
1. Introduction
The Mw 6.4 Petrinja earthquake is the mainshock of a seismic sequence that ruptured the Petrinja-Pokupsko Fault 
(PPKF) in northwestern Croatia on December 2020. This is the strongest event ever recorded in this region since 
the M ≈ 6.3 Zagreb earthquake in 1880 (see Figure 1 and Markušić et al. (2020)). It is also one of the largest 
intra-continental earthquakes in Europe since the Mw 6.5 Norcia earthquake, 2016 (Central Italy, Chiaraluce 
et al. (2017)), and the Mw 6.4 Dürres earthquake, 2019 (Albania, Ganas et al. (2020)), all surrounding the Adriatic 
microplate.

Northern Croatia is a transitional domain between the Alps, the Dinarides, and the Pannonian basin (Figure 1). 
The kinematics of this peri-Adriatic domain is characteristic of a low strain region with <5 mm/yr of NE-SW 
compression distributed over more than 150 km (Figure 1, Metois et al. (2015)). This contraction is mostly accom-
modated along the External Dinarides belt, but also in the Dinarides-Pannonian transition zone (Nocquet, 2012). 
The seismicity of NW Croatia is mainly localized along the NW-trending transpressive PPKF and the NE-trending 
Medvenica thrust system (Herak et al., 2009; Prelogović et al., 1998; Tomljenović & Csontos, 2001). Several 
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historical destructive earthquakes occurred on these faults (Figure 1), including the famous 1909 M5.8 Kupa 
Valley earthquake that ruptured the PPKF system ∼20 km NW of Petrinja (Herak & Herak, 2010).

The 2020 Petrinja seismic sequence started on 28 December with a ML 5.0 foreshock which occurred 29 hr 51 min 
before the main shock on the PPKF and 2 km SW of it (Baize et al., 2022). Focal mechanisms and the aftershock 
sequence (Baize et al., 2022) as well as the early InSAR-based slip inversion models (Ganas et al., 2021; Xiong 
et al., 2022) are all consistent with a steeply SW-dipping source (>70°) at shallow depth (3–13 km), which could 
explain the severe damage reported (Markušić et al., 2021). However, preliminary InSAR-based models could not 
fully capture the along-strike variations of the slip pattern due to InSAR decorrelation in the near-field (see Figure 
S1 in Supporting Information S1) and the use of uniform slip models (Ganas et al., 2021).

Shortly after the 2020 Petrinja earthquake, a collaborative European team mobilized to inventory coseismic 
ground effects in the epicentral area (Baize et al., 2022), such as landslides, liquefaction and surface ruptures. A 
NW-trending and segmented surface rupture was observed over ∼13 km, with an average dextral slip of ∼10 cm, 
locally reaching up to 38  cm (Baize et  al.,  2022). Field mapping highlighted a multi-kilometer en échelon 
right-stepping geometry along the NW-striking PPKF (Figure 2). During the weeks and months following the 
earthquake, this collaborative work led to rapid-static measurements of dense networks of benchmarks in the very 
near-field of the fault (raw data set presented in Kordić et al. (2021) and Baize et al. (2022)). These benchmarks 
were initially built for civil engineering, cadastral, topographic, and leveling applications. Although these meas-
urements are of lower quality than those at continuous or survey GNSS sites (centimeter accuracy (Hastaoglu & 
Sanli, 2011; Pesci et al., 2008)), their high spatial density offers a unique opportunity to map surface deformation 
in the epicentral area.

In the present study, we take advantage of this unique geodetic data set, supplemented with measurements of 
far-field coseismic displacements (named “coseismic offsets” hereafter) from high-precision continuous GNSS 
time-series, to refine the coseismic slip model of the earthquake. In the following, we describe the data sets used 
and their processing, present the main outcomes of the elastic inversions of the coseismic surface displacement 
field, and finally discuss the slip distribution pattern with regard to the local characteristics of the PPKF.

2. Data Acquisition and Processing
We use data of 15 GNSS stations operating continuously in the region and a set of 169 pre-post earthquake bench-
marks' positions (Figures 1 and 2). We describe below the main data acquisition and processing steps carried out.

2.1. Far to Mid-Field Continuous GNSS Data

Several regional continuous GNSS networks operate stations in the mid to far-field of the epicentral area (over 
10–100 km), mainly for civilian purposes. We use daily rinex data shared by the providers listed in Table S1 in 
Supporting Information S1 for 15 stations in total, ranging from 19 December 2020 to 20 January 2021, that is, 
10 days before and 21 days after the main shock (29 December 2020, at 11:19:54 UTC). We conduct both static 
daily and kinematic processing to properly estimate coseismic offsets. Both techniques provide very similar 
coseismic offset estimates, arguing for the absence of significant pre- or post-seismic motion. We assume the 
coseismic offsets corresponding to the differences between the average positions before and after the earthquake 
in the daily time-series as the best constrained (Figure 1 and Data Set S1 in Supporting Information S1), and use 
these offsets in modeling (see Section 3.2).

2.2. Benchmark Measurements

Soon after the earthquake, 169 geodetic benchmarks were measured on the field (from 8 January to 5 May 2021, 
Kordić et al. (2021)). These benchmarks (fixed in the asphalt with uncertain coupling to bedrock) are part of 
cadastral or topographic networks that are usually surveyed with techniques providing centimetric accuracy on 
position measurements (fast-static measurements, Figure 2c). Their post-earthquake position is obtained using a 
Trimble R8-3 integrated antenna-receiver system, and a bipod apparatus (Figure 2c) in place for several minutes 
which allows Real Time Kinematics (RTK) positioning with the Croatian Positioning Virtual Reference Station 
System service (VPPS service at https://www.cropos.hr/). The resulting raw positions were not postprocessed 
(Data Set S3 in Supporting Information S1). The accuracy of the VPPS service is 2 and 4 cm in the horizontal 
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and vertical direction, respectively (Kordić et al., 2021; Pavasović et al., 2016), but these values are probably 
underestimated. Indeed, the network of base stations used by the CROatian POsitioning System (CROPOS) 
service was modified after the main shock and the corrections coming from the nearest continuous station (SISA) 
were discarded until mid-february due to its large coseismic motion. The measurements were therefore obtained 
with corrections coming from the remaining distant (>50 km) bases. Since the accuracy of RTK measurements 
decreases with distance to base stations (1 cm/10 km distance), one would expect larger uncertainties for meas-
urements made before 15 January 2021.

Several issues need to be tackled in order to derive reliable coseismic offsets. First, post-earthquake positions 
may be affected by the coseismic motion that deformed the VPPS base stations network and that was not fully 
corrected. As the coseismic motion of distant base stations is relatively small (<1 cm, Figure 2), we neglect this 
effect. Second, part of the measured displacement is biased by interseismic loading and post-seismic motion. 
Although the pre-seismic displacement rates are poorly constrained in the area (Metois et al., 2015), we apply the 
Bayesian inversion method developed by Pagani et al. (2021) to interpolate the available horizontal interseismic 
velocity fields (Metois et al., 2015; Zurutuza et al., 2019). We find interseismic velocities of 2.3 ± 0.3 mm/yr to 
the East and 0.5 ± 0.1 mm/yr to the North, resulting in corrections lower than 1 cm for our data set. A maximum 
of 3 cm of post-seismic East-West motion is expected based on published InSAR data (Baize et al., 2022), north 
of the rupture tip where our benchmark network is sparse (Figure 2). Since the benchmarks are measured over 
different time spans, there is no simple way to properly correct from this postseismic signal and we have chosen 
not to apply any correction. Finally, the coseismic displacement field seems unaffected by landslides or liquefac-
tion zones (from Baize et al. (2022)), except for one station near Sisak that was therefore discarded (Figure 2 and 
Data Set S2 in Supporting Information S1).

Figure 1. Coseismic displacements (red arrows) calculated at continuous GNSS stations by taking the difference between 
the averaged position before and after the earthquake based on daily time-series (Data Set S1 in Supporting Information S1). 
Interseismic velocities (blue arrows) are plotted relative to stable Eurasia (Zurutuza et al., 2019). Focal mechanisms 
of historical earthquakes are plotted together with known active or potentially active faults (see Baize et al. (2022) and 
references therein). Inset: present-day regional kinematics (Nocquet, 2012).
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2.3. Coseismic Deformation Pattern

Figure 1 shows that the coseismic offsets calculated in the mid to far-field from the epicentral area are consist-
ent with the observed right-lateral mechanism of the main shock (see also a comparison between the presented 
GNSS measurements and the available InSAR data in the Figure S1 in Supporting Information S1). No signif-
icant surface displacement is measured at distances greater than 90 km. Over the short time span covered by 
the continuous GNSS time-series (i.e., in the 20 days following the earthquake), no clear post-seismic signal is 
observed, consistently with preliminary post-seismic InSAR maps (Baize et al., 2022; Ganas et al., 2021). The 
extension of the post-seismic signal that has been observed in the very near-field of the fault is likely limited 
to localized afterslip (Baize et al., 2022; Ganas et al., 2021). The horizontal coseismic displacements measured 

Figure 2. (a) Red arrows: coseismic horizontal displacements measured at civilian benchmarks and corrected from theoretical pre-earthquake interseismic motion. 
Uncertainties are not plotted for clarity. Green arrow: displacement excluded due to local inconsistency. Seismic catalog, surface rupture evidences, traces of 
liquefaction or coseismic landslides are extracted from Baize et al. (2022). (b) Daily time-series of continuous station SISA (Sisak city). The station was shut down for 
more than 1 day after the earthquake. (d) A typical set up for civilian benchmark measurements.
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on benchmarks (Figures 2 and 4) are remarkably consistent with the expected pattern. To the east of the fault 
trace, the Petrinja basin moves south and rotates counterclockwise. The westernmost area moves northeast with 
a counterclockwise motion. The maximum horizontal displacement obtained near the epicenter is ∼69 cm. One 
can notice that the horizontal motion is close to but not zero in the Glina valley located more than 15 km south-
eastward of the fault trace.

Figure  3 shows the fault-perpendicular and fault-parallel components of the horizontal displacements across 
the fault. While the fault-perpendicular component is rather scattered in particular west of the fault trace, the 
fault-parallel displacement profile exhibits to the first order a clear arc-tangent shape centered on the main fault 
(F1) (Figure 3c). Such pattern predicted by the elastic rebound theory is typical of strike-slip earthquakes on a 
single subvertical fault. In more detail, however, the maximum fault-parallel motion is observed 2.5 km east of 
the main fault trace, associated with a secondary amplitude peak along the profile (Figure 3d).

3. Coseismic Slip Inversion
3.1. Model Parameterization and Inversion Method

We use the Tdefnode program (McCaffrey, 2009) to invert for the coseismic slip distribution on a single fault 
plane that best fits our displacement field. The code solves the equations from (Okada, 1985) relating surface 
displacements to slip on dislocations at depth within a homogeneous elastic half-space. We use the mapped 
surface rupture and the published hypocenters distribution (Baize et al., 2022) to constrain the geometry and 
position of the fault which is 28 km-long with a strike of N130°, and extends up to 14 km at depth. The fault is 
discretized into 2 km wide sub-faults defined by 15 independent nodes along-strike and 8 along-dip. We perform 
inversions with different dips of the fault ranging from purely vertical to 70°SW, in agreement with the available 
data (Baize et al., 2022; Xiong et al., 2022). We invert for the rake and slip amplitude at each node using the 
horizontal components of both continuous GNSS and civilian benchmark displacements. The vertical component 
from these data sets is discarded, however, we ensure that the solutions are within the large uncertainties and 
wide distribution of these measurements (Figure S2 in Supporting Information S1). We constrain the scalar seis-
mic moment (Aki, 1967) to be between 1 × 10 18 and 6 × 10 18 Nm, and set uncertainties to 3 cm for benchmark 
displacements (a minimum estimate).

Simulated annealing and grid search techniques are used to converge toward an optimal model that minimizes the 
sum of the reduced chi-square statistic. We use a Laplacian smoothing on the slip distribution to avoid numerical 
instabilities (McCaffrey, 2009). The degree of smoothing is chosen following the L-curve approach, finding a 
compromise between the average slip gradient (or solution roughness in cm/km, Jónsson et al. (2002)) and the 
misfit function (defined by McCaffrey (2009) as the reduced Chi 2) for each obtained alternative model (Figures 
S3 and S4 in Supporting Information S1).

3.2. Model Resolution

To evaluate the ability of GNSS observations to constrain slip at depth, we calculate the sensitivity of the data 
set to unit displacements on each subfault, following the method of Loveless and Meade (2011) (Figure S5 in 
Supporting Information S1). Overall, the sensitivity is relatively high from the surface down to 5 km depth in the 
central part of the rupture where most of the ground ruptures are observed (Baize et al., 2022). The sensitivity 
largely decreases at the fault edges and under 10 km depth. Complementary checkerboard tests are conducted 
with varying checkerboard size (Figure S6 in Supporting Information S1). They confirm that our data set is able 
to constrain shallow slip patterns (<7 km). The position and size of slip asperities larger than 3 km are well 
retrieved along strike, while their slip amplitude may be slightly overestimated.

3.3. Results

We tested different smoothing factors and obtained trade-off curves between solution roughness and misfit for 
each fault-dip in the 70–90°SW-dipping range (Figures S3 and S4 in Supporting Information S1). Our preferred 
solution (black lines in Figures 3 and 4) is obtained for a vertical fault (90°) and a moderate smoothing (rough-
ness = 0.025 cm/km), but alternative models with an overall misfit lower than 18 (see Figure S4 in Supporting 
Information S1) also shows acceptable fit to the data with fault dip between 82 and 90°SW and slip roughness 
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>0.02 cm/km (gray lines, Figures 3 and 4). The associated scalar moment is 3.9 × 10 18 Nm, with a slip peak 
reaching 3.7 m. Interestingly, their associated seismic moments (3.88 ± 0.02 × 10 18 Nm) and slip peak value 
(4.9 ± 0.7 m) are very similar, and therefore well constrained.

The best solutions all exhibit patches of localized slip at depths less than 7 km that extend over 18 km along-strike 
(Figures 4b and 4c). Our preferred solution requires significant surface slip since a right-lateral displacement 
of 50  cm on average is needed over a ∼10  km long portion of the fault to fit the data (Figures 4a and  4b). 

Figure 3. Topography ((a), from https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm) and horizontal 
coseismic displacements along the SW-NE profile line shown in Figure 2: (b) fault-perpendicular component, (c) 
fault-parallel component, and (d) norm of the amplitude, for measured displacements (red dots) with associated uncertainties 
and modeled ones (black lines). Gray curves are predicted displacements for a set of alternative models (misfit <18, slip 
roughness >0.02 cm/km, fault dip between 82 and 90°SW). Green curve is the 2-fault solution. See discussion in text and 
Supporting Information S1 for details. The position of the main fault (F1) and secondary fault (F2) used in the modeling is 
represented in blue. Note that they correspond to topographic steps SW of Križ and Petrinja.
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Figure 4. (a) Observed (black vectors) and predicted (red vectors) coseismic displacements from our preferred model. 
Surface slip along the main fault (F1) is color coded. Blue lines: observed surface rupture (Baize et al., 2022). F2 stands for 
a sub-parallel secondary fault that may have slipped during earthquake. (b) Coseismic slip distribution on F1 plane for our 
preferred model. (c) Along-strike and (d) along-dip variations of the averaged coseismic slip are presented for the preferred 
solution (black) and a set of alternative models (gray). Green curves: same but for the 2-fault model including coseismic 
slip on F2. Green circles and yellow star: aftershocks and main shock from Baize et al. (2022). Most aftershocks occurred 
between 3 and 23 km along strike.
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The maximum surface displacement (1 m) is reached near Križ. Note that the inverted slip pattern at depth is 
composed of two patches (Figure 4) whatever the roughness or the dip of the model considered. The main patch is 
10 km-long, has a slip peak of 3.67 m, and extends from surface to 4 km depth. A ∼7 km wide and deeper patch 
(2–7 km deep) lies to the southeast, with a slip peak reaching 3.5 m (Figure 4). The lower coseismic slip region 
between the two patches is consistent over the range of selected models (see Figure 4b).

Our preferred model fits the different data sets well, with nRMS values of 5.1 for the continuous GNSS (associ-
ated with low and probably underestimated uncertainties) and 1.4–5.8 for the benchmark data sets (Figures S7 
and S8 in Supporting Information S1). Residual displacements are observed in the near-field (6.4 cm in average), 
with systematic residues near Petrinja and Glina (Figure S7 in Supporting Information S1). This is also apparent 
in Figure 3: our best models fail in recovering the exact shape of the fault-parallel displacements and displace-
ment amplitude in the Petrinja area, 2.5  km east from the main fault trace, and underestimate the velocities 
observed in the western compartment.

4. Discussion and Conclusion
The dip (82–90°), strike (130°), and rake (184.6° ± 1.6°) from our preferred and alternative models (Figure 4 
and Figure S4 in Supporting Information S1) are close to published focal mechanism solutions (70–89, 128–134, 
and 167°–180°, respectively, Baize et al. (2022)) and consistent with the long-term morphology of the PPKF  and 
surface ruptures mapped on the field (Baize et al., 2022). Our preferred coseismic slip model (Figure 4) also 
share common characteristics with InSAR-based solutions outlining at shallow depths (<7 km) a highly steep-
ing (76–84°SW) planar rupture, <6 km wide, with peak slip values reaching 3.5 m (Ganas et al., 2021; Xiong 
et al., 2022). Indeed, the GNSS-based models confirm a shallow rupture (<7 km) with strike-slip amounts of 
4.88 ± 0.69 m (∼3.7 m for the preferred smoothed solution) and high dipping angles (82–90°SW). We note that 
our final slip estimate may be slightly overestimated as our data set contains postseismic motion that has not 
been corrected. However, the lack of clear correlation between the model nRMS and the post-seismic date of 
acquisition suggests a minor contribution of the afterslip phase compared to the co-seismic one (Figures S8 in 
Supporting Information S1).

Preliminary InSAR-based models first suggested that the rupture did not reach the surface (Ganas et al., 2021), 
while our models as the one from Xiong et  al.  (2022) support surface slip on the order of ∼1 m over 9 km 
along-strike, in agreement with the ∼13  km long surface rupture derived from field observations (Baize 
et al., 2022). However, our models differ from the single slip patch (Xiong et al., 2022) or homogenous slip 
solution (Ganas et al., 2021) suggested by InSAR-based studies. Indeed, two slip patches are inferred from our 
inversions, with a total length of ∼17 km at 2–3 km depth. The variations of the average slip along strike and 
dip (Figure 4) appear robust, as they are stable over the range of tested parameters. Our sensitivity tests also 
show that both patches are well resolved, allowing for further interpretations. This complexity could result from 
diverging constraints in the near-field as the GNSS data coverage is denser and more reliable than InSAR data, 
which show clear decorrelation along-strike (Ganas et al. (2021); Xiong et al. (2022), and Figure S1 in Support-
ing Information S1).

Even if the fit of our first-order 1-fault model to the data is good, the remaining systematic residuals in the 
Petrinja area (see Section 2.3) prompted us to refine our model parameterization. The deviation of observations 
from our best-model occurs 2.5 km north of the main fault trace (Figure 3), at the Križ topographic front, where 
secondary surface ruptures have been mapped (see Figures 2 and 4). We therefore explore a 2-fault inversion in 
which the observed displacements result from coseismic slip both on the PPKF and on a secondary, parallel fault 
(F2, see Figures 3 and 4) at the foot of this topographic front, striking 130°N and dipping 90°. The amount of 
homogeneous slip is inverted on F2 together with the rake and fault dimension. Model setting for the PPKF is 
similar to our 1-fault model. We find that an additional 5.4 km long × 10 km wide dislocation centered at 5 km 
depth, with a uniform total slip of 0.29 m, improves the fit to the data (mean nRMS is reduced from 3.38 to 3.12), 
in particular in the Petrinja area (see Figure 3 and Figure S9 in Supporting Information S1). In this 2-fault model, 
slip on the PPKF and on the secondary fault F2 accounts for equivalent Mw 6.29 and 5.7 events, respectively. The 
resulting slip distribution on the PPKF is very similar to our preferred 1-fault solution (Figure S9 in Supporting 
Information S1 and green curves in Figures 3 and 4).
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Both our 1-fault and 2-faults models suggest that a significant amount of slip has reached the surface in the Župić 
area, which coincide with most of the surface rupture observations (Figure 2). Slip deepens to the southeast 
under the Hrastovica mountains. The transition from shallow to deep slip occurs between the two slip patches, 
suggesting an along-strike segmentation of the PPKF. Such segmentation is consistent with the complex 2020 
surface rupture observed in the field (Baize et al., 2022), although the main fault stepover at the surface appears 
to be located between Župić and Križ, that is, 2.5 km north of the transition zone retrieved in our slip solutions 
(Figure 2). Our 2-faults model is consistent with the activation of a branch of the flower-like structure of the 
PPKF transpressive system as imaged by seismic reflection (Baize et  al.,  2022). Such synchronous ruptures 
on neighboring faults within the same fault-system is commonly described during Mw  >  6 strike-slip events 
(Antoine et al., 2021; Toda et al., 2016; Wang et al., 2018; Xu et al., 2009). They could sign a low fault structural 
maturity (Perrin et  al.,  2016), consistent with the multi-strand morphotectonic signature of the PPKF (Baize 
et al., 2022). These complex ruptures could also correspond to slip partitioning between strike-slip and thrust 
(Daout et al., 2016; Toda et al., 2016), which would be consistent with the flower structure and transpressional 
setting of the PPKF. However, the dip-slip motion from our data set and inversion models is minor compared 
to the strike-slip component (<20% on F1 and <25% on F2). A more detailed analysis, combining InSAR and 
optical correlation data and a varying secondary fault geometry, will help to better assess its potential reverse 
component. Nevertheless, this analysis do not support the hypothesis of a NE-SW oriented left-lateral conjugate 
fault as proposed by Markušić et al. (2021) and Tondi et al. (2021).

The new and unusual data set presented in this study provides a 3D displacement field that is consistent with 
the expected coseismic pattern, even though it is associated with large uncertainties. We are therefore confident 
that rapid remeasurements of civilian networks in case of earthquakes in poorly instrumented areas could be 
successfully employed if the surface deformation is higher than the centimeter level. It could change the game 
by improving considerably our knowledge about moderate-size earthquakes. The rapid-positioning techniques 
like standard RTK or VRS-RTK are getting more and more usual (Shafri & Sulaiman, 2009), low-cost (Takasu 
& Yasuda, 2009), free and open-source (Ancelin et al., 2022), and accurate (Teunissen & Khodabandeh, 2015; 
Vollath et al., 2002). These methods are starting to get used in the Earth Sciences community (Ohta et al., 2012), 
opening new perspectives for rapid monitoring during crisis. After an earthquake, very dense and systematic 
measurements could be conducted simultaneously over pre-existing civilian networks in the epicentral area in the 
days following the main shock. But it requires sufficient manpower and available RTK rovers, unaffected RTK/
VRS networks of base stations during the earthquake and existing regional digital database of geodetic bench-
marks. To ensure final uncertainties as low as possible, these networks of civilian benchmarks could be regularly 
measured outside of crisis periods to get well constrained pre-earthquake positions.

Data Availability Statement
All data sets and materials underlying this study are published open access in the zenodo repository https://doi.
org/10.5281/zenodo.7229324, and additional details are provided in Supporting Information S1. Topographic 
data are from the Japan Aerospace Exploration Agency (https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/
aw3d30_e.htm).
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