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Abstract Following recent advances of machine learning (ML), we present a novel approach to extract
spatiotemporal seismo-mechanical features from Acoustic Emission (AE) catalogs to empower ML-based
forecasting. The AE data were recorded during laboratory stick-slip experiments on granite samples cut by
rough faults. Based on the features computed for a past time window, a random forest (RF) classifier is used to
forecast the occurrence of a large magnitude event (Mg > 3.5) in the next time window. Event-based features
allow us to associate informative time-space characteristics to each feature and nearest-neighbor clustering
analysis enables us to separate background and clustered seismicity and train individual models. The results
show that the separation of AEs enhances the forecasting accuracy from 73.2% for the entire catalog up to 82.1%
and 89.0% if background and clustered events are used separately. The presented new approach may be upscaled
for applications to forecast tectonic earthquakes.

Plain Language Summary It is widely discussed to use machine learning (ML) attempts to predict
seismic events generated during rock deformation experiments in the laboratory. To improve these predictions,
one needs to either refine the model or provide it with more detailed and informative physically understandable
input data. In our study, we examine Acoustic Emission (AE) catalogs from laboratory experiments involving
repetitive slips of the rough fault surfaces observed on three Westerly granite samples. By analyzing AE catalog
data of past AE activity using a moving time window, we employ a random forest classifier, a type of ML tool,
to forecast the likelihood of a significant earthquake happening in the future time period. What makes this
approach different is that we introduce a new method to calculate features related to both location and timing of
seismic activity. Our findings reveal that separating earthquake catalog into background and clustered
seismicity is crucial for improving forecasting accuracy. Regarding an accuracy of 73.2% for the whole catalog,
we achieved an enhanced accuracy of up to 82% for background events and 89% for clustered events. We
discuss how the insights gained from this study can be scaled up for forecasting tectonic earthquakes in real
time.

1. Introduction

Earthquakes are the second most devastating natural disasters after meteorological phenomena (e.g., flood,
cyclone, etc.), causing human fatalities, injuries, and substantial financial losses. About half of the worldwide
fatalities from natural disasters in the last 40 years were caused by earthquakes and associated cascading hazards
such as landslides, fires, and tsunamis (see https://www.munichre.com/en/risks/natural-disasters/earthquakes.
html). Predicting the time to location and magnitude of future large earthquakes is still impossible but critically
needed to save lives and alleviate socioeconomic consequences. The runup to large earthquakes involves complex
physical processes, especially in heterogeneous tectonic settings and fault zones that so far are not fully under-
stood and near-impossible to monitor with sufficient resolution. Recently, machine learning (ML) methods
opened a new avenue for time-to-failure (TTF) prediction using waveform data from laboratory double-shear
experiments (Marone, 1998; Rouet-Leduc et al., 2017). Previous studies employed either supervised predic-
tion of parameters such as shear stress, fault friction, displacement, and slip velocity (Lubbers et al., 2018; Rouet-
Leduc et al., 2018) or unsupervised clustering (Bolton et al., 2019; Karimpouli et al., 2024). Following early
promising results from a Kaggle competition based on laboratory earthquake prediction (Johnson et al., 2021),
researchers focused on developing more general and accurate ML models for more complex and limited data sets
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to forecast future earthquakes in real time. Further enhancements of the results were achieved by refining the “ML
models” and/or enriching the “input data” as summarized below.

Jasperson et al. (2021) concluded that more sophisticated ML architectures such as ensembles of long-short-term-
memory (LSTM) and attention networks could lead to more accurate shear stress and TTF forecasts over a wider
variety of normal stress conditions in double-shear experiments. Subsequently, Laurenti et al. (2022) and Wang
et al. (2022) used state-of-the-art transformer networks to forecast fault zone stress along with fault displacement
and friction in laboratory experiments and slow slip events. Wang et al. (2021) used transfer learning from
numerical simulations to improve the prediction of laboratory fault friction. Borate et al. (2023) used the gov-
erning physical equation in the training process to form physics-informed neural networks and showed that their
network improves transfer learning for small training data sets.

Unlike these studies, which focused on refining the ML models, Karimpouli et al. (2023) used catalog-driven
physics-informed features, developing informative input data for TTF prediction of labquakes. This approach
was applied to a limited data set available from stick-slip experiments on rough fault samples. Extracting physics-
informed features allowed the authors to explain the importance of each feature used for the predictive model.
Other researchers used/combined other sources of information to enrich the input data for a better coverage of the
complexity of the earthquake process. Shokouhi et al. (2021) and Shreedharan et al. (2021) showed that using
active source ultrasonic monitoring has advantages for the prediction of timing and size of the labquakes. Corbi
et al. (2019, 2020) used synthetic geodetic data in an experimental model and suggested that the imminence of
earthquakes may be forecasted by complex motion recorded at subduction zones. Licciardi et al. (2022) used
prompt elastogravity signals and showed that their model provides real-time access to the stress evolution of large
earthquakes. Saad et al. (2023) showed that with a combination of features extracted from electromagnetic (EM)
and geoacoustic (GA) sensors they were able to predict location and magnitude of the next large earthquake in
southwestern China.

Although preparation processes of large earthquakes may involve spatio-temporal evolution and localization of
low magnitude seismicity (Kato & Ben-Zion, 2020), most of the above studies did not include spatial information
of seismic events. Methods based on catalog-driven features in time windows (Karimpouli et al., 2023; Picozzi &
laccarino, 2021) partially use spatio-temporal information by providing some features such as correlation inte-
gral, fractal dimension, and clustering features. Zaliapin et al. (2008) showed that seismicity can be statistically
divided into background and clustered events. Based on the space-time-magnitude properties of events, Zaliapin
and Ben-Zion (2013a, 2013b) developed a data-driven nearest-neighbor approach to identify earthquake clusters,
which may contain one (singles) or more (families) events. Topological properties of the families were used to
separate them into classical burst-type sequences and swarms concentrated in separate regions reflecting different
physical processes.

In this study, we propose a new approach of event-based features to empower ML-based earthquake forecasting
by enriching the input data set. The main idea is to compute and assign the features based on two time and space
windows for each event. Each feature incorporates an evolution spanning a defined time period in a 3D space. The
advantages of this approach are (a) adding spatial information to conventional features, (b) relating multiscale
spatiotemporal features to physical processes governing the earthquakes, (c¢) increasing the amount of data, which
is desired for applying ML methods, and (d) allowing separating events with associated features into clustered and
background populations. Since the clustering analysis identifies clusters of events when more than one event
constitutes different families, we further introduce new family features. We show how clustering provides new
additional features that increase the accuracy of forecasting of an upcoming large event in the next time window.
We also account for the overall structure of evolving large event cycles corresponding to intermittent criticality
(Ben-Zion, 2008; Ben-Zion et al., 2003; Kwiatek et al., 2024).

2. Experimental Setup and Acoustic Emission Data

The data set is obtained from triaxial stick-slip experiments carried out on three Westerly granite samples, namely
WgNO04, WgNO05, and WgNO7 (Goebel et al., 2012, 2013; Kwiatek & Goebel, 2024). Large blocks were cored to
achieve cylindrical samples with 102—107 mm lengths and 40 mm diameter. To produce rough faults in intact
specimens, two notches with 1.5-2.2 cm depth and 30° inclination to the specimen axis were cut in the samples
(Figure 1). These specimens were first subjected to an isostatic confining pressure of 75 MPa, before axial load
was increased until shear failure occurred forming a rough fault. Then, the confining pressure was elevated up to
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Figure 1. (a) Experiment setup. The sample is contained in a rubber jacket allowing the placement of 14 Acoustic Emission
(AE) sensors, which are glued to the specimen surface, sealed in the jacket with epoxy and signals are transmitted through
cabled seals in the bottom plug. (b) Schematic cross section of sample inside rubber jacket. The lines between two notches
represent a rough fault (modified from Dresen et al., 2020; Goebel et al., 2013). (c) Axial stress (blue line, right axis) and AE
events magnitude (black dots) recorded on three samples: WgN04, WgNO5, and WgNO7. Time axis is expressed as an
accumulative form as all data from different experiments have been put together for a better visualization. Yellow arrows
show the data obtained for each individual sample. Following such a configuration, the 75% first events were used as training
data and the remaining 25% events as test data.

150 MPa to lock the faults. Subsequently, progressive axial loading at a constant displacement rate of 0.33 pm/s
was performed to induce stick-slip events (Goebel et al., 2012, also see Text S1 in Supporting Information S1 for
details). Figure 1c shows the axial stress curve measured for all three samples during the individual experiments
with an accuracy level of +0.05 MPa. To monitor Acoustic Emission (AE) activity, 14 piezoelectric AE sensors
encased in brass housing were glued on the sample surface using a low-viscosity epoxy. Additional two sensors
were mounted in steel spaces at the top and bottom of the sample. Using AE sensors, ultrasonic pulses were used
to periodically update the changing velocity field. AE sensors have a resonant frequency of 1 MHz (Figure 1).
Complete waveforms were captured with 16-bit resolution at a sampling rate of 10 MHz.

The fundamental processing steps involved extracting the time-dependent characteristics of AE data (Kwiatek
etal., 2024) from triggered recordings. The AE waveform processing starts with the automatic identification of P-
wave arrivals of AE events on the 14 AE sensors using a modified convolutional neural network scheme (Ross
et al.,, 2018). Utilizing the continuously updated quasi-anisotropic velocity model derived from ultrasonic
transmission measurements (Goebel et al., 2012), the hypocenter locations were determined through a grid search
algorithm paired with the Coyote optimization algorithm (Pierezan & Dos Santos Coelho, 2018) with an esti-
mated accuracy of approximately 2 mm (more details in Dresen et al., 2020; Kwiatek et al., 2024). The relative
AE magnitude was calculated from first P-wave amplitudes (Goebel et al., 2012). The obtained catalog includes
information on origin time, location in the local Cartesian coordinate system, and AE magnitude. The
completeness of AE magnitudes was estimated for all catalogs using a goodness-of-fit method (Wiemer &
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Wyss, 2000), resulting in a magnitude of completeness M of 1.5. We used all events with magnitude above M
(Figure 1c), which led to the seismicity catalogs for WgN04, WgNO5, and WgNO7 containing 75,810, 153,313,
and 125,299 events, respectively. In this study, we combined all events and used the first 75% of these events
(WgNO04, WgNO5, and the first part of WgNO7, see Figure 1c) as training data and the following 25% of events
(the last part of WgNO07, see Figure 1c) as testing data. The data set is available as separate data publication
(Kwiatek & Goebel, 2024).

3. Enhanced Seismic Features

Traditional feature computation is based on selecting a time window and computing the features on regular time
intervals (Kwiatek et al., 2024; Picozzi et al., 2023). Subsequently, the computed features are assumed as time
series and could be introduced into, for example, an LSTM network for either TTF prediction (Karimpouli
et al., 2023; Laurenti et al., 2022) or foreshock-aftershock classification (Picozzi & laccarino, 2021). The main
idea in this study is to enrich the features via including both temporal and spatial information for each event
known as event-based features. Figure 2 illustrates how the selected 81 features in this analysis were computed for
each AE event. When any AE event happens, three immediate features are defined (Figure 2a) consisting of the
magnitude of the event (7m_ae) and the separations in time and space between the current and previous event (int-
ev_time, int-ev_space). To associate time-space characteristics to each feature, time and space windows are first
defined relative to the origin time and the location of the considered event (Figure 2b). Time-space features are
then computed based on the selected events included in the defined time and space windows (see Section 3.1 for
details). However, time-space-magnitude distance (Baiesi & Paczuski, 2005) are computed for all events in time-
lapse, while a clustering analysis (Zaliapin & Ben-Zion, 2013b, 2016; Zaliapin et al., 2008) divides the population
into background and clustered events, which form clusters of one event (singles) or multiple events (families).
Family features are thus defined based on the topological properties of these families (see Figure 2c¢ and
Section 3.2).

3.1. Time-Space Features

We compute time-space features individually for each AE event. We define a time window as well as a spherical
space window relative to the origin time and location of the considered AE event (Figure 2). All AE events located
inside the time-space window are used to compute a feature. We start from the feature pool developed and
discussed in Kwiatek et al. (2024) and used in Karimpouli et al. (2023) for TTF prediction as well as additional
features described in Picozzi et al. (2023). As the features are now computed per-event, we only use those for
which the calculations can be performed reliably and efficiently while having limited input data (see Text S2 in
Supporting Information S1 and Kwiatek et al., 2024). We ultimately use AE-rate (n: number of events per
second), Gutenberg-Richter b-value (b: the slope of the magnitude-frequency distribution), scaled total magnitude
(stm: sum of magnitude of all evens normalized to the volume of spatial distribution of events), correlation in-
tegral (c(r): the probability of two points being separated by a spatial distance parameter “7” less than a certain
value), and event proximity and clustering features (¢rp, trq: product and ratio of the magnitude-normalized time
(T') and space (R) components as well as pfo, pma, paf: proportion of for-, main- and aftershocks). The fractal
dimension that was used in Kwiatek et al. (2024) to characterize the roughness evolution is replaced with cor-
relation integrals calculated over different distance parameters.

For temporal dimension, Karimpouli et al. (2023) found features computed over longer time windows important for
an accurate prediction of TTF. However, some features with shorter time windows, such as AE-rate, were found to
be even more important than others spanning longer time windows. Therefore, two time windows of 100 and 25 s
are selected in this study (Figure 2b). As for the spatial dimension, we select three spherical space windows with a
radius of 5, 10, and 20 mm (Figure 2b), which aim to capture physical processes at different length scales. Since the
radius of the sample is 20 mm, the largest spatial window of 20 mm practically contains the whole volume around
the fault plane. Consequently, the features calculated using the largest spatial window are effectively time-
dependent (similar to that used by Karimpouli et al., 2023) and not space-and-time dependent.

Figures 3a-3c show the temporal changes in the values of the event-based AE-rate feature for sample WgNO05
using different time-space windows. These features form cloud-like point distributions with a high variability of
observable values. Since we calculate the features with at least 50 events available in the selected spatiotemporal
window, these values were assumed to be robust. The different spreads for the various windows indicate that they
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Figure 2. Illustration of the event-based computation of the 81 features used in this study. (a) Immediate features were based
on the source characteristics of the considered Acoustic Emission (AE) event and its spatiotemporal relation to the previous
AE event (3 features), (b) Time-space features computed based on the subsets of AE catalog constrained by time and space
distance from the considered event (12 features X 2 time windows X 3 space windows = 72 features, See Section 3.1 for
details), and (c) Family features based on topological characteristics of the event families extracted from clustering analysis
in different time windows (3 features X 2 time windows = 6 features, see Section 3.2 for details). For example, in the upper
plot, the number of members (events) per family is shown. In the lower plot, the mean family members (MFM) is computed
for each individual event based on the mean value of all families existing in the time window (e.g., for the considered event,
MEFM = (16 + 30)/2, which is assigned to the corresponding event). For feature abbreviations and mathematical
computations see Text S2 in Supporting Information S1.

provide information in different time-space scales. Features with larger spatial windows are less spread because
they capture more general processes using more events available in the selected windows. Smaller windows
involve events, which are more responsible to local processes, leading to more heterogeneity. A feature covering a
small time-space window (e.g., Figure 3c) generally contains lower number of events and may not have enough
events for a stable feature computation. Figures 3d—3f also show some of the other features from the same sample.
In total, the different combinations of physical parameters and two spatial and three temporal windows yielded a
pool of 72 time-space features, which are assigned to each event (Figure 2).

3.2. Family Features

Earthquake clustering is commonly observed in natural and induced seismicity. Following Zaliapin et al. (2008)
and Zaliapin and Ben-Zion (2013b, 2016), we automatically separate events from the AE catalog into clustered
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Figure 3. Variability of event-based features calculated for sample WgNO5 (space-time windows used are marked in legends). Each dot represents the Acoustic
Emission (AE) rate of each event. The black curve is the mean value of these dots in a 100 s moving window that indicates the overall trend (cf. Figures 2—4 in Kwiatek
et al. (2024) for time features). (a)-(c) AE rates using different space-time windows (d) b-value, (e) correlation integral, and (f) product of T and R (¢rp) in the

logarithmic scale.

and background events using the Gaussian mixture model (GMM) (Dempster et al., 1977). Figure 4a shows a
representative distribution of nearest-neighbor distances for AE events of the sample WgNO5. Clustered events
show smaller distances in both normalized magnitude time (7") and space (R) components and tend to form a
separate distribution from the background events. The relation between AE-rate values and earthquake clustering
is shown in Figure 4b. Most events with a highly variable AE-rate belong to background seismicity, while
clustered events display typically high rates.

Figure 4b illustrates families in different stress evolution stages from initial to critical stress states for the first
labquake cycle of sample WgNOS5. In Figures 4c—4e, the clustered families of these stages are shown subdivided in
100 s long time windows. The resulting forests contain many background events and clusters of one event
(singles) or multiple events (families) evolving through different stress states (Zaliapin & Ben-Zion, 2013b,
2016). With progressive loading causing a transition from initial to critical stress state (Ben-Zion et al., 2003), the
number of families increases (Figures 4c—4e) and longer families (specially in time) with more members are
formed (Kwiatek et al., 2024).

While general clustering features have been calculated in Sec. 3.1 (see Text S2 in Supporting Information S1),
following Zaliapin and Ben-Zion (2013b, 2016), we also compute some features of families based on their to-
pology. These include family rate (FR): numbers of families (Vy) in a time window (t,,,,,, here 100 s), mean family
members (MFM): average number of members per family (My,) in a given t,,,,, and mean family length (MFL):
average time length per family (F,) as a time difference between first (¢,,) and last (#,,,,) member in a similar ¢,,,,
(Equations 1-3).
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As illustrated in Figure 2c, for each current time window of the catalog data (100 s), we extract all families using a
threshold value of nearest-neighbor proximity. Then, for each family, we calculate some characteristics such as
the number of members and the time length of the family and assign them to the last event of each family.
Following the idea of event-based features, the new family features should be assigned to all events representing
either background or clustered seismicity. Specifically, we compute the family features (Equations 1-3) for each
event using two previously defined moving average time windows of 100 and 25 s. These features are computed
based on the family characteristics assigned to the last event of each family, leading to 6 new family features (cf.
Figure 2c). Thus, although characteristics of families are computed using only clustered events, we attributed
them to all AE events, regardless of whether they were classified as background or clustered (cf. Figure 2c).
Figures 4f—4h show the variations of family features for sample WgNOS5.

Considering immediate, time-space, and family features, the feature vector for each AE event contains 81
(3 + 72 + 6) features serving as the input for the ML scheme.

4. ML Model and Results
4.1. Problem Definition

Application of ML-based methods for earthquake forecasting requires a precise definition of the problem. To
define TTF (Corbi et al., 2019; Karimpouli et al., 2023; Rouet-Leduc et al., 2017), an earthquake cycle with exact
start and end point in time should be known. In the laboratory data, relatively large stress drops define a cycle
rather than large magnitude events. Since for earthquakes in nature the stress drop is not well known, the TTF
definition is not easily applicable except for limited cases with cyclic behavior such as Cascadia (Hulbert
etal., 2018). Importantly, tectonic earthquake cycles may not be redundant like in laboratory tests and even if they
are, such long historical data sets may not be available. As an example of earthquake forecasting in real time, Saad
et al. (2023) proposed a classification approach and used the data of a current time window (current week) to
forecast if there is a large magnitude earthquake (M, > 3.5) in the next time window (next week). This is
comparable to probabilistic seismic hazard assessment (PSHA), as defined by the probability of exceedance of
specific magnitude in a specific time window (Cornell, 1968).

Having access to the catalog data of the previous 100 s, we define the current time window length (Figure 5). The
length of the next time window for forecasting is arbitrarily set to 20 s (20% of the current window). We also use a
threshold value of Mg = 3.5 for AE-magnitude to define a large event. For each current event, the feature vector
is used as the input of a random forest (RF) classifier to forecast the large event in the next time window. The RF
model contains several trees, with each tree predicting a class of 0 or 1 based on the occurrence of a large event
(no:0, yes:1). The final class is obtained using a soft voting, where each tree predicts the class probabilities, and
then the ensemble is just weighted by their probabilities (see Text S3 and Figure S1 in Supporting Information S1
for details).

Figure 4. (a) Sample distribution of the normalized-magnitude distance T and R for WgNO5 color-coded with sample normalized density. Dashed line is the separation
line between background and clustered AEs. (b) AE-rate feature values as a function of time color-coded by the classification into background and clustered seismicity.
(c)—(e) Evolution of clustered family trees in 100 s time windows for different stress stages of (c) stable, (d) transitional, and (e) critical along sample axis z (also shown
in b). Each family consists of events with similar colors and a line connecting them. For better visualization, families with members more than or equal to 3, 3, and 5 are
shown in plots c, d, and e. Large events (M, > 3.5) are shown with big yellow stars. (f)—(g) Examples of new family based features computed in 25 and 100 s windows,
namely (f) FR: family rate, (g) MFM: mean family members, and (h) MFL: mean family length.
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Figure 5. Problem definition and the proposed approach. We use all data from an input data window with 100 s length for
computing features of the considered event (orange dot) and apply a random forest (RF) classifier to forecast the existence of
alarge event (M, > 3.5, red dot) in the next forecasting window with 20 s length. If yes, the output is 1, otherwise it is 0. For
more details about the RF model and architecture of each tree, see Text S3 and Figure S1 in Supporting Information S1.

4.2. Random Forest Classification

We employed the RF algorithm, being a powerful ML classifier, to forecast the occurrence of a large AE event in
the next time window. As illustrated in Figure 5, all 81 features of the current event are introduced as input values
for the RF. We used the Scikit-Learn library in Python to construct, train, and test the RF model. A grid search on
the number of individual trees and a maximum depth revealed that an optimum architecture for this problem is
obtained with 50 trees and a maximum depth where there are less than two nodes in the tree to be split (see Text S3
in Supporting Information S1).

Our results reveal that the forecasting accuracy of the training data exceeds 99%, which indicates the RF model
learned near perfectly the logic of such classification among the training data. However, the RF results on test data
show accuracy, precision, and recall of 73.2%, 74.7%, and 80.3%, respectively (Table 1). Since RFs are resistant
against overfitting (Breiman, 2001), a lower accuracy of test data means that a considerable amount of feature
vectors from the test data is not contained in the trained model. These events would display a statistical distri-
bution (i.e., in the feature space) out of the distribution of the training data (also reported by Karimpouli
et al., 2023). To investigate further, we conduct a 10-fold cross-validation (CV) evaluation on the training data by
dividing them into 10 folds. The model is trained based on 9 folds and validated by the remaining fold, and this
procedure is repeated for all folds. The CV scores are 66.02%, 60.77%, 69.78%, 55.82%, 89.22%, 85.31%,
68.11%, 68.57%, 63.83%, and 92.82%. The mean value of CV score is 72.02% with a standard deviation of
11.96%, which is very close to what we obtained for the test data (with accuracy of 73.2%). This confirms the
complexity contained in the experimental data set we analyze, even though all of them were recorded on a similar
rock type with an identical experimental procedure.

We used clustering analysis once to compute family features; however, we here use it again to separate the
background and clustered event of the entire catalog. A key result of our study is that the classification accuracy is
enhanced considerably if the population of AE events is separated into background and clustered AEs. This
requires considering event-based features where each event is attributed a feature vector composed of 81 features
values. Separating background and clustered events allows training RF models individually for each population.
For example, the accuracy of the classification increased from 73.2% while using the full catalog to 82.1% and
89.0% when only background or clustered events are considered, respectively. To evaluate the effect of new
family features, all RF models were re-trained without family features, that is, with 75 (including immediate and
time-space) features. Table 1 shows that the accuracy of the ML model excluding family based features is 73.1%,
80.5%, and 87.1%, when all background and clustered AE events are considered.
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Table 1

Summary of Classification Results With RF Networks for All Events as Well as Separated Background and Clustered Events

RF network

Confusion
matrix® (%)

Family features

Population used Number of features Accuracy (%) Precision (%) Recall (%) ROC?* (%) PP PN
Entire catalog Not included 73.1 73.6 82.3 80.4 72 26 P
75 28 74 N
Included 73.2 74.7 80.3 80.8 71 25 P
81 29 75 N
Only background AEs Not included 80.5 83.9 85.3 87.9 76 17 P
75 24 83 N
Included 82.1 84.8 86.6 89.1 77 15 P
81 23 85 N
Only clustered AEs Not included 87.1 88.6 95.2 91.7 83 11 P
75 17 89 N
Included 89.0 90.0 96.1 92.8 85 10 P
81 15 90 N
Entire catalog conventional time features® 54.7 41.7 15.4 62.4 80 58 P
47 20 42 N

Note. For details about metrics see Text S4 in Supporting Information S1. Bold font indicates best result. "ROC: Area under curve (AUC) of receiver operating
characteristic (ROC). °P: positive class, N: negative class, PN: predicted negative and PP: predicted positive. “The features are the same as Karimpouli et al. (2023). No

family features are used.

5. Discussion

We present a new event-based approach to extract physics-informed seismo-mechanical features according to
origin time and location of AE events generated during laboratory rock deformation stick-slip experiments on
rough faults. We separate the input catalog data into clustered and background seismicity and include new event-
based family features based on the topology of clustered event families. The association of feature vectors
allocated to each AE event allows training individual RF models using background and clustered subcatalogs
separately, which significantly improves the accuracy of labquake forecasting. A resulting suite of catalog-driven
features allows capturing the spatiotemporal complexity of the evolving fault stress and damage on and in the
vicinity of the fault surface with progressive loading. This constitutes a crucial improvement, since the prepa-
ration of large earthquakes is conditioned on the temporal and spatial evolution of the stress field and damage over
the fault zone, as indicated in laboratory (Kwiatek et al., 2024) and field studies (Kato & Ben-Zion, 2020). In
addition, it provides a useful framework, where feature vectors are associated with the individual events, enabling
the use of more elaborated ML networks with sophisticated architecture. Finally, the enriched pool with family
features evolving during the preparatory phase provide important information about the spatiotemporal evolution
of clustered AE events related to the lifecycle of the cm-scale asperities (cf. discussion in Kwiatek et al. (2024).

Our results show a forecasting accuracy of 82.1% and 89.0% for background and clustered events, respectively.
We compare our results with two similar studies for experimental lab-quakes and tectonic earthquakes. Using the
same experimental data, Karimpouli et al. (2023) extracted 47 time series of various features in time and
employed an ensemble long-short-term memory (LSTM) model for TTF prediction. To have a representative
comparison, we used a new RF model based on the same 47 time-based features employed by Karimpouli
et al. (2023) to forecast the existence of a large event (Mg > 3.5) in the next forecasting window (similar to
Figure 5). The results are reported in Table 1, where the model accuracy, precision, recall, and receiver operating
characteristic (ROC) are 54.8%, 41.7%, 15.4%, and 62.4%. These metrics and the values of the confusion matrix
clearly show that this is not a well-trained model where at least one class is detected randomly. This indicates that
with our event-based features, the model is better trained due to a higher number of training data, and the fact that
different aspects and scales of the labquake processes are more efficiently covered (in time and space), leading to

KARIMPOULI ET AL.

10 of 15

858017 SUOWWOD SAIERID 3(dedl|dde auy Aq peusenob afe sspiie YO 8sn Joss|n. 1oy Afeid173Ul|UO AB|IA UO (SUOIIPUOO-PUR-SWB 0" A3 1M ARIq 1 BU1|UO//SCY) SUORIPUOD PUe SWis | 38U} 89S *[7202/20/80] U0 Areiq18ullUO A8 |IM ‘Z49 Wepsiod WniueZ-z)oyw pH Aq 09TO00HCYZ0Z/620T 0T/I0p/wod: A3 1M Aeiq utjuosqndnBey/:sdny Wwoj pepeojumod ‘Z ‘#20e ‘0TZSE662



A7
M\I JGR: Machine Learning and Computation 10.1029/2024JH000160
AND SPACE SCIENCES

5.0 —
Training data Test data riog
4.5 N g B e 5 W . F450 g
v rosg
° 4.0 1 .r 400 o 2
° = @
235 Sro6
£ 350 =
2 30 8| oas
w 300 _(—; * _§
2.5 <L s
250 to0.2 g
2.0 g
1.5 | 1o il g i ) s - '0-03’:

. 22000 24000 26000 28000 30000 32000
Time (s)
0.0 0.2 0.4 0.6 0.8 1.0

Event-based forecasting probability of a Mse>3.5

Figure 6. Temporal evolution of Acoustic Emission (AE) magnitude of AE event in sample WgNO7 (see Figure 1) color
coded by probability of a future large event (>3.5, dashed line) in the next time window (20 s) after each event generated by
RF-models. The blue curve is the axial stress values and the black curve is the average probability per 500 events with 50
events step).

more reliable results. The other study is a real-time earthquake forecasting, where Saad et al. (2023) used EM and
GA data of the current week and extracted 51 and 44 statistical features, respectively. Using a RF model, they
obtained a 70% accuracy for forecasting large earthquakes in the next week. Statistical features from different
sources of data (EM and GA) helped them to reach 70% accuracy in such a complex region. To separate
earthquakes with different sources, Saad et al. (2023) divided the whole region into six subregions and for each
subregion used two individual RF models for each type of data (i.e., EM and GA). The main idea behind this was
to leverage individual models trained on a localized region with similar statistical behavior instead of having one
general model for the entire region. This is technically very similar, in this study, to the separation of all events
into background and cluster populations. Such a separation was also used by Picozzi et al. (2023) who found
different patterns in the features relative to background and clustered seismicity that occurred prior to the
L’ Aquila earthquake on 6 April 2009 in central Italy.

To investigate the performance of the ML model, the probabilities of occurrence of a future large AE event
(M,g > 3.5) in the next 20 s are generated by two RF models (depending on the considered event being back-
ground or clustered) for each AE of sample WgNO7 (Figure 6), which contains both training and test data. It is not
surprising that the probability values for the training data are higher than the test data, as explained in Section 4.2.
The probabilities of test data are high enough (>0.5) to be classified as 1 for forecasting a future large labquake.
For tectonic earthquakes, these probabilities can be used to define a threshold for an alarming system, possibly
with different threshold values for different subregions as in Saad et al. (2023). The probabilities indicate
increasing trends within the emerging big events in a cycle. This is shown clearly by the black curve that gives the
average probability in moving windows of 500 events. The average probability increases in the about first 2/3 of
each large event cycle and then fluctuates at high values until the occurrence of a large event. The results are
consistent with an intermittent criticality process (Ben-Zion et al., 2003; Sammis & Smith, 1999; see discussion in
Kwiatek et al. (2024) for WgNO05), where the stress (blue line) evolves to a critical state and then fluctuates until a
large event occurs as a triggered statistical event (see also Figure 1). Since the model was trained only for
forecasting of large AE events (Mg > 3.5), we do not expect to see a clear trend for proximity to large or small
stress drops similar to TTF prediction (Karimpouli et al., 2023). This is because large AE with M, exceeding 3.5
accompany both small slips activating a limited portion of the fault surface with barely visible stress drops as well
as the slips over the entire surfaces leading to large stress drops (Kwiatek et al., 2024).

The improvement observed in the forecasting accuracy from separating background and clustered events suggests
that including time-space features effectively isolates information from physical processes occurring at different
temporal and spatial scales. AE events forming a background activity represent isolated events scattered across
the fault surface. With increasing axial stress, the background seismicity rates steadily grow in response to the
increased overall contact between the two faces of the fault. However, clustered AE activity is transient in time
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and constrained in space and signifies the processes on cm-scale asperities. As presented in Kwiatek et al. (2024),
the collective evolution and interaction of asperities at the high level of axial stress and depicted predominantly by
clustered AE activity enable conditions for the major approaching failure.

We also computed feature importance in an RF model on clustered events (see Text S5 and Figure S2 in Sup-
porting Information S1) to find which features, among all 81 features, are the keys for forecasting. Results
revealed that all family features, AE-rate, scaled total magnitude, and b-value with different time-space windows
are found to be the 10 most important features. During the preparatory phase preceding an earthquake, the
seismicity rate (here AE-rate) and seismic energy increase in response to enhanced fault damage (Kwiatek
et al., 2024). Similarly, as progressively more and larger magnitude events occur, the b-value decreases due to
increased local stresses and coalescence of fractures (Main, 1991; Scholz, 2019). However, the RF model also
uses family features revealing their importance in the performed classification. As the detailed spatiotemporal
evolution of cm-scale asperities is reflected in these features and the asperities play an important role in the
preparatory processes of large slip events (Kwiatek et al., 2024), we hypothesize that the new features contain
important information about the preparation of the system-size slip. It should be noted that being important does
not mean being sufficient. To explore the amount of information added by the family features, we re-train similar
RF models excluding them from the training. Table 1 shows that family features do not add any information when
whole catalog data are used. In the separated models, the accuracy of the classification increases, for example, up
to about 2% for clustered events. A comparison reveals that the effect of event separation is much higher than the
effect of family features.

Scaling-up of labquake studies to tectonic earthquakes is an important unresolved subject of continuing research,
which can be discussed in different aspects (e.g., Ben-Zion & Dresen, 2022; McGarr et al., 2010). With regard to
the application of our ML framework, we first address the problem (output) definition. We defined a classification
problem with the aim of providing probability-like information on whether in the next forecasting window there
will be a large AE event. This way of posing the problem allows not only to implement it in (near) real-time
monitoring and forecasting but also to qualitatively compare the outcome of such forecasting with the clas-
sical probabilistic earthquake hazard assessment (PSHA) procedures. In the latter case, the time-and-space
constrained catalog is used to calculate the probability of magnitude exceedance in the next time period
assuming that the seismicity rates are approximately stationary. As for model selection, we find that RF models
offer several advantages, including resilience to overfitting, scalability to high-dimensional data sets, fast
training, and interpretability. These characteristics make the RF appropriate forecasting models that may
potentially be applied to experimental (Rouet-Leduc et al., 2017) and real-time case studies (Saad et al., 2023).
However, the performance of the developed RF-based forecasting framework and other forecasting approaches
has yet to be tested with field data. Finally, it is important that the role of input data in the processes governing the
runup to seismic events is understood. To this end, we employed an ensemble of physics-informed event-based
features that are extractable from the seismicity catalog and could potentially provide an improved and data-
driven information to forecast upcoming earthquakes. The proposed approach allows embedding new physics-
based features that are attributed to each AE event. Importantly, the entire ML framework in this study is scal-
able and could be implemented for tectonic earthquakes. However, the applicability of the approach also depends
on other aspects such as resolution of the seismicity catalog, availability of historical data, complexity of the
tectonic region and so on.

A clear limitation of the proposed framework is the availability of a high-resolution seismicity catalog. Feature
computation, especially in the time-space window requires a substantial number of events. However, current
trends in ML-based earthquake processing (Mousavi et al., 2019) and high-resolution monitoring could make
these approaches more applicable. The results of our study are based on experimental data, and the applicability of
the proposed framework should be evaluated using other data sets at different scales. A general forecasting model
needs to be trained on a large data set covering a full variability range of each feature for all possible scenarios and
complexities of the earthquake in each region. This may be achievable for tectonic earthquakes if enough his-
torical data are available and/or high-resolution data are available.

This study introduced a novel avenue to earthquake forecasting, and we assume it as a starting point which could
be followed and highly investigated in the near future. For example, the background and clustered events sep-
aration is a statistical approach and we used GMM for such a purpose. However, Aden-Antonidw et al. (2022)
introduced adaptive RF for background and cluster separation, which seems more efficient. The sensitivity of
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earthquake forecasting to the separation methods is not known and could be potentially investigated. In addition,
we defined and used three exemplary family based features. Other features such as branching index, average leaf
depth, and many others, for example, introduced by Zaliapin and Ben-Zion (2013b) could also be applied.

6. Conclusions

We analyze AE data recorded during laboratory triaxial stick-slip experiments on three Westerly granite samples
with rough faults. Unlike conventional methods, we present an event-based approach to extract numerous
spatiotemporal seismo-mechanical and physics-informed features characterizing damage and stress evolution in
the sample in the spatiotemporal windows attributed to each AE event. With the aim of near-real-time forecasting
of the large labquakes, we reformulate the TTF prediction into a classification problem, where the computed
features are used, through the RF classifier, to forecast the occurrence of a large magnitude event in the following
short time window.

Separating the AE population into the background and clustered events allowed us to obtain a more accurate
forecasting model while using the full catalog. Feature importance analysis revealed that not only AE-rate,
seismic energy, and b-value are important but also family features developed from a topological cluster
decomposition, playing a crucial role for labquake forecasting. The results suggest that event-based catalog-
driven features, including clustering analysis provide informative input data, which can be used to improve
forecasts of large tectonic earthquakes.

Data Availability Statement

Seismic catalogs, moment tensor catalogs, raw waveform data, geomechanical data, and associated information
related to stick-slip experiments analyzed in this study are available at GFZ Data Services via separate data
publication (CC-BY 4.0 license): Kwiatek and Goebel (2024) (https://doi.org/10.5880/GFZ.4.2.2023.003).
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