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Abstract Fullmomenttensorsareimportant for revealing non-shear mechanisms of earthquake faulting.
Nevertheless, non-double-couple components represent sensitive source parameters, less robust than strike,
dip, rake, and moment. Thus, inversion of full moment tensors must be accompanied by uncertainty analy-
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ses. Here, we present a new version of traditional ISOLA software for inverting complete waveforms, in which Copy & Layout Editor:

uncertainty is analyzed with Bayesian bootstrap. This approach is particularly useful for obtaining uncertainty
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of model parameters without assuming a specific (e.g., Gaussian) distribution of data error and evaluating its

covariance matrix. We assume that the set of recorded waveforms is representative, noise is low relative to the
signal, and the velocity model is free of systematic error. The method is applied to 25 earthquakes of the 2025
Anydros crisis, Aegean Sea, Greece. Most of the analyzed events are Mw>4.5, and they consistently indicate a
shear-tensile process, i.e., crack opening on mostly normal faults. The stress field calculated from these and
previously published focal mechanisms is transtensional. The fault friction coefficient is low (~0.15). We pre-
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liminarily interpret the observed moment tensors as pointing to a fluid-assisted rupture process in a complex

network of tectonic faults, likely triggered by a dike emplacement.

1 Introduction

The 2024-2025 seismic crisis in the Santorini-Amorgos
region underlined complex tectono-volcanic interac-
tions. High-quality full moment tensors (MTs) of 133
events of Fountoulakis and Evangelidis (2025) have
shown significant non-DC components, indicating fluid
involvement. However, non-DC components represent
sensitive parameters, less robustly inferred from seis-
mic waveform measurements than standard source pa-
rameters, such as strike, dip, rake, and moment. There-
fore, the focus of this paper is on a new uncertainty as-
sessment of full MTs and application to the 2025 Any-
dros earthquakes. For this purpose, traditional ISOLA
software (Zahradnik and Sokos, 2018; Sokos and Zahrad-
nik, 2013; Zahradnik and Sokos, 2025b) is upgraded
here.

The non-DC components are isotropic ISO (= vol-
umetric, VOL) and compensated-linear-vector-dipole
CLVD. The absolute values of ISO and CLVD percent-
ages, together with the always-positive DC percent-
age, sum to 100%. The six-parameter MT allows for
mixed signs of ISO and CLVD in an event. The shear-
tensile/compressional model, hereafter STC (Vavrycuk,
2011), allows only the same ISO and CLVD sign in an
event. The STC model enables a phenomenological
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interpretation of MT in terms of shear faulting part
(strike/dip/rake angles) and angular deviation of the slip
vector from the fault plane, ranging from 0° to 90°/-90°
for crack opening/closing, respectively. We invert wave-
forms of the Anydros sequence for six-parameter ten-
sors and show that the estimated MTs can be interpreted
in terms of the STC model. We also shortly discuss
simpler deviatoric MTs that assume ISO=0, which may
mask the true non-shear character of fault rupture. We
use traditional MT characterization by DC, CLVD, and
ISO percentages, yet more accurate representations ex-
ist, e.g. by means of the angular distance of an MT from
pure DC, or from ISO on fundamental lune (Tape and
Tape, 2012).

2 Method and data

2.1 MTinversion with covariance matrix

We calculate full moment tensors in a new software
package, a conceptual update of ISOLA2024 (Zahrad-
nik and Sokos, 2025b). In ISOLA2024, the best-fit MT
solution is calculated through a systematic space-time
grid search of centroid position and time, with a least-
squares inversion at every grid point. Centroid is
a point-source representation of the earthquake esti-
mated by waveform inversion. As shown below, the full
MT calculation is straightforward if we know the cen-
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troid position and centroid time. Then the MT inverse
problem is linear and can be solved analytically. The
centroid and hypocenter usually differ from each other
(due to source finiteness or measurement errors), im-
plying a need to seek the centroid (position and time)
in the vicinity of the hypocenter. Dependence of MT on
position and time is non-linear, thus MT should be opti-
mized over these parameters. Optimization over three
space coordinates and time can be made deterministi-
cally with a grid search. The space grid is placed either
vertically beneath the epicenter (as in applications of
this paper) or in a more general way (e.g., in a 3D grid).
Greens’ functions, representing the medium response
to impulsive forces, needed for all paths between space
grid points and stations, are precalculated and stored in
memory.

The MT inversion in a grid point is performed by the
least-squares method (Tarantola, 2005). In ISOLA2024,
we used equal station weights, yet explicitly involving a
data-error covariance matrix Cgq:

m = (GTC;'G)” GTCld. (1)

In equation 1, m is the MT, G is the matrix of Green’s
functions, and d is the 3-component band-pass wave-
form displacement data at a set of stations. The data co-
variance matrix Cgq is generally non-diagonal, thus po-
tentially accounting for correlated data errors. Uncer-
tainty of model parameters is investigated in ISOLA2024
analytically using the best fit solution m at each space
grid point (optimized over time) and employing the the-
oretical covariance matrix of model parameters

C. = (GTc;'G) . (2)

For details on how to employ C,, see equations 5-
7 of Vackdr et al. (2017). In that paper, the C4q4 ma-
trix is estimated from pre-event noise, assumed to be
Gaussian but not necessarily low. In ISOLA2024, a
similar concept is adopted, but various other estima-
tors of the data-error covariance matrix Cq are derived
from residual waveforms, as inspired by Dettmer et al.
(2007). Residual waveforms have also been used else-
where to account for modeling errors, i.e., errors asso-
ciated with imprecise velocity models (Poppeliers and
Preston, 2022). ISOLA2024 is computationally demand-
ing in both memory requirements and processing time.
In general, the MT uncertainties derived from the es-
timated C4 matrix may appear unrealistically small—
essentially overconfident—because the underlying esti-
mates of data errors are themselves overly optimistic.
For this reason, in the present paper, we adopt a con-
servative approach: we require that the noise level be
low relative to the signal (or that the data be denoised
before use), and we rewrite ISOLA around a fundamen-
tally different concept that avoids strong assumptions
about data errors.

2.2 MT inversion with BaBoo weighting ma-
trix

In the new code, we employ the ordinary least-squares
method to relate the weighted Green’s functions, ex-
pressed as the matrix product WG, to the equally
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weighted data Wd , where W is a diagonal (generally
non-constant) weighting matrix:

m = (WG)T(WG))™ (WG)™W d. (3)

Equation 3 is equivalent to 1 with Cq™'= WTW; i.e.,
Cg is a matrix formed by reciprocal values of squared
weights; see Dodge (2008):

m = (GTWTWG) ™ GTWTW d. (4)

Although the two methods, 1 and 4, appear to be for-
mally identical, they are conceptually different. In 1,
we assume that the data error is known, Gaussian, and
represented by matrix Cgq, thus expressing a parametric
likelihood model. Contrarily, in 4 we use an empirical,
non-parametric error description, in which matrix W is
formed by random samples of Bayesian bootstrap (Ba-
Boo) weights. Many sets of weights are repeatedly ap-
plied, i.e., waveform data are repeatedly perturbed. For
each data perturbation, equation 4 is solved across the
space-time grid, producing an ensemble of solutions.
In this way, random data variabilities (waveform per-
turbations), not the assumed data errors, are projected
into model parameters. As Green’s functions are pre-
calculated, the repetition is fast; moreover, the individ-
ual perturbations can be calculated in parallel. The new
code is called ISOLA-bootstrap, or ISOLA-BaBoo.

Seismological studies demonstrating the effective-
ness of the Bayesian bootstrap for MT inversion re-
main relatively limited, with the GROND software rep-
resenting a notable example (Heimann et al., 2018;
Kiihn et al., 2020). For a non-seismological appli-
cation, see, e.g., Rodriguez and Williams (2022) and
the blog https://www.sumsar.net/tags/bayesian/. GROND
and other methods were used for benchmarking ISOLA-
BaBoo, and one such test will be demonstrated below.
The tests and applications are preparations for the im-
plementation of ISOLA-BaBoo into automated, paral-
lelized workflows.

2.3 Bayesian bootstrap

Here, we summarize the method using general statis-
tical terminology. The observed waveform data are
treated as independent realizations from an unknown
distribution (F). Rather than assuming a parametric
form for F, we adopt a Bayesian bootstrap approach (Ru-
bin, 1981), in which random Bayesian weights are as-
signed to the observed sample. These weights define
a nonparametric, Bayesian-weighted empirical approx-
imation of the data-generating distribution. The result-
ing weighted sample is then used as input to the inverse
problem.

We assume that the forward model is approximately
correct, so that modeling errors are small and do not
introduce a significant systematic bias. For each ran-
dom draw of Bayesian-bootstrap weights, the inverse
problem—both its least-squares component and its grid-
search component—is solved by minimizing an L2-
norm misfit between observed and predicted data. The
L2 norm is used purely as a loss (misfit) function; it is
not interpreted as arising from a Gaussian likelihood,
nor do we assume Gaussian measurement errors.
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The method yields a nonparametric, posterior-like
distribution of model parameters obtained by propagat-
ing Bayesian-bootstrap uncertainty in the data through
the inverse problem. This distribution reflects uncer-
tainty in the empirical data distribution rather than a
Bayesian posterior based on a prescribed parametric
likelihood (Tarantola, 2005).

Bayesian bootstrap weights should not be interpreted
as measurement errors. Instead, they quantify un-
certainty about how well the available data represent
the underlying distribution F. However, if measurement
noise can be characterized and the data covariance ma-
trix Cq can be reasonably estimated, the method can be
extended by incorporating Cq — for example, by replac-
ing WIW with WIWC4! in the least-squares solution
for model parameters. This may allow the approach
to account for known correlated noise, while retaining
its nonparametric Bayesian structure. Combining WTW
with Cq! and posterior exponential down-weighting is
intended as a possible future upgrade and is not used in
this paper.

For each bootstrap perturbation, the best-fit model
(across the grid) is the optimal solution for that par-
ticular weighted data realization. To reduce overcon-
fidence in a single best-fit model, we also consider,
for each perturbation, a set of near-optimal grid points
within a specified misfit threshold. This expanded en-
semble captures additional model variability. To re-
duce the influence of models with substantially higher
misfit, we can optionally apply a posterior exponential
down-weighting of ensemble members as a function of
their misfit. This step is not part of the Bayesian boot-
strap itself; rather, it serves as a practical, partly sub-
jective regularization that emphasizes better-fitting so-
lutions while retaining the nonparametric character of
the method.

2.4 Algorithm implementation

Technical details of the proposed method are as fol-
lows. The BaBoo technique is applicable to indepen-
dent (uncorrelated) data. As the three recorded compo-
nents ata station are dependent, we use station-level Ba-
Boo weights, i.e., a weight is prescribed identically to all
three components. An exception may be a component
that must be removed from the inversion because of
data problems, e.g., a clip; then the component weight
is zero. Thus, the weighting matrix W is diagonal and
remains constant across all time samples of all three
components at each station. Accordingly, the weighting
can be implemented explicitly in the code, eliminating
the need to store or operate on the full sparse matrix
W. Therefore, the new code is formally as simple as the
older ISOLA versions (Zahradnik and Sokos, 2018).

The BaBoo weights (positive real numbers) are gen-
erated numerically as samples of Dirichlet distribution;
the weights are normalized so that they sum to unity for
each perturbation. They depend solely on the number
of stations, not on the waveforms. Once a set of station
weights is defined and applied to produce a data pertur-
bation, we make a space-time grid search. Itis assumed
that the grid is sufficiently large and dense to likely in-
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clude the true source position and time. At each point
of the space-time grid, we solve equation 4, i.e., we in-
vert the data to estimate the MT (with the BaBoo station
weights). We quantify waveform fit with variance reduc-
tion, VR (always <1), symbolically written asVR=1- },(o-
s)?/%.0%, where o0 and s denote observed and synthetic
waveforms, both equally BaBoo weighted, and summa-
tion is over all stations, components, and time samples.
It represents a global L2-norm data fit.

The whole process is repeated NPER times (NPER is
the number of perturbations, typically ~100). In this pa-
per, we use NPER=100, sharing the same overall quali-
tative behavior of results as, for example, NPER=1000.
From each perturbation, we accept a certain number
of solutions of the highest VR values in that perturba-
tion; hereafter, we denote this number NBEST. In other
words, we sort the solutions in every perturbation ac-
cording to VR, and take the NBEST top values. The so-
lutions form a final ensemble, each ensemble mem-
ber being characterized by the perturbation number,
source position, source time, CLVD%, ISO%, six com-
ponents of MT, and VR. From the ensemble of model
parameters, we draw histograms, median values, and
confidence intervals.

NBEST is a free parameter, controlling acceptance of
near-optimum solutions, and is further extensively dis-
cussed in the real-data examples of the following sec-
tions. Before proceeding with the examples, we make
a few notes about NBEST. The notes were inferred from
synthetic tests using the Forward Simulation tool of
ISOLA One of the space-time grid nodes was the as-
sumed (“true”) source. First, consider the inversion
of synthetic noise-free data in an exact velocity model,
i.e., with the same Green’s functions used in the for-
ward and inverse problem. In that case, NBEST =1 re-
turns the unique exact solution with VR=1 (the same
for all perturbations). In the same setup, NBEST > 1
produces multiple solutions, including, besides the ex-
act one, also non-exact MTs, with non-exact positions
and times that also fit the data relatively well. Increas-
ing NBEST, we still obtain one exact solution, and the
number of solutions in non-exact positions and times
may increase, particularly if a given earthquake has a
trade-off between MT and centroid position. If we con-
strain inversion to the exact centroid position (and let
centroid time vary), we obtain the exact solution plus
other solutions with inexact time and inexact MT. Sec-
ond, consider the inversion of synthetic noisy data or
synthetic noise-free data inverted in an inexact velocity
model. Then, NBEST = 1 cannot return an exact solu-
tion; it returns multiple non-exact (wrong) solutions of
VR<1, varying during perturbations around the (wrong)
solution with the largest VR. NBEST > 1 produces mul-
tiple non-exact solutions (varying positions, times, and
MTs), and the true position and MT can be among them
(with VR below the maximum VR), or not. These results
imply that when dealing with real data, we should not
overinterpret the best-fit solutions of the maximum VR
= VRmax. That is the reason why we need the accep-
tance parameter NBEST > 1. Finally, let us comment on
a priori constraining source position in synthetic tests.
When constraining the position to the true value but
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Figure 1 First example of ISOLA-BaBoo for the Mw 4.9 earthquake of 11/02/2025, origin time 11:43:54.22. Inversion per-
formed with trial source positions 1-20 (depths below epicenter 1 - 20 km, step 1 km), and times -1.8 s to 1.8 s relative to
origin time, step 0.3 s. Results of the probabilistic analysis with the formal parameter NBEST = 26 are demonstrated for 1ISO%
and source position. VR is variance reduction: a) Variance reduction versus I1SO and source position (color), b) Histogram of
ISO, c) Position versus ISO and VR (color), d) Histogram of position. Vertical lines in histograms show the median (red) and

the confidence intervals (68% blue and 95% green).

making inversion in an imprecise velocity model, we
shall obtain incorrect MT and centroid time (both in the
case of NBEST=1, or NBEST > 1). Later, in examples,
we show that the major physical results, e.g., the me-
dian MT, may not significantly depend on NBEST, but
the confidence intervals do depend on NBEST. A prac-
tically useful value of NBEST is about 10% of the tested
space-time grid points.

2.5 Data processing

Here, we explain how the method is applied to data
from Anydros sequence. ISOLA includes tools for man-
ually selecting stations and preprocessing waveforms.
Instead, in this paper, we use a semi-automated sta-
tion selection from the Institute of Geodynamics, Na-
tional Observatory of Athens (NOA), performed with the
well-tested software GISOLA (Triantafyllis et al., 2015,
2021), http://orfeus.gein.noa.gr/gisola/realtime/2025/. We take
this approach because Isola-BaBoo is intended for in-
clusion in a future upgrade of GISOLA; accordingly, the

4

present paper functions as a pilot preparatory study.
For the same reason, we rely on the pre-processed and
instrumentally corrected full waveforms generated by
GISOLA. A typical data set of a magnitude > 4 event
consists of ~ 8-15 three-component broadband stations
of the Hellenic Unified Seismological Network (HUSN;
Evangelidis et al., 2021) at epicentral distances from ~40
km to ~300 km. We also use the manually revised epi-
center location by NOA and set the trial source posi-
tions below that epicenter, and the trial source times
around the origin time. Four 1D velocity models were
tested in the present study, i.e., Novotny et al. (2001),
Briistle (2012), Dimitriadis et al. (2010), and a combi-
nation of the latter two provided by Fountoulakis (per-
sonal communication). Results for the latter velocity
model are presented below. All tested models pro-
vide qualitatively similar results within the frequency
range used (0.03-0.06 Hz). Long-term routine appli-
cation for comparable magnitudes and distances has
shown that this frequency range is reliable: noise is low
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Figure2 Continuation of the analysis of the Mw 4.9 earthquake of 11/02/2025, demonstrating variation of the results with
the formal acceptance parameter NBEST: a) NBEST =26 (10%) as in Fig. 1, b) NBEST = 10 (4%), c) NBEST =5 (2%), d) NBEST =

1(0.4%).

above 0.03Hz, and velocity-model inaccuracies have
only minor effects below 0.06 Hz. Indeed, inaccuracy
effects scale with the ratio of epicentral distance to
wavelength. With a maximum frequency of 0.06 Hz, all
stations (closer than ~300 km) lie within six minimum
S-wave wavelengths (3 (km/s) / 0.06 (Hz) ~ 50 km). For
larger distance-to-wavelength ratios, e.g., greater than
about 15 or 20, the velocity-model inaccuracies typically
prevent an acceptable waveform fit. Although inver-
sion codes can, in principle, treat model error at larger
distances and thereby capture MT uncertainty associ-
ated with imperfect Green’s functions (e.g., Hallo and
Gallovi¢, 2016), they still require velocity models whose
departures from the true Earth structure do not exhibit
systematic bias. Such techniques are not employed in
this paper.

3 Two methodical examples

3.1 First example

In this section, we illustrate ISOLA-BaBoo on real-data
examples of two events of the Anydros crisis. The first
example is the Mw 4.9 earthquake of 11/02/2025, origin

5

time 11:43:54.22 UTC, event No. 19 (we use event num-
bering introduced in Zahradnik et al., 2025b,a). We in-
vert full waveformsin 11 stations at epicentral distances
from 40 to 250 km with good azimuthal coverage, in a
frequency range of 0.03-0.06 Hz. In the following, we
use the term “source position, or position number”, be-
cause it is a general denotation of the space-grid nodes
used in the code. We inspect 20 trial source positions
(1-20, which in this case correspond to depths 1-20 km
beneath the epicenter, step 1 km), together with 13 trial
centroid times (between -1.8 s and 1.8 s relative to ori-
gin time, step 0.3 s); that is, 260 space-time grid points,
in total. At each perturbation, we save NBEST=26 solu-
tions (i.e., 10% of all grid points) of the highest VR in
that perturbation; this acceptance rate is hereafter de-
noted as 26 (10%). All perturbations (NPER = 100) then
create an ensemble of the NBEST x NPER accepted solu-
tions. Solutions in the adopted ensemble have a highly
variable data fit. This is a combined effect of the trial
space-time variations and bootstrap; several perturba-
tions contribute to the ensemble with the same space-
time grid point, yet with different waveform fits (differ-
entVR), depending on the random station weights. Note
that a space grid point is kept in the ensemble with dif-

SEISMICA | volume 5.1| 2026



SEISMICA | RESEARCH ARTICLE | ISOLA-BaBoo, a code for full moment tensor inversion with uncertainty estimation; application to the 2025 Anydros

earthquakes
+ISO
+Crac® am s ® POT L s’
+LVD <
+CLVD ‘e +-CLVD
L. -LVD
....._..----“' -Crack
a) 180
+I1SO
+Crack = Lo -__.---u--
+LVD =8
+CLVD ‘DC +-CLVD
Jawe=»”-LVD
----_.--"'—-. -Crack
C) 1180

+1SO
+Crack -’__.........--
+LVD #*
+CLVD -~ ‘DC +-CLVD
2. Jee-LVD
.....---"""' +-Crack
b) 180
+1S0
+Crac/k: --__‘__.-------
+Lvp L
+CLVD -~ ‘DC «-CLVD
Clese=-LVD
....--"""" +-Crack
d) -180

Figure3 Continuation of the analysis of the Mw 4.9 earthquake of 11/02/2025, demonstrating variation of Hudson’s source-
type plots with the formal acceptance parameter NBEST: a) NBEST =26 (10%) asin Fig. 1, b) NBEST =10 (4%), c) NBEST =5 (2%),
d) NBEST =1 (0.4%). Each green point is an MT solution, a member of the ensemble resulting from the BaBoo MT inversion.
While the scatter and range of the solution ensemble depend on the misfit acceptance threshold, controlled by NBEST, we
find that the median moment tensor (shown by a blue circle) is nearly invariant to NBEST. It indicates a robustly resolved
non-DC source type with significant ISO > 0 and CLVD > 0. Nevertheless, due to the broad range of trial source positions 1-20,
the solution is ambiguous, featuring also secondary solutions with ISO <0 and CLVD < 0. For reduced ambiguity, see Fig. 4.

ferent times, without optimizing the fit over time at that
point, and vice versa. Therefore, the VR range across
all perturbations is broad (see Fig. 1a with VRmin = 0.5
and VRmax = 0.95). Also note that the VRmin and VR-
max values are not known before inversion.

Although the total number of grid points (260) is not
large, the ensemble created in 100 perturbations (2600
values) is more than sufficient to recognize the distribu-
tion of model parameters. For example, as seen in both
Fig. 1a and 1b, the ensemble indicates that most solu-
tions have ISO ~ 50% (i.e., 40% - 60%), independently of
VR. The most frequent source position number is 11, or
7-16 (see Fig. 1a - symbols near the center of the color
bar, and histogram of accepted solutions in Fig. 1d); as
noted above, here it means 11 km, or 7-16 km. The en-
semble also contains less abundant MTs with positions
~20 and ~4 (the darkest red and blue symbols in Fig. 1a,
respectively). These are of two different types, which
can be identified in Fig. 1a and 1c: Positions ~20 (or >
14), correspond to a narrow interval of ISO values just
slightly greater than the dominant ISO ~50%. A narrow
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range of very well-fitting solutions near VRmax, e.g., 0.9
to 0.95, does contain these positions (see the top part of
Fig. 1a). Contrarily, positions 4 (or < 7), correspond to
highly spread values of ISO%, including ISO < 0, quite
different from the dominant ISO ~ 50%, and these solu-
tions (VR < 0.95) do not belong to the range very near to
VRmax.

While this example used the option NBEST =26 (10%),
analogous results can be obtained with NBEST =10 (4%)
or 5 (2%), (Fig. 2a-c). The prevailing positions 7-16 and
their ISO ~50%, as well as the VR range, are nearly
the same as those for the NBEST = 26 choice. With
NBEST=26, the dense ensemble clearly reveals that be-
sides the dominant ISO ~50%, we also obtain a sec-
ondary group of solutions in a relatively broad range
of ISO from -30% to 30% (Fig.1b), causing ambiguity in
source type. Contrarily, if choosing just a single best-fit
solution of each perturbation, NBEST=1, the ensemble
is basically the same, just too sparse with the used uni-
form grid (Fig. 2d). The same is true for other MT pa-
rameters, e.g., CLVD values, centroid times, etc. Conse-
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Figure4 Continuation of the analysis of the Mw 4.9 earthquake of 11/02/2025. An additional inversion in the reduced range
of positions 7-16, suggested by the 68% confidence interval of Fig. 1d, and using NBEST = 10 (8%). a) Source-type plot, b)
Variance reduction versus I1SO and position (color), c) Histogram of position, d) Histogram of ISO. Symbols as in Fig. 1.

quently, source-type plots (Fig. 3) vary with NBEST, but
median MT remains stable.

The observed trade-off between MT and position
(e.g., Fig. 1c) suggests ways to suppress or reduce am-
biguity of the source type. One way is to rely on ac-
curate earthquake location, which can be used to con-
strain the range of tested source positions. The other
way is to start with initial MT inversion in a broad po-
sition range, as in the above example, recognize the
depth-dependent ambiguity of source types, and per-
form an additional inversion in a reduced interval of
trial positions. The reduced interval of positions can
be, for example, that with VR near VRmax (positions 14-
20 in our example); however, it may be risky because
the MTs with the relatively rare VRmax might be biased
due to data errors and inaccuracies of velocity models.
More robust MTs can be obtained if making additional
inversions in the reduced interval of trial source posi-
tions that dominated the initial inversion and provided
a stable ISO and CLVD, invariant with VR, detailed as fol-
lows.

Continuing in our first event example, we demon-
strate the additional inversion constrained to positions
7-16; these values were obtained as limits of the 68%

7

confidence interval in Fig. 1d. We arbitrarily chose
NBEST = 10 (8% from the current 130 space-time grid
points), and the result is shown in Fig. 4. Note that a
greater NBEST would make histograms even smoother,
not changing the physical results. Compared to Fig. 1b,
restricting the search to positions 7-16 suppresses the
solution ambiguity associated with the ISO sign; now we
have only ISO>0. The median moment tensor remains
essentially unchanged, but the confidence intervals be-
come narrower while still retaining solutions with VR
values close to VRmax. The source considerably devi-
ates from pure shear (DC). The source-type plot (Fig. 4a)
features most of the solutions (green dots) with ISO > 0
and CLVD > 0. The same signs indicate the applicability
of the STC model.

Validation of the method is presented in Fig. 5. It can
be used for comparing our BaBoo solution of Fig. 4a to
those from four independent approaches: GROND of
Heimann et al. (2018), Fig. 5a, and ISOLA2024 with co-
variance matrices Cq of types 1, 2, 3 of Zahradnik and
Sokos (2025b), Fig. 5b-d. They all confirm the same non-
DC MT type with ISO > 0, CLVD > 0, although the best-
fit depth varies across the methods from 7 to 14 km.
Our BaBoo solution would be close to that of GROND at
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Figure5 Continuation of the analysis of the Mw 4.9 earthquake of 11/02/2025. Validation of Fig. 4a by comparison of source-
type plots from four alternative methods. a) GROND (optimal calculated depth of 7.8 km), and three methods of ISOLA2024,
color-coded with source positions and based on different types of the data covariance matrix Cq : b) Cq of type 1, i.e., a
constant-diagonal covariance matrix, sometimes also called “no covariance matrix”, “no-cova”, c) Cq of type 2, the residual
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of the residuals; for details of b-d, see Zahradnik and Sokos (2025a). Kagan angle deviation of the DC part of the best MT in

Fig. 5a and median MT in Fig. 4a is 13°.

depths near 7 km. The solutions of Fig. 5, particularly
Fig. 5c and 5d, are more “focused” in a narrow cloud in
Hudson’s plot than our solution in Fig. 4a. It is because
of their implicit preference for the highest VR values,
and the adopted estimates of the data error matrix Cgq.
In Fig. 4a, with BaBoo approach, the uncertainty esti-
mate is more conservative; we obtain a broader range
of acceptable depth and MTs, because we do not impose
any assumption on the data-error distribution. BaBoo
calculations for Fig. 4 are considerably faster and less
memory demanding than those of Fig. 5b-d.

Finally, to provide a first glance at stability, we com-
pare the resulting one-sigma confidence intervals of
ISO% (34, 52) and CLVD% (23, 47) in this example (Fig. 4)
with a test in which, instead of BaBoo, we weighted
all stations equally and did not analyze uncertainty.
In such a test with full MT we obtained ISO=44% and
CLVD=48%.

8

3.2 Second example

The second example is the Mw 5.2 earthquake of
12/02/2025, origin time 01:14:54.63 UTC, event No. 20.
Trial positions 1-20 (depth 1-20 km) and times -1.8 to
1.8 s relative to origin time, step 0.3 s, are chosen as in
the first example. The initial inversion (not shown) indi-
cated a narrow 68% confidence interval of positions 3-6.
Fig. 6 is the inversion in a reduced interval of positions
3-6, using NBEST= 10 (19% of the 52 trial grid points).
In Fig. 6a, the solutions cluster on the opposite side of
Hudson’s plot relative to Fig. 4a, clearly indicating the
opposite non-DC character of the source process, with
ISO <0, CLVD < 0.

4 Application to Anydros

4.1 Previous studies

Seismic source studies and tomography investigations
contribute to understanding the interplay between tec-
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Figure 6 Second example of ISOLA-BaBoo for the Mw 5.2 earthquake of 12/02/2025, origin time 01:14:54.63. Graphic ar-
rangement as in Fig. 4. An initial inversion for positions 1-20 (not shown) suggested dominance of the solutions in the range
of positions 3-6. Here, the inversion is performed with such a reduced range (i.e., trial sources below epicenter at depths 3 -
6 km, step 1 km), and times -1.8 s to 1.8 s relative to origin time, step 0.3 s. Results of the probabilistic analysis with NBEST =

10 (19%).

tonic and volcanic processes (e.g., Schmid et al., 2022;
Autumn et al., 2025). Precise relocations of small earth-
quakes between 2002 and 2019 in the Santorini-Amorgos
zone by Andinisari et al. (2021a) delineated several fault
zones but also revealed vertical clusters of hypocenters
beneath the island of Anydros. Moment tensors of mi-
croearthquakes below Anydros revealed positive non-
double-couple (non-DC) components associated with
the opening of cracks and negative components (crack
closing) beneath Kolumbo volcano (Andinisari et al.,
2021b). Elevated Vp/Vs ratios 1.77-1.86, calculated from
seismic travel times by Andinisari et al. (2021a), were
interpreted in terms of crack density and fluid satu-
ration. Thus, Andinisari et al. (2021a) suggested that
regional extensional deformation hosts pathways for
upward-migrating fluids, representing an indication of
emerging volcanic activity. Similar conclusions were
made for the Kolumbo volcano (Schmid et al., 2022).
Shallow P-wave tomography of Heath et al. (2019), at

depth < 3 km, has shown reduced seismic velocities
near Anydros, possibly due to extensive SW-NE fault-
ing; regional magmatism has been localized in NE-SW
trending basin-like structures, pointing to an interac-
tion between magmatism and active deformation. Fluid
and magma involvement in the 2024-2025 seismic crisis
in the Santorini-Amorgos region was signaled by non-
DC full moment tensors of Fountoulakis and Evange-
lidis (2025) and Zahradnik et al. (2025); Zahradnik et al.
(2025a,b).

4.2 Non-DC components and uncertainty

Here we present results for 25 earthquakes that oc-
curred near Anydros Island in 2025. The events were
pre-processed by GISOLA, and represent most of the
(34) NOA magnitude > 4.5 events located in the Any-
dros region between February 2 and 18, 2025; see
Fig. 7a. Using the NLL-SSST-coherence location re-
sults of Lomax (2025), followed by HypoDD relocation
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(Waldhauser, 2001; Waldhauser and Ellsworth, 2000)
the depths were constrained (Z. Roumelioti, personal
comm.): we searched depths 7-20 km for events 1-19,
and 1-20 km for events 20-25, using depth step of 1 km.
Each blue circle in Fig. 7b is a median MT of an event.
For numerical values and confidence intervals, see Ta-
ble 1. As demonstrated in Fig. 7b, the waveform in-
version unambiguously provides the full MTs with ISO
> 0 and CLVD > 0 for most of the investigated events.
Note also that blue circles are tightly clustered in Fig. 7b.
This indicates robustly resolved non-shear faulting, sta-
ble across the events. The positive signs of ISO and
CLVD point to the shear-tensile source process, i.e.,
crack opening. Analogical dominant mechanism was
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also found by Isken et al. (2025). Two events (numbered
20 and 21 in Fig. 7b) represent a shear-compressional
process, i.e., crack closing (ISO < 0, CLVD < 0). Such
mechanisms were not discussed by Isken et al. (2025).
We did not observe enough events of this type to discuss
them in greater detail, e.g., whether they preferentially
occur at shallower depths or not. One event was poorly
resolved (No. 8). The two examples of the previous me-
thodical sections correspond to events No. 19 (inside
the main non-numbered cluster of Fig. 7b) and No. 20.

Non-DC components of an MT can be used for esti-
mating the volume change involved in a fault rupture
(Dahm and Kriiger, 2013). For a single typical magni-
tude 5 event of our set, with positive non-DC, we ob-
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Date Mw 1SO (%) CLVD (%) Depth (km) Strike Dip Rake (°)
No01 2025/02/04 13:04:14.56 | 525 | 24 36 46 -1 16 27 9 11 13 | 235 39 -81
No02 2025/02/05 19:09:38.62 | 5.05 18 29 42 9 29 39 7 9 10 | 241 35 -69
No03 2025/02/03 09:29:42.49 | 4.95 19 39 58 | 41 37 19 7 9 14 | 250 40 -52
No04 2025/02/03 20:19:39.39 | 4.77 15 29 42 3 21 42 7 9 11 | 255 43 -49
No05 2025/02/08 16:30:00.76 | 4.02 19 35 51 -6 17 35 7 9 14 | 205 52 -126
No06 2025/02/08 09:00:41.37 | 4.83 15 27 42 13 26 37 7 8 11 | 263 44 -40
No07 2025/02/07 07:16:13.66 | 4.77 12 25 44 16 36 50 7 9 13 | 243 31 -59
No09 2025/02/09 19:05:39.41 | 5.13 16 26 34 | 22 29 37 7 8 10 | 244 40 -73
No10 2025/02/05 17:47:28.04 | 4.67 | 43 51 60 -4 8 28 7 8 10 | 266 76 -19
Noll 2025/02/04 02:46:06.98 | 4.86 18 33 45 -1 17 32 8 10 12 | 244 38 -67
No122025/02/03 12:17:40.53 | 4.92 18 34 46 -5 14 27 9 11 13 | 230 37 -87
No132025/02/02 17:45:44.99 | 4.62 19 35 49 | -12 8 24 7 10 | 230 39 -78
Nol14 2025/02/10 20:16:29.37 | 5.24 16 33 45 | -10 7 21 7 11 | 238 45 -94
No152025/02/10 22:37:25.55 | 5.08 13 28 43 | -13 6 20 8 11 | 238 43 -81

No162025/02/10 11:23:17.71 | 4.68 8 17 26
Nol72025/02/1105:58:44.81 | 4.68 | 17 23 32
No182025/02/11 07:17:19.00 | 4.67 8 29 45
N0192025/02/1111:43:54.22 | 4.88 | 34 43 54
No0202025/02/12 01:14:54.63 | 518 | -28 -19 8
No212025/02/18 04:46:52.13 | 5.05 | -31 -15 26
N0222025/02/12 08:29:48.29 | 4.72 | 14 7 26
N0232025/02/12 09:15:07.42 | 4.65 8 31 39
No024 2025/02/17 07:49:51.04 | 4.94 5 29 45
No0252025/02/18 06:08:08.96 | 4.64 | 24 38 50

Table 1

ISO, CLVD, and depth are given with their median (in bold), and confidence interval (+ 1-sigma).

19 32 42 |10 12 14 | 2719 711 -25
18 32 45 | 10 11 13 | 191 &4 =177

-19 1?7 15 8 10 12 | 251 48 -88
22 37 48 8 10 16 | 206 55 -144
53 -45 9 3 4 259 43 -58
49 -35 -11 | 4 5 247 40 -80
28 3?7 21 3 6 8 | 265 35 -49
4 26 36 5 8 14 | 254 38 -48
-16 15 43 6 8 11 | 237 38 =17
1228 42 4 5 7 | 254 44 -37

Mw, and

strike/dip/rake angles refer to the median MT. “No” is an internal numbering of events in this study. CLVD with a question
mark symbol is a value modified by a few percent to have the same sign as I1SO, as required in the STC model. Events 1-19
were inverted in depths 7-20 km (step 1 km), events 20-25 in depths 1-20 km (step 1 km). No. 8 (shaded) is a poorly resolved
event. No. 20 and 21 are the two shear-compressional events; all the others are shear-tensional.

tain an opening of about 10° m?, i.e., of about 10° m? for
the whole crisis. An effective order-of-magnitude model
corresponding to the 10° m® crack opening could be,
for example, a 1000 m x 1000 m x 0.1 m co-seismically
opened fault space (possibly filled with a fluid). Typical
positive ISO and CLVD values of our set, interpreted in
terms of the STC model, indicate a fault opening angle
(the angle between slip vector and fault plane) of about
10°-20°.

The DC part of the focal mechanisms of all analyzed
events is mostly normal faulting, but a few strike-slip
events were also found (Table 1 and Fig. 7a). Com-
bining our focal mechanisms with ~30 focal mecha-
nisms computed by NOA and retrieved via EMSC for the
2025 Anydros crisis, we obtained (code StressInverse of
Vavrycuk, 2014) a transtensional regional stress field,
shown in the upper part of Fig. 7c. Typical SW-NE trend-
ing fault structures of the region are nearly perpendic-
ular to the minimum principal stress axis. The stress
shape ratio is 0.2. A remarkable resultis a very low fric-
tion coefficient of ~ 0.15, indicated by the presence of
most events at the top of Mohr’s circle; see the lower
part of Fig. 7c.

The seismically released moment of the whole crisis
is ~1.5.10" Nm, equivalent to a single Mw 6.1. However,
the geodetic estimate is much greater, of about ~2-10%
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Nm, equivalent to Mw 6.8 (Bufféral et al., 2025; Briole
et al., 2025).

5 Discussion

5.1 Possible interpretations

At this stage, we cannot fully explain the non-shear
faulting of the Anydros crisis, so here we provide a dis-
cussion of possible interpretations as a guide for future
research. While the non-zero isotropic components
have been observed globally, their sign and relation to
the tectonic-volcanic process remain ambiguous. Gen-
erally, an ISO > 0, as an indicator of a fluid-filled crack
opening, can be produced on faults, dikes, or both.
For example, the fluid-filled crack may be a magmatic
dike near a fault; shear rupture of the fault produces a
fast dike volumetric increase (Dahm and Brandsddttir,
1997). The observation of ISO > 0 for strike-slip events
in Iceland (Biiylikakpinar et al., 2024) has been inter-
preted as “an interaction between magmatic intrusions
and the derived magmatic gases with shear fractures
in the dike damage zone”. Cyclic surface motions and
seismic activity in Iceland have been explained as due
to the migration of deep magmatic fluids and gases (of
mantle origin) into upper crustal hydrothermal systems
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(Flévenz et al., 2022). Some observations in Iceland at
depths of 2-5 km reported ISO < 0 for normal events and
ISO > 0 for reverse ones (Hrubcova et al., 2021). Normal
faulting correlating with ISO > 0 has been found near
injection wells in The Geysers geothermal reservoir, in-
terpreted as tensile opening due to lower differential
stresses than in reverse faulting (Martinez-Garzon et al.,
2017).

The standard idea is that faults can be triggered
by a decrease in effective normal stress due to pore-
pressure increase (e.g., VavryCuk, 2015). A non-
standard modern hypothesis based on an in situ small-
scale cross-borehole fluid-injection experiment and nu-
merical models states that a key factor in fault opening
is a slip-induced increase of permeability (after initial
fault failure); the latter yields a final massive fault open-
ing, see Cappa et al. (2022). Whether this mechanism
was behind the relatively large positive ISO and CLVD
values observed in our study remains to be validated by
a quantitative assessment of the hydraulic parameters
and numerical modeling of the fault opening.

A closely related question is how to explain the ob-
served low friction coefficient. Faulting under near-
zero friction (Tresca’s failure criterion) has been ob-
served in the laboratory (Rutter et al., 2013). Another
laboratory experiment (Dou et al., 2020) revealed a de-
crease in friction due to fault lubrication, feasible even
under low pore pressure. Although these mechanisms
remain debated for real faults, the latter may be appli-
cable in our region because fluid presence in the faults
is independently shown by the fault opening.

Stress transfer between faults and dikes is a phe-
nomenon directly affecting the space-time seismicity
distribution. Complex space-time migration episodes
were reported for the Anydros crisis (e.g., Fountoulakis
and Evangelidis, 2025; Hufstetler et al., 2025; Karstens
etal., 2025), with speeds occasionally exceeding 1 km/h.
Such a migration, faster than pore-pressure diffusion,
might be explained by slow aseismic fault motions
(Dublanchet and De Barros, 2021). The importance of
aseismic stress transfer seems to be indicated for Any-
dros also by the above-mentioned geodetic estimate of
total released moment, exceeding by an order of magni-
tude the seismic moment (Bufféral et al., 2025). Indeed,
Ganas et al. (2025) and Briole et al. (2025) have mod-
eled the geodetically measured displacements and pro-
posed a significant slow-slip motion along a SE-dipping
normal fault between Santorini and Anydros. We spec-
ulate, but again need future numerical modeling, that
such a slow slip might have triggered the part of the 2025
crisis beneath Anydros Island, which comprised most
Mw>4.5.

Alternatively, Karstens et al. (2025), and later also
Isken et al. (2025), interpret most activity beneath Any-
dros as due to a ~13 km long dislocation, representing
an emplaced dike which opened a volume of ~0.3 km®.
Analogously, Karakostas et al. (2025) and Lomax et al.
(2025) proposed a thin vertical tensile source (a hori-
zontally propagating dike) and its Coulomb stress effect
as a possible trigger of the massive seismicity beneath
Anydros. Anyway, a physics-based model explaining the
non-DC MT components near Anydros is still lacking,
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and the mechanisms by which individual normal-fault
ruptures might incorporate an opening component re-
main unresolved.

5.2 Awarning about deviatoric MT inversion

MT inversions under deviatoric constraint (assuming
ISO=0) are applied in routine MT calculations by many
agencies, e.g., NOA or GCMT (Global Centroid Moment
Tensor project; Dziewonski et al., 1981; Ekstrom et al.,
2012). For the Mw 5.3 event No. 1 of this paper,
2025/02/04 13:04:14.56, GCMT reported CLVD = 1%, i.e.,
DC=99 %, an almost pure shear faulting, strongly con-
trasting with the full MT of this paper (median ISO of
36% with the 68% confidence interval from 24% to 46%,
median CLVD of 16%, from -1% to 27%). When we cal-
culate deviatoric MT for event No. 1, similarly to GCMT,
we also obtain a large DC% = 80 at nearly the same
variance reduction as that of full MT. In other words,
if an earthquake contains a significant ISO component
and is inverted as deviatoric, it may result in an erro-
neous CLVD% and DC%. Thus, under the deviatoric as-
sumption, the detection of non-shear-faulting may com-
pletely fail. This issue has been explained through syn-
thetic tests accompanying the previous calculations of
non-DC in the Santorini region (Kfizova et al., 2013,
2016). That is one of the reasons why we focused this pa-
per on the methodology of full MT inversions and their
uncertainties. Whether seismic agencies should solely
report full MTs is a complex question. As this exam-
ple illustrates, deviatoric inversion can yield erroneous
results. At the same time, full MT inversion is often
numerically less well posed than its deviatoric counter-
part, and it does not necessarily yield a better fit to the
data. A practical strategy is to compute both solutions
and, when they diverge, treat the event as requiring spe-
cial scrutiny beyond the routine workflow.

6 Conclusion

We have developed and tested a new ISOLA version
for full MTs with uncertainty assessment based on
Bayesian bootstrap; ISOLA-BaBoo. Conceptual simplic-
ity (no need to estimate and store data covariance matri-
ces) and computational speed make it potentially useful
for automation and routine use in seismic agencies.
The application to real data resulted in the following
qualitative interpretation: Beneath Anydros, the zone
with the massive occurrence of larger events (Mw>4.5)
appears to be a complex network of mainly normal
faults, in a stress state near to failure, possibly triggered
by a slow-slip event, a subvertical fluid transport, or a
horizontal dike. Fluids played an important role in the
Anydros earthquake source processes, as indicated by
two key observations: consistently positive and signifi-
cant ISO and CLVD components, and evidence for a low
friction coefficient. How fluids interact with the exist-
ing normal faults—whether by promoting opening, re-
ducing friction, or both—remains unresolved and will
require dedicated numerical modeling to clarify. In ad-
dition to fluids, another qualitatively indicated factor—
one that still requires quantitative modeling—is aseis-

SEISMICA | volume 5.1 | 2026



SEISMICA | RESEARCH ARTICLE | ISOLA-BaBoo, a code for full moment tensor inversion with uncertainty estimation; application to the 2025 Anydros

earthquakes

mic slip on one or more faults, as suggested by the ob-
served episodes of rapid migration.
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(2014), see https://www.ig.cas.cz/en/stress-inverse/. The
maps were generated using the Generic Mapping Tools
V.6, https://www.generic-mapping-tools.org/download/. Our
new ISOLA-BaBoo is an open-source code, available
in a GitHub repository at the following link: https:
//github.com/esokos/isola/tree/master/Isola_Release_2024_

with_BaBoo. The folders ISOLA-BaBoo_FORTRAN_2024,
and ISOLA-BaBoo_GUI_2024 include the FORTRAN
and MATLAB parts of the software, respectively. The
Test_Example_and_codes folder includes subfolder
test_example (code, data, readme), which serves as
a simple, fast test of the code innovations described
in this paper, without the need for the installation
of the complete ISOLA-GUI software. The test cor-
responds to the first example of this paper (event
no. 19), detailed in Fig. 4, and allows its replication.
To run the test, the user should create a standalone
folder test_example in his/her computer and copy
into it the content of subfolder test_example from
the repository. Then, in test_example, the user has
all the necessary codes and data and can follow the
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short manuals denoted there as readme_CONTENT and
readme_HOW-TO-RUN. Finally, in the same GitHub
repository, the Examples_Ev19_Ev20 folder includes
additional examples (which need the complete installa-
tion of ISOLA-GUI) and are also archived at Zahradnik
and Sokos (2025a), https://doi.org/10.5281/zenodo.16745285.
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