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1.

Short description of activities and final results

1.1 COSEISMIC NETWORK (WP1 – Part1)
From Nov. 2018 to August 2021 we operated 23 seismic stations (10 STS2 120s, 8 Lennartz 5s, 5
Guralp6D 30s) in the Hengill area (Figure 1, orange triangles). These stations complemented 10
permanent seismic stations (Lennartz 1s) from ON Power, and 8 stations of the regional network of the
Icelandic Meteorological Office (7 Lennartz 5s, 1 Lennartz 1 s) (Figure 1, blue triangles). The network
operated with real-time data transmission at 200 Hz and recorded about 6000 earthquakes with M>0.5
per year (Grigoli et al. 2022).

Figure 1: Seismic network across the Hengill geothermal field. Permanent (blue triangles) and
temporary COSEISMIQ stations (orange triangles) are shown. From December 2018 to January 2021,
about 15’640 earthquakes were reported by ISOR, grouping into several clusters. The clusters H1 to
H4 are directly related with production or injection operations, while no such operations coincide with
the clusters C1 to C3. The thin gray lines in the SW-NE direction represent fissures. The red events are
used for the travel-time tomography. Lower Left: Location of the Hengill volcanic complex (red
rectangle) at the triple junction of the Western Volcanic Zone (WVZ), the South Icelandic Seismic Zone
(SISZ), and the Reykjanes Peninsula Oblique Rift (RR). Upper Left: Zoom into RR giving an overview
of the seismic network.
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Figure 2: Data completeness during the installation period of the seismic network.
Within the 2C network, each station installation consisted of 2 solar panels and a wind turbine for power
generation (Figure 2). The wind turbine was installed around 50 meters away from the sensor in order
to avoid contaminating the seismic recordings with high-frequency noise. Data transmission was
performed using WIFI or 4G network. The variable topographic gradient made the set-up of signal
enhancing antennas often necessary. The seismic sensors are buried at least 50 cm into the ground to
reduce the noise using vaults with a concrete socket and a thick layer of insulation material (Figure 3c).
There were several challenges related to the harsh weather conditions in Hengill that caused data gaps
in particular during the winter months (Grigoli et al. 2022). Despite this, we achieved ~90% data
retrieval during the period of the study (Figure 2). The repeated changes between freezing and thawing
led to several vaults being filled at least partially, sometimes completely, with water. The definite cause
of how the water got into the vaults is not obvious, but one possibility is that it entered through the cable
connector on the barrels. Sealing the connector with sealant provided a temporary solution, but it tended
to break loose from the barrel wall. The amount of sealant then made it extremely difficult to get the
cables out so this solution is not recommended. Lightning decimated the number of functional Taurus
digitizers. Another challenge was the strong winds that regularly caused fuse blows at the wind
generators. This problem was improved by removing every second blade. Additional lessons learned
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were that an effort should be made to arrange maintenance trips in the month of June, a drain system
should be installed in the barrel, and carefully choose sites for installations.

Figure 3: Impressions of the field installations for the COSEISMIQ stations. a) Mast with wind turbine
and solar panels for power generation to enable real-time data transmission. b) Vault with seismic
sensor at about 50m distance from the mast. c) Concrete socket within vault.

1.2 Advanced methods for microseismicity characterization and imaging
Real-time microseismic monitoring (WP2)
Rapid microseismic source-parameter estimation using supervised deep learning
Extraction of geothermal energy can lead to the generation of microseismic (small earthquake) events.
Classifying these events in terms of their location and (often) their Moment Tensors, MT, (size and slip)
is important for operational decision making. For these classifications to be effective ideally, they
should be undertaken in quasi-real-time. Despite advances in seismological techniques, automatic
source characterization for microseismic earthquakes remains difficult since current inversion and
modeling of high-frequency signals are complex and time consuming. This mitigates against complete
real-time classification, especially if the seismicity rates are high with, for example, many 10s of events
per minute, as can be the case in geothermal fields. In this COSEISMIQ work we design and implement
a Deep Learning scheme to address this problem, demonstrating how it can circumvent the difficulty in
achieving quasi-real-time information. Specifically, we turn the data inversion problem into an image
recognition task and use deep Convolutional Neural Networks (ConvNets) to determine microseismic
source parameters (location, magnitude and Moment Tensor components) with speed-up factors in the
10s to 100s of thousands, over conventional inversion approaches. For each seismic event the scheme
returns results, without human intervention, in a fraction of a second. The advantage of such a scheme
in a production setting is that it would allow operators to ‘keep up with’ the analysis of rapid streams
of incoming seismicity, and hence it aids operational decision making in real time.
A key element of the approach that we have developed is that the ConvNet is trained on synthetic data
based on numerical forward modeling of synthetic seismicity. A key innovation is the way in which we
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add noise to these data, honoring field noise as seen on field seismic stations, from the area of interest.
An added bonus of this approach is that the ConvNet scheme can be fully available in advance of any
geothermal operations, even in geographical locations with low seismicity rates, making it highly suited
to future geothermal production activities. The results of this study are published as Nooshiri et al.
(2021).
In this work, we design a multi-branch, multi-target regression ConvNet to estimate the source
parameters of micro-seismic earthquakes recorded by a seismic network (Fig. 4). The idea of designing
a multi-branch neural network (NN) is to combine time-domain waveforms with other input data types
and perform joint inversion of waveform attributes to improve the stability of solutions. As input data,
we use time domain waveforms and kurtosis-based characteristic functions to train the NN.

Figure. 4: Schematic diagram of the
overall work-flow, showing the NN inputs,
feature extraction, feature fusion and the
outputs. The NN is designed as a multibranch model that carries out parallel
ConvNets.

As mentioned earlier, our approach builds a training data set by calculating synthetic seismograms from
a population of randomly generated micro-seismic sources. In our approach, the seismic sources are
uniformly distributed in the space of all moment tensors and located in a particular monitoring volume
which must be determined in advance. As a monitoring volume, we choose a rectangular region in the
Hengill geothermal area in south-west Iceland, that is the demonstration site in the project COSEISMIQ
(Fig. 5). We then calculate a set of three-component seismograms for every source recorded at a dense
seismic network deployed in the Hengill geothermal area consisting of combined permanent stations of
Reykjavík Energy, that are operated by the Iceland GeoSurvey, and temporary sensors installed within
the framework of the COSEISMIQ project. To provide a more realistic training set, we develop a workflow to incorporate realistic noise within the synthetic seismic data. We apply a statistical modeling
method to obtain a more accurate characterization of real seismic noise and use field noise recorded on
the COSEISMIQ seismic network in the Hengill area to condition that statistical model.

Figure 5: Map view of the station configuration
used and the source region defined (shaded
rectangle area) in the Hengill geothermal area,
southwest Iceland.

Once the synthetic dataset is built, we use 80% of the data to train the NN. When the NN is trained, we
evaluate its predictive performance on the remaining 20%, which is used as a hold-out test set. Fig. 6
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shows the distributions of differences between ground-truth and NN-predicted source parameters for
the events in the synthetic test set. It can be seen that there is no systematic trend in predicted
localisations as indicated by the high degree of symmetry of the distributions. Moreover, from the
histogram of distances between true and predicted moment-tensors shown in Fig. 6(d), we find that 95%
of the distances are below 0.1, denoting a high degree of similarity between predicted and true momenttensors in both source type and orientation. Visual comparison of resulting source mechanisms
corresponding to a random batch of outputs is shown in Fig. 7. Corresponding focal-mechanism plots
match almost perfectly well, indicating that the NN is able to satisfactory invert for seismic moment
tensor.

Figure 6: (a)-(c) Differences between groundtruth and NN-predicted locations for 5000 events
in the test set in easting, northing, and vertical
directions, respectively. (d) Distances between
ground-truth and NN-predicted moment tensors
for 5000 test events.

Figure 7: Focal-mechanism plots for 10 randomly chosen seismic events in the hold-out test set: (top
panel) ground-truth (GT) mechanisms for the micro-seismic events generated using forward modeling,
and (bottom panel) mechanisms for the same events predicted by the NN.
We also invert waveform data from micro-seismic events in the Hengill geothermal area that occurred
inside our monitoring volume. ‘Manual’ moment-tensor solutions are already available for these events
and have been obtained by using two different inversion tools; Grond (Heimann et al. 2018) and
FociMT/HybridMT (Kwiatek et al. 2016). The comparison shows that the NN results are a very good
match to the manual inversion solutions (Fig. 8). The solutions predicted by the NN show very similar
patterns in both source type and orientation to the manual inversion solutions. Overall, the performances
of the NN are very consistent with standard techniques, but with the big advantage of providing rapid
solutions. For example, the solutions from Grond inversion tool were obtained in tens of minutes per
event, while our trained NN is able to produce similar results within a fraction of a second. Moreover,
the time required to obtain manual solutions is an estimate only after having tuned the input parameters
and found the best settings, whereas when applying the NN setting adjustments and manual preprocessing are not required and the solutions are obtained automatically. These features offer the
potential for automatic and rapid real-time information on micro-seismic sources in a deep geothermal
context, which renders the system suitable for seismic monitoring applications.
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Figure 8: Focal mechanism comparisons
between NN predictions and manually
inverted solutions obtained by using (two
top panels) Grond and (two bottom
panels) FociMT/HybridMT inversion
tools.

Building and testing a manual Moment Tensor database for COSEISMIQ
In another element of the work we used seismicity data from the field COSEISMIQ database from the
Hengill geothermal area, Iceland. We produce a dataset that can be both used by the wider COSEISMIQ
team for other purposes, and for ground truthing the NN approach to MT inversion, as outlined above.
For this purpose, we chose to use the FociMT/HybridMT inversion algorithm (Kwiatek et al., 2016) as
it is a well-tested MT inversion method that is specifically tuned for local microseismicity such as the
one recorded at COSEISMIQ.
We initially selected a small subset of 67 events of magnitude >=0.8 from the SED earthquake catalog
for the COSEISMIQ experiment that are both in the center of the deployment and defined as high quality
picks. We find that in the Hengill area, where strong noise affects the seismograms, the design of the
filter has important effects on the displacement waveform needed for picking and inversion: causal
filters struggle to clean the strong low-frequency noise, and acausal filters cause artifacts that can bias
the first P-wave arrivals. We find that a very sharp, high-order, causal filter is required to clean the data.
After fine-tuning the event preprocessing on the event subset, we select a larger database of 197 events
from the SED catalog across the whole study area, including several seismicity clusters at the edge of
the deployment. We pick and invert these events first with FociMT, then cluster them based on their
location using K-means clustering, and finally re-inverted the clusters using HybridMT. The results
from the single-event inversion show good correlation between neighboring earthquakes, suggesting a
reliable inversion. The clustered inversion changes some MT solutions significantly, greatly reducing
the intra-cluster MT variance for most clusters and showing separate clusters forming more distinct
trends on the source type plot. Interestingly, three event clusters show increased variance after the
HybridMT inversion, indicating substantially different source mechanisms within a small area.
Figure 9: Effects of changes of filter band
and picked stations on the manual inversion
of synthetic data. Reference focal
mechanism is plotted on top. Left panel
shows picks and results for waveforms
filtered 2-8 Hz, right panel 1-30 Hz. In both
panels the top focal mechanism is inverted
using only the black waveforms and the
bottom one the results when adding the
records from an additional station
(ON.HUMLI). The picked area beneath the
first P arrival is shown in red.

The project has received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 731117.
9

Figure 10: Results of the inversion of 197 real events. Left panels show the results using FociMT,
right panels the results using HybridMT. For each set of solutions, we plot geographic locations, the
MT difference from the cluster average and the source type (Hudson) plots. All MTs are coloured by
the cluster ID based on their location using K-means clustering.
Microseismic monitoring in the Hengil area
Microseismic monitoring operations within the COSEISMIQ project are based on the use of two
mirrored SeisComP servers operating both at ETH and ISOR. Each SeisComP module has been
optimally tuned to maximize the performance of the automatic routine processing. In a subsequent step,
a catalog of absolute location is used to generate a double difference catalog using a new SeisComp
module, rtDD. While the tuning operations were performed in off-line mode, our SeisComp system
operated in real-time during the entire duration of the project. Some additional and more sophisticated
analyses were still performed in off-line mode.
An important issue we encountered when processing the seismic data from the Hengill area is related
to the strong ambient noise contamination of the broadband waveforms that affects local magnitude
computation. This makes magnitude estimation challenging and without addressing this issue, for
events below Ml ~1.0 the energy content of the noise is generally larger than that from the events. In
order to reduce the impact of the strong microseismic noise, we used a 4th order Butterworth filter in
the range of 2-50 Hz. The importance of this filtering process is illustrated in Figure 11.

Figure 11: Richter local magnitude (ML) distribution in the ISOR (a) and SED HQ (b) catalog. The
ISOR catalog shows a bias of ML for events <1.0 introduced by the strong microseisms that can be
mitigated with an additional high-frequency pass filter (b (from Obermann et al. 2022).
The microseismic monitoring operations performed during the COSEISMIQ project led to the
production of 4 seismic catalogs suitable for different scopes and publicly accessible at:
http://coseismiq.ethz.ch:8080/fdsnws/event/1/
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The catalogs contain seismic events within the following geographical region: 63.9° ≤ Latitude (North)
≤ 64.2° and -21.7° ≤ Longitude (East) ≤ -20.9° and are quality sorted (see Grigoli et al 2021, for details)
in the following way:
-

Low Quality (LQ) catalog (about 12000 events), contains events with at least 10 phase picks.
This catalog is characterized by lower detection threshold but larger location uncertainties for
smaller events. This catalog is suitable for earthquake statistics (e.g. seismicity rate or b value
analysis)

-

Medium quality (MQ) catalog (about 9900 events). This catalog is a subset of the LQ catalog
characterized by a quality score >-5.

-

High quality (HQ) catalog (about 8800 events). This catalog contains only events with a quality
score >-1. This catalog is suitable to identify the main tectonic structures and can be used as a
starting point for more detailed seismological analysis.

Figure 12 shows the locations of seismic events related to each different catalog.

Figure 12. Seismicity location for the low (left panel), medium (central panel) and high (right panel)
quality catalogs. Event score associated with each event is color coded, in gray events with an event
score S 5, in light blue the events with events score 5 < S < 1, and in dark blue the events with events
score S 1. Location of seismic stations in yellow (from Grigoli et al. 2022).
Finally, we released an additional catalog (DDHQ) containing the same events of HQ catalog but with
a refined location obtained using the Seiscomp Double Differences module (scrtdd) (Fig 13).
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Figure 13. Comparison of locations from the absolute (high quality) and double difference catalogs.
The location of the seismic stations is indicated by yellow triangles.

Imaging with local earthquakes
We make use of the earthquake catalogs to image the shallow crustal structure and analyze the local
seismicity. With a subset of 6300 high-quality manually picked P- and S-phases, we compute a
minimum 1-D model for the Hengill region. Our results suggest that for the Hengill geothermal field
the most consistent and accurate hypocenter locations are derived from a joint inversion of P and S
arrival times. We use this minimum 1-D model in combination with detection and location algorithms
to produce a fully automated high-quality earthquake catalog of the entire period of the experiment. As
magnitude estimations for events with ML<1.0 are biased by the strong microseisms, we implement an
additional butter-worth filtering procedure to present a seismic catalog with consistent micro-seismic
magnitude estimations (Figure 13).
The seismicity occurs at depths of 2 km in the central part of the geothermal field and is concentrated
at depths greater than 4 km in the southern and the northern Nesjavellir region. These differences in
focal depths are likely indicators of lateral changes in the brittle-ductile boundary.
Three-dimensional crustal imaging of VP, VS, VP/VS shows below average VP/VS ratios together with
positive VP and VS anomalies beneath the central volcanoes in the first 2 km, which are interpreted as
solidified magmatic intrusions (Figure 14). At greater depth, we observe an elongated high-velocity
anomaly trending NE-SW that we interpret as a single intrusive body, crossing the rifting zone between
Mt. Hengill and Grensdalur. A spatial analysis of b-values shows slightly increased values in areas with
numerous injection wells and slightly decreased values in production areas.
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Figure 14: Horizontal cross sections of the Vp, Vs and Vp/Vs velocity models around 0, 2 and 4 km
depth presented as relative change (in %) with respect to the reference 1-D model. The reference
velocity of each layer is shown on the upper right-hand side of each figure. The black lines delineate
the well to fairly-well resolved regions (RDE>0.07) from poorly or non-resolved parts. Dashed lines
outline the central volcanoes: Hengill, Hrómundartindur and Grensdalur. Crosses and circles
correspond to station-delay times of the minimum 1-D model.
The findings are part of the PhD thesis of Alejandro Duran (2021) and will be published as Obermann
et al, 2022.

Imaging with seismic noise
The dense COSEISMIQ seismic network and the use of ambient seismic noise allowed us to image the
seismic structure of the Hengill geothermal area with an excellent spatial resolution in the uppermost 4
km of the crust. We obtain a Vs velocity model that is in strong agreement with previous local
earthquake tomography studies as well as with the local geology. The achieved high resolution led to
the identification of small seismic velocity anomalies that could not be resolved in previous studies,
such as the low-velocity anomaly in Hverahlíð, where the most powerful wells in the area are located.
In comparing the tomography results with the resistivity model derived from the joint 1D-inversion of
MT and TEM data in the Hengill area, we observe that both models respond similarly to the
petrophysics and geological features and show an excellent overall correlation in the Hengill area. Some
small discrepancies were observed in areas thought not to be in thermal equilibrium. We argue that the
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combination of seismic noise tomography together with resistivity data can assist in identifying current
temperature anomalies in geothermal reservoirs. A joint inversion would improve the interpretation of
the architecture of the geothermal area in question. In conclusion, seismic noise tomography shows
great potential as a complementary tool for the exploration of high-enthalpy geothermal fields.
The results of this study are published as Sánchez-Pastor et al. (2021).
1.3 GEOMECHANICAL MODELLING (WP3)
Work Package 3, originally defined as “The real time implementation of geomechanical modeling tools
to simulate induced seismicity in relation to injection scenarios” focused on the analysis of the
geological and mechanical conditions in the field and calibration of numerical models. Given the
complexity of the Hengill area, WP3 concentrated its work on the main reinjection area in Húsmúli for
which we gathered an understanding of the of physical parameters (such as flow rate,
injection/extraction duration, pore pressure changes, fracture distributions etc.) on the generation of
injection-induced seismicity. Multiple publications have or will result from this work on top of
Deliverables 3 and 5 (Ritz et al., (2021), Kristjánsdóttir et al., (in prep), Ritz et al., (in prep), Yu et al.,
(in prep)).
The Hellisheidi Geothermal Field is situated in southwest Iceland, near the southern border of the
Hengill Volcanic System. This area is characterized by a complex triple junction between three tectonic
features. Reinjection of spent geothermal fluids is distributed mainly in two areas (Gráuhnúkar and
Húsmúli), comprising respectively 6 and 5 wells. Differences in natural pre-drilling and induced
seismicity between Húsmúli and Gráuhnúkar mirror the differences observed during drilling and
injection. This could indicate structural differences (e.g. presence/absence of structures, size of
structures, orientation).
Analysis of the geology and tectonic setting
Húsmúli is located near the western border of the Hengill Volcanic System and closer to the main
volcanic centre to the north, while Gráuhnúkar lies in a more axial position inside the Hengill fissure
system. Due to this difference, Gráuhnúkar sits in an area where the consolidated basaltic flows are
deeper (1800m) compared to the Húsmúli area (1200m). Two wells in Húsmúli are within the basaltic
flows (HN-09 and HN-11) and four others (HN-12, HN-14, HN-16 and HN-17) have a terminal depth
near the interface between the hyaloclastites series and basaltic flows. None of the wells in Gráuhnúkar
reach the basement-like basaltic series, although terminal depths are very similar to the Húsmúli wells.
Seismicity in Húsmúli is localized around the wells between 1km and 4km, occurring mainly at depths
consistent with the basaltic series, which could suggest a link between injection into the deeper faults
and induced seismicity.
The structural analysis of the Húsmúli area revealed three subsets of faults: The Hengill fault system
with major structures trending mostly in NE-SW direction (N30°) and confined into the Hengill
volcanic zone, and a set of conjugated fault system associated with the SISZ (South Iceland Seismic
Zone) characterized by N0° to N10° and N60° to N80° structures. The Hengill fault system is associated
with normal faulting forming a graben structure in the Hengill region. The analysis of the seismicity in
the first eight months of reinjection (September 2011 to April 2012) revealed a previously unknown
fault network comprising West dipping N10-30° and associated smaller Riedel faults striking N40-60°
(Figure 15).
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Influence of physical parameters on the induced seismicity
1. Temperature
The Hellisheiði area is characterized by a thermal anomaly associated with magmatic activity and fluid
circulations along major Hengill faults. The temperature of rock formation influences frictional
movements and then influences slip and seismic behavior. From geological models, well-logs and
drilling reports, we extracted temperature data for each well in both Gráuhnúkar and Húsmúli, showing
a significant temperature difference between the reinjection sites. Characterized by a hydrothermal upflow Gráuhnúkar presents very high temperatures, with wells surpassing 270°C at 700m depth.
Húsmúli, on the edges of the Hengill system, sits in a cooler region, with wells reaching ~250°C at
1500m depth. These temperature differences between the reinjection areas could explain in part the
different seismic behaviors, with Gráuhnúkar flirting with the brittle-ductile transition zone.

Figure 15. Structures highlighted by the seismicity and focal mechanisms in Húsmúli for selected depth
(seismic catalog Kristjánsdóttir 2011-2012 - from Kristjánsdóttir et al., (in prep))
2. Stress
The intense tectonic activity in Iceland implies that stresses can change with both space and time in
association with local events (e.g. major earthquakes, magmatic activity, increased hydrothermal
circulation, etc.). From scarce stress measurements and focal mechanisms (from literature and from
Kristjánsdóttir et al. (in prep)), we analyze the stress state in the reinjection areas. From a semi-regional
point of view, we can conclude that the stress state near the Húsmúli and Gráuhnúkar injection fields is
strongly influenced by the crustal spreading processes taking place in the Hengill system. It is therefore
very likely that, at least at seismogenic depths, the stress field is characterized by EW to NW-SE
extension.
3. Injection rate
If a first order temporal correlation between injection operations and seismicity is easy to draw, the
daily variation of the injection rate does not explain changes in the seismicity patterns. This absence of
direct correlation is a result of the multi-wells injections coupled to a complex fracture/fault network at
depth. We are investigating the contribution of individual wells to the induced seismicity using a
machine learning approach in Húsmúli (Yu et al., (in prep)).
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Calibration of geomechanical models
a. TOUGH2-Seed model
TOUGH2-Seed is a hybrid hydro-geomechanical-stochastic model coupling TOUGH2, and a “Seed”
model developed at ETH. We were provided a regional scale TOUGH2 model of the Hengill area by
Reykjavik Energy that had been calibrated on well data, pressure drawdowns and production logs since
the 1990s. The regional model does comprise the Húsmúli region, however it is located outside the
refined center and thus has quite coarse grid cells. This regional model was nonetheless tested with the
Seed coupling on the onset of reinjection in Húsmúli (September 2011 - April 2012), integrating all
data on stresses, fault orientations and seismicity locations gathered throughout the geomechanical
analysis. This regional model however performed quite poorly due to a sharp permeability boundary
blocking all fluids from migrating North of the wells (Figure 16). We have since acquired a refined
TOUGH2 model of the Húsmúli area from Reykjavik Energy and Carbfix. The calibration of this new
refined model is ongoing and will allow us to better understand the fluid migration and seismicity as
this model includes major hydraulic faults in the TOUGH2 matrix.

Figure 16. Seismicity produced by the TOUGH2-Seed model. A- Number of events simulated. Bcomparison simulated vs. observed seismicity (red = more observations than predicted / blue = model
overshoots) C- pressure distribution
b. Calibrated structural and hydraulic models based on HFR-Sim
HFR-Sim is the in-house Enhanced Geothermal Systems (EGS) simulator of ETH Zurich (Karvounis
and Jenny 2015, Deb and Jenny 2018). It is especially designed for simulating dynamically changing
fractured reservoirs and it employs discrete fracture modeling for large, important fractures. An
optimized version of HFR-Sim has been optimized by the Swiss Seismological Service (SED) for
probabilistically predicting injection-induced earthquakes (Karvounis and Wiemer, submitted). For the
needs of COSEISMIQ, a workflow is developed that is based on HFR-Sim, produces a hydraulically
calibrated structural model for Húsmúli, and satisfies the needs of the ATLS for real time calibrations.
The workflow utilizes with high fidelity a wide range of structural field observations (e.g. images of
wells and their inflow zones), employs unsupervised machine learning techniques for extracting
important structural information from the recorded seismicity, and calibrates the properties of the
updated structural model to reproduce both the hydraulic and the seismic response of the reservoir.
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Figure 17. Number of seismic events with Mw>1.7 in Húsmúli (blue curve) and simulated number of
events (red curve) as a function of days since first reinjection started in Húsmúli.
The model is calibrated using the plethora of observations over a 9-month period, from September 2011
until the end of May 2012. The resulting HFR-Sim model reproduces the later inflow rates in Húsmúli,
the declining trend of it, and the rate of simulated seismicity for the observed relocated hypocenters
(Kristjánsdóttir et al., (in prep)). The structural model consists of deterministic fractures from the wells,
alignment fractures extracted from the spatiotemporal evolution of the seismic cloud, and one fracture
for every seismic event that is optimally oriented for the stress field and the observed focal planes in
Húsmúli (Karvounis et al., in preparation). The rate of seismicity in the calibrated model is presented
in Figure 17.
c. Seismogenic index model
Very few geomechanical information can be integrated in such a simple model. However, with the
analysis of the seismicity distribution and of the orientation of faults that can potentially carry fluids,
the distribution of volumes can be tailored to the Húsmúli area.
The comparison of the Seismogenic Index and TOUGH2-Seed models, calibrated for the Húsmúli
reinjection, are compared in Figure 18 for the September 2011-April 2012 period.

Figure 18. Comparison of TOUGH2-Seed and Seismogenic Index model for history matching of the
first eight months of injection in Húsmúli
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1.4 RISK MANAGEMENT FRAMEWORK (WP4)
Section 3.4 presents the results of the implementation of automated and adaptive risk assessments in
near real-time for fluid-induced seismicity in the Hengill region of Iceland. Specifically, we report the
workflow to determine the estimation of the prior risk and the real time updating strategy. The following
results borrowed strength from synergies with a real-time test of adaptive traffic light systems during a
stimulation near Reykjavik (Geldinganes) in the fall of 2019 (a DESTRESS funded project).
To make this document self-contained we report a summary of the tools for the a priori hazard and risk
assessment, and the Bayesian updating scheme to integrate real-time monitoring with online hazard and
risk updating. For a detailed description of these activities the reader should refer to Broccardo et al.
(2019). In addition, we here present a summary of the real time application of the adaptive traffic light
system for the Geldinganes stimulation.
Below, we introduce the hazard module, the risk module and the adaptive traffic light system updating
strategy applied in Geldinganes project.

The hazard model
COSEISMIQ employs a time-variant Probabilistic Seismic Hazard Analysis (PSHA) to manage fluidinduced seismicity (Grigoli et al., 2017; Bommer et al., 2015; Broccardo et al. 2017a; Lee et al., 2019).
Briefly, in this context, PSHA aims at the computation of the rate of exceeding a given IM at a given
distance from the injection site. This rate depends on the number of events above a given minimum
magnitude, the frequency distribution of the magnitude (namely the truncated Guttenberg-Richter
distribution), and an empirical ground shaking attenuation function. Usually, there are two key parts to
be defined: the probabilistic characterization of the seismogenic source model, and the ground motion
characteristic model. The first gives the temporal and spatial forecast of the seismic events, while the
second is characterized by Ground Motion Predictive Equations (GMPEs), which relates magnitudes
and distances to a given Intensity Measure, IM (e.g., Peak Ground Velocity, PGV, Peak Ground
Acceleration, PGA, etc.).

At this level of analysis, to include alternative models (i.e. epistemic uncertainties), we implemented a
logic tree with weighted branches. The first level of the logic tree describes the epistemic uncertainty
related to the selection of the seismogenic source parameters while the second level on the uncertainty
relates to the GMPEs. The upper bound of the Gutenberg-Richter distribution is fixed, for Icelandic
conditions, to (Kowsari et al., 2019). The details of the logic tree are reported in Broccardo et al. 2019.

The source model
The model SM1 is based on the empirical evidence that the volume affected scales with the volume of
fluid injected; this implies a relation between the expected number of earthquakes 𝐸 𝑁 and the volume
injected 𝑉, which read as
𝐸 𝑁 𝑡 ;𝑀

𝑚

10

𝑉 𝑡 ,𝑡

𝑇 10

𝜏 𝑒𝑥𝑝 𝑒𝑥𝑝

𝑉 𝑇

,𝑡

𝑇

,

where 𝑎 is the so-called seismogenic index or underground feedback parameter, 𝑏 is the 𝑏-value in a
Gutenberg-Richter distribution, 𝑇 is the injection duration, and 𝜏 is the mean relaxation time of a
diffusive process (Mignan et al., 2017, Dinske and Shapiro, 2013; van der Elst et al., 2016; Mignan,
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(1)

2016; Broccardo et al., 2017b). It is important to observe that this model only applies to positive flow
rates. While the underground feedback parameters 𝑎 and 𝑏 can be estimated during the stimulation
(Mignan et al., 2017; Broccardo et al., 2017b), a priori knowledge on those parameters is largely limited
and the range of possible values is very wide.
The model SM2 introduces a first-order physical process into the forecasting. This is given by modelling
pressure diffusion through a fractured media containing randomly distributed earthquake faults, which
are named seeds. Here, the adaptive Hierarchical Fracture Representation (a-HFR) is employed both
for modelling flow in a fracture network with dynamically changing permeability (Karvounis and
Jenny, 2016) and for simulating the source times of randomly pre-sampled scenarios of hydro-shearing
events at certain hypocenter (Karvounis et al., 2014). The resulting seismicity rates can be converted
into static equivalents rates (like for SM1) and compared with SM1. Specifically, Figure 19 shows the
results together with case of synthetic catalogue with predefined parameter matching Icelandic
conditions.

Figure 19. Distribution of - values for the real dataset (red dots) synthetic catalogue (blue dots). Details
can be found in Broccardo et al. 2019.

Ground motion predictive equations
The relationship between the site source characteristics and the ground shaking intensity measures, is
given by 7 GMPEs. The selection is based on the study of Kowsari et al. (2019), in which they
recalibrate existing GMPEs to the Icelandic strong motion data set. Then, we convert the 𝑃𝐺𝐴 into the
European Macroseismic Scale (EMS98, Grünthal, 1998) using Ground Motion to Intensity Conversion
Equations (GMICE) for small-medium intensities. The GMICE used in this work are introduced by
Faccioli and Cauzzi (2006) and Faenza and Michelini (2010). Details of the GMPEs selected and about
the conversion are reported in Broccardo et al. (2019).
Provided with the source model and the GMPEs, the PSHA outputs are obtained by the classical total
probability integration. Figure 20 shows the PSHA outputs based on the Macroseismic scale. In red are
reported the real data and in blue the model SM2.
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Figure 20. PSHA analysis comparison between source model SM1 (Table 1) and SM2 (synthetic
catalogue). Solid lines: medians; dashed lines 10% and 90% quantiles. Intensity measure.

The risk model
In this project, we propagate the hazard analysis into the risk domain for a virtual Icelandic type of
building. We use a virtual building because the area is not densely populated, making it a perfect virtual
test site. Seismic risk is computed by convolving a vulnerability model for the relevant building
typologies with the exposure model. In the adaptive traffic light system, we use as risk measure the
individual Risk 𝐼𝑅 . The 𝐼𝑅 is based on the vulnerability models that follow the macroseismic
approach for damage assessment (Lagomarsino and Giovinazzi, 2006) and modified in Mignan et al.,
(2015) for the induced seismicity case. In practice, the IR is computed by integrating the hazard with
the vulnerability model and the conditional probability of fatalities for a given damage grade. Figure
21 shows the IR for different building classes. Median and quantiles are computed considering a 50%
weight for the SM1 model and 50% weight for SM2 model for the selected set of parameters.
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Figure 21. Marginal for 2 km distances based on the final model (combined SM1 and SM2). The solid
horizontal lines represent the weighted median values of the vertical gray lines. The dashed horizontal
lines represent the 10 and 90% epistemic quantiles.

Online updating of the adapting traffic light system
In this project, we focused on the updating strategy for model SM1. This section discusses the updating
of the rate model (i.e., only of [𝑎 , b]) related to the DESTRESS project in Geldinganes, Reykjavik.
The real-time updating strategy uses a classical Bayesian learning strategy integrated with a NonHomogeneous Poisson Process (Broccardo et al., 2017). Specifically, we use the parameter estimates
of the rate model SM1 to define a joint prior distribution. In this case, we include expert knowledge to
determine the bounds of the prior. Once the seismicity data has been recorded, the Bayesian framework
allowed the computation of the posterior distribution for the model’s parameters, the formulation of
predictive models, and a robust forecasting strategy. The inference strategy for the empirical model
proposed in this project and the predictive model for the number and magnitude of fluid-induced events
are described in detail in Broccardo et al. 2017. In the Geldinganes project, we also integrated the hazard
and risk computation but not the updates of the ground motion prediction equations because data on
peak ground acceleration and velocity were not available. After testing the adaptive traffic light system
on a synthetic case study based on the SM2 model, we applied it to the stimulation in Geldinganes. The
stimulation consisted of two macro-stages (with each macro-stage divided into two substages). In the
first macro-stage, no seismicity has been recorded. Although no data were available, the Bayesian
updating strategy formulated a posterior distribution and reduced the uncertainty on the rate model and
the final risk computation. Figure 22 shows the joint prior distribution and the joint posterior after
updating the first stage. Figure 23 shows an iso-risk contour plot together with the posterior distribution.
This plot shows explicitly the “safe” and “risky” domain and the epistemic uncertainty evolution around
the parameters 𝑎 and 𝑏. Finally, Figure 24 shows the online evolution on 𝐼𝑅 together with the
epistemic uncertainty reduction on its value. The details of these “seemly” surprising results (updating
with no data) are reported in a manuscript under preparation. Next, we used the posterior distribution
of the first stage and mixed it with the prior distribution of the first stage to formulate a robust prior
distribution for the second macro-stage. In the second macro stage, seismicity has been recorded, and
the final updates are reported in Figures 25 and 26. In the Geldinganes project, the adaptive traffic light
system guided the operator to modulate the injection profile. In particular, it made quantitatively and
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explicitly clear that the risk level associated with the injection was very low and, therefore, it allowed
to increase the injected volume compared to the original plan.

Figure 22. First macro-stage. Marginal model parameter distributions: gray represents prior
distributions, red represents posterior distribution, and lines correlation coefficient between the model
parameters. First block, first updates; Second block, last updates.

Figure 23. First macro-stage set for a virtual masonry building. Iso-risk curve and posterior
distribution, left panel first updates, right panel last updates
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Figure 24. Risk updates and epistemic uncertainty reduction after 4 days of the updates. Solid line mean
risk, dashed lines 5-95% quantiles. Gray lines computations based on prior uncertainties; red lines
computations based on 4 days’ posterior. Observe the large uncertainty reduction.

Figure 25. Second macro-stage. Marginal model parameter distributions: grey represents prior
distributions, red represents posterior distribution, and lines correlation coefficient between the
model parameters. First block, first updates; Second block, last updates.
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Figure 26. Second macro-stage risk update for a virtual masonry building. Iso-risk curve and
posterior distribution, left panel last update fist macro-stage, right panel last updates second macrostage.

1.5 DEMONSTRATION OF THE RISC DECISION SUPPORT FRAMEWORK & TOOL
(WP1 – Part2)
The risk management framework presented in the previous paragraph Is not critically needed in the
Hengill area given its remoteness. The RISC tool is then most useful for understanding the number of
events generated in the area and how they are linked to the human operation.
Here, we summarize a potential use of the COSEISMIQ data for forecasting seismicity and comparing
forecasting models. Such models are compared with state-of-the-art approaches to calculate the
information gain, with respect to a null hypothesis. The models implemented in here are tuned to
forecast seismicity in the entire Hengill geothermal field and are the following: a basic ETAS model
(the null hypothesis), a more advanced ETAS version (EM2, deliverable 6), and the EM1 model as
implemented and calibrated in the past months (deliverable 5). For simplicity, we decided to test the
models in a pseudo-forecast exercise, leading to a comparison of models via a Cumulative Information
Gain (CIG). Application in real-time of the current approach could be easily implemented, assuming
the hydraulic and seismic data flow is correctly working.
Dataset input to pseudo-forecasting models
The seismic catalog is the same as described above (and in Deliverables 2 and 5). We used the middle
quality catalog (evscore>-5). A statistical analysis of the whole dataset shows that the overall magnitude
of completeness (Mc) is 0.3 (Figure 27 a), with a b-value of 0.93 (Figure 27 b). For all models, we
assume the Mc=0.3 and filter the catalog above this magnitude.
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Figure 27. Statistical catalogue analysis for the determination of a-value, b-value and Mc
The hydraulic data only covers up to December 2020, and we assumed the same level of
injection/production after that period to the end of the dataset (August 2021). The injection/production
rate at the various wells were distributed by means of Gaussian kernel to obtain a spatial distribution of
injection/produce fluid volumes to be linked with seismicity. More details can be found in Deliverable
6.

Pseudo forecasting and model performance comparison
We performed a pseudo-forecasting modeling by employing three different models:
1. A model exploiting an empirical relationship between injection/production rate and seismicity
(referred to as SHapiro’s model, EM1);
2. A standard ETAS model, purely based on seismic catalog (the null hypothesis; EM2 - null);
3. A modified ETAS to account for spatially variable background (EM2- Var1)
More details about the models (1 to 3) can be found in Deliverable 6 and Deliverable 7.
For each model, we take as a base Learning Period (LP) all the data recorded up to Feb. 1st, 2020. Using
this data, we calibrate all the competing models. Then we perform a forecast for the next 30 days and
update the LP with the additional information. We do this process of training and forecasting repeatedly
until the end of the dataset, which for this deliverable is set to end of January 2021.
Figure 28 the results for each individual model and we also computed for each model the so-called “Ntest” by comparing the number of simulated events with the observation.
We calculate for each pseud-forecast (12 in total) the Log-Likelihood for each space bin in our
computational domain. Such a Log-Likelihood is simply assumed to be the Poissonian for EM1, while
exploiting the full probability distribution for the ETAS models (EM2-Null and EM2-Var1). The
information gain is then calculated for both EM1 and EM2-Var with respect to the null hypothesis
(EM2-Null), and for each forecast period (12 in total, each of 30 days). We have for each model a timeseries illustrating how the information gain may change as new data are included in the LP. Figure 29
allows us to directly compare the models and providing then the basis for a weighing scheme.
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Figure 28. Pseudo-forecasting results for period 01-Feb-2020 to 02-Mar-2020 and corresponding Ntest for the three models

Figure 29. Information gain for EM1 (purple) and EM2-var (green) - calculated relative to the null
hypothesis (EM2 - null). For the comparison between EM1 and EM2-null we account for the loglikelihood computed only for the cells with active injection/production wells. (top) Punctual information
gain; (bottom) cumulative information gain.
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Both models show limited information gain compared to the null hypothesis, with the advanced ETAS
model being slightly better for the first forecasts, and the EM1 model sometimes performing better.
Both EM1 and EM2-var perform significantly worse in the forecasts corresponding to the periods with
high seismic rates. Note that for this period all models fail the N-test. This means that the models are
not efficient in handling sudden changes in the seismicity rate. A reduced forecasting period (e.g. only
a few days) will help improve performance of ETAS models for high seismicity periods, while it is not
yet clear whether these periods are linked to any human operation as EM1 does not capture any trend.
Codes and data needed for this pseudo-forecasting exercise are available at the following link:
https://github.com/RitzVanille/HengillSeismicityForecastingModels
With the description of the repository provided in Deliverable 7.

The new hybrid model: ETAS+Hydro
An ETAS model views the seismicity as composed of background earthquakes and triggered
earthquakes. We introduced an additional background that is linked to injected/produced volume:

Where, μhydro(x,y,t) is the induced seismicity rate that is linked to the injection rate at point (x,y,t):

Where, w is the index of the well, Δrw is the distance between the (x,y) and well location, (xw,yw). Δrw/v
is the time taken by the fluid injected at the well w to reach (x,y) and parameters δ and φ control how
the felt injection intensity decreases in space.
This model formulation allows to probabilistically distinguish:
●

Events that are triggered by past seismicity.

●

Spontaneously occurring background events

●

Events induced by hydraulic injection.

Preliminary inversion results show that ~87% of events M≥0.3 are triggered by past seismicity, and
only 13% is background seismicity. Of this background ~60 % of the events are linked to
injection/production activities. The inverted diffusion speed v of the perturbation is of the order of ~110
m/ day. This research will continue in the next months as part of the PhD thesis of Vanille Ritz.
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2. Project impact
In our self-assessment, COSEIMIQ had a substantial impact in various dimensions, well in
line with the expectations in the original proposal. Specifically, we like to highlight:
●

We demonstrated the successful operation of a high-quality dense seismic network in a
geothermal area, under difficult environmental conditions. The lessons learned from the
network design, maintenance and operation will influence future networks in Iceland and other
geothermal aeras, they influence the way ISOR is operating seismic networks, and the influence
the requirements and expectation of industry partners (OR and GES) on such networks so that
the meet the needs of operators.

●

We performed high resolution seismic imaging of the region using classical tomographic
methods as well as noise-based approaches; interpretations linked to structure, temperature,
steam content and reservoir evolution. Results are documented in several peer reviewed
publications The results help OR to understand their geothermal resource and plan the
optimized future use. Our analysis has advanced the state of the art in imaging geothermal
resources and these advances will be used in future geothermal projects. The data and methods
already form a key input for the GEOTHERMICA project DEEPEN
(https://www.or.is/en/about-or/innovation/deepen/) coordinated by OR and targeted at
Derisking Exploration for geothermal Plays in magmatic Environments.

●

We produced a high-resolution earthquake catalog for the region, spanning nearly 3 years,
forming the baseline for subsequent analyses of our team but also a highly useful resource for
other researchers and future analysis. The catalog is open-access and published online on
COSEISMIQ website; the catalog creation process and the catalog itself is documented in a
Scientific Data publication to be fully reproduceable and useful resource for future studies.

●

We implemented important improvement of the automated earthquake analyses workflows,
fully embedded into the professional and operational earthquake analysis system SeisComp3
used at ISOR and SED, but also many other institutions worldwide. These tools are used for
improved picking, association, template matching, cross-correlation and relative earthquake
location. SeisComp3 and the new modules and workflows we developed are open source and
hence a legacy of COSEIMIQ that will support numerous geothermal operations worldwide.
These improved procedures will for example support the seismic monitoring and analysis of
SED and GES in the upcoming Haute-Sorne EGS project in Switzerland.

●

We developed an enhanced geo-mechanical modeling and model testing framework for the
Hengill area that promotes understanding of induced seismicity in the region but also forms the
baseline for automated risk assessment and control as input for decision support of geothermal
operators (foremost OR and GES in our case). By establishing which models can best forecast
induced seismicity, we are giving the operators a solid baseline for planning and monitoring
future field operations, balancing seismicity, and geothermal energy output. The modelling and
testing framework is openly available and can be used by other operators and regulatory
agencies.

●

We developed a new generation of tools for determining earthquake source mechanics,
exploiting the power of machine learning for a fast and reliable estimator faulting.
Understanding source mechanisms in near-real time is critically important for understanding
the evolution of a geothermal resource, and the methods we introduced will be widely adopted.
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●

We made substantial progress in developing and implementing workflows for automated and
adaptive risk assessment in near real-time (ATLS). A full probabilistic formulation of the
seismic hazard and risk in the Hengill area that considers uncertainties in data and models in
quantitative ways was implemented and tested. This work has benefitted from synergies with a
real-time test of adaptive traffic light systems during a stimulation near Reykjavik
(Geldinganes) in the fall of 2019 (a DESTRESS funded project). These updated procedures and
lessons learned have now firmly established ATLS approaches as a useful and sometimes
required extension of classical traffic light approaches. They are now ready to be tested in future
deep geothermal projects, such as Haute Sorne, and the findings and codes developed in
COSEIMIQ also form the baseline of the GEOTHERMICA project DEEP
(www.deepgeothermal.org) that support the Utah FORGE project.
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3. Collaboration and coordination within the Consortium
The Consortium Agreement has been signed between the partners in May 2018, which is based on the
DESCA model. The purpose of this Consortium Agreement is to specify with respect to the Project the
relationship among the parties, in particular concerning the organisation of the work between the
partners, the management of the project and the rights and obligations of the partners. In our opinion,
the project has been well managed, the CA has been followed by all partners and the cooperation
between partners has been good.
The project started with the Kick-Off Meeting in Reykjavik in 2018, and the first annual meeting has
been held in Zurich. Even after the hit of the pandemic, the national and international COSEISMIQ
teams have been collaborating very well, by frequent zoom meetings of the whole consortium. The
project meetings of the whole group with their timeline are listed in Figure 30. The project meetings
helped tracking the project’s progress, the timeline and budget, strengthened the knowledge transfer
between partners and enabled the dialogue between academic and industrial partners. The agenda of the
meetings have been shared prior to the meeting with the project participants, the meeting minutes have
been taken and shared by the whole group through the project’s Intranet.

Figure 30. The project meetings that are held throughout the project.
Project management created an Intranet on Alfresco platform (Figure 31) to share project information
such as agreements, guidelines, reports, deliverables, presentations, meeting minutes etc. The main
purpose of the intranet is to provide a common space to share project documents, therefore it is the main
document repository for COSEISMIQ. We used the Intranet not only as a project repository, but also a
space to support the timely implementation of the project by keeping all project information together
under one site, to keep track of events, tasks, deadlines related to the COSEISMIQ project. The
participants could follow the progress and deadline of the deliverables and milestones under the “Site
Data Lists''. A snapshot from the project’s intranet is shown below.
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Figure 31. Snapshot from the project’s internal document and information sharing platform (intranet),
Alfresco-Coseismiq site
The project management was responsible for tracking the project’s progress; the reporting, the timely
submission of the deliverables and achievement of the milestones. The responsible partners have been
sent reminders in advance of the reporting deadlines. Overall the project’s progress has been timely,
with minor delays in certain activities that are reported in the half yearly traffic light reports (TLRs).

4. Dissemination activities (including list of publications where applicable)
We created the COSEISMIQ website http://www.coseismiq.ethz.ch/ (Figure 32). On the website, we
share general project information such as project overview, description of work packages, partners’
information, funding information and dissemination. The major dissemination information shared on
the website currently includes the COSEISMIQ seismic network, station information, the seismic
catalogs created during the project, and the deliverables. The publications will also be shared on the
website as they become available. All the open access tools and software will be linked to the website
under project dissemination.
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Figure 32. Snapshot from the COSEISMIQ website

Presentations:
●
●
●
●
●
●
●

●
●

Internal presentation for the staff at ISOR – Kristjan Agustsson, Oct. 2018
Presentation at the 2018 Hengill workshop at the Icelandic Meteorological Office – Thorbjorg
Agustsdottir, Dec. 2018
Presentation at the 2019 Hengill workshop at Reykjavik Energy – Sigridur Kristjansdottir,
Dec. 2019
Presentation at the 2019 Schatzalp Workshop on Induced Seismicity – Thorbjorg
Agustsdottir, Mar. 2019
Presentation at the 17th Swiss Geoscience Meeting (Fribourg) - November 2019
Presentation at the EGU General Assembly (online) - May 2020
Conference paper for the American Rock Mechanics Association 54th Symposium
"Modelling Induced Seismicity with a Hydraulic-Mechanical-Stochastic Simulator: Review
of Case Studies." - 2020
Conference paper for the World Geothermal Congress "Preliminary Modelling Activities for
an Adaptive Traffic Light System for the Hengill Geothermal Field" - 2020/2021
Nooshiri, N., Bean, C. J., Grigoli, F., and Dahm, T.: Towards Real-Time Moment Tensor
Inversions in a Data Rich Micro-Seismic Environment using Deep Learning, EGU General
Assembly 2021, online, 19–30 Apr 2021, EGU21-12686, https://doi.org/10.5194/egusphereegu21-12686, 2021.

Reports:
●

2019 Yearly report for the Icelandic Technological Fund – Sigridur Kristjansdottir, 2019
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●
●
●
●
●
●
●
●

2020 Yearly report for the Icelandic Technological Fund – Sigridur Kristjansdottir, 2020
Final report for the Icelandic Technological Fund - Sigridur Kristjansdottir, 2022
2018 Midterm report for the Icelandic Technological Fund – Kristjan Agustsson, 2018
2019 Midterm report for the Icelandic Technological Fund – Sigridur Kristjansdottir, 2020
2020 Midterm report for the Icelandic Technological Fund – Sigridur Kristjansdottir, 2020
Swiss Annual Report to BFE, 2019
Swiss Annual Report to BFE, 2020
Swiss Final Report to BFE, 2021

Deliverables:
●
●
●

●
●
●

D1: Implementation of advanced micro-seismicity monitoring tools in SeisComp3 modules and
workflows optimized for geothermal plays.
D2: Implementation of advanced imaging tools in workflows optimized for geothermal plays.
D3: Coupled geo-mechanical and reservoir modeling framework implemented within RISC,
ready for real- time application and adopted to Icelandic conditions. Integration of the methods
developed in the WP2, WP3 and WP4 in a single tool (the RISC tool).
D4: Risk and Safety assessment calibrated for Icelandic conditions and extended to allow the
distinction between natural and induced seismicity.
D5: Offline calibration and performance evaluation of the RISC system
Coseismiq teams are working on the last two deliverables D6 and D7 that will be delivered in
August and October.

Publications (status 1/2022, additional publications are being prepared).
●

Nooshiri, N., Bean, C. J., Dahm, T., Grigoli, F., Kristjánsdóttir, S., Obermann, A., & Wiemer,
S. (2021). A Multi-Branch, Multi-Target Neural Network for Rapid Point-Source Inversion in
a Micro-Seismic Environment: Examples from the Hengill Geothermal Field, Iceland.
Geophysical Journal International, ggab511, https://doi.org/10.1093/gji/ggab511

●

Imaging high-temperature geothermal reservoirs with ambient seismic noise tomography, a
case study of the Hengill geothermal field, SW Iceland, Geothermics, accepted, P. SánchezPastor, A. Obermann, T. Reinsch, T. Ágústsdóttir, G. Gunnarsson, S. Tómasdóttir, V.
Hjörleifsdóttir, G. P. Hersir, K. Ágústsson, and S. Wiemer (2021).

●

Ritz, V. A., Rinaldi, A. P., Karvounis, D., Castilla, R., Colas, E., Meier, P. M., Wiemer, S.,

Hjörleifsdóttir, V., Gunnarsson G., COSEISMIQ team. (2021) Preliminary Modelling
Activities for an Adaptive Traffic Light System for the Hengill Geothermal Field.
Proceedings World Geothermal Congress 2020+1, 2, 3861-3869.
●

Model comparison for induced seismicity in Hengill. The journal is not decided yet but maybe
JGR or GRL. In preparation, planned submission would be between October and the end of the
year, V. A. Ritz, A. P. Rinaldi, S. Nandans, S. Wiemer, and the COSEISMIQ team.

●

Microseismic monitoring of natural and induced seismicity in the Hengill Geothermal Field,
Iceland, Scientific Data, accepted with minor revisons, Francesco Grigoli, Luca Scarabello,
Tobias Diehl, Philipp Kaestli, John Clinton, Thorbjorg Agustsdottir, Chris Bean, Simone
Cesca, Torsten Dahm, Alejandro Duran, Vala Hjorleifsdottir, Sigridur Kristjansdottir,
Rognvaldur Magnusson, Claus Milkereit, Nima Nooshiri, Anne Obermann, Antonio Pio
Rinaldi, Vanille Ritz, Camilla Rossi, Pilar Sanchez, Stefan Wiemer.

The project has received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 731117.
35

