORING CONCEPTS 

2.1 Surface Station Network 

A surface station network consists of a minimum number of 4 to 5 seismic stations, which are 

azimuthally equally distributed around the target area.  

With this type of network configuration, hypocentres of earthquakes are determined based on 

observed P- and S-wave travel times. 

The depth of reservoir seismicity can be determined with higher accuracy if a station is 

operated in the epicentral region directly above the reservoir.  

A surface station network has the following advantages:  

• Maximum control on instrument deployment, e.g. regarding instrument levelling, 

instrument coupling etc. 

• Ground vibrations are directly measured at the Earth surface, thus allowing a direct 

comparison to damage criteria.  

• The frequency range for damage assessment is well covered (typical instrument 

configurations record signals in the frequency band 1-40 Hz or 1-80 Hz). 

• Lowest costs compared to alternative options. 

 

Compared to alternative monitoring concepts, the following disadvantages are identified: 

• Reduced sensitivity due to comparatively large source-receiver distances and an 

increased noise level at the Earth’s surface. 
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2.1.1 Previous Station Network 

The previous station network serves as a baseline to compare with. 

 

Code X [m] Y [m] Z [m] Lat [°] Lon [°] I95 [m/s] 

K001 69 2459 0 6.093052518 51.42954838 3298 

K002 -1996 -1196 0 6.063319664 51.39671074 2714 

K003 1695 -336 0 6.116467288 51.40443739 3690 

K004 3114 7447 0 6.136975808 51.4743532 919 

K005 -6354 4147 0 6.000472829 51.44467267 1558 

Table 1: Station coordinates in local system centred at 51.4074583333°/ 6.092058333333° 
and average I95 level of ground vibrations in vertical direction (measured values). 

 

Figure 2: Station locations of the previously operated monitoring network. Local coordinates 
centred at 51.4074583333333°/ 6.09205833333333°. 
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Todo: simulate and compile MoC map & location error map for Mw=0.5 

 

2.1.2 Extended Station Network 

The extended network comprises the previous station locations extended by 3 stations. 

Additional stations were placed to improve the location accuracy and detection capabilities of 

the network near the previous region of seismic activity as well as near the future injection well 

GT05. The new locations are proposed based on geometrical criteria. The suitability of these 

locations (access, infrastructure, background noise level) has not been further investigated. 

Keeping previous station locations avoids artificial bias from changing the network geometry. 

Furthermore, direct comparisons to previous earthquakes can be made, including e.g. relative 

hypocenter locations. 

 

Code X [m] Y [m] Z [m] Lat [°] Lon [°] I95 [m/s] 

K001 69 2459 0 6.093052518 51.42954838 3298 

K002 -1996 -1196 0 6.063319664 51.39671074 2714 

K003 1695 -336 0 6.116467288 51.40443739 3690 

K004 3114 7447 0 6.136975808 51.4743532 919 

K005 -6354 4147 0 6.000472829 51.44467267 1558 

EXT1 -605 4536 0 6.083337644 51.44820647 2700 

EXT2 -76 -113 0 6.090963843 51.40644321 2700 

EXT3 1496 4100 0 6.113620369 51.44428808 2700 

Table 2: Station coordinates in local system centred at 51.4074583333333°/ 
6.09205833333333° and average I95 level of ground vibrations in vertical direction (black: 
measured values, grey: assumed values). 
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Figure 3: Station locations of the extended monitoring network. Local coordinates centred at 
51.4074583333333°/ 6.09205833333333°. 

 

Todo: simulate and compile MoC map & location error map for Mw=0.5 
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2.2 Shallow Monitoring Wells 

To improve detection capabilities, monitoring instruments can be deployed in shallow 

observation wells. The typical configuration used by the KNMI comprises 200 m deep 

observation wells with geophones deployed at four different depth levels.  

Theoretically, the deepest geophone should yield the best signal-to-noise ratio for earthquake 

signals coming from below. Therefore, the following performance assessment considers only 

the deepest geophone. It should be noted, however, that multi-level configurations add 

redundancy e.g. in case of instrument failure or coupling issues. 

The geometrical design and the hypocentre location approach of a network with shallow 

monitoring instruments are identical to the ones described in section 2.1, resulting in similar 

hypocentre location errors. 

To what extend the detection capabilities can be improved by shallow monitoring wells is 

depending on site specific details of the near-surface geology in combination with local noise 

characteristics. As a rule of thumb, the (surface) noise level decreases by a factor of approx. 

10 in a 100 m deep monitoring well. This is partly due to near-surface amplification effects 

enhancing seismic vibrations at the Earth’s surface. The near-surface amplification, however, 

also enhances seismic signals originating from the reservoir. This implies that the reduction of 

the noise level at depth correlates with a reduction of signal amplitudes. Therefore, the 

detection capabilities (determined by the signal-to-noise ratio, SNR) of the network is improved 

by a factor smaller than 10. Based on experience in NL, we expect that the signal-to-noise 

ratio can be improved by a factor of 6.5 when deploying instruments at 200 m depth (Ruigrok 

et al., 2023). This corresponds to a sensitivity increase of 0.8 magnitude units (ML).  

The disadvantages of this type of installation are: 

• Limited control on instrument deployment at depth. This can result in a sensitivity loss due 

to borehole/instrument tilt or coupling issues. 

• Ground vibrations are not measured at the Earth’s surface and cannot be directly used for 

damage assessment.  

• Larger costs compared to a surface network.  

 

2.2.1 Basic Network 

The basic network comprises the station configuration described in Table 1, while the SNR is 

assumed to have improved by a factor of 6.5. 

 

Todo: simulate and compile MoC map & location error map for Mw=0.5 
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2.2.2 Extended Network 

The extended network comprises the station configuration described in Table 2 while the SNR 

is assumed to have improved by a factor of 6.5. 

 

Todo: simulate and compile MoC map & location error map for Mw=0.5 

 

 

  



 

SGEO002 www.q-con.de 10 / 12 

 

2.2.3 Combined with Surface Stations 

 

ToDo: Based on previous simulations discuss characteristics of surface stations combined 

with shallow wells (e.g. sensitivity increase for those regions where 3 or more downhole 

stations record an event with sufficient SNR) 

 

 

 

 

 

2.1 Geophone in Deep Observation well 

Operating a single instrument in a deep observation well can significantly improve the lower 

detection limit. Seismic events of small magnitude, however, tend to be recorded only by the 

deep instrument, implying that neither their hypocentre nor their magnitude can be reliably 

determined. 

 

 

Code X [m] Y [m] Z [m] Lat [°] Lon [°] I95 [m/s] 

K001 69 2459 0 6.093052518 51.42954838 3298 

K002 -1996 -1196 0 6.063319664 51.39671074 2714 

K003 1695 -336 0 6.116467288 51.40443739 3690 

K004 3114 7447 0 6.136975808 51.4743532 919 

K005 -6354 4147 0 6.000472829 51.44467267 1558 

EXT1 -76 -113 -2000 6.083337644 51.44820647 100 

Table 3: Station coordinates in local system centred at 51.4074583333333°/ 
6.09205833333333° and average I95 level of ground vibrations in vertical direction (black: 
measured values, grey: assumed values). 

 

 

Simulate basic network + deep instrument @ GT03 for Mw=0.5 
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a) Single station detector 

b) Three station detector 

 

2.2 Geophone String in Deep Observation Well 

In this configuration, a multi-level geophone string is deployed near the seismicity. This implies 

drilling a 2-3 km deep monitoring well, making this the most expensive monitoring solution 

discussed in the current study. 

Due to the smaller source-receiver distances, the magnitude detection threshold for reservoir 

seismicity is significantly lower compared to (near-) surface monitoring concepts. This is 

illustrated in Figure 4 showing data from various hydraulic fracturing operations in the United 

States. At very short source-receiver distances, seismic events as small as Mw=-4 were 

detected. With increasing source-receiver distance, however, the detection capabilities quickly 

reduce (“viewing limit”). For example, at a source-receiver distance of 2 km, the lower 

detection threshold is in the order of Mw=-1.  

This implies that e.g. a lower detection threshold of Mw=-1 throughout the entire target area 

cannot be achieved with a single geophone string. 

With a single geophone string, the hypocentre location procedure cannot be based on simple 

triangulation concepts due to the linear network geometry. Additional information obtained 

from signal polarization properties are required to determine hypocentres. Data processing 

differs depending on the service provider. The typical processing steps, however, include: 

1. hypocentral depth determination based on P-phase move-out (vertical geophone 

strings only), 

2. distance to receiver determination based on differential travel times between the S- 

and P-phase, 

3. azimuth (and eventually incidence) determination based on P-phase signal 

polarization. With this information, the hypocenter solution becomes unique. 

 

The last step requires the exact knowledge of the individual geophone orientations. These are 

usually determined by calibration (perforation) shots in the treatment well at reservoir level. 

Uncertainties of the geophone orientations as well as of the P- phase steering vector lead to 

hypocentre location errors which are increasing with distance.  

It should be noted that earthquake magnitudes determined with this type of monitoring 

configuration are subject to considerable uncertainty due to technical limitations (e.g. the 

geophone eigenfrequency typically is ≥ 15 Hz and a limited dynamic bandwidth of the 

recording system may cause magnitude saturation).   
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Figure 4: Moment magnitude of induced earthquakes plotted against the distance to the 
observation well. Observation data from different shale gas reservoirs according to the legend. 
Dashed line indicates the “viewing limit” of the recording instruments. The figure is taken from 
Warpinski et al., 2012. 

 

3 REFERENCES 

Ruigrok, E., Kruiver, P. P., & Dost, B. (2023). Construction of earthquake location uncertainty 

maps for the Netherlands (Technical Report No. TR-405) (p. 160). De Bilt: KNMI. 

 

  



 



Options for data acquisition 

during the pilot phase 

Californië *   

 Data aquisition technique How will it reduce uncertainties? 

Structural geological & 

velocity model 

3D seismic data from seismic survey 

 

3D seismic data – covering Californië sites 

- Distinguish between stratigraphic thinning/syn-depositional fault activity and the pres-

ence of faults to explain thickness differences within the Dinantian carbonates at the 

different wells.  

- Likely better understanding of exact location and extent of faults, as well as better un-

derstanding of orientations of faults and geological layers.  

- Better velocity model, which will lead to less uncertainty when calculating/estimating 

the hypocenter locations.  

- Focus should be on the imaging of the Paleozoic interval. For the current 2D seismic 

data available, this interval is often not well imaged.  

   Possible: yes 

   Remark: Expensive option 

 

Additional seismic lines - 2.5D seismic survey 

More 2D data to fill in data gaps between the wells 

- Slightly better insights in the exact location of faults and their orientation within current 

data gaps.  

- Possibly also better grip on geological setting (see also point 1).  

- Prerequisite to be of added value is that the Paleozoic interval is well imaged. This is 

often not the case  

for the existing 2D seismic data  

   Possible: yes 

   Remark: Less expensive than 3D seismic, but also lower benefits in terms of reducing     

uncertainties.  



 

Velocity measurement: Sonic-density log over (entire or 

part) of borehole 

With sonic log: More information on interval velocities of the 

overburden. As a consequence better grip on seismic 

interpretation/seismic response and better insight in 

structural geological setting.  

With density log: Slightly better understanding of the seismic 

response 

 

- Constrains acoustic velocities of especially the Namurian. Based on the current sonic 

log of CAL-GT-01, relatively low velocities for the Namurian are derived, but this is in-

ferred only based on sonic data that is available at the very low part of the Namurian.  

- Being able to better quantify Namurian velocities will lead to more certainty in the seis-

mic interpretation (both in terms of fault presence/orientation/dip of faults, as well as 

orientations/dip of geological layers)   and in the hypocenter location estimates.  

Possible: yes 

Remarks: Added value for density log is less than sonic because there is usually a 

strong correlation between density and sonic. At the moment Gardner's relation is used 

to get insight in the seismic response. Discuss with acquisition expert to better 

distinguish between sonic log  acquisition and VSP/checkshot data acquisition. 

 

 

Velocity measurement: Vertical seismic profiling (VSP) or 

checkshot 

Better constraints on interval velocity of the reservoir layers 

and the overburden. As a consequence better grip on 

seismic interpretation/seismic response and better insight in 

structural geological setting 

 

 

- Constrains acoustic velocities of especially the Namurian. Based on the current sonic 

log of CAL-GT-01, relatively low velocities for the Namurian are derived, but this is in-

ferred only based on sonic data that is available at the very low part of the Namurian.  

- Being able to better quantify Namurian velocities will lead to more certainty in the seis-

mic interpretation (both in terms of fault presence/orientation/dip of faults, as well as 

orientations/dip of geological layers)   and in the hypocenter location estimates.  

Possible: Likely yes (but should be discussed with data acquisition experts from service 

companies) 

Remarks: The benefit of a VSP or checkshot acquisition vs. sonic log acquisition is that 

VSP/Checkshot data are independent of the integrity of the borehole. If the borehole is 

(partly) collapsed, the sonic log     will give unreliable results. Additionally, a 

VSP/checkshot data acquisition will also generate velocity information for the Mesozoic 

and Cenozoic intervals, without having to run a log over the entire interval (which is 

almost 2 km at the location of well CAL-GT-04) 

 

 

DAS-VSP in borehole 

DAS-VSP in shallow borehole, colocated with CPT 

 

 

- Improve velocity model, o.a. to constrain hypocenter locations. In shallow boreholes 

and with CPT: For quantification of site-response and amplification, as input to the seis-

mic hazard assessment 



 Passive seismic S-wave survey 

- Improve velocity model, o.a. to constrain hypocenter locations.  

 

Possible?: Feasibility to be assessed – w.r.t  data quality, resolution and costs  

 Cross-well tomography 

- Detection of local velocity & structure between wells. Detection of velocity changes due 

to cooling, potential detection of karst? 

 

Possible: 2 wells needed for source-receiver configuration  

 

Cuttings: Description, sampling and petrographic analysis of 

Pont d'Arcole with focus on well CAL-GT-03 

Better constraints on type of lithology below the Dinantian 

(i.e. is there a typical Pont d'Arcole present in well CAL-GT-

03 or not?) 

 

- The Pont d'Arcole is characterised by a deviating Gamma-Ray log signature in well 

CAL-GT-03. An explanation could be that the Pont d'Arcole is (partly) faulted out in this 

well and that the relatively high   GR-values, which are now observed below the Di-

nantian, are in fact part of the damage zone of the Carboniferous normal fault. This 

would add certainty to the exact position of the Carboniferous normal  fault. 

Possible: yes 

Remarks: Relatively cheap, but likely will not give absolute clarity on the presence of a fault 

damage zone. Hard to recognize damage zone in cuttings as slivers of Pont D'Arcole might 

have ended up in damage zone, or got mixed in the fluids while drilling. 

  

   

Reservoir model Standard log suite: Gamma-ray, Sonic, Density, Neutron, 

Resistivity, temperature log,  Image log (FMI) 

temperature log in undisturbed situation 

FMI: more information on fracture network 

 
- Constrain initial temperature - most measurements of temperature were done shortly 

after drilling.  

- In addition, a different temperature may be present near the Tegelen fault. 

- In the injectors, the temperature log could provide useful information on the tempera-

ture dissipation.  

- FMI: fracture network better known.  

- Combined logs: determine the position of faults in CAL-GT-03 

Possible: FMI is possible in open hole wells, but CAL-GT-01 and 05 already have information 

available. Temperature log possible in all wells, except CAL-GT-02.  

 

Core samples, descriptions & laboratory analysis on cores    
- measure thermal and reservoir properties in particular for formations below Zeeland Fm 



Possible: only on analogue samples from other sites or if sidetrack or sidewall samples are 

taken  

 

Well tests with downhole shut-in and limited WBS 

 

dual-porosity characteristics, improved estimate of 

permeability 

 

- Different dual-porosity characteristics for different wells? 

Possible: possible in current wells (for Cal-GT-02, according to VITO only top reservoir is 

accessible)  

 

Interference tests 

 

connectivity between the wells 

 

- Permeability between the wells 

Possible: possible in current wells (according to information from VITO only top reservoir in 

Cal-GT-02 is accessible)  

 

tracer test (Push-and-pull test) 

 

improved estimate of permeability around the well 

- Better insight into permeability around the wells 

Possible: in CAL-GT-01/03/05 

 

PLT 

 

PLT for the injection wells are available, but not for the 

production wells 

 
- Better insight in the inflow zones for the producers, which will enable better estimation 

of the connectivity and reduce uncertainty on initial temperature. 

 

Possible: Only possible in Cal-GT-01 (useful to combine with FMI), Cal-GT-04 is cased  

 

DTS with thermal back production test 

 

estimates of thermal properties and fracture density 

 

- Fracture density is very important for understanding the progress of the thermal front 

Possible: in the producers, more difficult in the injectors due to historical cooling. 

   

Geomechanical model 

Well logs: Density, FMI, Caliper, Dipole Sonic 

 

In-situ stress field currently not constrained. Density log 

would help constrain the vertical stress at the site;  

information of FMI used to check consistency of stress 

directions. Dipole sonic to assess the dynamic elastic 

parameters of the reservoir and overburden 

 
- Better estimate of density will improve the estimate of vertical stresses, which is one of 

the components     of the stress field, determining initial criticality of the faults.   

- Additional FMI could be used to check consistency of direction of Shmax and Shmin 

directions (current estimate derived from existing FMI's). 

Possible: Density log possible. FMI possible in open hole wells; FMI available for GT-01, but 

not for deeper section (Devonian sst) --> would give more insight in fractures in lower 

sandstones. Quality of dipole sonic log depends on integrity of the borehole. 



Remarks: Sonic will give dynamic elastic parameters -> empirical relations needed or 

comparison to  experimental tests on samples needed to translate to static elastic 

parameters.  

 

In-situ stress: Extended Leak Off Test (XLOT) or minifrac 

test 

 

Preferably minifrac test would help constrain in-situ stress 

field 

 

- Estimate of magnitude of Shmin, which will help constrain the in-situ stress field and 

give insight initial criticality and reactivation potential of the fault. 

Possible: Likely yes (but should be discussed with data acquisition experts from service 

companies). Dedicated minifrac test with packers, not too close to fracture. (ideally in 

combination with image log, density log, sonic, caliper) 

Remark: generally it is difficult to constrain SHmax  

 

Core samples and or analogue samples: geomechanical 

tests / acoustic measurements 

 

- Quantification of elastic parameters, thermo-elastic properties, cohesion, friction 

coefficient. (and if cores available – could also be used for hydrological parameters) 

 

Possible: No core samples are available for the Californië sites – only possible on analogue 

samples from other sites or quarries, or if sidewall samples are taken, or for sidetrack. 

  

   

Monitoring before & during 

operations (in wells and at 

surface level) Temporary mobile network of accelerometers 

 

Insight in local noise levels for the benefit of optimal locations of permanent stations. 

 

Possible: Yes  

 Null-measurement of seismicity 

 

- Enables detecting any changes in magnitude-frequency relations of seismicity due to 

the restart of injection operations. Particularly useful if new monitoring stations are 

installed. 

 

Possible: Yes  

 Accelerometers at surface level 

- Monitor seismicity, as input to the seismic hazard assessment, assess the amplitudes 

surface ground motions due to the earthquakes in the context of damage assessment – 

see also chapter 8 

 



Possible: Yes 

 Seismometers at or below surface level  

- Monitor seismicity, as input to the seismic hazard assessment. See chapter 8. 

Possible: Yes 

 Seismometers at intermediate depth in boreholes 

- Monitor seismicity, as input to the seismic hazard assessment. Reduce noise levels.  

See chapter 8. 

 

Possible: Yes 

 Seismometer in deep monitoring borehole 

- Monitor seismicity, as input to the seismic hazard assessment. Reduce noise levels.  

See chapter 8. 

 

Possible: Yes 

 

Fiber optics:  

Distributed Acoustic Sensing (DAS) 

Distributed Acoustic Sensing (DAS) at surface level 

Distributed Temperature Sensing (DTS) 

Distributed strain sampling (DSS)  

- DAS: Record microseismicity, at surface level: improved network aperture?,  

- DTS: measure distributed temperature profile (during injection/production tests),  

- DSS: detect strains in the rocks resulting e.g. from thermal contraction, poroelasic 

effects of fault slip. 

 Borehole tiltmeters & extensometers 

- Measures deformation in boreholes. To validate (cooling-induced) deformation and 

occurrence of aseismic deformation. 

 

Possible: Needs to be discussed with operator and technical experts. Preferably in borehole 

close to thermal & deformation front.  

 

Monitoring of flow rate, pressure, temperature and water 

composition - For reservoir model validation and improvement 

 Pulse test 

- Permeability field, near-well cooling front, extent of cooling. Would be experimental 

(and likely highly challenging) in reservoir with fault and fracture dominated flow. 
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