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Change in rock and fault stress state, pore fluid pressure rise favors failure

Poro-mechanical and thermo-mechanical effects, stress transfer, geochemical reactions and 
re-orientation of stress tensor also affect (modify Mohr circle diagram)

How is seismicity induced?

Vilarrasa et al. (2019)

t = C – μ(s n – pf )
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dCO2 (room conditions) ~ 1.8 kg/m3

dH2O (room conditions) ~ 997.77 kg/m3

Seismicity induced by CO2 injection

Might CO2 injection cause less seismicity?

Overpressure stays constant or lowers 
after initial injection (dissolution into 
brine, reservoir brine migration to 
fractures)

Vilarrasa et al. (2019)
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HAZARDS
Leakage into caprock
Triggering perceptible/larger earthquakes, specially outside 
the study area

Why do we care?

BENEFITS
Permeability enhancement: if confined to reservoir
Seismicity provides useful information
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Mitigation of induced seismicity

1. Assess the potential for induced seismicity
Site characterization, 3D fault model, regional and/or local stress field

2. Seismicity monitoring: 
Pre- (baseline), co- and post-injection

3. Well control: 
hydromechanical characterization test and installation of pressure control valve

4. TRAFFIC LIGHT SYSTEM: 
set a maximum magnitude allowed (based on risk assessment, population and 
infrastructures that could be affected)
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Mitigation of induced seismicity

1. Assess the potential for induced seismicity
Site characterization, 3D fault model, regional and/or local stress field and 
seismicity modelling
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Alcalde et al. (2014) 

Seismic'studies'conducted'in'Hontomin'



Mitigation of induced seismicity

2. Seismicity monitoring: Pre- (baseline), co- and post-injection
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Vertical array of geophones covering the 
caprock-reservoir interface was planned!

HO08 station: SARA SS-45 sensor and 
SARA SL-06 digitizers



Mitigation of induced seismicity

2. Seismicity monitoring: co-injection
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Incomplete active network 

Local magnitude (ML) range= -1 to 0.4

average location accuracy = 0.9km (X,Y) 
and 1.13km (Z) 



Mitigation of induced seismicity

3. Well control: 
hydromechanical characterization test 
and installation of pressure control 
system
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4. Traffic Light System (TLS or ATLS): 
• Real-time status
• Risk state levels: magnitude threshold
• ATLS: updated seismicity and 

geomechanical predictions

Acceptable seismicity
Continue operations as planned

Vilarrasa et al. (2019)

Concerning seismicity
Modify operations

Unacceptable seismicity
Stop operations



• A surface network is capable of monitoring micro-seismicity
Resolution depends on network coverage

• Limitations for only-surface arrays: magnitude, surface noise and 
location accuracy

• Key steps:
• Characterize baseline seismicity pre-injection
• Fault network modelling and seismicity modelling pre-injection 
• Network performance monitoring: best scenario we had ~70% of stations 

active > reduced detection and location capability!!
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Lessons learnt from Hontomín CCS



Constraints provided by seismicity
1. Spatial and temporal distribution of micro-earthquakes

Real data on pressure front migration!
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Ágústsdóttir et al. (2016) Ross et al. (2020) 

Bárðarbunga-Holuhraun dike 
intrusion

Migration rate > fault hydraulic diffusivity > fault permeability!

El Hariri et al. (2010) 
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Normal fault dip and friction
Along a normal fault, the hangingwall moves downward (falls) at the coseismic stage. As a consequence, 
gravity contributes to the generation of the motion, thus, for a constant falling volume, the larger the 
vertical movement, the larger will be the gravitational energy released. Following the Mohr-Coulomb 
criteria, a normal fault ideally nucleates at about 60° 2. However, normal faults develop at variable angles 
as a function of the static friction μ  (Fig.  3). The higher the friction of rocks, the steeper is the fault; 
vice versa, the lower the friction, the shallower the fault dip. With a constant extension, the shallower 
the dip, the lower is the vertical component of the fault slip, as predicted by finite elements models (see 
below). Therefore low-angle normal faults deliver lower energy than steeper normal faults (Fig. 3). This 
inference is consistent with the small number and the low magnitude of earthquakes nucleated along 
low-angle normal faults33–35,23. Low-angle normal faults (LANF) may creep in case of low friction fault 
rocks36. A decrease in friction (e.g., moving from granites to evaporites) induces a decrease of the ver-
tical component of displacement and a lowering of the gravitational potential energy. Normal friction 
(µ =  0.6–0.8) rocks (e.g., platform carbonates) need higher energy to break and slip than low friction 
(µ =  0.2) rocks (e.g., shales, evaporites). Since low friction rocks may easily slip with lower energy37,38, in 
active tectonic settings they tend to be associated with higher strain rates (Fig. 4). Therefore, in the brittle 
domain, normal faults cross-cutting low friction rocks creep faster than normal faults in high friction 
rocks, which may be activated only with higher amount of stored energy, thus providing larger magni-
tude earthquakes (Fig. 4). The volume variation in friction may therefore determine strain rate gradients 
and stress accumulation, both vertically and laterally. However, the variability of strain rate in active 
tectonic zones may be related either to the relaxation after past earthquakes39–42, or to lateral variation of 
the average friction of a given crustal volume. Moving along both strike and dip of the Apennines belt, 
variations in velocities and consequently in strain rate are observed41. These may be related to rock fric-
tion gradients generated by the alternation of abundant low-friction shaly or evaporitic layers, enhancing 
creep, and of high-friction carbonatic rocks. Aseismic creep is frequent along active faults43 and may be 
related to low friction lithologies in the upper brittle crust. This may the case also for stretching along 
passive continental margins44 where listric normal faults detach into salt or shales, dissipating part of 
the gravitational energy during creep (e.g., Fig.  3). The selection of normal fault-related earthquakes 
from the European–Mediterranean Regional Centroid Moment Tensor (RCMT) catalogue (http://www.
bo.ingv.it/RCMT/45) shows that the magnitude increases with the fault dip (Fig. 5). Moreover, according 

Figure 2. Relationship between normal fault length, brittle-ductile transition (BDT) depth, and 
maximum involved hangingwall volume. Three cases of 45° dipping normal faults, with BDT and 
hypocentre depths at 7, 14 and 21 km, with 0.5, 1.5 and 3 m of coseismic slip respectively, with a vertical 
component of 0.35, 1.06, and 2.12 m. The volume is computed assuming that the length (L) of the activated 
fault along strike is three times the hypocentre depth (z). The inferred conjugate boundary of the normal 
fault limiting the volume is about 60° and represents the inferred dilated wedge during the interseismic 
period. Doubling the depth of the hypocentre, the volume increases 8 times. Triplicating the depth the 
volume increases 26 times. The maximum potential energy in joule of the three suspended volumes above 
a normal fault increases of about one order of magnitude for each deepening of the BDT. Normal fault 
earthquakes are predicted to reach maximum magnitude when hypocentres are located close to the BDT 
(being the BDT deeper where the surface heat flow is lower) and rupture propagates up to the surface. 
Therefore, the deeper the BDT, the larger the volume and the higher the earthquake magnitude. Me, 
is the potential magnitude gravitational energy computed for the green volume; Mw, is the magnitude 
momentum, i.e., the seismic energy released during the real quake as instrumentally measured, being about 
1.5 − 1.7 lower. Therefore, in terms of energy ratios, only about 1% of the potential gravitational energy is 
transformed into seismic energy.

Constraints provided by seismicity
2. Fault geometry from nodal planes 

Improve fault model
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3. Magnitude > rupture extension > 
InSAR (compare displacement)

Delouis and 
Legrand (1999) 

Brian D. Beadle

Champenois et al. (2017) 

Doglioni et al. (2015)



Constraints provided by seismicity
4. Local stress field: principal stress axes orientation and magnitude relation

- WEBINAR 3

Estimate moment tensors

Invert for principal stress axes 

Check for stress field rotations 
induced by injection tests

Regional
SHmax

Local
SHmaxs1 s3



Constraints provided by seismicity
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Generalized GEERTSMA solution - Park et al. (2021)

Pressure front migration, updated fault network model, rupture extension and 
local stress field

Predictive geomechanical and surface deformation models



• Cheap

• Easy management

• On-going and fast software 

advances

• Provides constraints on reservoir, 

caprock and CO2 behaviour
Leakage, pressure front migration, local 
reservoir stress fields etc

• Results depend on seismicity 
generation

No or little seismicity = limited results

• Provides very localized data
Limited for overall picture

• Depends on network characteristics 

and size
The larger the network the better, more 
data
the better is distribution, the better data 
quality will be

PROS and CONS of seismicity 
monitoring in onshore CCS

- WEBINAR 3



• Seismicity monitoring is usually mandatory, and cheap. Take 
advantage and analyze data further to calibrate models and 
strengthen deformation characterization!

• The more resources and time invested, the more information obtained

• It is an exciting time for seismicity. Seismicity analysis is advancing 
quickly: keep an eye! new outputs to be obtained and cheaper tools 
(acquisition, processing and analysis) will be available
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Take-home messages


