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Gutenberg-Richter relationship, Understanding the temporal, spatial, and depth-dependent characteristics of seismicity is
b-value, o essential for evaluating earthquake processes and seismic hazard in tectonically complex
Temporal variation, regions. This study investigates the seismicity of Takhar Province and its surrounding
Spatial distribution,

region, Afghanistan, using a catalogue of 5,076 earthquakes recorded between 1926 and
2025. The earthquake catalogue was processed by removing duplicate and incomplete
records and homogenizing magnitude information to moment magnitude (Mw). The
Gutenberg-Richter relationship was applied to characterize earthquake-size distributions
and variations in the b-value across temporal, spatial, and depth domains. The overall b-
value was estimated at 1.18 + 0.02, with a magnitude of completeness (Mc) of approximately
4.6. Spatial analysis revealed substantial heterogeneity, with b-values ranging from
approximately 0.8 to 2.2 and relatively low values concentrated in several parts of Takhar.
Temporal analysis showed a distinctly non-uniform pattern, characterized by relatively
quiet intervals interrupted by episodes of enhanced seismic activity. Temporal b-values also
varied among major seismic sequences. Cumulative seismic moment revealed abrupt
increases associated with major earthquakes, reflecting episodes of rapid seismic moment
release. Depth-dependent variations in b-value demonstrated significant vertical
heterogeneity in seismic deformation. Overall, the results indicate that Takhar exhibits a
complex and heterogeneous seismic regime across time, space, and depth within the broader
Hindu Kush-Pamir tectonic system. The findings provide useful statistical constraints for
understanding earthquake-generating processes and improving regional seismic-hazard
assessment.

Takhar,
Hindu Kush-Pamir.

1. Introduction

Earthquakes result from the sudden release of accumulated strain and stress within the Earth's crust and lithosphere [1]. Their spatial, temporal,
and frequency-magnitude distributions provide valuable information about the mechanical, structural, and tectonic characteristics of
seismically active regions. The Gutenberg-Richter (G-R) relationship is a fundamental statistical framework for describing the frequency-
magnitude distribution of earthquakes and the relative proportion of small- and large-magnitude events[2, 3]. In combination with analyses of
earthquake clustering, focal depth, and cumulative seismic moment release, the frequency-magnitude distribution provides important
constraints on regional seismic behavior and seismic hazard [4].

The Hindu Kush-Pamir region forms part of the India-Eurasia continental collision zone and represents one of the most complex active
deformational systems in continental Asia [5-8]. Regional deformation is accommodated by interacting thrust, strike-slip, and other fault
systems, while the Hindu Kush is characterized by an exceptional concentration of intermediate-depth earthquakes extending to several
hundred kilometers beneath the region [9-11]. The coexistence of shallow crustal and intermediate-depth seismicity provides an important
natural setting for investigating the relationships among tectonic structure, focal depth, and earthquake frequency-magnitude characteristics
[12].

Takhar Province, located in northeastern Afghanistan, lies within the southern Pamir-Hindu Kush tectonic system and is affected by a complex
network of active and potentially active faults [5, 13]. Important structures in and around the study area include segments of the Central
Badakhshan Fault Zone (CBF) with a mapped extent of approximately 280 km and an assigned slip rate of approximately 12 mm/yr, and the
Darvaz fault (Df) with a mapped extent of approximately 300 km and an assigned slip rate of approximately 7 mm/yr, together with associated
thrust and strike-slip structures (Figure 1a). These tectonic structures contribute to regional deformation and may influence the spatial
distribution of seismicity [14, 15]. The Darvaz fault system represents an important strike-slip boundary along the western Pamir [13], while the
relationship between these structures and the intermediate-depth Hindu Kush seismic zone provides a useful framework for investigating
variations in earthquake occurrence with location and focal depth. The destructive 1998 earthquake sequence in the Rustaq area further
demonstrates the significant seismic hazard of northeastern Afghanistan [16, 17].

The Gutenberg-Richter b-value, which describes the relative proportion of small to large earthquakes, is an important parameter for
characterizing earthquake populations. Spatial and temporal variations in b-value have been associated with differences in tectonic setting,
faulting conditions, structural heterogeneity, and differential stress [18-20]. In particular, lower b-values have often been associated with
relatively higher differential stress in some tectonic environments [3]. However, b-value is not a direct measurement of stress and can also be
strongly affected by earthquake-catalogue completeness, magnitude uncertainty, earthquake clustering, spatial sampling, and the statistical
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estimation method [21-23]. Therefore, variations in b-value should be interpreted as statistical characteristics of seismicity and considered
together with independent geological and seismological evidence [24].

Previous studies in the Hindu Kush, Pamir, and northwestern Himalaya have documented substantial spatial and depth-dependent variations
in b-value and have identified differences between shallow and intermediate-depth earthquake populations [25-27]. Rehman et al. (2017), for
example, reported differences in b-values between shallow and intermediate-depth seismicity in the Hindu Kush, while other studies have
demonstrated significant heterogeneity in b-value across the broader Pamir-Hindu Kush region. However, direct comparison among these
studies is complicated by differences in catalogue duration, magnitude scales, completeness thresholds, spatial coverage, depth ranges, and
statistical procedures. Moreover, most previous investigations have considered relatively broad regional domains, and the long-term statistical
characteristics of seismicity in Takhar Province remain comparatively poorly constrained.

Another important aspect of regional seismicity is cumulative seismic moment release. Because seismic moment increases strongly with
earthquake magnitude, a relatively small number of large earthquakes can account for a substantial proportion of the total seismic moment
released over a given period (Hanks and Kanamori, 1979) [28]. Consequently, combining b-value analysis with cumulative seismic moment
provides complementary information: b-value describes the relative distribution of earthquake sizes, whereas seismic moment quantifies the
contribution of earthquakes to the overall deformation and energy-release process.

The present study addresses this gap by analyzing a homogenized catalogue of 5,076 earthquakes recorded between 1926 and 2025 in Takhar
Province and the surrounding region. The objectives are to: (1) characterize the regional frequency-magnitude distribution and estimate the
magnitude of completeness; (2) determine the overall Gutenberg-Richter b-value; (3) investigate spatial and temporal variations in b-value; (4)
examine the relationship between b-value and focal depth; and (5) quantify the cumulative seismic moment release associated with major
earthquakes. By integrating frequency-magnitude analysis, spatial and temporal b-value distributions, focal-depth information, and
cumulative seismic moment, this study provides a comprehensive statistical characterization of seismicity in Takhar Province and contributes
to a better understanding of its relationship with the complex tectonic processes of the Hindu Kush-Pamir collision zone.

1.1. Gutenberg-Richter Law and b-Value

The Gutenberg-Richter (G-R) relationship is one of the most widely used empirical laws for describing the frequency-magnitude distribution of
earthquakes. It expresses the relationship between earthquake magnitude and the cumulative number of events exceeding a given magnitude
as [29]:

log,oN = a—bM D

where N represents the cumulative number of earthquakes with a magnitude equal to or greater than M. The constants a and b characterize
different aspects of regional seismicity. The a-value is generally considered an indicator of the overall level of seismic activity, with higher
values corresponding to greater earthquake occurrence rates. In contrast, the b-value describes the relative proportion of small- and large-
magnitude earthquakes and is therefore an important parameter for characterizing the frequency-magnitude behavior of a seismic region[2,
3, 30].

Spatial and temporal variations in the b-value have been widely investigated as indicators of changes in the physical and tectonic conditions
of the Earth's crust [31]. In particular, the b-value is often associated with the stress state of a seismogenic region and may be influenced by
factors such as fault frictional properties and tectonic boundary conditions, including those associated with subduction processes [32].
Numerous studies have reported an inverse relationship between differential stress and the b-value, suggesting that a reduction in b-value
may be associated with increasing stress accumulation during certain stages of the seismic cycle [24].

Variations in b-value may also reflect differences in fault behavior and structural heterogeneity. Fault segments characterized by stable or
creeping deformation are commonly associated with relatively high b-values, whereas strongly coupled asperities, where stress may
accumulate, often exhibit lower values [29]. The spatial arrangement and connectivity of asperities can further influence the observed b-value
distribution. In addition, crustal material heterogeneity and variations in thermal conditions have been identified as important factors affecting
b-value estimates. An increase in structural heterogeneity and thermal gradients may contribute to elevated b-values, highlighting the complex
relationship between seismicity statistics and the physical properties of the crust [8, 27, 33, 34].

This relationship provides an important statistical framework for investigating the temporal and spatial evolution of seismicity in Takhar
Province. Analysis of variations in the Gutenberg-Richter parameters, particularly the b-value, can therefore contribute to a better
understanding of regional stress conditions, fault behavior, and the processes controlling earthquake occurrence.
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Figure 1. Seismotectonic setting and distribution of seismicity in Takhar Province, northeastern Afghanistan. (a) Location of Takhar Province
in Afghanistan; (b) three-dimensional distribution of earthquake hypocenters; (c) spatial distribution of seismicity and major faults; and (d)
enlarged view of the study area showing earthquakes with M z 6.0 (stars).

2. Data and Methods

An earthquake catalogue was compiled from earthquake records obtained from the (ISC' Event catalogue) and (USGS? Search Earthquake
Catalog)[35, 36]. The study area is geographically bounded by longitudes 69.18°E - 70.50° E, and latitudes 35.17° N - 37.60° N. For the spatial
analysis, the study area was divided into a regular grid comprising 925 square cells, each measuring (5.8kmx=5.8km).

The parameters were calculated for each grid cell. The catalogue covers the period from 1926 to 2025 and contains information on earthquake
origin time, geographic coordinates, focal depth, and magnitude Figure 2(b) and Figure 2(c). The records from the two catalogues were integrated
and examined to identify duplicate and incomplete events. Duplicate and incomplete records were removed to minimize bias and redundancy
in the dataset. After catalogue screening and quality control, 5,076 earthquake events were retained for the statistical analysis. The resulting
catalogue was subsequently used to investigate the frequency-magnitude distribution, spatial and temporal variations in seismicity, depth-
dependent b-value variations, and cumulative seismic moment release in the study region. Because the earthquakes in the original catalogue
were reported using different magnitude scales, including surface-wave magnitude (Ms), body-wave magnitude (mb), and local magnitude (ML),
the magnitudes were homogenized to moment magnitude (Mw) prior to the statistical analysis [25, 37]. The conversion relationships were applied
according to the reported magnitude type and the corresponding magnitude range. For surface-wave magnitude, the following relationships
were used:

Ms: Mw = 0.67(x0.005) Ms + 2.07(x0.03) for3.0sMs=6.1
Ms: Mw = 0.99(x0.020) Ms + 0.08(x0.13) for 6.2 = Ms=8.2

For body-wave magnitude, the conversion relationship was

mb: Mw = 0.85(x0.040) mb + 1.03(x0.23) for3.5=mb=6.2

! International Seismological Centre
2 United States Geological Survey
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whereas local magnitude was converted using
ML: Mw = 0.934(x0.135) ML + 0.356(x0.714) for 3.4 s ML = 7.6

These relationships were used to establish a common magnitude scale for the earthquake catalogue and to reduce potential systematic effects
associated with combining different magnitude scales. The uncertainties associated with the empirical conversion relationships were retained
as reported with the corresponding equations.
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Figure 2. (a) Frequency distribution of declustered earthquakes in the Takhar region, northeastern Afghanistan, during 1926-2025; (b)
earthquake frequency histogram; and (c) temporal distribution of earthquakes during 1926-2025, illustrating variations in seismic activity.

The magnitude of completeness (Mc) was estimated using the Maximum Curvature Method (MAXC) implemented in ZMAP7 running under
MATLAB R2022b[38, 39]. The magnitude of completeness represents the lowest magnitude above which the earthquake catalogue is considered
sufficiently complete for frequency-magnitude analysis [18]. Earthquakes with magnitudes below the estimated completeness threshold were
excluded from the corresponding statistical analyses. The temporal analysis of catalogue completeness indicates that Mc was approximately
5.0-5.1 during the period from 1926 to 1995. After 2000 Figure 3, the estimated completeness magnitude generally decreased and showed
greater temporal variability, which is interpreted as being associated with improvements in seismic monitoring and the increased detection
capability for smaller earthquakes. An overall magnitude of completeness of approximately Mc = 4.6 Figure 2(a) was obtained for the study
catalogue. The estimated temporal variations in completeness magnitude were considered when defining the earthquake population used for
the frequency-magnitude and b-value analyses [32].
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Figure 3. Temporal variation of the magnitude of completeness (M,)

To reduce the influence of temporally and spatially clustered earthquakes, the earthquake catalogue was declustered using the Reasenberg
algorithm(1985) [40, 41]. This method identifies earthquakes that are considered to be spatially and temporally associated and separates
clustered events from independent seismicity on the basis of magnitude-dependent time and spatial interaction windows [42]. The following
Reasenberg parameters were used: minimum look-ahead time tmin = 1 day, maximum look-ahead time Tmax = 10 days, probability of detecting
the next clustered event P1 = 0.95, interaction radius factor (xk) = 0.5, effective lower magnitude cutoff (xmeff) = 1.5, and the number of crack
radii rfact = 10. The declustering procedure was applied to reduce the influence of dependent earthquake sequences, particularly aftershock
sequences, on the statistical characterization of the regional earthquake population. The resulting independent-event catalogue was then used
where required for statistical analyses of background seismicity [43, 44].
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The b-value was estimated using the Maximum Likelihood Method because this approach provides a statistically robust estimate of the
frequency-magnitude slope for earthquake populations above the magnitude of completeness [45].For earthquakes above the completeness
threshold, the b-value was calculated as[42, 46]:

b= —=———Iloge 2
7 g )

min

where M is the mean magnitude of the earthquakes included in the calculation and M,,;, is the effective minimum magnitude. To account for
the discrete nature of magnitude data, the effective minimum magnitude was defined as [47]:
. AM
Mmin = Mc — <—>

: ®

where (Mc) is the magnitude of completeness and AM is the magnitude interval used in constructing the frequency-magnitude distribution.
Consequently, the b-value can be expressed as [46]:
loge
b= ——————— AM 4)
M- (M c— T)

This formulation was applied to the selected earthquake populations to estimate the overall and spatially variable b-values. The statistical
significance of variations in b-value was evaluated by considering the uncertainty associated with each estimate rather than interpreting
differences in b-value solely on the basis of their absolute magnitude. The uncertainty of the b-value was estimated using [42]:

1i1=1(Mi - M)Z
nn—-1)

b = 2.30b? 5)

where (Mi) is the magnitude of the (i)-th earthquake, M is the mean magnitude of the selected earthquake population, (n) is the number of
earthquakes used in the calculation, and 8b represents the estimated uncertainty of the b-value. The uncertainty was considered when
comparing b-values among different spatial regions, time periods, and focal-depth ranges.

Spatial variations in earthquake occurrence and b-value were investigated using Geographic Information System (GIS 10.8) techniques and
ZMAP7 [39, 48]. The earthquake epicenters and hypocenters were mapped to examine their spatial relationship with the principal tectonic
structures of the study region, including the Central Badakhshan Fault Zone and the Darvaz fault system. The spatial distribution of b-values
was subsequently evaluated to identify areas characterized by relatively high and low b-values. For this purpose, b-values were calculated on
a grid of 925 cells with a spacing of 5.8 km, and a minimum of 50 events above the magnitude of completeness (Mc) was specified for each grid
cell. The calculated b-values varied approximately from 0.8 to 2.2, Figure 4(a) while the associated standard deviations ranged from
approximately 0.05 to 0.35 Figure 4(b). The spatial b-value analysis was used to characterize variations in the frequency-magnitude distribution
across the study area.

Temporal variations in b-value Figure 5(d) were also investigated to assess changes in the frequency-magnitude characteristics of earthquake
occurrence through time [49]. For this purpose, a fixed-event sliding window of 50 earthquakes with a step of 15 events was used. Particular
attention was given to periods associated with relatively large earthquakes, including the Mw 6.4 earthquake of 27 March 2002 Figure 5(a) and
the Mw 6.6 earthquake of 8 August 2019 Figure 5(b). Temporal b-value variations were examined to identify changes in the proportion of small-
and large-magnitude earthquakes before and after significant seismic activity [50]. The results were interpreted together with the temporal
variation in catalogue completeness to distinguish potential seismicity-related changes from variations caused by changes in earthquake
detection capability Figure 5 [43].

The dependence of b-value on focal depth was investigated by examining the frequency-magnitude distribution of earthquakes at different
hypocentral depths[27, 46]. This analysis was used to characterize the vertical variation of earthquake occurrence within the study region and
to identify depth intervals associated with relatively low or high b-values Figure 7(a). Particular variations were observed at depths of
approximately 11.2, 34, and 226 km Figure 7. These depth-dependent variations were evaluated together with their associated b-value
uncertainties and the distribution of earthquake magnitudes at the corresponding depths.

In addition to the b-value analysis, cumulative seismic moment was calculated to quantify the contribution of earthquakes of different
magnitudes to the total seismic moment released during the study period Figure 6. Seismic moment (M;) was estimated from moment magnitude
using the standard relationship [51]:

log1o My = 1.5Mw + 9.1 (6)

where (M) is expressed in N-m. The cumulative seismic moment was then calculated as:

Mo,cum(t) = Z:L(? Moyi (7)

where M, i is the seismic moment of the (i)-th earthquake and n(t) represents the number of earthquakes occurring up to time (t). This analysis
provides a quantitative measure of the cumulative seismic moment contribution of the earthquake population and emphasizes the dominant
contribution of relatively large earthquakes to the total seismic moment.

The earthquake catalogue was processed and analyzed with the ZMAP7 toolbox implemented in MATLAB R2022b [39], which was employed for
catalogue processing, magnitude-of-completeness estimation, Gutenberg-Richter analysis, b-value calculation, and spatial and temporal
statistical analyses [32, 52]. GIS 10.8 techniques were used to prepare spatial maps and examine the distribution of earthquake epicenters, focal
depths, b-values, and their relationships with the major tectonic structures of the study area [10]. The overall analytical procedure consisted of
catalogue compilation and quality control, removal of duplicate and incomplete records, magnitude homogenization, estimation of catalogue
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completeness, declustering, Gutenberg-Richter analysis, maximum-likelihood b-value estimation, uncertainty analysis, spatial and temporal
b-value analysis, depth-dependent analysis, and cumulative seismic moment calculation [42, 46].

3. Results

The statistical analysis of the earthquake catalogue reveals clear spatial and temporal variations in earthquake occurrence, magnitude—
frequency distribution, catalogue completeness, b-value, seismic moment release, and earthquake depth across Takhar Province and the
surrounding region. The results presented in this section are based on the homogenized earthquake catalogue and the statistical procedures
described in the Data and Methods section.

The final earthquake catalogue contains approximately 5076 recorded events covering the period from 1926 to 2025 Figure (1b). The magnitude-
frequency distribution follows the Gutenberg-Richter relationship over the magnitude range in which the catalogue is considered complete
Figure (2a). The number of earthquakes decreases systematically with increasing magnitude, indicating that small- to moderate-magnitude
earthquakes constitute the majority of the recorded seismicity, whereas earthquakes with larger magnitudes occur less frequently.
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Figure 4. Spatial distribution of b-values and Standard deviation of b-values in Takhar Province. (a) b-value map showing spatial variations
across the region. (b) Standard deviation map of b-values showing the reliability of b-value estimates. (c) (c) Three-dimensional distribution of
the seismicity catalog and spatial b-values.

The magnitude of completeness, Mc, exhibits temporal variations throughout the study period Figure 3. During approximately 1926-1995, the
estimated (Mc) is relatively high, with values of about 5.0-5.1. After 2000, the completeness magnitude generally decreases and shows greater
temporal variability. This pattern is consistent with changes in earthquake detection capability and improvements in regional and global
seismic monitoring networks. The temporal variation in Mc indicates that the completeness of the earthquake catalogue is not uniform
throughout the entire study period. Therefore, comparisons of earthquake occurrence and b-values between different time intervals should
take these variations in catalogue completeness into account, and the temporal variations in Mc should be considered when interpreting the
long-term seismicity trends [53-55].

The spatial distribution of b-values shows heterogeneity across Takhar Province and the surrounding region Figure (4a). The estimated b-values
range approximately from 0.8 to 2.2, while the associated standard deviations Figure (4b) generally range from about 0.05 to 0.35. Higher b-
values occur in several localized areas, whereas relatively lower b-values are concentrated in specific parts of the study region. This spatial
variability indicates that the earthquake magnitude-frequency distribution is not uniform throughout the study area. Areas characterized by
relatively low b-values contain a comparatively larger proportion of moderate- to high-magnitude earthquakes than areas characterized by
higher b-values. However, the spatial pattern of b-values should be interpreted together with the associated uncertainties and the spatial and
temporal variations in catalogue completeness.

The b-value also exhibits considerable temporal variability during the study period Figure 5. Periods of relatively high and low b-values
alternate through time, and no uniform temporal trend is observed [55]. Several variations occur during periods associated with relatively larger
earthquakes. For the earthquake sequence associated with the Mw 6.4 event of 27 March 2002 Figure (5b), the estimated b-value is approximately
1.26 + 0.20. For the Mw 6.6 earthquake that occurred on 8 August 2019 Figure 5(a) at a depth of approximately 220 km, the estimated b-value is
approximately 1.60 * 0.30. During the period from October 2019 to October 2020 Figure (5¢), the estimated b-value is approximately 1.40 * 0.30.
These results indicate that the b-value varies through time and that periods associated with larger earthquakes may coincide with fluctuations
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in the earthquake magnitude—frequency distribution. However, the observed temporal variations in b-value alone do not establish a
deterministic relationship between b-value changes and the occurrence of individual earthquakes [49].
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Figure 5. Graphs showing temporal variations of b-value for major earthquake sequences in Takhar Province. (a) b-value evolution around the
Mw 6.6 event (depth 220 km) with b=1.6+0.3. on 08 Aug 2019. (b) b-value changes during the Mw 6.4 earthquake sequence on 27 Mar 2002 with
b=1.26+0.20. (c) Temporal b-value variation around the Mw 4.8 event from Oct 2019 to Oct 2020 showing b=1.4+0.3. (d) Long-term b-value
evolution in Takhar Province from 1926 to 2025.

The cumulative seismic moment release calculated from the homogenized moment magnitudes shows a strongly uneven temporal distribution
Figure 6. The cumulative curves represent the progressive release of seismic moment recorded in the catalogue and do not imply the
accumulation of tectonic strain. Most of the cumulative seismic moment is released during a relatively small number of moderate- to large-
magnitude earthquakes, whereas the numerous smaller earthquakes contribute comparatively little to the total seismic moment. Several
increases in cumulative seismic moment release are associated with larger earthquakes in the catalogue. The estimated seismic moments
include approximately 0.09x1022 Nm for the July 1990 event, 0.52x1021 Nm for the 6 July 1962 event, 0.29x1021 Nm for the 23 April 1962 event,
0.12x1022 Nm for the 27 March 2002 event, 0.15x1022 Nm for the 8 August 2019 event, 0.17x1022 Nm for the 11 February 2020 event Figure 6(d).

The cumulative seismic-moment release curve indicates that seismic moment release is episodic rather than uniform through time (Figure 6d).
Individual moderate- to large-magnitude earthquakes can produce abrupt increases in cumulative seismic moment release compared with the
relatively gradual contribution of smaller events. The temporal pattern of seismic moment release is therefore strongly influenced by a limited
number of larger earthquakes [10]. The relationship between earthquake depth, magnitude, and b-value reveals additional vertical
heterogeneity in the seismicity distribution Figure (7d). Figure (7d) was generated by calculating the b-value for successive magnitude subsets
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of the catalogue and is not interpreted as a b-value belonging to an individual magnitude. Several localized reductions in the estimated b-value
occur at different depths. In particular, variations are observed near depths of approximately 11.2 km and 34 km Figure (7b) and Figure (7c),
associated with earthquakes of (Mw 6.4) and (Mw 5.3), respectively. Another larger earthquake, with a magnitude of (Mw 6.6), occurred at a depth
of approximately 226 km Figure (7a).

The occurrence of earthquakes at both shallow and intermediate depths indicates that the seismicity of the study region is not confined to a
single depth interval. The observed variations in b-value with depth suggest that the earthquake magnitude—frequency distribution changes
vertically within the study area. These variations are interpreted in terms of observed depth ranges rather than exact hypocentral depths,
given the inherent uncertainties in earthquake depth determination. However, the statistical significance of individual depth-related b-value
minima depends on the number of earthquakes included in each depth interval and on the corresponding uncertainty of the estimates. Overall,
the results indicate spatial and temporal indicate in earthquake occurrence, catalogue completeness, b-value, seismic moment release, and
earthquake depth in Takhar Province and the surrounding region. The spatial and temporal variations in b-value, together with the distribution
of seismic moment release and earthquake depths, provide the statistical basis for further interpretation of the seismicity patterns and their
possible relationship with the regional tectonic setting in the Discussion section.
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Figure 6. Graphs showing cumulative seismic moment release for individual major earthquakes in Takhar Province. (a) Cumulative moment
for the Mw 6.6 event (depth 220 km) 08 Aug 2019. (b) Cumulative moment for the Mw 5.3 event (depth 34 km) from Sep 2020 to Mar 2021. (c)
Cumulative moment for the Mw 6.4 event (depth 11.2 km) from Jan 2002 to Jul 2002. (d) Long-term cumulative moment from 1926 to 2025.

4, Discussion

The seismicity characteristics of Takhar Province indicate heterogeneity in earthquake occurrence across magnitude, time, space, and depth
within the broader Hindu Kush-Pamir tectonic system. The overall b-value of 1.18 = 0.02. indicates a predominance of small- to moderate-
magnitude earthquakes (Figure 2a). Although slightly higher than the commonly adopted global reference value of approximately 1.0, this value
remains within the range reported for tectonically active regions and is consistent with the general seismic characteristics of the Hindu Kush-
Pamir region.
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Figure 7. Variation of b-value with focal depth and moment magnitude (Mw), with associated uncertainty bars. (a) Overall b-value trend with
depth down to 250 km. (b) b-value vs. depth in the shallow crust; two events at 11.2 km (Mw 6.4) and 34 km (Mw 5.3) are circled, marking
notable b-value drops. (c) Enlarged view of b-value variation between 195-235km depth; the event at 226 km (Mw 6.6) is circled. (d) b-value as
a function of magnitude, showing a general increasing trend with Mw. Error bars represent the uncertainty in b-value estimates.

The magnitude-frequency relationship obtained for Takhar is broadly comparable with previous regional studies. Rehman et al. (2017) reported
b-values of 1.06-1.32. for shallow earthquakes and 0.90-1.07. for intermediate-depth earthquakes in the Hindu Kush, indicating a dependence
of earthquake-size distributions on depth [25]. The Takhar value of 1.18 * 0.02. falls within the reported range for shallow seismicity. Similarly,
K.Rehman et al., (2023) using a relocated catalogue covering the Pamir-Hindu Kush seismic zone during 1949-2018, obtained b-values between
0.99 and 1.47 across the Hindu Kush, South Pamir, Central Pamir, and North Pamir [56]. The Takhar value therefore lies well within the regional
range and supports its interpretation as part of the heterogeneous seismic regime of the Hindu Kush-Pamir collision zone rather than as an
isolated seismic domain.

Further evidence for regional variability is provided by Rahman and Rehman, (2023), who analysed 14,158 earthquakes from northern Pakistan
and adjacent tectonic domains and reported b-values ranging from 0.73 to 1.89, with values of approximately 0.5-2.5 in the Hindu Kush [57].
The spatial range identified in Takhar (approximately 0.8-2.2) (Figure 4a) is broadly consistent with this regional variability. Differences in the
extent of the study areas, catalogue characteristics, and estimation procedures may explain variations in the numerical ranges among studies.

An important result of the present study is that b-value varies in both space and depth. The spatial distribution indicates differences among
parts of Takhar, while localized reductions in b-value occur around approximately 11.2, 34, and 226 km depth Figure 7. These observations
indicate that earthquake-size distributions are not uniform throughout the seismogenic volume. However, these variations are interpreted
descriptively, since no formal statistical test was applied and the uncertainties of the b-value estimates should be considered. Singh and Singh
(2015), using one- and two-dimensional b-value analyses beneath the Pamir-Hindu Kush region, identified significant depth-dependent
variations in b-value[27]. These variations were interpreted in relation to changes in the physical properties of the subducting lithosphere,
including possible effects of dehydration, temperature, and effective stress[27]. The underlying earthquake catalog was derived from the local
seismic dataset of Sippl et al. (2013), which revealed complex and heterogeneous deep seismic structures beneath the Pamir-Hindu Kush region
[54]. The consistency between these observations suggests that the b-value variations observed in Takhar may partly reflect heterogeneous
seismic and lithospheric conditions.

However, the low-b-value zones should not be interpreted as direct measurements of stress. The b-value is sensitive to catalogue completeness,
the number of earthquakes available for analysis, magnitude uncertainty, earthquake clustering, and the spatial and temporal dimensions of
the sampling window [58, 59]. Consequently, the relatively low values identified around 11.2, 34, and 226 km Figure 5 are more appropriately
regarded as statistical indicators of heterogeneous seismic conditions rather than direct evidence of elevated stress. Independent geological
and geophysical observations are required to establish their physical origin[13, 54].

The occurrence of the Mw 6.6 earthquake at approximately 220-226 km depth Figure 7 on 8 August 2019 is particularly important for
understanding the vertical structure of seismicity in the region. This intermediate- to deep-focus event indicates that earthquake deformation
extends below the shallow crust. The coexistence of shallow and deep earthquakes, together with the observed depth-dependent b-value
variations, indicates a vertically heterogeneous deformation regime in which earthquake-generating processes may differ between shallow
crustal and deeper lithospheric environments Figure 7.

The temporal behaviour of seismicity provides an additional dimension to this heterogeneity. The 1926-2025 earthquake catalogue shows
substantial fluctuations in earthquake occurrence, with relatively quiet periods interrupted by episodes of enhanced seismic activity. The
temporal b-value also varies among individual seismic sequences. For example, the Mw 6.6 earthquake of 8 August 2019, at approximately 220
km depth, is associated with a b-value of 1.6 + 0.3, whereas the Mw 6.4 sequence of 27 March 2002 has a value of 1.26 * 0.20. Figure 5. The
sequence associated with Mw 4.8 earthquakes during October 2019-October 2020 yields a b-value of approximately 1.4 + 0.3. These variations
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indicate that the statistical characteristics of earthquake occurrence can change through time and that seismicity in Takhar is episodic rather
than temporally uniform.

The temporal behaviour is also reflected in the cumulative seismic moment Figure 6. Abrupt increases in cumulative moment associated with
the Mw 6.4 event in March 2002 and the Mw 6.6 event in August 2019 indicate episodes of rapid seismic energy release. In contrast, the more
gradual increases observed during other periods suggest a more gradual, progressive release of seismic moment. The cumulative curves
represent the seismic moment released by the earthquakes recorded in the catalogue and do not imply the accumulation of tectonic strain.
Taken together, the temporal b-value and cumulative-moment patterns indicate that seismicity in Takhar cannot be adequately described
using a temporally invariant model.

The relationship between b-value and earthquake magnitude should nevertheless be interpreted cautiously. Although relatively low b-values
may occur in association with periods or areas containing larger earthquakes, b-value alone cannot determine the timing or magnitude of
future earthquakes. It is a statistical parameter describing the relative proportion of earthquakes of different magnitudes within a specified
spatial and temporal population. Therefore, the low-b-value anomalies identified in Takhar should not be regarded as deterministic earthquake
precursors. Their principal value lies in identifying areas and periods with distinct statistical characteristics of seismicity that may warrant
further investigation in the context of seismic-hazard assessment.

Methodological differences among earthquake catalogues may also contribute to discrepancies between the present results and previous
studies. Catalogue duration, magnitude scale, magnitude of completeness (Mc), hypocentral accuracy, spatial sampling, earthquake clustering,
and statistical estimation procedures can all influence the calculated b-value. Such differences are particularly important when comparing the
localized Takhar catalogue with regional datasets covering the entire Hindu Kush—Pamir system or northern Pakistan. Numerical comparisons
should therefore be interpreted in relation to the characteristics and limitations of each catalogue.

Catalogue completeness is especially important when evaluating temporal variations. Changes in seismic-network detection capability through
time can modify the minimum magnitude of earthquakes that can be reliably identified. Apparent temporal changes in earthquake frequency
or b-value may consequently reflect changes in Mc rather than genuine variations in the underlying seismic process. This limitation is
particularly relevant to the 1926-2025 catalogue because early instrumental coverage was considerably less developed than modern seismic
monitoring. Temporal b-value variations should therefore be interpreted within the periods for which catalogue completeness is adequately
constrained.

The observed spatial and depth-dependent patterns are also consistent with the complex tectonic setting of Takhar, which lies within the
broader deformation zone associated with the India-Eurasia collision and the Hindu Kush-Pamir system. Variations in b-value may reflect
differences in lithological properties, fault and fracture structures, stress conditions, and the geometry of active deformation at different depths.
Nevertheless, a direct causal relationship between individual b-value anomalies and specific geological structures cannot be established from
b-value analysis alone. Such interpretations would benefit from improved hypocentral locations, focal-mechanism solutions, seismic
tomography, active-fault mapping, and geodetic observations.

Overall, the results indicate that Takhar Province is characterized by temporal, spatial, and depth-dependent heterogeneity in seismicity. The
overall b-value of 1.18 * 0.02. is Figure 2(a) consistent with the broader Hindu Kush-Pamir seismic regime, while its local variations indicate
differences in earthquake-size distributions across both geographic and depth domains. The temporal fluctuations in earthquake occurrence,
variations in b-value among major seismic sequences, and episodic changes in cumulative seismic moment further demonstrate that seismicity
is not stationary through time. Together, these observations indicate that the seismic behaviour of Takhar reflects a complex and heterogeneous
deformation system extending from the shallow crust to intermediate and deep lithospheric levels. Integrating b-value analysis with temporal
seismicity patterns, earthquake depth, cumulative seismic moment release, improved earthquake catalogues, focal mechanisms, geodetic
observations, and regional tectonic information can provide a more comprehensive basis for understanding the processes governing
earthquake generation and for improving seismic-hazard assessment in the Hindu Kush-Pamir region.

5. Conclusion

This study provides an integrated assessment of seismicity in Takhar Province and its surrounding region using 5,076 earthquakes recorded
between 1926 and 2025. The results indicate temporal, spatial, and depth-dependent heterogeneity in earthquake occurrence. The overall b-
value of 1.18 + 0.02, with a magnitude of completeness (Mc) of approximately 4.6, indicates a predominance of small- to moderate-magnitude
earthquakes and is broadly consistent with the seismic characteristics of the wider Hindu Kush-Pamir region.

Spatially, b-values range from approximately 0.8 to 2.2, indicating substantial variations in earthquake-size distribution across the study area,
with relatively low values identified in Ashkamish, Namak Ab, Bangi, Chiab, and Khawaja Bahawaldin. Temporally, the 1926-2025 seismicity is
distinctly non-uniform, with relatively quiet intervals interrupted by episodes of enhanced activity. Variations in b-value among major seismic
sequences suggest that the statistical characteristics of seismicity vary through time.

The cumulative seismic moment release also shows pronounced temporal changes, including abrupt increases associated with the Mw 6.4
earthquake in 2002 and the Mw 6.6 earthquake in 2019. In addition, depth-dependent variations in b-value and the occurrence of the Mw 6.6
earthquake at approximately 220-226 km depth indicate that seismic deformation extends from shallow crustal levels to intermediate and
deep lithospheric depths. These depths indicate observed depth ranges rather than exact hypocentral depths, given the inherent uncertainties
in earthquake depth determination.

Overall, the combined temporal, spatial, and depth-dependent patterns indicate that Takhar represents a complex and heterogeneous seismic
regime within the Hindu Kush-Pamir tectonic system. Although b-value variations provide useful statistical information for seismic-hazard
assessment, they should not be interpreted as deterministic indicators of future large earthquakes. Integrating b-value analysis with improved
earthquake locations, focal mechanisms, geodetic observations, seismic tomography, and active-fault information will be essential for better
understanding earthquake-generating processes and refining seismic-hazard assessment in the region.
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