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1. Introduction

In KEM-15 we used three complementary approaches to model cooling-induced seismicity, all of
which were implemented in the finite element method-based application GOLEM [1, 2]. The
governing thermal, hydraulic and mechanical (THM) processes were the same in all models and
are described in Appendix A5 and A6. To highlight the differences between the three approaches,
the same Slochteren Base case model (Scenario S1) was used with the same geometry and input
parameters except for model-specific values.

In the slip tendency (ST) model, stresses in the rock matrix are projected onto the 2D fault plane.
The resulting shear stress and effective normal stress are then divided to calculate the slip tendency.
If this ST value reaches the static friction coefficient of the fault, the respective 2D fault plane
element is considered to have failed. In this model, the friction coefficient is static and the “failure”
of an element does not influence any other modeling result. It rather is a postprocessing value
resulting from changes in the effective stress field at individual elements on a distinct, arbitrarily
shaped, two-dimensional planar fault. While a larger fault area with slip tendency above friction
coefficient would qualitatively indicate more and larger induced seismic events, no seismic
response is derived from this model. We therefore use this model to estimate the fault failure
potential of a distinct fault. The advantage is that it is easy to use and does not require any
additional constitutive laws or parameters. The mathematical formulation of the ST model is
provided in Appendix AS and A6.

In the rate-and-state friction (RSF) model, dynamic fault slip is simulated. As opposed to the
constant friction coefficient in the ST model, the friction coefficient and slip velocity in the RSF
model is dynamically changing during fault slip. This information can be used to calculate the
cumulative seismic moment. However, allocation of this seismic moment to individual seismic
events is challenging and the required input parameters are difficult to assess when no data is
available for validation. Therefore, we use this model only to showcase how a dynamic fault slip
behavior could look like. The mathematical formulation of the RSF model is provided in



Appendix A6 and A7.

The coulomb failure stress (CFS) model is a hybrid model with elements of a statistical model and
a physics-based model. In this model, we assume the entire reservoir model to be intersected by a
statistical distribution of faults and fractures, which is based on the recorded natural seismicity of
the area and which is described by the Seismogenic Index and the Gutenberg-Richter b-value. A
change in the Coulomb stress would then lead to failure of the more critically oriented fractures
once stress changes, e.g., induced by cold water injection, are higher than naturally occurring stress
changes, e.g., earth tides. This increases the naturally occurring a-value of the background
seismicity by additional seismic events that are induced by the geothermal operation. Different
from the other two models, here we do not consider an individual fault, but the entire reservoir.
This relatively easy-to-use workflow can be implemented in any THM reservoir simulator. We use
this model to calculate the induced seismicity that is later used to calculate the seismic intensity at

a specific site. The mathematical formulation of the CFS model is described in Appendix A8 and
A9.

Here, we describe the governing equations of the THM model and the three modelling approaches
outlined above. Then we describe the model setup and show and discuss the results of these three
models for the base case Slochteren model.
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2. Slochteren base case model setup
2.1. Slip tendency analysis

The Slip Tendency Slochteren Base Case model setup is described in Appendix A6.
2.2. Rate and state friction

The Rate- and state friction Slochteren Base Case model is the same as the Slip Tendency model
except for the additional constitutive fault slip behavior described in Appendix A6
(supplementary material). The additional model parameters are summarized in Table 1. The
dynamic fault slip behavior requires a higher time step resolution. Therefore, a different time
stepping algorithm was used as compared to the ST model.

Table 1: Rate- and state friction parameters for the Slochteren Base Case model.

RSF a-value 0.005 (Hunfeld et al., 2017, 2020)
RSF b-value 0.0025 (Hunfeld et al., 2017, 2020)
RSF (a-b)-value 0.0025 (Hunfeld et al., 2017, 2020)
RSF critical slip distance dc le-5 mm (Hunfeld et al., 2017, 2020)

2.3. Coulomb failure stress

The Coulomb failure stress model is postprocessing the data of the Slip Tendency model. To
calculate the seismic response of the induced coulomb stress changes we use a Seismogenic Index
of -7 and a Gutenberg-Richter b-value of 1, both representative for the Slochteren formation.
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3. Slochteren base case model results
3.1. Primary model results

In all models the injection- and production induced pressure and temperature changes and the
resulting stress changes are simulated. Cold water injection leads to a temperature reduction and
pressure increase around the injection well. This results in contraction (effective stress reduction)
due to cooling and effective stress reduction by pore pressure increase. The pore pressure increase
occurs early on during operation of a geothermal doublet and a new equilibrium is reached after
less than 1 year, when no significant pressure changes occur anymore. The temperature plume
instead is growing over time around the injection well cooling a larger and larger reservoir volume.
In Figure 1, the initial and final (after 30 years of fluid circulation) temperature, pressure and stress
distribution in the Slochteren base case reservoir model is displayed. In the reservoir, the
temperature reduction by >50°C results in a reduction of the three effective principal stresses by
<10 MPa. This effect is more pronounced in the bottom layer, which is stiffer than the reservoir
layer. Pore pressure increase by <2 MPa results in an insignificant additional effective stress
reduction, which is most pronounced directly around the injection well.
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Figure 1: Temperature, pore-pressure and mechanical stresses across the injection well along x-
axis (a) and z-axis (b) after 30 year of cold-water injection (see Appendix 6 for details).

3.2. Slip tendency analysis

In the slip tendency analysis model, these stresses are mapped onto the fault plane to calculate the
effective normal and shear stresses and the resulting slip tendency. As shown in Figure 2 the
induced stress changes lead to a significant reduction in effective normal stress from a couple of
MPa to more than 15 MPa and a shear stress variation of <I MPa, both depending on the location
on the fault plane. In the Zechstein group, the resulting slip tendency is uncritical while the slip
tendency in the reservoir layer reaches values above the critical value of 0.6 and even higher values
are reached in the Limburg formation. This is primarily due to the different elastic properties of
KEM-15 A10 Comparison between slip tendency (ST), rate-and-state friction (RSF) and Coulomb GFZ ‘l'-llGRtl
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these three layers. Thus, the slip tendency model shows that the investigated fault becomes critical
after ~11.45 years of fluid circulation with a maximum critical fault area of 0.077 km? and a
maximum slip tendency on the fault in the reservoir of 0.85 after 30 years due to a maximum
pressure change of 0.7 MPa (minor effect) and a maximum temperature change of ~53.6°C (major
effect) after 30 years of cold-water injection (Table 2).
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Figure 2: Slip tendency, shear stress and normal stress at points A, B, and C for the ST model.

Table 2: Base case key results on fault surface within reservoir unit

Max ST on fault (in reservoir unit) 0.85
Max temperature change on fault (°C) 53.6
Max pressure change on fault (MPa) 0.7
Area of fault with ST > p (km?2) 0.077
Time until ST > p (Years) 11.45

3.3. Rate and state friction

In the rate- and state friction model the dynamic fault slip behavior is additionally considered. That
means that the slip velocity (Figure 3), friction coefficient (Figure 4), cumulative seismic moment
(Figure 5) and cumulative slip (Figure 5and Figure 6) can be evaluated. The RSF parameters

-l"uman
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determined by Hunfeld et al. (2017, 2020) for Slochteren faults mainly show velocity neutral to
velocity strengthening behavior. The resulting maximum slip velocities are thus extremely low and
indicate aseismic creep-like behavior. That means, while the slip tendency model may indicates
that the fault becomes critically stressed and may slip after ~13 years, this slip is likely to be
aseismic as a result of the RSF model. Velocity weakening RSF parameters may show a decisively
different behavior. If the cumulative seismic moment after 30 years shown in Figure 5 would be
released in a single seismic event, this event would have a moment magnitude of 3.6.

When directly comparing the slip tendency resulting from slip tendency model (Figure 2) with the
slip tendency calculated for the RSF fault (Figure 7) one can see that the relatively low slip
tendency at point A, the relatively high slip tendency at point C and the intermediate slip tendency
at point B is similar in both models. Also, the reduction in effective normal stress is similar. One
difference is the shear stress evolution resulting from the RSF formulation. The evolution of the
slip tendency and the effective normal stress is identical for both models. The shear stress at point
A is also the same in both models, as this point is a stable point on the fault in both models, as can
be seen from the slip tendency, which never reaches the critical value (0.6). However, at points B
and C of the RSF model, the shear stress starts to decrease around 13-15 years of operation when
slip starts, while in the ST model it continues to increase until the end of fluid circulation. The
reason for this is that the dynamic slip of the fault is not simulated in the ST model, only the
reactivation potential of the fault, which is why the model cannot provide information on the
evolution of the shear stress after the reactivation of the fault.
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Figure 3: Maximum slip velocity on the fault in the base case Slochtern model during 30 years of
fluid circulation.
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Figure 4: Maximum friction coefficient on the fault in the base case Slochteren model during 30
vears of fluid circulation.
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Figure 5: Cumulative seismic moment and average cumulative slip resulting from the RSF base
case Slochteren model during 30 years of fluid circulation using the area of the fault where the
slip tendency is above the friction coefficient of 0.6. Slip starts after 10 years. If the cumulative
seismic moment would be released in a single event, this would equal to a Mw 3.6 event.
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Figure 6: Maximum cumulative slip resulting from the RSF base case Slochteren model during 30
vears of fluid circulation. Slip starts after 10 years and increases after ~14 years when the part of
the fault intersecting the bottom layer experiences higher temperature changes and resulting
thermal stresses.
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Figure 7: Slip tendency, shear stress and normal stress at points A, B, and C for the RSF model.
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3.4. Coulomb failure stress

In the Coulomb failure stress model we calculate the seismic response of the entire reservoir (not
only the specific fault) due to induced stress changes resulting from temperature and pressure
changes. The Seismogenic Index of -7 for this study indicates a relatively low natural seismic
hazard. The induced Coulomb stress changes indicate that after 30 years of fluid circulation there
is a 10% chance that a Mw 1.1 event would be induced and there is a 90% chance that a Mw -0.2
event would be induced (Figure 8). Only the CFS results are later used for seismic intensity
calculations. An example output of a CFS model, which is used as input for the seismic intensity

calculation is shown in Figure 9.
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Figure 8: Gutenberg-Richter plot (left) and probability density function (right) resulting from the
Slochteren Base case CF'S model with a Seismogenic Index of -7 for different points in time during

continuous fluid circulation.
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Mw logGR Year 1 GR Year 1 PDF Year 1 logGR Year 2 GR Year 2 PDF Year 2 logGR_Year 3 GR Year 3 PDF Year 3 logGR Year 4 GR Year 4 PDF Year 4
-4 2353328484 225.5944881 1 2.736311897 544.8938389 2.963718313 519.8527541 3.118784384 1314.572018

-3.9  2.253328484 179.1560715 1 2.636311897 432.8245612 2.863718313 730.6650143 3.018784384  1044.20167

-3.8  2.153328484 142.3404991 1 2.536311897 343.8047696 2.763718313  580.387851 2.918784384 829.4388696

-3.7 2.053328484 113.0650774 1 2.436311897 273.0938357 2.663718313 461.0184572 2.818784384 658.8467131

-3.6 1.953328484 B89.81078334 1 2.336311897 216.9261445 2.563718313 366.1999772 2.718784384 523.3405466

-3.5  1.853328484 71.33524099 1 2.236311897 172.3105614 2.463718313  290.8829815 2.618784384 415.7041725

-3.4  1.753328484 56.66677336 1 2.136311897 136.8711441 2.363718313  231.0565652 2.518784384 330.2055615

-3.3 1.653328484 45.01201805 1 2.036311897 108.7206142 2.263718313 183.5347536 2.418784384 262.2916008

-3.2  1.553328484 35.75431684 1 1.936311897 86.35985359 2.163718313 145.7868368 2.318784384 208.3456242

-3.1  1.453328484 28.40066338 1 1.836311897 68.59807005 2.063718313 115.8026007 2.218784384 165.4948119

-3 1.353328484 2255944881 1 1.736311897 54.48938389 1.963718313 51.98527541 2.118784384 131.4572018

-2.9  1.253328484 1791560715 0.999999983 1.636311897 43.28245612 1.863718313 73.06650143 2.018784384  104.420167

-2.8  1.153328484 14.23404991 0.999999342 1536311897 34.38047696 1.763718313  58.0387851 1.918784384 82.94388696

-2.7  1.053328484 11.30650774 0.999987707 1.436311897 27.30938357 1.663718313 46.10184572 1.818784384 65.88467131

-2.6 0.953328484 8.981078334 0.999874233 1.336311897 21.69261445 1.563718313 36.61999772 1.718784384 52.33405466

-2.5  0.853328484 7.133524099 0.999202417 1.236311897 17.23105614 0.999999967 1.463718313 29.08829815 1.618784384 41.57041725

-2.4  0.753328484 5.666677336 0.99654066 1.136311897 13.68711441 0.999998863 1.363718313 23.10565652 1 1518784384 33.02055615

-2.3  0.653328484 4.501201805 0.988904346 1.036311897 10.87206142 0.999981019 1.263718313 18.35347536 0.999999989 1.418784384 26.22916008

-2.2  0.553328484 3.575431684 0.971996665 0.936311897 8.635985359 0.999822402 1.163718313 14.57868368 0.999999534 1.318784384 20.83456242 0.999999999

-2.1 0.453328484 2.840066338 0.94157821 0.836311897 6.859807005 0.998950884 1.063718313 11.58026007 0.999990651 1.218784384 16.54948119 0.999999935
-2 0.353328484 2.255944881 0.895225502 (0.736311897 5.448938389 0.995699132 0.963718313 9.198527541 0.999898812 1.118784384 13.14572018 0.999998046

-1.9  0.253328484 1791960715 0.833366871 0.636311897 4.328245612 0.986809331 0.863718313 7.306650143 0.999328939 1.018784384 10.4420167 0.99997082

-1.8  0.153328484 1.423404991 0.759107618 0.536311897 3.438047696 0.967872654 0.763718313 5.80387851 0.996984165 0.918784384 8.294388696 0.999750085

-1.7 0.053328484 1130650774 0.677176897 0.436311897 2.730938357 0.934841881 0.663718313 4.610184572 0.990050018 0.818784384 6.588467131 0.998623852

-1.6 -0.046671516 0.898107833 0.592660314 0.336311897 2.169261445 0.885738025 0.563718313 3.661999772 0.974318895 0.718784384 5.233405466 0.994664675

-1.5 -0.146671516 0.71339241 0.510020835 0.236311897 1.723105614  0.8214891 0.463718313 2.908829815 0.945460486 0.618784384 4.157041725 0.984346202

-1.4 -0.246671516 0.566667734 0.432586937 0.136311897 1.368711441 0.745565397 0.363718313 2.310565652 0.90079488 0.518784384 3.302055615 0.963192572

-1.3 -0.346671516 0.450120181 0.362448474 0.036311897 1.087206142 0.662842852 0.263718313 1.835347536 0.84044196 0.418784384 2.622916008 0.927409122

-1.2 -0.446671516 0.357543168 0.300607493 -0.063688103 0.863598536 0.578357945 0.163718313 1.457868368 0.767268155 0.318784384 2.083456242 0.875500832

-1.1 -0.546671516 0.284006634 0.247238349 -0.163688103 0.685980701 0.49540389 0.063718313 1.158026007 0.685894388 0.218784384 1.654948119 0.80889803
-1 -0.646671516 0.225594488 0.201958349 -0.263688103 0.544893839 0.420096657 -0.036281687 0.919852754 0.601422274 0.118784384 1.314572018 0.73141075

-0.9 -0.746671516 0.179196071 0.164058021 -0.363688103 0.432824561 0.351325716 -0.136281687 0.730665014 0.51841138 0.018784384 1.04420167 0.648027303

-0.8 -0.846671516 0.142340499 0.132674118 -0.463688103 0.34380477 0.2950932654 -0.236281687 0.580387851 0.440318748 -0.081215616 0.82943887 0.563705965

-0.7 -0.946671516 0.113065077 0.106907462 -0.563688103 0.273093836 0.238978627 -0.336281687 0.461018457 0.369358963 -0.181215616 0.658846713 0.482552244

-0.6 -1.046671516 0.089810783 0.085895867 -0.663688103 0.216926144 0.19501058 -0.436281687 0.366199977 0.30663587 -0.281215616 0.523340547 0.407462162

-0.5 -1.146671516 0.071339241 0.068854044 -0.763688103 0.172310561 0.158282272 -0.536281687 0.290882981 0.252396844 -0.381215616 0.415704173 0.340124549

-0.4 -1.246671516 0.056666773 0.055091114 -0.863688103 0.136871144 0.127917408 -0.636281687 0.231056565 0.206305431 -0.481215616 0.330205562 0.281224034

-0.3 -1.346671516 0.045012018 0.044014007 -0.963688103 0.108720614 0.103019014 -0.736281687 0.183534754 0.167677051 -0.581215616 0.262291601 0.230713334

-0.2 -1.446671516 0.035754317 0.035122682 -1.063688103 0.086359854 0.082735509 -0.836281687 0.145786837 0.135658071 -0.681215616 0.208345624 0.188073633

-0.1 -1.546671516 0.028400663 0.028001156 -1.163688103 0.06859307 0.066298113 -0.936281687 0.115802601 0.10934898 -0.781215616 0.165494812 0.15252574
0 -L.646671516 0.022559449 0.022306887 -1.263688103 0.054489384 0.053031438 -1.036281687 0.091985275 0.08788142 -0.881215616 0.131457202 0.123183199
0.1 -1.746671516 0.017919607 0.017760006 -1.363688103 0.043282456 0.04235914 -1.136281687 0.073066501 0.070460988 -0.981215616 0.104420167 0.099153288
0.2 -1.846671516 0.01423405 0.014133225 -1.463688103 0.034380477 0.033796184 -1.236281687 0.058038785 0.056386651 -1.081215616 0.082943887 0.079597208
0.3 -1.946671516 0.011306508 0.011242829 -1.563688103 0.027309384 0.026939854 -1.336281687 0.046101846  0.0450553 -1.181215616 0.065884671 0.063761167
0.4 -2.046671516 0.008981078 0.008940869 -1.663688103 0.021692614 0.021459022 -1.436281687 0.036619998 0.035957596 -1.281215616 0.052334055 0.050988208
0.5 -2.146671516 0.007133924 0.007108538 -1.763688103 0.017231056 0.017083451 -1.536281687 0.029088298 0.028669306 -1.381215616 0.041570417 0.040718217
0.6 -2.246671516 0.005666677 0.005650652 -1.863688103 0.013687114 0.013593872 -1.636281687 0.023105657 0.022840765 -1.481215616 0.033020556 0.032481329
0.7 -2.346671516 0.004501202 0.004491087 -1.963688103 0.010872061 0.010813174 -1.736281687 0.018353475 0.018186076 -1.581215616 0.02622916 0.025888164
0.8 -2.446671516 0.003575432 0.003565047 -2.063688103 0.008635985 0.008598302 -1.836281687 0.014578684 0.014472929 -1.681215616 0.020834562 0.020615022
0.9 -2.546671516 0.002840066 0.002836037 -2.163688103 0.006859807 0.006836332 -1.936281687 0.01158026 0.011513467 -1.781215616 0.016549481 0.016413291
1 -2.646671516 0.002255945 0.002253402 -2.263688103 0.005448938 0.00543412 -2.036281687 0.009198528 0.009156351 -1.881215616 0.01314572 0.013059693
1.1 -2.746671516 0.001791961 0.001790356 -2.363688103 0.004328246 0.004318892 -2.136281687 0.00730665 0.007280021 -1.981215616 0.010442017 0.010387688
1.2 -2.846671516 0.001423405 0.001422392 -2.463688103 0.003438048 0.003432144 -2.236281687 0.005803879 0.005787069 -2.081215616 0.008294389 0.008260085
1.3 -2.946671516 0.001130651 0.001130012 -2.563688103 0.002730538 0.002727213 -2.336281687 0.004610185 0.004599574 -2.181215616 0.006588467 0.006566811
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Figure 9: Example output of the CF'S Slochteren base case model that is used as input for later
seismic intensity calculation.
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4. Discussion of modelling results

As a result of the relatively high stiffness of 15 GPa (Slochteren formation) to 40 GPa (Limburg
formation), the relatively high temperature changes of >50°C and the relatively high bulk thermal
expansion coefficient of 3e-5 1/°C, modelled thermal stresses (tensile) reach values between ~10
MPa in the Slochteren formation and ~30 MPa in the Limburg formation while pore pressure
changes remain below 2 MPa everywhere in the model. The resulting effective stress changes are
thus primarily a result of temperature changes. Pressure equilibrates early during the lifetime of a
geothermal doublet and the cold-water plume continues to grow until cold water injection is
stopped.

The slip tendency model indicates that the induced stress changes lead to fault slip after 11.45
years of injection.

The rate-and state friction model highlights that the induced slip of the fault may likely be aseismic,
depending on the friction parameters of the fault.

The Coulomb failure stress model considers no specific fault, but a statistical distribution of
unknown faults. The Coulomb failure stress model indicates a relatively high induced seismic
hazard resulting from these stress changes. It also shows that the seismic hazard increases slowly
with time due to the slow progression of the thermal front. Therefore, monitoring induced
seismicity during the lifetime (decades) of a conventional geothermal project seems imperative. If
induced seismic events are recorded and the magnitude of these events is slowly increasing with
time one may try to extrapolate this behavior based on a calibrated model. When critical situations
are identified a stop of injection would stop the extension of the thermal front, which would reduce
the seismic hazard according to the numerical models presented here.
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