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Abstract

Ground-Motion Prediction Equations (GMPEs) are a fundamental component
of Probabilistic Seismic Hazard Analysis (PSHA). In low-seismicity regions such
as Brazil, the lack of locally calibrated GMPEs has led to the adoption of
models developed for tectonically analogous regions, particularly Central and
Eastern North America (CENA). Previous Brazilian PSHA studies based on
foreign GMPEs produced high peak ground acceleration (PGA) estimates, rais-
ing concerns regarding their engineering applicability. In this study, the full
suite of 17 NGA-East USGS models is empirically evaluated using Brazilian
strong-motion data. A database comprising approximately 150 PGA records
from 27 regional earthquakes (3.0 < Mw < 5.6), combined with site charac-
terization surveys measuring Vs30, is used for validation. Model performance
is quantified through complementary metrics, namely normalized residuals (Z-
scores), root-mean-square error (RMS), log-likelihood (LLH), and the stochastic
area metric (SA), and examined across magnitude, distance, and site-condition
subgroups to detect systematic biases. These metrics are integrated through a



multicriteria normalization scheme to derive epistemic weights for PSHA logic
trees. Results indicate a systematic tendency of NGA-East models to overesti-
mate PGA in Brazil, attributed to differences in crustal attenuation, stress-drop,
and focal-depth distributions between CENA and the Brazilian stable platform.
USGS_13 exhibits the best overall performance (RMS = 1.26, LLH = 2.47, SA
= 0.16), while the NGA-East Graizer model provides complementary lower-
bound predictions. A case study for Southeastern Brazil shows that the resulting
BR26 hazard maps are more spatially homogeneous than earlier Brazilian PSHA
results, primarily due to the inclusion of lower-magnitude seismicity (Mw 3 to
5) in the activity rate estimation, consistent with GEM2019. The empirically
weighted GMPE ensemble contributes independently by reducing systematic
PGA overestimation. The compiled dataset is made publicly available, and the
proposed framework offers a robust, reproducible methodology transferable to
other low-seismicity intraplate settings.

Keywords: Peak Ground Acceleration, PSHA, GMPE, NGA-East, Brazil,
Strong-Motion Database.

1 Introduction

Ground Motion Prediction Equations (GMPE) are key elements of Probabilistic Seis-
mic Hazard Analysis (PSHA). GMPE relate earthquake source parameters, wave
propagation effects, and local site conditions to expected ground-motion intensity
measures, such as peak ground acceleration (PGA). In many countries, however, the
development of regionally calibrated GMPE is constrained by limited instrumental
data and low seismicity rates.

Brazil exemplifies a typical intraplate, low-seismicity environment characterized
by infrequent moderate-to-large earthquakes and sparse strong-motion records, i.e.,
conditions that fundamentally limit the development of regionally calibrated GMPE.
As a result, PSHA studies in Brazil have historically relied on GMPEs developed for
other stable continental regions, particularly the Central and Eastern North America
(CENA) ([1], [2], [3], [4]). Although tectonic similarities exist, the direct transfer of
such models may introduce epistemic bias and inflate hazard estimates

Early PSHA applications in Brazil reported unexpectedly high PGA values exceed-
ing 0.30 g for 10,000-year return periods across multiple regions [5]. Engineering
practitioners received these estimates with considerable skepticism, particularly in
critical applications such as tailings dam safety assessments. This skepticism moti-
vated the present systematic evaluation of foreign GMPE applicability to Brazilian
conditions.

A database of peak ground acceleration measured at seismic stations in Brazil for
small to moderate earthquake (magnitudes 3.0 to 5.6 Mw) was prepared, including
corrections for sampling rate and Vs30 local site conditions, and used to rank NGA-
East GMPEs for application in Brazil.



2 Database and Site Characterization

The validation of foreign GMPEs requires observational data representative of
Brazilian seismic conditions. A database compiled by the University of Sao Paulo Seis-
mological Center in collaboration with the University of Brasilia, University of Rio
Grande do Norte, and the Brazilian Seismographic Network (RSBR) was used in this
study. The dataset comprises 150 PGA measurements recorded at RSBR stations from
27 regional earthquakes (red circles in Fig. 1). We used the geometric mean of the
maximum acceleration from two horizontal components, after converting the original
records to acceleration. All earthquake information is available in Table 1.

Event Catalog
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Fig. 1 Map of epicenters of the 27 regional earthquakes used in this study. Red circles show the
locations of the analyzed events, with symbol size proportional to Mw magnitude. All earthquake
information is available in the supplementary material.

Since PGA estimates are sensitive to the sampling rate of the recording instru-
ment, and broadband stations typically operate at lower sampling rates than standard
accelerographs, a correction was applied to account for potential underestimation of
PGA values, as described in the following section.



As shown in Table 1, a significant portion of the analyzed events have moment
magnitudes (Mw) below 4.0. However, most of ground motion prediction equations
were developed for magnitudes Mw 4.0 or above, which limits a direct comparison
between observed Brazilian data and predicted values. To overcome this limita-
tion, a normalization procedure was applied: observed PGA values from events with
Mw < 4.0 were scaled upward to a reference magnitude of Mw 4.0, following the
methodology described in the next sections. This approach allows for a consistent
comparison between observed ground motions and GMPE predictions within their

intended magnitude range.

Table 1 Brazilian seismic events catalog.

ID Origin Time (UTC) Lat (°) Lon (°) Depth (km) Mw
2021031_GuyanaMain 2021-01-31 19:05:13 2.70 —59.52 3.0 5.64*
2008114_SVicente 2008-04-23 00:00:48 —25.70 —45.41 17.0 4.69*
2010281_MaraRosa 2010-10-08 20:16:54 —13.77 —49.16 1.4 4.35*
20210428_Barcelos 2021-04-28 03:26:41 —0.55 —61.63 17.0 4.32
2021085_GuyanaAft 2021-03-26 15:57:43 2.73 —59.55 2.2 4.25
2020243_Amargosa 2020-08-30 10:44:28 —13.07 —39.47 1.2 4.10*
20250403_Salobo 2025-04-03 07:02:16 —b5.78 —50.52 0.0 3.85
20250710_Salobo 2025-07-10 00:03:50 —5.80 —50.52 0.0 3.80
2021093_GuyanaAft3 2021-04-03 14:41:01 2.70 —59.52 1.1 3.75
1996292_Jacuih 1996-10-18 21:44:01 —21.04 —46.74 0.0 3.70
2010011_Taipu 2010-01-11 15:53:56 —5.55 —35.65 5.5 3.70
20250710_Salobo2 2025-07-10 09:46:10 —5.79 —50.51 0.0 3.70
2021090_GuyanaAft2 2021-03-31 21:24:09 2.69 —59.50 1.2 3.67
2019140_Delfinopolis 2019-05-20 19:46:34 —20.34 —46.86 20.0 3.64
20240618_Frutal 2024-06-18 13:08:01 —19.95 —48.80 0.0 3.60
2006140_SCaetano 2006-05-20 04:26:05 —8.26 —36.16 5.0 3.59
20230123_Carajas 2023-01-23 02:23:49 —6.40 —50.07 0.0 3.54
1997321_Guapeh 1997-11-17 17:27:01 —20.75 —45.75 0.0 3.38
2000325_Brasilia 2000-11-20 09:36:33 —16.01 —47.79 0.0 3.32
1993361 _Itaguara 1993-12-27 22:48:11 —20.32 —44.47 4.0 3.26
2012354_MClaros_04h 2012-12-19 04:54:38 —16.70 —43.88 1.8 3.26
2012354_MClaros_05h 2012-12-19 05:31:16 —16.70 —43.88 1.5 3.26
2007079-SCaetano 2007-03-20 13:38:52 —8.26 —36.16 5.0 3.15
2010009_Taipu 2010-01-09 18:18:05 —5.55 —35.65 5.5 3.15
2019329_Congonhas 2019-11-25 23:27:26 —20.43 —43.89 0.6 3.15
2000272_Catiguah 2000-09-28 16:04:07 —20.93 —49.05 0.0 3.04
1993362_Itaguara 1993-12-28 21:32:06 —20.32 —44.47 4.0 2.82

* Mw measured directly; other magnitudes converted from mb.

Fig. 2 shows the distribution of the 150 PGA records as a function of epicentral
distance and moment magnitude. The plot highlights the sparse coverage at larger



magnitudes, with only a single event exceeding Mw 5.0 (the 2021 Guyana mainshock,
Mw 5.64). Records at short epicentral distances (below 100 km) are predominantly
associated with lower-magnitude events, while higher-magnitude events tend to be
recorded at greater distances, reflecting the typical detection pattern of the RSBR
network. This magnitude—distance distribution underscores the importance of the nor-
malization procedure mentioned above, as a large fraction of the dataset falls below
the Mw 4.0 threshold commonly adopted by GMPEs.
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Fig. 2 Distribution of the 150 PGA records used in this study as a function of epicentral distance
(km) and moment magnitude (Mw).

Although the full database includes records at rupture distances up to approxi-
mately 1500 km, which reflects the broad detection capability of the RSBR network
for moderate-to-large events, the residual analysis presented in Section 3 is restricted
to records with Rrup < 100 km. This distance threshold was chosen because (1)
NGA-East GMPEs were primarily developed and validated for near-to-intermediate
source distances relevant to engineering applications, and (2) beyond 100 km, post-
critical Moho reflections (PmP/SmS phases) increasingly dominate the wavefield in
cratonic settings [6], introducing propagation effects not well captured by standard
distance-scaling formulations.

2.1 Effect of sampling rate and correction factors

Most velocity sensors of the seismographic stations operate at sampling rates of 50 or
100 samples/s (sps), lower than the usual 1000 sps of a typical accelerograph. This
yields PGA values lower than would be recorded in an accelerograph, especially for
small (<5 Mw) and near (<100 km) earthquakes. Therefore, a correction is needed to
account for the “low sampling rate effect”. For stations that operated with two trigger
modes, PGA values recorded at 200 sps were used directly. At these high-sampling
stations PGA values at 100 and 50 sps were measured from traces downsampled from



the original 200 sps recordings to estimate possible bias in PGA estimates. We assumed
that at 200 sps PGA is very close to the value that would be observed if the event
had been recorded in a proper accelerograph.

Fig. 3 shows the “attenuation factor”, factor = PGA (100Hz) / PGA (200Hz),
as a function of distance and mb magnitude (we now use “100Hz” as equivalent to
“100 sps”). It is seen that the PGA attenuation factor increases with distance (getting
closer to 1.0). That is, longer distances attenuate the high frequencies more rapidly
making the PGA (100Hz) closer to the PGA (200Hz).

Fig. 3 also shows a slight trend of increasing ratio with magnitude. Higher magni-
tudes tend to have lower corner frequencies which decreases the relative contribution
of higher frequencies to the PGA. A simple attenuation factor was fitted to the data,
as:

f=aRepi+bM+c (1)
where,

a=0.2240.05,b =0.07 £ 0.08, ¢ = 0.20 = 0.29, RMS,esidual = 0.150 (2)

In this model, the dependence on the magnitude (coefficient b) is not significant
and there is a large covariance between b and c.
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Fig. 3 Attenuation factor for 100 Hz, i.e., ratio of PGA(100Hz)/PGA(200Hz) as a function of
epicentral distance and mb magnitude. Red numbers are PGA ratios multiplied by 10 so as not to
clutter the figure. The straight lines show the best-fitting function factor = a Rep; + bmag + ¢ (see
eq. 1), contoured at 0.1 interval.

Fig. 4 shows the attenuation factor for 50 Hz, with the function factor(dist, mb)
fitted only for distances < 100 km. Fitting the 50 Hz data for all distances produces
coefficients with large uncertainties and a negative b value, which is unphysical. For
near distances (< 100km), the 50 Hz factor is:



f=aRepi+bM+c (3)
where,

a=0.284+0.11,0 =0.10 £ 0.14,c = —0.13 £ 0.53, RMS,csidual = 0.144 (4)
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Fig. 4 Attenuation factor, PGA(50)/PGA(200), for 50 Hz. Only data for distances Rep; <100 km
were fitted with the function factor = a Rep; + bmag + ¢, shown by the straight lines at 0.1 interval.

At distances longer than 100 km, the attenuation factor converges to 1 and fitting
a linear function may not be appropriate, especially when only a few data points are
available. After several tests, the best attenuation factors to be adopted to correct the
PGA values of the Brazilian database were functions fitted to distances shorter than
100 km. For the 100 Hz, a magnitude dependence improves the corrections (Fig. 5).
For the 50 Hz, the best attenuation function depends only on the epicentral distance
(Fig. 6).

Table 2 shows a summary of corrections applied due to sampling rate. The correc-
tion factor is expressed as a linear regression of epicentral distance R.p,; and magnitude
(mag). RMS residual is defined as:

RMS = 1/ 2=7% (5)

v

where v is the number of degrees of freedom.
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Fig. 5 Attenuation factor for 100Hz, fitted for near distances only (Rep; <100km).
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Fig. 6 Attenuation factor for 50Hz, fitted for near distances only (Rep; <100km) with no dependence
on the magnitude: factor = a Rep; + bmag + c.

Table 2 Summary of PGA correction factors for low sampling rate effect.

Correction Repi coeff. M coeff. Intercept RMS Residual
100 — 200 sps  0.16 £0.12 0.30+£0.16 —0.62+0.59 0.161
(Fig. 5)

50 — 200 sps 0.29 £ 0.10 — 0.22 +0.09 0.140
(Fig. 6)




2.2 Normalizing PGA to Mw = 4.0

Each GMPE presents a distinct functional dependence on magnitude. In several
models, the magnitude scaling is not constant but varies with distance, reflecting
magnitude—distance interaction effects embedded in the regression formulation.

As a first-order approximation to normalize all observed PGA values to a common
reference magnitude (Mw = 4.0), we adopted an average magnitude scaling factor, near
Mw=4.0 for all 17 NGA-E GMPEs. Average scaling factors from two representative
distances were estimated. Specifically, we considered:

o At R =10 km:

d(log;y PGA)
10— = 0.50 (6)
e At R =100 km:
d (log,, PGA)
—_— = . 2
dM 07 @

Assuming a linear dependence of the magnitude scaling coefficient on log,,(R),
we fitted a straight line through these two points. This yields a distance-dependent
magnitude correction term:

d (log,, PGA)

iy = 0.22 log,o(Repi) + 0.28 (8)

Thus, the normalized PGA at Mw = 4.0 is computed as:

log1o(PGAnorm) = logg(PGA) + [0.22 log;o(Repi) + 0.28] (4.0 — M,,) (9)

where R.p; is given in km.

Table 3 shows an extract of the normalized PGA (“PGAy”) together with the
original PGA (“PGAps”, either measured or corrected for low sampling rate). The
complete dataset, including all 150 records with site characterization parameters, is
provided as Table S3 in the supplementary material and is available for download in
machine-readable format at https://doi.org/10.5281 /zenodo.20287122.

Fig. 7 presents the normalized PGA values (PGAy) as a function of rupture
distance (Rrup) for all 150 records. Blue circles represent events with original Mw <
4.0, whose PGA values were scaled up to a reference magnitude of Mw 4.0, while red


https://doi.org/10.5281/zenodo.20287122

Table 3 Extract of the PGA dataset with observed values (PG A,ps) and values
normalized to Mw = 4.0 (PGAN). The complete table is provided as Table S3 in
the supplementary material and is available for download at
https://doi.org/10.5281/zenodo.20287122.

Station  Rrup (km) PGAobs (g) PGAN (g) Mw ID
DAES 244.8 2.64x 1073  7.34x 10~* 4.69 2008114_SVicente
SPB 309.3 1.34 x 1073 3.60 x 10~*  4.69  2008114_SVicente
ESAR 314.5 1.06 x 1073 4.12x10~%  4.69 2008114_SVicente
VABB 337.4 3.54x 1073 937 x 1075 4.69 2008114_SVicente
RCLB 421.9 357x 1073 914 x 107% 4.69 2008114_SVicente
SP7 429.8 466 x 1075 1.19x 1075 4.69 2008114_SVicente
BDFB 60.5 1.08 x 107° 3.09x 10~* 3.32  2000325_Brasilia
CORB 215.0 270 x 1075  9.35 x 10~%  3.32  2000325_Brasilia
PORB 339.3 215 x 1075  7.97x 1075 3.32  2000325_Brasilia
PAZB 358.5 9.18 x 1075 343 x10~* 3.32  2000325_Brasilia
BB19B 125.7 3.59 x 10~%  6.91 x10~* 3.60  20240618_Frutal
CANS 253.7 8.62x 1075 1.66x 10~* 3.60 20240618 Frutal
PMNB 292.7 6.47 x 1075 1.24x10~* 3.60 20240618 Frutal
BSCB 435.7 2.10 x 1075  4.05 x 10~% 3.60  20240618_Frutal
DIAM 360.7 2.17x 1075 418 x 10~% 3.60  20240618_Frutal
SLBO 4.7 3.12x10~% 478 x 10~* 3.70  20250710_Salobo2
SRN1 18.9 1.89 x 10=% 290 x 10=3  3.70  20250710_Salobo2
SRSU 67.7 6.53 x 10~* 1.00 x 10~3  3.70  20250710_Salobo2
PRPB 87.7 2.44 x 104 3.98x 1075 3.70  20250710_Salobo2
SRLE 100.7 1.20 x 10-%  1.97x 1075 3.70  20250710_Salobo2

circles correspond to events with Mw > 4.0, whose PGA values were scaled down to
the same reference magnitude.

Although the magnitude normalization used here is a rough approximation, the
normalized values from both subsets follow a consistent attenuation trend, suggesting
that the normalization procedure effectively removes the magnitude dependence and
allows all records to be compared on a common basis.
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Fig. 7 Normalized PGA (PGAy) versus rupture distance (Rrup) for the 150 records used in this
study. Blue circles indicate events with original Mw < 4.0, scaled up to a reference magnitude of Mw
4.0. Red circles indicate events with Mw > 4.0, scaled down to the same reference magnitude.

2.3 Corrections for Vs30 at station site

Geophysical surveys, conducted in 2023/2024 using Multichannel Analysis of Surface
Waves (MASW) and Horizontal-to-Vertical Spectral Ratio (HVSR) techniques, pro-
vided direct estimates of the average shear-wave velocity in the upper 30 m (Vs30)
for many stations. The MASW surveys were supported by Vale/SA. The Vs30 esti-
mates were obtained mainly by a joint inversion of phase velocity dispersion (from
the MASW) and HVSR (Horizontal-to-Vertical Spectral ratios) using Geopsy [7]. The
results and estimation methods are listed in Table 4.

Fig. 8 shows the distribution of measured Vs30 values for the 46 stations with
geophysical site characterization. The histogram (upper panel) shows that the distri-
bution is concentrated in the 500-1200 m/s range, with a geometric mean of 760 m/s
(dashed line). The tail extending toward higher values (some stations exceeding 2000
m/s) reflects stations installed directly on exposed bedrock.
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Table 4: Seismic stations with measured Vgsg used in this study.
For stations where in-situ geophysical measurements were unavail-
able, ad-hoc Vg3g values were assigned based on lithological analogy
and expert judgment, using published reference values for crys-
talline rock (granite, gneiss: Vgzo & 2000-3000 m/s; NEHRP site
class A), consistent with values reported in the literature for simi-
lar geological settings (e.g., [8]; [9]).

Station Lat (°)

Lon (°) Elev. (m) Site Type

Vs30 Method

Vs30 (m/s)

AGLP —-19.9381 —43.2278
AREB —21.3625 —46.1234
BB19B —19.5902 —45.7479

BDFB —15.6418 —48.0148
BOAV  —2.3953 —60.5225
BSCB —20.0945 —44.7635
BSFB —18.5313 —40.8165
CAN3 —13.0993 —48.2898
CANS —20.2896 —46.3921

CHCB —19.6120 —43.2402
CMCO01 —15.3601 —39.5191

DAES —23.5453 —45.9239
DIAM —18.2952 —43.6648
ESAB —23.0229 —44.4162
FABR —20.1182 —43.9133
FJAO —20.1001 —44.1281
FRTB —29.1876 —55.6589
FRTB —23.3139 —49.5610
FZND —20.1445 —43.4230

GDUO01 —13.7200 —39.3753

GN3.6 —20.4000 —43.6060
GNG6 —19.9698 —43.5929
GUY1l 2.7953 —59.5401
GUY2 2.6527 —59.6202
GUY3 2.6584 —59.4356
GUY4 2.7010 —59.4982
JANB —15.0581 —44.3112
LEVE -16.8971 —43.8986
MCI7 —16.7753 —43.8213
MCI8 —16.6597 —43.9201
MCI9 —16.8981 —43.8933

MNNB —11.3521 —40.4356
NBPN —-10.8470 —40.1990
PMNB —18.5473 —46.4380
PRPB —6.1724 —49.8150
RCLB —21.1994 —47.5321

1085
976
071

1193
114
935
185
330

1018
752
169
828

1280

8

1454

1380
340
518
620
251
890
970
135
153
160
128
693
730
071
696
679
570
486
950
265
575

metasedimentary rock MASW + HVSR

granite/gneiss
hard soil

MASW + HVSR
MASW + HVSR

metasedimentary rock MASW + HVSR

granite/gneiss
granite/gneiss

HVSR

MASW

HVSR

MASW + HVSR
HVSR

metasedimentary rock MASW + HVSR

granite/gneiss
granite/gneiss

metasedimentary rock

MASW + HVSR
ad-hoc
MASW + HVSR
HVSR
MASW + HVSR

metasedimentary rock MASW + HVSR

limestone

MASW
HVSR

metasedimentary rock MASW + HVSR

granite/gneiss

MASW

metasedimentary rock MASW + HVSR
metasedimentary rock MASW + HVSR

sediment
granite/gneiss
hard soil
granite/gneiss
hard soil
hard soil
hard soil
hard soil
granite/gneiss
granite/gneiss

granite/gneiss

HVSR

HVSR

HVSR

HVSR

HVSR

MASW + HVSR
MASW + HVSR
MASW + HVSR
MASW

MASW + HVSR
MASW + HVSR
HVSR

MASW

metasedimentary rock MASW + HVSR

330
800
562
700
858
978
1190
690
690
700
391
2700
565
5000
460
373
500
500
400
1500
265
1000
543
635
541
635
694
393
412
422
622
1001
1001
614
709
2011

12
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(continued from previous page)

Station Lat (°) Lon (°) Elev. (m) Site Type Vs30 Method ~ Vs30 (m/s)
RCBR —5.8274 —35.9014 292  granite/gneiss ad-hoc 1500
SAL2 —5.7839 —50.3106 362 metasedimentary rock HVSR 787
SPB —18.7029 —41.1847 715 — HVSR 1500
SLBO —5.8306 —50.5367 176  metasedimentary rock HVSR 1100
SPB  —23.5927 —47.4270 647  limestone ad-hoc 1500
SRN1 —6.0347 —50.2871 695  metasedimentary rock HVSR 395
SRLE —6.0344 —49.6167 600  granite/gneiss MASW + HVSR 542
SRSU —6.3866 —50.3591 716  granite/gneiss MASW + HVSR 709
SSV2  —12.8507 —48.2143 315 — HVSR 609
VABB —23.0022 —46.9658 866  granite/gneiss MASW + HVSR 1636
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Fig. 8 Distribution of measured Vs30 values for the 46 stations with geophysical site characteriza-
tion. Upper panel: histogram of Vs30 values. Lower panel: empirical cumulative distribution function
(ECDF). The dashed line indicates the geometric mean of 760 m/s, adopted as the default Vs30 for
stations without direct measurements.

The empirical cumulative distribution function (ECDF, lower panel) indicates that
approximately 60% of the measured stations have Vs30 below 760 m/s, while the
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remaining 40% correspond to stiffer sites, including several stations installed directly
on exposed rock with Vs30 exceeding 1500 m/s.

For stations without direct Vs30 measurements, a value of 760 m/s was adopted,
corresponding to the geometric mean obtained from the measured subset. This value
falls at the boundary between NEHRP site classes B and C. Since most Brazilian seis-
mic stations are installed on rock outcrops, Vs30 values consistent with NEHRP site
class A (>1500 m/s) were initially assumed as a reasonable proxy in the absence of
direct measurements. However, the geophysical surveys revealed that shallow weather-
ing layers and soil cover over the bedrock significantly reduce the average shear-wave
velocity in the upper 30 m, even at sites with exposed rock at the surface.

The complete list of all 82 stations used in this study, including both measured
and assumed Vs30 values, is provided as supplementary material. Fig. 9 shows the
spatial distribution of all stations, classified according to their Vs30 values.

Stations — VS30 Site Classification

NEHRP Site Class
E (VS30 < 180 m/s)
D (180-360 m/s)
C (360-760 m/s)
B (760-1500 m/s)
A (VS30 = 1500 m/s)
VS30 = 760 m/s (estimated)

A
=1500

B
760-1500

C
360-760

VS30 (m/s)

D
180-360

e e <180

50°W 40°W 30°W

Fig. 9 Map of seismic stations used in this study, classified according to their Vs30 values. Stations
with measured Vs30 are shown as colored symbols indicating the corresponding site class, while
stations without direct measurements (Vs30 assumed as 760 m/s) are shown as open symbols.

The Vs30 site corrections were applied directly through the OpenQuake Hazard
Library [10], as described in the following section. For each PGA record, the corre-
sponding measured Vs30 value was used when available; otherwise, the average value
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of 760 m/s was adopted. OpenQuake internally applies the site amplification correc-
tions proposed by [9] and [11], ensuring a consistent treatment of site-effects across all
records in the dataset.

3 Assessment of GMPEs

The performance of the USGS suite of NGA-East GMPEs [12], developed for the
Central and Eastern United States, was evaluated against Brazilian strong-motion
data. These models were selected due to their intended applicability to stable con-
tinental regions (SCRs), making them the most physically motivated choice for the
Brazilian intraplate environment. The full set of 17 models was tested to preserve
the broad epistemic uncertainty coverage of the NGA-East project. Evaluation was
carried out by comparing observed and predicted PGA values, analyzing residual
distributions, and examining systematic trends through magnitude, distance, and site-
condition subgroup analyses. These complementary diagnostics were then integrated
into a unified multicriteria framework, providing both quantitative model ranking
and physical insight into the transferability of CEUS-based GMPEs to the Brazilian
cratonic setting.

Ground-motion predictions were computed using the OpenQuake Hazard Library
through its Strong-Motion Toolkit (SMTK) trellis interface, which provides a consis-
tent implementation of all NGA-East models. For each earthquake—station pair in the
database, the predicted peak ground acceleration (PGA) was calculated as a function
of Mw magnitude, rupture distance (Rrup), and site condition represented by the Vs30
(as described above). For computational efficiency, each GMPE was evaluated over
a fixed rupture distance grid (0-101 km, 1 km spacing) for each unique (Mw, Vs30)
combination in the database, rather than being called individually for each observa-
tion. The predicted median PGA and total standard deviation at each observation’s
exact Rrup were then obtained by log-linear interpolation along this distance curve,
introducing negligible error given the fine grid resolution. Records with Rrup > 100
km were excluded from the residual analysis (the full database extends to distances
of approximately 1500 km), as discussed in Section 2.

The evaluation used four complementary analytical components, described in the
following subsections.

3.1 Residual Analysis

To quantify the difference between observed and predicted ground motions, residuals
were computed in logarithmic scale. For each observation, the residual was normalized
by the total variability of the corresponding GMPE, resulting in a normalized residual,
or Z-score, defined as:

In (PGAobs ;i) — In (PGA 1eq i
Zi: n( b7) n( 1% d:) (10)
Ototal,i
where PGAgps is the observed peak ground acceleration, PGApyeq is the PGA
predicted by the GMPE, and ototal,; is the total logarithmic standard deviation evalu-

ated at the magnitude, distance, and Vs30 of the i-th observation. In modern GMPEs,
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Ototal 18 NOt constant but varies with magnitude and, in some models, with distance —
so each observation is normalized by its own aleatory uncertainty.

The use of Z-scores allows residuals from different GMPEs to be compared on a
common, dimensionless scale, explicitly accounting for model-specific aleatory uncer-
tainty. If a GMPE is perfectly calibrated for the dataset, the Z-scores should follow a
standard normal distribution N(0, 1): zero mean indicates absence of systematic bias
(the model neither over- nor underpredicts on average), and unit standard deviation
indicates that the model’s prescribed variability correctly captures the observed scat-
ter. It should be noted, however, that this normalization has a known limitation: a
GMPE with an excessively large oyota1 Will systematically produce low Z-scores regard-
less of the quality of its median prediction, as the inflated denominator compresses
residuals toward zero. For this reason, Z-score statistics are interpreted here in con-
junction with the LLH and RMS metrics, which penalize over-dispersed models and
large median bias, respectively.

3.2 Global Performance Metrics

Three scalar metrics were computed to quantify the overall fit of each GMPE,
described as follows.

Root-Mean-Square (RMS) of the residuals

The RMS of the Z-scores measures the average deviation from a perfect prediction. A
value of zero would indicate exact agreement; increasing values reflect growing misfit.
Unlike the mean, the RMS penalizes both bias and excess scatter, and is computed as:

RMS = (11)

where N is the total number of observations and Z; represents the normalized
residual of the i-th record.

Average log-likelihood (LLH)

Following [13], LLH quantifies the statistical compatibility between the observed resid-
ual distribution and the distribution implied by each GMPE. It was implemented as
misfit measure (negative log-likelihood), i.e., larger values indicate that the residuals
deviate from the expected distribution, penalizing both bias and misrepresentation of
the observed scatter.

Stochastic Area (SA)

Following [14], the stochastic area measures the integrated absolute difference between
the empirical cumulative distribution function (CDF) of the observed logio(PGA)
and the average predictive CDF constructed from the ensemble of individual normal
distributions. A stochastic area of zero indicates perfect distributional agreement;
larger values reflect systematic discrepancies in either the central tendency or the
spread of the predictions.
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3.3 Subgroup Analysis

To detect systematic trends that global metrics may mask, the Z-scores were also exam-
ined as a function of three key predictor variables: Mw magnitude, rupture distance,
and site condition (Vs30).

Each variable was partitioned into six equal-width bins; the mean residual within
each non-empty bin was computed; and a binned RMS (denoted RMS s, RMSgrup
and RMSy 430, respectively) was obtained as the root-mean-square of those bin means.

This procedure enables the identification of systematic patterns, such as distance-
dependent attenuation biases, magnitude-dependent scaling issues, or site-condition
effects, which may not be evident from the global RMS alone.

3.4 Multicriteria Scoring and GMPE Weighting

Because the employed performance metrics (RMS, subgroup RMS, LLH, and SA) have
different scales and interpretations, direct comparison is not possible without prior
normalization. The following procedure was adopted to combine them into a single
composite score and, ultimately, into epistemic weights for the PSHA logic tree.

¢ Standardization: Each metric column was first z-standardized (zero mean, unit
variance across all GMPEs), placing all metrics on a comparable scale regardless of
their original units.

® Direction alignment: Because all six metrics follow a “lower is better” convention,
the standardized values were sign-inverted so that higher values correspond to better
performance.

® Normalization: The adjusted scores were then transformed to a common scale
between 0 and 1 using a global min—max normalization as:

i = (m;; —min (m;))

(max (m;) — min (m;)) (12)

where m;; is the value of metric ¢ for GMPE j, and 1;; is the normalized metric
value. The resulting matrix is suitable for direct visual comparison as a performance
heatmap.

e Composite score: A composite performance score for each GMPE was then
computed as the weighted mean of its normalized metric values:

N
1
Scorej = i Zmij (13)
i=1

where N is the total number of performance metrics considered (6, in our study). In
the base case, equal weights were assigned to all metrics (1/N each). However, the
framework allows the analyst to assign different weights to reflect domain-specific
priorities (e.g., giving greater importance to distance-dependent performance).
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® Weight assignment: The composite scores were rescaled to the interval [0.5, 1.0]
using a min-max transformation, ensuring that the lowest-ranked model retains at
least 50% of the score of the best-performing model. This prevents any GMPE from
receiving a near-zero weight while still preserving meaningful contrasts between
models. The choice of the lower bound is acknowledged to be subjective; the value
of 0.5 was adopted as a reasonable threshold reflecting the principle that all selected
models carry some epistemic value, but a formal sensitivity analysis of alternative
bounds is recommended for future work. The rescaled scores were then normalized
so that their sum equals unity, yielding a set of epistemic weights for the GMPEs:

Score;

= —n— 14
ZZ:1 Scorey, (14)

wj

where k is the total number of GMPEs evaluated. These weights represent the
relative compatibility of each GMPE with the Brazilian strong-motion dataset and
can be directly incorporated into PSHA logic trees as objective epistemic weights.
The procedure ensures that the final weighting reflects a balanced assessment of
each model’s ability to reproduce the observed ground motions across the full range
of magnitudes, distances and site conditions present in the database.

4 Results and Discussion

The empirical evaluation of the USGS NGA-East GMPE suite reveals systematic
model-data discrepancies with important implications for Brazilian PSHA applica-
tions. This section presents quantitative performance rankings, identifies physical
sources of bias, and discusses the broader significance of these findings for hazard
assessment.

Fig. 10 presents the comparison between observed PGA values and model predic-
tions as a function of rupture distance, with the corresponding Z-score RMS values
indicated in parentheses in the legend. The PGA values were corrected for Vs30. For
events with Mw<4.0, the PGA values were normalized to 4.0. Larger events were not
normalized. A general tendency of overestimation is observed for most NGA-East mod-
els. This behavior suggests that attenuation characteristics embedded in CEUS-based
models may not fully represent wave propagation and geometrical spreading effects in
Brazilian crustal conditions. Among all evaluated models, USGS_13 shows the clos-
est alignment with observed values, exhibiting the lowest global RMS and reduced
systematic bias.

The observed overestimation pattern likely reflects fundamental differences in
source and propagation characteristics between Brazil and CEUS. First, Brazilian
cratonic lithosphere may exhibit higher anelastic attenuation than CEUS crustal struc-
tures, leading to less efficient wave propagation at intermediate distances. Additionally,
systematic differences in stress drop are also expected: earthquakes in the Brazilian
SCR tend to occur at shallower focal depths with lower stress-drop distributions [15]
compared to CEUS events, which are often characterized by relatively high stress
drops [16].
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Fig. 10 Comparison between observed PGA values (black points) and USGS NGA-East GMPE
predictions (colored symbols) as a function of rupture distance. Each model is identified by color and
annotated with the corresponding RMS values indicated in parentheses in the legend.

Since the NGA-East models were calibrated to CEUS stress-drop levels, their appli-
cation to regions with systematically different source characteristics can introduce
magnitude and distance dependent biases. In addition, focal depth affects the parti-
tioning between geometric spreading regimes and the distance at which post-critical
Moho reflections (PmP/SmS) begin to dominate the wavefield — a transition that typ-
ically occurs around 100 km in cratonic settings [6], consistent with the distance range
shown in Fig. 10.

Therefore, direct application of CEUS-calibrated GMPEs to intraplate settings
in Brazil introduces systematic bias because the underlying attenuation assumptions
may not adequately represent wave propagation in highly efficient cratonic lithosphere.
Although both regions are classified as “stable continents”, the observed performance
differences suggest that finer-scale regionalization accounting for different lithospheric
properties and predominant seismogenesis may improve GMPE applicability.

The distribution of normalized residuals further highlights these trends. Kernel
density estimates, which provide a smooth continuous approximation of the empirical
residual distribution without assuming a fixed parametric form, are shown in Fig. 11
and indicate that most GMPEs produce residual distributions shifted toward negative
values, confirming a systematic overprediction of PGA. The USGS_13 model displays
a narrower distribution and a mean value closer to zero, indicating both improved
accuracy and reduced dispersion. In contrast, models such as USGS_10 present
broader distributions with pronounced negative shifts, reflecting poorer statistical
compatibility with the Brazilian dataset.

Subgroup analyses provide additional insight into the physical origin of model
discrepancies. To illustrate contrasting behavior, Fig. 12 presents the residuals as a
function of rupture distance for two representative models: USGS_13, which achieved
the lowest overall RMS among all 17 models, and USGS_10, which exhibited the
highest.

19



KDE of Normalized Residuals (Z-scores)
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Fig. 11 Kernel density estimation (KDE) of normalized residuals (Z-scores) for the 17 NGA-East
USGS models evaluated against the Brazilian PGA dataset. Each colored curve represents one GMPE,
identified in the legend. The dashed black curve denotes the standard normal distribution N(0,1),
which represents the theoretical target for a perfectly calibrated model.
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Fig. 12 Normalized residuals (Z-scores) as a function of rupture distance for (a) USGS_10 and (b)
USGS_13. Gray circles represent individual residuals, while blue squares indicate mean values within
distance bins. Background shading shows the bin ranges used in the subgroup mean RMS value.

The persistent negative bias observed for USGS_10 across nearly all distance ranges
indicates a systematic mismatch in distance attenuation behavior, consistent with its
poor global ranking. Conversely, USGS_13 maintains near-zero mean residuals and
lower dispersion across most bins, suggesting greater robustness over the parameter
space. Similar patterns were observed for the magnitude and Vs30 subgroup analyses,
reinforcing the conclusion that the superior performance of USGS_13 is not restricted
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to a specific subset of the data but reflects a fundamentally better fit to the Brazilian
attenuation and source characteristics.

The integration of multiple performance metrics is summarized in Fig. 13, which
presents the normalized performance matrix as a heatmap. Lighter colors indicate
better relative performance. This visualization confirms the consistency of results
obtained from individual metrics, highlighting USGS_13 as the most balanced model
across RMS, LLH, and stochastic area measures. Importantly, no single GMPE domi-
nates all metrics simultaneously, supporting the use of weighted logic-tree approaches
rather than exclusive model selection.

GMPE Performance — Normalized Metrics
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Fig. 13 Heatmap of normalized performance metrics for the USGS NGA-East GMPE suite. Each
cell represents the relative performance of a model for a specific metric after min—max normalization.
Lighter colors indicate better agreement with Brazilian observations.
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The final GMPE weights (Fig. 14) were based on the composite scores derived
directly from the normalized performance matrix shown in Fig. 13, following the mul-
ticriteria procedure described in Section 3.4. The resulting weights reflect discernible
contrasts between models, ranging from 0.038 (USGS_10) to 0.075 (USGS_13), con-
sistent with their relative performance in the multicriteria evaluation. This spread
is a direct consequence of rescaling composite scores to the interval [0.5, 1.0] prior
to normalization, which preserves score contrasts while ensuring that no model
receives a negligible weight. USGS_13 receives the highest weight, whereas USGS_10
is consistently assigned the lowest value, consistent with the heatmap in Fig. 13.

From a broader perspective, the systematic overestimation of PGA by most NGA-
East models indicates that the direct transfer of CEUS-calibrated GMPEs to Brazil
should be performed with caution. While differences in crustal attenuation properties,
stress-drop characteristics, and focal-depth distributions have been identified as likely
sources of bias, the relative contribution of each factor remains difficult to isolate
with the current dataset. Future studies combining spectral analysis with path specific
attenuation inversions could help disentangle these effects and inform the development
of region-specific adjustment factors.

Final GMPE Weights (Normalized to Sum = 1)

nga_east_usgs_13 0.075

nga_east_usgs_5 0.070
nga_east_usgs_4 0.068
nga_east_usgs_12 0.067
nga_east_usgs_1 0.063
nga_east_usgs_6 0.063
nga_east_usgs_3 0.062

nga_east_usgs_14 0.060

nga_east_usgs_15 0.059
nga_east_usgs_7 0.056
nga_east_usgs_8 0.056

nga_east_usgs_9 0.055

nga_east_usgs_11 0.055

nga_east_usgs_2 0.054
nga_east_usgs_16 0.053
nga_east_usgs_17 0.046

nga_east_usgs_10 0.038

0.00 0.02 0.04 0.06 0.08
Weight

Fig. 14 Final epistemic weights assigned to USGS NGA-East GMPE based on composite multi-

criteria performance scores. Bars represent normalized weights used for logic-tree implementation in
PSHA applications.
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The results indicate that Brazilian seismic stations are predominantly located on
sites with Vs30 values near the NEHRP B/C boundary (mean Vs30 ~ 760 m/s),
which differs substantially from the hard-rock reference conditions assumed by NGA-
East models (Vs30 = 3000 m/s). Previous Brazilian PSHA studies often assumed
generic rock site conditions in the absence of direct measurements, a simplification
that may introduce systematic bias into hazard estimates. The site characterization
data compiled here allow GMPE predictions to be evaluated under more realistic site
conditions, which is particularly relevant given that NGA-East models require explicit
site-response corrections when applied outside their hard-rock reference frame.

These results also suggest that model selection and weighting should not rely
exclusively on statistical performance metrics. Adequate coverage of the observed
ground-motion parameter space in magnitude, distance, and site condition — ensuring
that the selected ensemble envelopes the full range of observed motions — is an addi-
tional factor that should be considered alongside goodness-of-fit measures. To illustrate
the practical implications of the weighting approach described above, a case-study
application for Southeastern Brazil is presented in the following section.

5 Case Study: GMPE Selection for Southeastern
Brazil

The Southeastern Brazil region concentrates a large fraction of the country’s critical
infrastructure, including mining complexes, tailings dams, urban centers, and energy
facilities. Consequently, this region represents a priority target for seismic hazard
assessment and practical PSHA applications. The case study presented here demon-
strates how the GMPE evaluation framework developed in this study can be translated
into a consistent model selection strategy for real hazard calculations.

Rather than selecting a single “best” GMPE based exclusively on performance
rankings, the adopted strategy follows established PSHA practice, in which a limited
set of models is selected to collectively represent epistemic uncertainty and to capture
the center, body, and range of expected ground motions in the target region ([17]; [18]).
In this context, the selected GMPE ensemble must adequately “envelope” the cloud
of observed Brazilian PGA values, reproducing both the upper and lower bounds of
recorded motions. By adopting an ensemble-based strategy, hazard estimates become
less sensitive to the behavior of any single model and more representative of the
plausible range of ground-motion predictions.

As shown in previous sections, most USGS NGA-East models systematically pre-
dict higher PGA values relative to Brazilian observations, particularly at short rupture
distances. Although the USGS_13 GMPE exhibits the best overall statistical perfor-
mance in terms of RMS, LLH, and stochastic area metrics, relying exclusively on
models that predominantly overestimate PGA would introduce a systematic positive
bias into hazard calculations. This observation reinforces the need to complement
performance-based ranking with physical and observational coverage criteria.

The NGA-East model proposed by Graizer [19] was incorporated into the GMPE
ensemble to ensure representation of the lower bound of observed ground motions.
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Unlike the USGS NGA-East models, which were calibrated primarily for the Cen-
tral and Eastern United States (CEUS), the Graizer model was developed for the
broader Central and Eastern North America (CENA) region, encompassing a wider
range of crustal and attenuation conditions. This distinction is relevant in the Brazil-
ian context, as CENA-based models may better capture the variability of intraplate
ground-motion characteristics beyond the specific tectonic setting of the CEUS. In
practice, the Graizer model systematically produces lower PGA predictions than the
USGS models and occupies the lower envelope of the Brazilian ground-motion data
cloud (Fig. 15), providing a useful counterbalance to the systematic overestimation
observed in the remainder of the ensemble.
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Fig. 15 Comparison between observed PGA values (black points) and NGA-East GMPE predictions
(colored symbols) as a function of rupture distance. Each model is identified by color and annotated
with the corresponding RMS values indicated in parentheses in the legend. USGS NGA-East models
define the upper bound of predicted ground motions, while the Graizer NGA-East model defines the
lower bound, collectively enveloping the observed data cloud.

The inclusion of the Graizer model allows the GMPE ensemble to explicitly rep-
resent alternative attenuation behaviors and to better capture epistemic uncertainty
associated with model formulation. As a result, the final GMPE ensemble used in the
Southeastern Brazil case study consists of four models: three NGA-East GMPEs from
the USGS models, representing the upper bound of predicted ground motions, and
the NGA-East Graizer GMPE, representing the lower bound.

Fig. 16 illustrates the performance of the selected four GMPEs relative to Brazilian
PGA observations. While the USGS models tend to overestimate observed values,
the Graizer model generally underestimates them. Together, these models collectively
span the observed Brazilian PGA range and provide a balanced representation of both
overpredicting and underpredicting tendencies, leading to a more robust and defensible
hazard assessment framework.
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KDE of Normalized Residuals (Z-scores)
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Fig. 16 Kernel density estimates of normalized residual (Z-score) distributions for the final selected
NGA-East GMPE applied to the PSHA study in Southeastern Brazil. The dashed black curve denotes
the standard normal distribution N(0,1), which represents the theoretical target for a perfectly cali-
brated model. All colors maintain the relation to GMPE as shown in Fig. 15.

The overall performance of the selected four-GMPE ensemble is summarized in
Fig. 17. The combined results confirm that the selected models provide complementary
behavior across the observed ground-motion range: while the USGS GMPEs dominate
the upper portion of the PGA distribution, the NGA-East Graizer model consistently
occupies the lower bound.
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Fig. 17 Heatmap illustrating the performance metrics of the final selected GMPE ensemble for
the Southeastern Brazil case study. Each cell represents the relative performance of a model for a
specific metric after min—max normalization. Lighter colors indicate better agreement with Brazilian
observations.

The objective performance ranking derived in the previous section is preserved
within the reduced GMPE set, with USGS_13 remaining the best-performing model.
However, instead of discarding lower-performing models entirely, their controlled inclu-
sion allows epistemic uncertainty related to alternative attenuation behaviors to be
explicitly propagated into the hazard calculations.
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The final epistemic weights assigned to the selected GMPE ensemble are shown in
Fig. 18. These weights were derived from the composite performance scores obtained
through the multicriteria evaluation framework described earlier.

Final GMPE Weights (Normalized to Sum = 1)

nga_east usgs_13 0.318
nga_east_Graizer 0.296
nga_east_usgs_1 0.227
nga_east_usgs_2 0.159
0.00 005 010 015 020 025 0.30 0.35
Weight

Fig. 18 Final epistemic weights assigned to the selected NGA-East GMPE ensemble for the South-
eastern Brazil PSHA application. Weights were derived from normalized composite performance scores
and represent the relative contribution of each GMPE within the logic-tree framework.

As expected, the USGS_13 model received the highest weight (w = 0.318), reflecting
its superior statistical agreement with Brazilian observations. The NGA-East Graizer
model was assigned the second-highest weight (w = 0.296), despite systematically pro-
ducing lower PGA values than the USGS models. This outcome is intentional: the
Graizer model provides essential lower-bound coverage of the observed ground-motion
space, and its exclusion or downweighting would bias the ensemble toward system-
atic overestimation. The remaining USGS models received lower weights (USGS_1: w
= 0.227; USGS_2: w = 0.159). The resulting weight distribution reflects discernible
contrasts between models, with values ranging from 0.159 to 0.318, following the
multicriteria weighting procedure described in Section 3.4.

The impact of the proposed GMPE selection and weighting strategy on seismic
hazard estimates is illustrated in Figs. 19 and 20, which compare the PGA hazard
maps obtained in this study (BR26) with previously published regional and global
PSHA models. This comparison serves two purposes: (1) it demonstrates the practical
impact of GMPE selection strategies on final hazard products, and (2) it provides
external validation through consistency checks against established global models.

The SBGf2016 map was the first nationwide PSHA attempt for Brazil presented
by [5]. That study relied only on the GMPE of [20], without performance-based valida-
tion against Brazilian strong-motion data. It also used a low Min = 3.0 for the hazard
integration and b-values mostly below 1.0, which over-estimates the hazard. The spa-
tially heterogeneous patterns and localized high-PGA zones (such as USGS2018 [21]
and GEM2023 [22]) lack physical justification and reflect the use of only magnitude 5
and above to define seismicity rates.

The USGS2018 model [21] and the GEM2023 model [22] both employ smoothed
seismicity approaches but calibrate their occurrence rates using only events with Mw >
5.0. In the Brazilian intraplate context, where earthquakes of this magnitude are rare
and spatially sparse, this choice leads to poorly constrained rate. The lower-magnitude
seismicity (Mw 3-4), which is comparatively well-recorded in Brazil and provides the
most reliable spatial information about active seismogenic structures, is effectively
excluded from the rate estimation process. It should be noted that GEM2023 also
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Fig. 20 PGA seismic hazard maps for Southeastern Brazil obtained in the present study (BR26)
for return periods of 475 years (left) and 2475 years (right). The maps were computed using the four-
GMPE ensemble selected and weighted through the multicriteria framework described in Section 3
combined with a curated regional earthquake catalogue and seismic zones with additional smoothed-
seismicity source model approach.

incorporated seismic source zone models alongside the smoothed seismicity component,
but the magnitude threshold applied to the catalog constrains the spatial resolution
of the resulting hazard in low-seismicity regions such as Brazil.

In contrast, the GEM2019 model [23] incorporated smaller-magnitude events into
its smoothed seismicity estimation, resulting in spatially more continuous hazard pat-
terns that better capture the diffuse seismicity characteristic of stable continental
regions. This methodological difference explains the closer spatial agreement observed
between GEM2019 and the present study (BR26): both approaches draw on the full
magnitude range of the regional earthquake catalogue to constrain seismicity rates,
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producing smoother spatial gradients and more physically consistent hazard estimates
for the Brazilian intraplate environment.

The hazard maps produced in this study (BR26, Fig. 20) are computed for a refer-
ence site condition of Vs30 = 760 m/s (NEHRP B/C boundary), consistent with the
USGS2018 and GEM2019/23 models and allowing direct visual comparison between all
four products. The seismicity model underlying BR26 combines smoothed seismicity
kernels following both Frankel [24] and Woo [25] approaches, applied within 10 seismic
source zones, each with its own b-value estimated by the maximum likelihood method
of Weichert [26]. The resulting hazard patterns are spatially more homogeneous than
those of SBGF2016, with reduced extreme PGA values and smoother spatial gra-
dients. The spatial homogeneity reflects primarily the inclusion of lower-magnitude
seismicity in the rate estimation, which provides a more complete representation of
the diffuse Brazilian seismicity; the reduction in absolute PGA levels reflects, in addi-
tion, the difference in reference site conditions (Vs30 = 760 m/s versus ~ 3000 m/s
in SBGF2016) and the mitigation of systematic overestimation achieved through the
empirically weighted GMPE ensemble.

The closer spatial agreement between BR26 and GEM2019, relative to USGS2018
and GEM2023, is consistent with the interpretation that the inclusion of lower-
magnitude seismicity in the rate estimation process leads to more physically
representative hazard patterns in low-seismicity intraplate regions such as Brazil.

6 Conclusions

This study presents a comprehensive empirical evaluation of USGS NGA-East GMPEs
using Brazilian strong-motion observations and site characterization data. The results
demonstrate a systematic tendency of most NGA-East models to overestimate peak
ground acceleration in Brazil, reflecting limitations in the direct transfer of CEUS-
calibrated GMPEs to the Brazilian intraplate environment. Nevertheless, substantial
performance differences were observed among individual models, with USGS_13
exhibiting the best overall statistical agreement and the NGA-East Graizer model
providing complementary lower-bound predictions.

Quantitatively, the USGS_13 model demonstrated superior performance with the
lowest global RMS (1.26), lowest log-likelihood (2.47), and smallest stochastic area
(0.16) among the 17 evaluated NGA-East USGS models. However, the systematic
negative bias (mean Z-score = —0.249) across the USGS suite necessitated inclusion
of alternative models for a balanced hazard estimation.

The application of multiple performance metrics (including RMS, subgroup-based
RMS, log-likelihood, and stochastic area) combined within a multicriteria normaliza-
tion framework, proved effective for deriving objective epistemic weights for PSHA
logic trees. This approach allows GMPE selection to explicitly incorporate both
statistical performance and physical uncertainty representation.

The Southeastern Brazil case study demonstrated the practical implications of
the proposed methodology. The resulting hazard maps (BR26) show more spatially
homogeneous patterns compared to previous Brazilian PSHA results. It should be
emphasized, however, that this spatial homogeneity is primarily a consequence of
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including lower-magnitude seismicity in the activity rate estimation (an approach
consistent with GEM2019 [23]) rather than of the GMPE selection and weighting
strategy itself. The GMPE ensemble contributes independently to reducing systematic
overestimation of hazard levels, a distinct and complementary improvement.

The comparison with USGS2018 [21] and GEM2023 [22] — both of which also
use CEUS-based GMPEs, as does BR26 — isolates the effect of the seismicity rate
model more directly: the spatially heterogeneous and locally elevated hazard patterns
in those models are due to the use of Mw > 5.0 minimum-magnitude thresholds in
the smoothed seismicity rates, which excludes the moderate and small earthquakes
that better represent Brazilian seismicity. The closer agreement between BR26 and
GEM2019, which incorporates smaller-magnitude events, is consistent with this inter-
pretation and underscores the importance of accounting for the full magnitude range
of the regional catalogue in PSHA for stable continental regions.

As part of this work, the compiled and quality-controlled dataset of peak ground
accelerations recorded at Brazilian stations (together with the associated site charac-
terization parameters, vs30) is being made publicly available. This dataset represents
the most comprehensive collection of strong-motion observations with measured site
conditions for the Brazilian territory. Its availability is intended to support future
GMPE calibration, validation, and development efforts specifically targeted at the
South American intraplate environment, thereby contributing to reducing the current
dependence on foreign models calibrated for other tectonic settings.

More broadly, the proposed GMPE evaluation and weighting framework can
serve as a methodological basis for future PSHA studies in Brazil and analo-
gous low-seismicity regions worldwide. By providing a transparent, data-driven, and
reproducible strategy for model selection and uncertainty treatment, this approach
contributes to improving the robustness and defensibility of seismic hazard assessments
where local ground-motion data remain scarce.

Limitations

Despite the validation framework presented here, several limitations warrant acknowl-
edgment. First, the Brazilian strong-motion database, while representing the most
comprehensive dataset currently available, remains limited in coverage of large-
magnitude events and near-source distances (< 10 km). Second, the validation focused
exclusively on PGA; extension to spectral accelerations across multiple periods would
strengthen GMPE selection for engineering applications. Third, regional variations
in crustal attenuation properties across Brazil’s diverse geological provinces remain
incompletely characterized.

Data and Code Availability

The Brazilian strong-motion PGA database compiled in this study, comprising 150
records from 27 regional earthquakes with associated site characterization data (Vs30),
is publicly available on Zenodo at https://doi.org/10.5281/zenodo.20287122 [27]. The
repository includes the complete dataset in CSV format (brazil_pga data.csv),
a companion file describing all data fields (brazil_pga_data description.txt),
and the Python script used for GMPE evaluation and weight computation

29


https://doi.org/10.5281/zenodo.20287122

(evaluate_gmpes.py). The seismic hazard maps (BR26) were computed using Open-
Quake Engine [10], an open-source platform available at https://github.com/gem/
og-engine.
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