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Abstract Zou and Fialko (2024a), https://doi.org/10.1029/2024ea003824 analyzed the fault length statistics
using several data sets spanning a wide range of length scales from millimeters to tens of kilometers, and
concluded that the cumulative fault length distribution follows a universal power law with an exponent close to
− 2, implying that small faults can accommodate an appreciable fraction of tectonic strain. C. Scholz wrote a
Comment in which he agrees with the main conclusions of our study, but questions the methodology that
“fortuitously” gave rise to a correct answer. In particular, Scholz suggests that there is a spurious correlation in
our estimation of the slope of a composite data set, which cancels out due to a lower‐dimensional sampling bias.
Here we show that our estimated absolute value of the power law exponent of ∼2 is not a result of normalizing
the fault length‐frequency distribution by the map area, as suggested by Scholz.We also maintain that the lower‐
dimensional bias is likely to decrease the estimated value of the power law exponent, but not by as much as 1
unit, so that the strain energy in the crust hosting the fault population remains finite. Estimating the magnitude of
the lower dimensional bias for realistic fault distributions is important for distinguishing between the “inclusive
correspondence” between faults and earthquakes, as proposed by Scholz in his Comment, and similar but
distinct distributions of active and inactive faults, as proposed by Zou and Fialko (2024a), https://doi.org/10.
1029/2024ea003824. This issue also directly bears on the amount of inelastic strain absorbed by small faults in
developing shear zones.

In a recent study (Zou & Fialko, 2024a, hereafter ZF24) we showed that the cumulative fault size‐frequency
distribution in immature fault systems is well approximated by a power law with an exponent − α close to − 2,
implying that small faults can accommodate a substantial fraction of tectonic strain. This study was inspired by an
earlier private exchange with Professor Chris Scholz regarding our previous work in which we suggested that the
long‐term rotation of faults in the Eastern California Shear Zone may result from a distributed inelastic strain
(Fialko & Jin, 2021). Scholz pointed out that such strain would be negligible if the fault size‐frequency distri-
bution follows a power law with α close to 1, as suggested by for example, Scholz and Cowie (1990). We now
appear in agreement that (a) a power law exponent of 2 is appropriate for the size‐frequency distribution of faults,
at least in case of immature fault systems; (b) power law distributions of both large and small faults may have the
same ”universal” exponent; and (c) small faults are not negligible in the overall strain budget. In the present
Comment, Scholz suggests that our conclusions are “fortuitously” correct, due to two purported errors that cancel
each other: (a) a “Procrustean” fit of our composite data set, and (b) neglect of a lower‐dimensional bias due to 2‐
D sampling of 3‐D faults. Both issues were considered in ZF24. We provide additional details below.

Scholz notes “it looks like Zou and Fialko included the tails in their distributions in their fits… It would have been
better to use only the data trimmed within the power law scaling range.” The latter is indeed what we did in our
analysis. For each individual data set, we used a Kolmogorov‐Smirnov test (Clauset et al., 2009) to isolate quasi‐
linear intervals of data in the log‐log space, as described in the “Data and Methods” section and the Supple-
mentary Information S1 in ZF24. The tails were removed before calculating the slopes of the best‐fit envelopes, so
the exponent α ≈ 2 of the composite data set is representative only of self‐similar parts of individual data sets that
appear “linear” in the log‐log space.

Scholz further notes that the envelope of a composite data set defined by connecting maximum fault lengths in
individual data sets should have a slope close to negative 2, regardless of values of α in individual data sets. This
is because the composite data set uses fault length‐frequencies per unit area, and the maximum fault length in
general should scale as a square root of the area of observation. Scholz argues that values of α in individual data
sets used in our compilation are notably less than 2. As stated above, our estimate of the common envelope relies
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on the trimmed distributions, not the maximum fault lengths. ZF24 commented on a qualitative agreement be-
tween the slope of the common envelope and slopes of individual data sets for small (L< 10 km) faults. Here, we
quantify the respective slopes using the same procedure as described in ZF24 for large‐scale fault maps. Results
are shown in Figure 1, which uses the same data as shown in Figure 6 in ZF24. Red lines in Figure 1 denote the
best‐fit slopes of the trimmed fault length‐frequency distributions (as described above) for small faults. Note that
these estimates do not depend on the normalization by the map area. With one exception, absolute values of the
estimated power‐law exponents are close to, or greater than 2. This agrees with our qualitative assessment made in
ZF24, but disagrees with estimates from the original studies cited by Scholz (his Figure 1) which are system-
atically smaller due to the inclusion of the distribution tails. It is well known that estimation of power law ex-
ponents for relatively small data sets is fraught with problems, resulting in high uncertainties and a wide range of
values reported in the literature. Given that the dynamic range of mapping is limited to one decade, as stated by
Scholz, while robust inferences of a power law scaling require data spanning at least two decades (e.g., Stumpf &
Porter, 2012), the use of composite multi‐scale data sets normalized by the observation area is essential. We
further point out that the example used by Scholz to illustrate a spurious correlation does not guarantee a slope of 2
(or any common slope, for that matter) if the number of data sets used is greater than 2. This is because the
alignment of data in the log‐log space depends on both the power law exponents and the pre‐multiplying factors of
individual data sets which in general can vary. Our composite data set consists of more than 10 independent
essentially randomly chosen data sets (Figure 1), so the appearance of a common envelope may be considered
remarkable. It's worth noting that other studies that used multi‐scale data sets normalized by the map area did not
obtain a “Procrustean” slope of 2 (e.g., Odling et al., 1999).

A lower‐dimensional bias due to 2‐D sampling (the second point raised by Scholz) implies that values of α
estimated for small faults provide a lower bound on the true value, α + Δα, where 0<Δα≤ 1. Scholz argues that
for small faults, α ≈ Δα ≈ 1, giving rise to the true value of ∼2, consistent with the Gutenberg‐Richter statistics

Figure 1. Cumulative fault length frequency distributions for several multi‐scale data sets, normalized by the respective
observation areas (Figure 6 from Zou& Fialko, 2024a). The black solid line is the least‐squares fit to the high‐end asymptotes
of the outcrop‐ and crustal‐scale data (black symbols, upper right legend). The estimated power‐law exponent is α = 2.06.
Blue triangles denote micro‐crack length distributions from laboratory tests (Katz & Reches, 2004). Black triangles denote the
same data shifted toward the best‐fit envelope (black solid line). Red solid lines denote power‐law fits to the individual data sets
(excluding the crustal‐scale data for which the respective analysis was done in ZF24). Numbers next to the red lines are the
estimated power law exponents.
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of earthquakes that do not rupture the entire seismogenic zone (ZF24). However, Δα close to 1 is expected only if
faults are randomly oriented and randomly distributed within the seismogenic zone (e.g., Bonnet et al., 2001;
Sornette et al., 1993). Observations indicate that orientations of small active faults are highly clustered
(Fialko, 2021; Zou et al., 2023), which likely results in Δα being less than 1. An alternative interpretation of data
shown in Figure 1 posits that the true value of α may be somewhat greater than 2 but less than 3, as discussed in
ZF24. If so, the fault length‐frequency distribution of all faults is not necessarily the same as that of seismically
active faults. The latter likely make a small fraction of the total fault population, and their distribution may have a
power law exponent that is not necessarily the same as that of the total population (e.g., Turcotte, 1997). Results
shown in Figure 1 suggest that the two distributions might share the same power law exponent provided the lower‐
dimensional sampling bias Δα is much less than 1 (e.g., α ≈ 1.8 and Δα ≈ 0.2), which we cannot rule out, but
deem unlikely. Constraining the admissible range of Δα (e.g., using laboratory and/or numerical experiments) is
of considerable interest, as it directly bears on the issue of strain partitioning between small and large faults
(ZF24).

ZF24 also suggested that the same “universal” power law exponent close to 2 may apply to the entire fault length‐
frequency distribution, both above and below the scale corresponding to the downdip dimension of the seis-
mogenic zone. For faults that are seismically active, this requires an increase in the b‐value for earthquake
ruptures that completely saturate the seismogenic zone. Such an increase is apparent in the data, as stated by
Scholz. Figure 2a shows the Gutenberg‐Richter statistics for strike‐slip earthquakes, considered in ZF24. Small
earthquakes that do not rupture the whole seismogenic zone are characterized by the b‐value of 1, while for large
earthquakes the b‐value is 1.34. This break in slope is even more pronounced if one considers all of the global
seismicity, with the b‐value increasing from 1 to 1.5 (Figure 2b), in agreement with theoretical predictions
(e.g., Rundle, 1989). Scholz uses parameter B that corresponds to the distribution of seismic moments, rather than
moment magnitudes. The two parameters are simply related as B = 2/3b. A transition occurs around moment
magnitude of 6.5 for strike‐slip earthquakes, and 7.5 for all of the global seismicity (which is dominated by
earthquakes in subduction zones). These magnitudes well correspond to rupture dimensions commensurate with
the down‐dip extent of the seismogenic zone in the respective settings. For larger earthquakes, rupture geometries
are no longer self‐similar. Thus the Gutenberg‐Richter law appears to stem from the universal size‐frequency
distribution of seismogenic faults.

A suggestion that all faults (active and inactive) and all earthquakes have identical size‐frequency distributions
(“inclusive correspondence”), made in Section 2 of the Comment, relies on some additional assumptions which
are beyond the scope of our study, and we remain ambivalent on this issue. Section 3 of the Comment discusses
how small and large faults contribute to the total strain budget, and is well aligned with our own views on the
subject.

Figure 2. Global magnitude‐frequency distributions of (a) strike‐slip earthquakes that occurred globally between 1 January
1976 and 17 July 2024 (Supplementary Figure S4 in ZF24) and (b) all earthquakes that occurred between 1 January 1976 and
1 February 2025. Black circles denote data from the CMT catalog (Ekström et al., 2012). The magnitude of completeness is
Mw ≈ 5. Red and blue lines denote least‐square fits to the magnitude‐frequency distribution for (a) 5≤Mw ≤ 6.5 (b‐value of
0.99), 6.5≤Mw ≤ 8.1 (b‐value of 1.34), and (b) 5≤Mw ≤ 7.5 (b‐value of 0.99), 7.5≤Mw ≤ 9.1 (b‐value of 1.50).
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Data Availability Statement
The fault and fracture lengths data used in this paper, as well as the scripts used to perform the analysis are
available at our Zenodo repository via https://doi.org/10.5281/ZENODO.13974204 (Zou & Fialko, 2024b).

References
Bonnet, E., Bour, O., Odling, N. E., Davy, P., Main, I., Cowie, P., & Berkowitz, B. (2001). Scaling of fracture systems in geological media.
Reviews of Geophysics, 39(3), 347–383. https://doi.org/10.1029/1999rg000074

Clauset, A., Shalizi, C. R., & Newman, M. E. J. (2009). Power‐law distributions in empirical data. SIAM Review, 51(4), 661–703. https://doi.org/
10.1137/070710111

Ekström, G., Nettles, M., & Dziewoński, A. (2012). The global CMT project 2004–2010: Centroid‐moment tensors for 13,017 earthquakes.
Physics of the Earth and Planetary Interiors, 200, 1–9.

Fialko, Y. (2021). Estimation of absolute stress in the hypocentral region of the 2019 Ridgecrest, California, earthquakes. Journal of Geophysical
Research, 126(7), e2021JB022000. https://doi.org/10.1029/2021jb022000

Fialko, Y., & Jin, Z. (2021). Simple shear origin of the cross‐faults ruptured in the 2019 Ridgecrest earthquake sequence. Nature Geoscience,
14(7), 513–518. https://doi.org/10.1038/s41561‐021‐00758‐5

Katz, O., & Reches, Z. (2004). Microfracturing, damage, and failure of brittle granites. Journal of Geophysical Research: Solid Earth, 109(B1).
https://doi.org/10.1029/2002jb001961

Odling, N., Gillespie, P., Bourgine, B., Castaing, C., Chiles, J., Christensen, N., et al. (1999). Variations in fracture system geometry and their
implications for fluid flow in fractures hydrocarbon reservoirs. Petroleum Geoscience, 5(4), 373–384. https://doi.org/10.1144/petgeo.5.4.373

Rundle, J. B. (1989). Derivation of the complete Gutenberg‐Richter magnitude‐frequency relation using the principle of scale invariance. Journal
of Geophysical Research, 94(B9), 12337–12342. https://doi.org/10.1029/jb094ib09p12337

Scholz, C. H., & Cowie, P. A. (1990). Determination of total strain from faulting using slip measurements. Nature, 346(6287), 837–839. https://
doi.org/10.1038/346837a0

Sornette, A., Davy, P., & Sornette, D. (1993). Fault growth in brittle‐ductile experiments and the mechanics of continental collisions. Journal of
Geophysical Research, 98(B7), 12111–12139. https://doi.org/10.1029/92jb01740

Stumpf, M. P., & Porter, M. A. (2012). Critical truths about power laws. Science, 335(6069), 665–666. https://doi.org/10.1126/science.1216142
Turcotte, D. L. (1997). Fractals and chaos in geology and geophysics (2nd ed.). Cambridge University Press.
Zou, X., & Fialko, Y. (2024a). Can large strains be accommodated by small faults: “brittle flow of rocks” revised. Earth and Space Science,
11(11), e2024EA003824. https://doi.org/10.1029/2024ea003824

Zou, X., & Fialko, Y. (2024b). Fault traces dataset for Zou and Fialko Earth and Space Sciences Manuscript. Zenodo. https://doi.org/10.5281/
ZENODO.13974204

Zou, X., Fialko, Y., Dennehy, A., Cloninger, A., & Semnani, S. J. (2023). High‐angle active conjugate faults in the Anza‐Borrego Shear Zone,
Southern California. Geophysical Research Letters, 50(21), e2023GL105783. https://doi.org/10.1029/2023gl105783

Erratum
The originally published version of this article contained a typographical error in Figure 2. The left and right
panels were incorrectly placed. The error has been corrected, and this may be considered the authoritative version
of record.
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