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Preliminary Earthquake Hazard Map of Afghanistan

By Oliver S. Boyd, Charles S. Mueller, and Kenneth S. Rukstales

Executive Summary

The history of destructive earthquakes in Afghanistan
spans more than four thousand years. Earthquakes have killed
more than 7,000 Afghans in the last 10 years, including the
Nahrin earthquake in May 1998 that killed an estimated 4,000
people. We expect that future large earthquakes, driven by
ongoing active geologic processes in the region, will occur
close to population centers and lifelines, with a consequent
risk for greater casualties and damage. The seismic hazard
must be considered in the siting, construction, and restoration
of communities and facilities in Afghanistan.

Large earthquakes can devastate unreinforced brick and
stone buildings and trigger large landslides in mountainous
terrain. In 2005, the M7.6 Kashmir earthquake in Pakistan
killed more than 85,000 people, injured more than 69,000,
and destroyed entire towns and villages; reconstruction efforts
are ongoing as we write this report. This earthquake serves
as a cautionary analog for what could happen in Afghanistan
in terms of magnitude, strong ground shaking, damage to
structures, and landslides. Improved construction standards
and techniques, guided by scientific estimates of the seismic
hazard, could significantly reduce the loss of life and property.

In seismic-hazard analysis we apply knowledge of the
historical earthquake record and the current tectonic environ-
ment to predict the strength of ground shaking in future earth-
quakes. The model that we use to evaluate hazard is composed
of two elements: a source model that describes the locations,
magnitudes, and rates of earthquakes, and a ground-motion
model that gives the expected shaking and its variability for
each earthquake. Considering a single site and a single earth-
quake, we can compute how often a particular ground-motion
value will be exceeded. The functional relationship between
exceedance rate and ground motion is a hazard curve, the fun-
damental result of a seismic-hazard analysis. We next consider
all the earthquakes in the model, analyzing the magnitude,
rate, and distance for each one and summing the exceedance
rates to build up a hazard curve for the site. To make a hazard
map, we do this analysis for thousands of sites covering the
map area (about 35,000 sites for Afghanistan). A realistic haz-
ard analysis involves many other details; for further informa-
tion see the body and Appendix of this report.

In any seismic-hazard assessment we must recognize and
account for significant model and parameter uncertainties.
Seismology is a young science, and for data, seismologists
must rely on limited observations and measurements of rare
and unpredictable events. The century-long history of direct
observation and measurement in seismology is much shorter

than the recurrence times of many of the earthquakes in the
model (as long as ~10,000-100,000 years). The recurrence
times or fault-slip rates required in hazard models can be esti-
mated from longer term geologic or paleoseismic data but are
often highly uncertain. Large-amplitude ground motions close
to faults are strongly influenced by the details of faulting and
seismic-wave propagation and are highly variable, even for the
same magnitude and earthquake-to-site distance. To estimate
part of the hazard in Afghanistan, we rely heavily on the cata-
log of earthquakes recorded by global seismic networks during
the past few decades, but virtually no local data exist to guide
estimates of faulting or ground-shaking parameters. Fortu-
nately, the hazard methodology incorporates parameter and
modeling variability in a natural way and yields useful results
even in the presence of large uncertainties.

The analysis presented here for Afghanistan is based on
the same approach that is used to make the seismic hazard
maps for the United States. In the United States, these maps
underpin the seismic-design elements of the International
Building Code and other structural-design standards. Strong
ground shaking is traditionally specified by the peak horizon-
tal acceleration of the ground expressed in units of the gravi-
tational acceleration, g. Structural engineers sometimes prefer
a so-called “spectral” motion, the response of a damped
pendulum with a specific natural period (say, 1.0-second or
0.2-second period with 5 percent damping), because it can
simulate the response of an idealized building. An engineer
might wish to design a building to be strong enough that it
has a reasonably small chance of seismic damage in the next
few decades, say a 10-percent chance of damage in 50 years.
The motion corresponding to this level of risk can be com-
puted directly from the hazard curve and used in the seismic
design of the building. Thus, results of a seismic hazard
assessment are traditionally presented as maps of ground
motion or spectral motion with a given probability of exceed-
ance in a given time period: peak ground acceleration with a
10-percent probability of exceedance in 50 years, for exam-
ple. In this report, we present maps of peak ground accelera-
tion, 0.2-second spectral acceleration, and 1.0-second spectral
acceleration, each for 2-percent and 10-percent probability of
exceedance in 50 years, and corresponding hazard curves for
several cities in Afghanistan.

Parts of Afghanistan lie within a relatively stable,
southward-projecting promontory of the Eurasian tectonic
plate, but the country is surrounded on the east, south, and
west by active plate boundaries that are associated with
deformation, faults, and earthquakes. The greatest hazard
is in the east, where the Indian plate moves northward with
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respect to Eurasia at a rate of about 4 cm/yr. A broad zone of
deformation along the plate boundary lies partly within eastern
Afghanistan, trending southwestward from the Hindu Kush in
northeast Afghanistan, through Kabul, and along the Afghani-
stan-Pakistan border. This zone is characterized by abundant
earthquakes and major faults. In size and slip rate, the Cha-
man and Central Badakhshan faults of eastern Afghanistan
are comparable to other great crustal faults of the world like
the San Andreas and North Anatolia faults, and the distance
between Kabul and the Chaman fault is comparable to the dis-
tance between Los Angeles and the San Andreas. The Hindu
Kush is one of the rare continental regions on Earth where
earthquakes as deep as 200 km occur (associated with subduc-
tion of the Indian plate beneath Eurasia) and cause damage.
West of Afghanistan, the Arabian plate moves northward
relative to Eurasia at about 3 cm/yr. The main plate boundary
trends northwestward through the Zagros region of southwest-
ern Iran. Although Iran is laced with major faults, and earth-
quakes are common, the deformation for the most part does
not cross the border, leaving western Afghanistan relatively
quiescent seismically.

Our source model for Afghanistan uses data from the
global catalog of earthquakes with magnitudes equal to or
greater than about 4.5 since 1964. We also include four spe-
cific faults in the model, using slip rates estimated from geo-
logic data. Lacking local ground-motion-prediction relations,
we apply estimates from analogous active tectonic regions in
western North America, Europe, and the Middle East for shal-
low sources and estimates from global subduction earthquake
data sets for deeper sources.

Our analysis shows that seismic hazard is high in north-
eastern Afghanistan and much lower in the western half of
the country. Hazard levels in Kabul, with contributions from
both the regional seismicity and the nearby Chaman fault,
are roughly similar to those found in some seismically active
parts of the intermountain West in the United States. Hazard
increases northeast of Kabul through the Hindu Kush, due in
part to the increased seismicity there, and near the traces of the
Central Badakhshan and Darvaz faults, hazard levels approach
those found in some seismically active parts of California.

These preliminary seismic-hazard maps are based on
the currently available data and our best scientific judgments
based on these data. Owing to the limited number of field
investigations of potentially active faults and limited local
earthquake monitoring, modeling and parameter uncertainties
are significant. The maps will change in the future as we learn
more about the earthquake history and potential of the region.

Introduction

Earthquakes represent a serious threat to the people
and institutions of Afghanistan. As part of a United States
Agency for International Development (USAID) effort to
assess the resource potential and seismic hazards of Afghani-
stan, the Seismic Hazard Mapping group of the United States

Geological Survey (USGS) has prepared a series of proba-
bilistic seismic hazard maps that help quantify the expected
frequency and strength of ground shaking nationwide. To
construct the maps, we do a complete hazard analysis for
each of ~35,000 sites in the study area. We use a probabilistic
methodology that accounts for all potential seismic sources and
their rates of earthquake activity, and we incorporate modeling
uncertainty by using logic trees for source and ground-motion
parameters. See the Appendix for an explanation of probabilis-
tic seismic hazard analysis and discussion of seismic risk.
Afghanistan occupies a southward-projecting, relatively
stable promontory of the Eurasian tectonic plate (Ambraseys
and Bilham, 2003; Wheeler and others, 2005). Active plate
boundaries, however, surround Afghanistan on the west, south,
and east. To the west, the Arabian plate moves northward
relative to Eurasia at about 3 cm/yr. The active plate boundary
trends northwestward through the Zagros region of south-
western Iran. Deformation is accommodated throughout the
territory of Iran; major structures include several north-south-
trending, right-lateral strike-slip fault systems in the east and,
farther to the north, a series of east-west-trending reverse- and
strike-slip faults. This deformation apparently does not cross
the border into relatively stable western Afghanistan. In the
east, the Indian plate moves northward relative to Eurasia at a
rate of about 4 cm/yr. A broad, transpressional plate-boundary
zone extends into eastern Afghanistan, trending southwest-
ward from the Hindu Kush in northeast Afghanistan, through
Kabul, and along the Afghanistan-Pakistan border. Deforma-
tion here is expressed as a belt of major, north-northeast-
trending, left-lateral strike-slip faults and abundant seismicity.
The seismicity intensifies farther to the northeast and includes
a prominent zone of deep earthquakes associated with north-
ward subduction of the Indian plate beneath Eurasia that
extends beneath the Hindu Kush and Pamirs Mountains.
Production of the seismic hazard maps is challenging
because the geological and seismological data required to
produce a seismic hazard model are limited. The data that
are available for this project include historical seismicity
and poorly constrained slip rates on only a few of the many
active faults in the country. Much of the hazard is derived
from a new catalog of historical earthquakes: from 1964 to
the present, with magnitude equal to or greater than about
4.5, and with depth between 0 and 250 kilometers. We also
include four specific faults in the model: the Chaman fault
with an assigned slip rate of 10 mm/yr, the Central Badakh-
shan fault with an assigned slip rate of 12 mm/yr, the Darvaz
fault with an assigned slip rate of 7 mm/yr, and the Hari Rud
fault with an assigned slip rate of 2 mm/yr. For these faults
and for shallow seismicity less than 50 km deep, we incor-
porate published ground-motion estimates from tectonically
active regions of western North America, Europe, and the
Middle East. Ground-motion estimates for deeper seismicity
are derived from data in subduction environments. We apply
estimates derived for tectonic regions where subduction is
the main tectonic process for intermediate-depth seismicity
between 50- and 250-km depth.



Within the framework of these limitations, we have devel-
oped a preliminary probabilistic seismic-hazard assessment of
Afghanistan, the type of analysis that underpins the seismic
components of modern building codes in the United States.
The assessment includes maps of estimated peak ground-
acceleration (PGA), 0.2-second spectral acceleration (SA), and
1.0-second SA, with return periods of about 500 years (equal
to a 10-percent probability in 50 years) and 2,500 years (equal
to a 2-percent probability in 50 years).

Historical Earthquakes

Although some evidence exists for earthquakes in
Afghanistan as far back as 2000 B.C., Ambraseys and Bilham
(2003) begin the documented seismic history in the region
with Persian accounts from the eighth century A.D. Much of
the historical record is incomplete and informal, but narrative
accounts of shaking, damage, casualties, landslides, and other
earthquake effects can be used to refine estimates of earth-
quake locations and magnitudes and even constrain pre instru-
mental rates of seismic energy release. Narrative accounts can
also provide a broader context for a seismic hazard analysis,
such as the one presented here, that is based on only a few
decades of modern seismographic data.

For earthquakes in the pre instrumental era (before
~1900), Ambraseys and Bilham (2003) estimated locations
and surface-wave magnitudes (M) from narrative accounts of
felt area and damage intensity. For earthquakes in the early
instrumental era, they critically reassessed published locations
in light of similar narrative accounts and computed more than
500 new M_ values from station bulletin data. With the new
catalog, they were able to analyze the entire 1,200-year-long
record in the context of modern plate tectonics and seismic-
hazard ideas. Ambraseys and Bilham (2003) also provided
extended documentation for 47 earthquakes; we summarize
these accounts in table 1 for a few significant events. It is
important to note that many earthquakes in Afghanistan other
than those listed in table 1 have caused damage and casual-
ties. Due largely to inadequate construction practices in
the region, relatively small earthquakes have caused fatali-
ties. Northeastern Afghanistan is one of the rare continental
regions on Earth where destructive earthquakes occur at
depths of 200 km or more.

Earthquake Sources

We use two primary sources of information to estimate
the hazard from future earthquakes in Afghanistan: (1) geo-
logic data on active faults, and (2) data for earthquakes that
have been recorded on seismographs. In general, these sources
are in close agreement with the historical information.

Many faults in Afghanistan are thought to be active,
either from spatial association with earthquakes, from their
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geologic expression, or, more rarely, from direct observation
of surface rupture. Unfortunately, most suspect faults have
not been studied and characterized in sufficient detail to allow
them to be explicitly modeled in a seismic hazard assessment.
Faults without sufficient information are considered to be cap-
tured by the instrumental-seismicity model. The instrumental
catalog provides accurate locations, times, and magnitudes of
earthquakes, especially since the 1960s when the first global
seismograph networks were installed. We therefore base our
analysis on the instrumental catalog for earthquakes of magni-
tude 4.5 and greater occurring since 1964, and the four active
faults discussed herein.

Faults

Little data are available to guide models of slip rates or
recurrence times for large earthquakes on individual faults
in Afghanistan. Some faults are known to be active because
historical accounts describe surface rupture corresponding
to large earthquakes (Quittmeyer and Jacob, 1979; Yeats and
others, 1979; Lawrence and others, 1992). We rely heavily on
the information described by Wheeler and others (2005) and
Ruleman and others (2007), who identify several faults as pos-
sibly being active. Of the potentially active faults, we include
the Chaman fault, the Hari Rud fault, the Central Badakhshan
fault, and the Darvaz fault as those most likely to contribute
to seismic hazard and having sufficient information to be
includes in a seismic-hazard analysis (fig. 1).

These faults have dimensions and surface expressions
that are similar to major, continent-scale, strike-slip fault
systems worldwide, including better-studied faults such as
the San Andreas, the Anatolian, and the Denali fault sys-
tems. Each of these is capable of producing earthquakes in
the moment-magnitude range from upper 7 to near 8. For
example, the 1857 Fort Tejon earthquake on the southern San
Andreas fault probably had an M, 7.9 (Townley, 1939; Sieh,
1978), and the 1906 San Francisco earthquake had an M ~7.8
(Lawson, 1908; Ellsworth, 1990). Historical earthquakes in
the moment-magnitude 6.9 to 8.0 range have ruptured large
parts of the Anatolian fault system in Turkey, and in 2002, an
M, 7.9 earthquake produced 347 km of surface rupture on the
Denali and associated faults in Alaska (Haeussler and others,
2004). Given these analogs with respect to fault length, slip
rate, and surface expression, we consider it possible that the
major strike-slip faults in Afghanistan are capable of produc-
ing similar large-magnitude earthquakes.

We follow the methodology that is used for the USGS
national seismic hazard maps of the United States, and we
consider two types of earthquake-recurrence behavior: a char-
acteristic model and a Gutenberg-Richter (or truncated expo-
nential) model. The characteristic model applies to a fault that
repeatedly produces large-magnitude earthquakes in a narrow
magnitude range with few smaller earthquakes. The Gutenberg-
Richter model applies to a fault that produces a range of
earthquake sizes. A truncated exponential frequency-magnitude
distribution is recognized to apply to most regional earthquake
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Table 1. Selected significant earthquakes of Afghanistan.’

Date, A.D.

Estimated

Lat.

Long.

Description

819

849
1102
1364

1505

22 Jan 1832

19 Feb 1942

18 Oct 1874

20 Dec 1892

7 July 1909

1 Jan 1911

30 May 1935

53
53
5.8

7.3

7.4

7.5

7.0

6.5

7.5

7.1

7.7

36.4°N

34.3°N
34.4°N
34.9°N
34.5°N

36.5°N

35.0°N

35.1°N

30.9°N

36.5°N

36.5°N

28.9°N

65.4°E

62.2°E
62.2°E
61.7°E
69.1°E

71.0°E

71.0°E

69.2°E

66.5°E

70.5°E

66.5°E

66.4°E

}

The earliest well-documented earthquake occurred in northern
Afghanistan, ~150 km west of Mazar-e Sharif, in A.D. 819. Heavy casualties
and damage were reported in several villages many tens of kilometers apart.

These earthquakes caused heavy damage and some casualties in Herat,
noteworthy since our seismic hazard analysis finds relatively lower hazard
near Herat.

This earthquake caused damage in Kabul, and heavy casualties and
damage in Paghman (~20 km west of Kabul) and nearby villages. Accounts
suggest that the earthquake occurred on the Paghman fault, the northern
extension of the Chaman fault between Kabul and the junction of the Hari
Rud and Central Badakhshan faults, with at least 40 km of surface rupture
and vertical offsets up to 3 m. A possible strike-slip component is
undocumented.

Centered in the Badakhshan district of northeast Afghanistan, this large
earthquake reportedly destroyed many villages and killed thousands of
people. The shock triggered numerous landslides and rockfalls and was
strongly felt in Kabul and Lahore. Based on its location in the Hindu Kush of
northeast Afghanistan and large felt area (radius ~450 km), this earthquake
has been interpreted as a subcrustal event (depth ~180 km) by Russian
researchers.

British soldiers and their dependents stationed in the region provided
detailed accounts of this large earthquake. Damage patterns suggest that it
was centered near Jalalabad in northeast Afghanistan and was possibly
associated with oblique thrust faulting along the southern reach of the Konar
fault system.

This earthquake caused heavy damage and casualties in villages ~70 km
north of Kabul (also possibly in Kabul itself).

Located near the Pakistan border, ~90 km northwest of Quetta, this
earthquake caused surface rupture (of undocumented length) on the Chaman
fault.

Ambraseys and Bilham (2003) interpret this as a double earthquake: a
shallow ~M_7.5 event followed one minute later by a deep ~M,7.5 event. This
interpretation is based on the 700-km radius of perceptibility (suggesting a
deep earthquake), and patterns of localized, strong damage in the Badakhshan
region of northeast Afghanistan (suggesting a shallow earthquake).

This earthquake was widely felt in northern Afghanistan and adjacent
Tajikistan. Damage and casualties were centered in the mountains north of
Kabul. The mainshock was followed by a M 6.5 aftershock 4 hours later.

This major earthquake was centered across the southeastern border of
Afghanistan, near Quetta, Pakistan. Damage and casualties were concentrated
in a narrow zone (~160x25 km) extending southward from Quetta. Houses in
the region were built chiefly of non resistant mud brick, and Ambraseys and
Bilham (2003) estimate that all the villages in the damage zone were
destroyed with 70 percent of the population dead or injured. Of ~35,000 total
fatalities, ~26,000 occurred in Quetta, which was almost totally destroyed.
Some researchers associate this earthquake with the Ghazaband fault zone,
part of a system of north-south-trending faults that accommodates left-lateral
shearing along the Eurasia-Indian plate boundary midway between Quetta
and the Afghanistan-Pakistan border.
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Table 1. Selected significant earthquakes of Afghanistan (cont'd).

Estimated
Date, A.D. M. Lat. Long. Description

9 June 1956 7.4  35.1°N 67.5°E Centered ~160 km northwest of Kabul in a sparsely populated region of
northern Afghanistan, this large earthquake destroyed several mountain
villages.

3 Oct 1975 6.8  30.2°N  66.3°E This earthquake occurred in a sparsely populated region of southeast
Afghanistan. Apparent co-seismic slip on the Chaman fault, ~4 cm of left-
lateral displacement with a minor component of up-to-the-west dip slip,
extended for a distance of ~5 km. The mainshock was followed 12 hours later
by a M 6.5 aftershock.

16 Dec 1982 6.5 36.1°N 69.0°E Centered in the mountains ~170 km north of Kabul, this earthquake was
felt over a radius of 500 km, destroyed 7,000 houses, and killed 450 people.

4 Feb 1998 59 37.1°N 70.1°E This earthquake was located in the mountains ~300 km north of Kabul.
Shaking triggered many destructive landslides. Estimated losses included
2,300 people killed and 8,000 homeless.

30 May 1998 6.5 37.1°N 70.1°E Located near the site of 4 Feb 1998 shock, this earthquake killed ~4,000
people.

3 Mar 2002 74  36.5°N 70.48°E Centered in the Hindu Kush region, this is an example of a deep

earthquake (~200 km depth) that caused damage and fatalities. Ambraseys
and Bilham (2003) note six fatalities in Kabul and extensive damage in a few
villages, but a general lack of injuries and fatalities in rural areas. USGS notes

13 fatalities in Kabul and Rostaq, and 150 people killed by a landslide.

'The information in this table is derived from Ambraseys and Bilham (2003). See tables 1 and 2 and the Electronic

Supplement therein for additional information.

catalogs, but it can also be used to model behavior on specific
faults. It is defined such that the cumulative number of earth-
quakes above magnitude M per unit time is equal to 10a-bM
where a and b are constants. The b-value is often close to 1,
meaning that magnitude M-1 earthquakes occur about 10 times
more often than magnitude M. For a fault, the a-value, the
earthquake activity rate, can be chosen such that the seismic
moment released in earthquakes is equal to the moment budget
based on the geometry of the fault and the slip rate.

We apply a 66-percent weighting factor to the character-
istic-earthquake behavior and a 33-percent weighting factor
to the Gutenberg-Richter behavior. We use an M of 7.9 for
the characteristic earthquake and apply a standard deviation of
0.2 magnitude units to account for uncertainty. We exponen-
tially distribute earthquakes in the moment-magnitude range
of 7.3-7.9 for the Gutenberg-Richter behavior and allow the
instrumental-seismicity part of the model (below) to account
for hazard from earthquakes in the moment-magnitude range
of 5.0, a traditional lower threshold for damage, to 7.3. A
b-value of 1.0, used for both the Gutenberg-Richter behavior
of specific faults and the instrumental-seismicity model, was
determined from analysis of instrumental seismicity. There
are almost certainly other active faults in Afghanistan that are
capable of producing large earthquakes. Lacking sufficient
information to explicitly include them in our hazard model,
however, we must rely on the instrumental-seismicity part of
the model (described in the section on “Instrumental Seismic-
ity””) to capture the hazard associated with these structures.

Chaman Fault

The Chaman fault system is more than 1,000 km long,
extending from the Hindu Kush region in northeastern
Afghanistan south-southwestward through eastern Afghani-
stan into western Pakistan. Several large historical earthquakes
have produced surface rupture on the fault in Afghanistan. In
1505, an earthquake having an estimated magnitude of M_ 7.3
occurred near Kabul, producing about 40-60 km of surface
rupture and several meters of vertical offset (Quittmeyer and
Jacob, 1979; Ambraseys and Bilham, 2003). The “Paghman”
fault mentioned in table 1 is part of the Chaman fault system
(R. L. Wheeler, oral commun., 2007). An earthquake in 1892
occurred near 31°N., producing 60-75 cm of left-lateral move-
ment and dropping the west side of the fault by 20-30 cm
(Quittmeyer and Jacob, 1979; Lawrence and others, 1992). A
moment-magnitude (M, ) 6.4 earthquake in 1975 near 30°N.
produced 5 km of surface rupture, 4 cm of left-lateral offset,
and a small amount of east-side-down slip (Yeats and others,
1979).

Based on studies of aerial photographs and Quaternary
geomorphology, Tapponier and others (1981) and Wellman
(1965) estimated slip rates on the Chaman fault system to
be between 2 and 20 mm/yr. Lawrence and others (1992)
suggested that the slip rate on the southern end of the fault
may be higher where it enters western Pakistan. Despite the
large uncertainty in the estimated slip rate, the Chaman fault
system poses a significant seismic hazard that needs to be
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Figure 1. Map of Afghanistan showing the locations of modeled fault sources (heavy blue lines).

incorporated into our analysis. We assign a slip rate of 10
mm/yr to the Chaman fault system south of the junction with
the Hari Rud fault but recognize that this value will almost
certainly be revised when detailed geological field studies of
the fault provide better measurements of its slip rate.

Hari Rud Fault

The 730-km-long, right-lateral Hari Rud fault extends
from its intersection with the Chaman fault north of Kabul
westward to the Iran border. The fault has an exceptional
geomorphic expression on the landscape, due in large part to
the region’s arid climate and much of the fault being located
in hard bedrock, but other evidence for active faulting remains
controversial (Wellman, 1965; Trifonov, 1978). Sborshchikov
and others (1981) report that the fault appears to have laterally
offset stream channels 5 km since late Pliocene time (about
2 million years ago), yielding a long-term slip rate of about 3
mm/yr. Considering this to be an upper bound, we use a slip
rate of 2 mm/yr in our model.

Central Badakhshan Fault

Wheeler and others (2005) did not find a published slip
rate for the Central Badakhshan fault. Assuming that the slip
rate is conserved at the junction of the Hari Rud and Cha-
man faults, we assign a slip rate of 12 mm/yr for the Central
Badakhshan fault.

Darvaz Fault

The 380-km-long, left-lateral Darvaz fault parallels the
Central Badakhshan fault in northeastern Afghanistan and,
like it, extends northward into Tajikistan. The Darvaz fault
is located in a region of abundant seismicity, and Trifonov
(1978) reported that landforms of late Holocene, Holocene,
and late Pleistocene age are laterally offset 20, 120, and 300
m, respectively. Wheeler and others (2005) estimated very
approximate ages of 3 ka, 10 ka, and 130 ka for these features
to infer slip rates of 7, 12, and 2 mm/yr, respectively. For our
model, we use a median slip rate of 7 mm/yr for the fault.



Instrumental Seismicity

We prefer not to use earthquake data from the pre instru-
mental era directly in our analysis because the locations and
magnitudes of these earthquakes are highly uncertain and the
record is incomplete. The locations and magnitudes of earth-
quakes that have been recorded by seismographs are gener-
ally more accurate than those based on historical accounts.
For many decades, however, there were few seismographs
in this part of the world, so even during the modern era of
seismology, reliable catalogs must be based on earthquakes
large enough to have been recorded on global seismograph
networks. We use a catalog that contains only instrumentally
recorded earthquakes with magnitude equal to or greater
than about M 4.5 since 1964, a time when the Worldwide
Standardized Seismographic Network (WWSSN) was largely
deployed and data from the network were widely available.
These choices are made to minimize the effects of catalog
incompleteness and uncertainty while still including enough
of the seismic record to represent the locations, rates, and
magnitudes of future earthquakes.

Dewey and others (2006) provide an overview of the
historical and instrumental seismicity in Afghanistan and
the surrounding region, and Bergman (2006) describes the
procedures and criteria used to construct a comprehensive
catalog of instrumentally recorded earthquakes for the region.
Bergman combined and analyzed information from several
published sources to create a consistent summary catalog
with a preferred origin time, location, and magnitude for each
earthquake. He also relocated and updated the origin times
of many earthquakes by using updated software and earth
structure models.

In the hazard analysis, ground motions for each modeled
earthquake are computed as a function of source-to-site dis-
tance and moment magnitude. In Bergman’s catalog, magni-
tudes for most of the largest earthquakes are moment magni-
tudes derived from published special studies or determined by
the routine global earthquake studies of Harvard University
or the USGS. In the post-1960 era, magnitudes for all but the
largest earthquakes are dominated by teleseismic body-wave
(m,) and surface-wave (M ) magnitudes reported by the Inter-
national Seismological Centre (ISC) or the USGS. We convert
m, and M_to M using relations that account for the effects
of magnitude saturation and source scaling (see, for example,
Utsu, 2002; Sipkin, 2003). Bergman’s catalog contains 11,900
that occurred between 1964 and 2004 above magnitude 4.

Using the time- and distance-windowing algorithm of
Gardner and Knopoff (1974), we declustered the catalog
to remove aftershocks and foreshocks; our hazard analysis
assumes a catalog of independent earthquakes. Based on a
completeness analysis of the declustered catalog, we further
reduce this catalog to approximately 2,000 earthquakes that
occurred between 1964 and 2004 that have an M, of 4.5 or
greater and that have a depth of 250 km or shallower (fig. 2).

Earthquake Ground-motion Relations 7

We subdivide the catalog into five depth ranges, 0—50 km,
50-100 km, 100-150 km, 150-200 km, and 200-250 km, and,
as described in the section on “Earthquake Ground-Motion
Relations”, apply different ground-motion estimates for the
different depth ranges to compute the hazard.

From each depth subset of the catalog, we determine
earthquake rates for cells on a grid that spans the entire study
area. Nodes of the grid are spaced at increments of 0.1° in lati-
tude and longitude following the methodology of Frankel and
others (1996). We assume that the earthquakes occur at a rate
that follows a Gutenberg-Richter distribution with a b-value
of 1.0 and compute the rate for each grid cell by counting
earthquakes (Weichert, 1980) with M, equal to or greater than
4.5 between 1964 and 2004. To account for uncertainty, these
rates are spatially smoothed over a distance greater than the
grid node spacing.

Grid nodes for the four deeper subsets between 50- and
250-km depth are smoothed with a 2-dimensional Gaussian
kernel that has a correlation distance of 50 km, while grid
nodes for the shallow seismicity less than 50-km depth are
smoothed with a variable width ranging between 50 and 150
km (fig. 3). The smoothing width is increased until either (1)
three earthquakes are located within a smoothing width or
(2) the maximum smoothing width is reached. We chose the
minimum number of earthquakes within a smoothing width
and the maximum smoothing width to minimize bullseye-type
artifacts created by isolated earthquakes and rate changes in
low-seismicity regions (fig. 4).

Note that earthquakes located outside Afghanistan,
particularly deep earthquakes beneath south Tajikistan, could
cause significant damage in Afghanistan.

Earthquake Ground-motion Relations

We use one set of ground-motion relations for the
intermediate-depth earthquakes and another set for the shal-
low earthquakes because the excitation of seismic energy
and wave-propagation effects are different for earthquakes
in different depth ranges. Both sets of relations are derived
from empirical studies of ground motions from earthquakes in
active tectonic regions analogous to Afghanistan. For shallow
earthquakes, we use one relation based on data from Europe
and the Middle East and several relations based on large,
well-studied data sets from western North America. For the
intermediate-depth seismicity, we use a set of relations that
were derived from global data sets that contained primarily
intermediate-depth earthquakes in subduction-zone tectonic
settings. As in the national seismic hazard maps for the United
States, the hazard is calculated for an assumed firm-rock site
condition with an average shear-wave velocity in the upper 30
meters (V 30) of 760 m/s. Ground motions for a specific site
must be converted from this reference site condition to condi-
tions appropriate for the local site.
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Figure 2. Locations of earthquakes since 1964 from the declustered catalog; red: 0-50 km depth, green: 50-100 km depth, and

blue: 100-250 km depth.

Shallow Earthquakes

Zare and Bard (1999) developed relations for PGA for
shallow earthquakes in Iran. Though arguably the most appli-
cable relations because of the proximity to Afghanistan, we
chose not to use the Zare and Bard relations because they do
not predict spectral accelerations. Instead, we chose to use the
relations developed by Ambraseys and others (1996) because
they developed a full set of attenuation relations based on data
primarily from Europe but also including several earthquakes
from Iran. The relations for PGA from Zare and Bard (1999)
and Ambraseys and others (1996) have a similar form and,
within about 5 km of the fault, tend to bracket the attenuation
relations developed for earthquakes in western North America.

In addition to the Ambraseys and others (1996) ground-
motion relations, we use four western North America rela-
tions: Abrahamson and Silva (1997) for rock and reverse-
oblique slip, Boore and others (1997) for V 30=760 and mixed
reverse- and strike-slip faulting, Sadigh and others (1997) for
rock and mixed reverse- and strike-slip faulting, and Campbell
and Bozorgnia (2003) for firm-rock and mixed reverse- and

strike-slip faulting. Several of these relations are presented in
figure 5. To account for modeling uncertainty, we combine
the ground-motion estimates in a logic tree, giving 60-percent
weight to the western North America group and 40-percent
weight to the Ambraseys relation.

Deeper Earthquakes

To estimate ground motions for intermediate-depth
seismicity (50-250 km), we use empirical relations developed
from subduction-environment earthquakes. We use a relation
developed by Atkinson and Boore (2003) for earthquakes from
50- to 100-km depth (in-slab, all data, V 30=760 site condi-
tion) and a relation developed by Youngs and others (1997)
for earthquakes from 50- to 250-km depth (in-slab, rock site
condition), both being weighted equally between 50- and
100-km depth. Afghanistan is one of the few places on Earth
where continental earthquakes as deep as 200 km or more are
known to cause damage, but we have little strong-motion data
to guide ground-motion predictions for such earthquakes. For
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Figure 3. Maps of modeled earthquake rates derived from smoothed
seismicity showing the number of M6.0 earthquakes occurring per 10,000
km? per 10,000 years for (A) 0-50 km depth, (B) 50-100 km depth and (C)
100-250 km depth.
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Figure 4. Maps showing the number of M6.0 earthquakes occurring per 10,000 km? per 10,000 years between 0 and 50-km depth
and the effect of various smoothing parameters (see text); (A) constant smoothing width of 50 km as is used in the national seismic
hazard maps of the United States, (B) smoothing width from 50 to 100 km with at least three earthquakes, (C) smoothing width from
50 to 150 km with at least three earthquakes, (D) smoothing width from 50 to 200 km with at least three earthquakes, (E) smoothing
width from 50 to 500 km with at least three earthquakes, and (F) smoothing width from 50 to 500 km with at least 10 earthquakes.
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a site directly above the March 2002 Hindu Kush earthquake
(moment-magnitude = 7.4 and depth = 200 km), the relation
of Youngs and others (1997) would predict a median peak
acceleration of 10 percent g for a rock site and 18 percent g
for a soil site. These levels of ground motion are judged to

be reasonable for the damage (Grunthel and others, 1998;
Wald and others, 1999) and triggering of landslides (Harp and
Wilson, 1995) observed from the 2002 earthquake. Thus, in
the absence of quantitative evidence to the contrary, we accept
these relations as reasonable predictions of strong ground
motion from Afghanistan’s deep earthquakes.

Earthquake Hazard

For a given site, the hazard calculation considers the mag-
nitude, rate, and location of each modeled earthquake, com-
putes the earthquake-to-site distance, and uses the predicted
ground motion for that magnitude and distance and its vari-
ability to compute the rates at which specified levels of motion
are exceeded (for example, Frankel and others, 1996; Appen-
dix). These rates are summed over all sources to get the hazard
curve, the functional relationship between exceedance rate and
ground motion, for the given site. An acceptable hazard level

100 200
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for design is selected (say, 2 percent or 10 percent probability
of exceedance in 50 years, which is generally an engineering
decision), and the corresponding ground-motion level is com-
puted from the hazard curve. Ground-motion values from many
sites (~35,000 for the Afghanistan study area) are plotted at the
site locations and contoured to generate a seismic hazard map.

Hazard Curves

In figure 6, we present “partial” and total hazard curves
for four cities within Afghanistan: Kabul, Mazar-e Sharif,
Herat, and Kandahar. The partial curves show contributions
from individual elements of the source model, like a particular
fault or seismicity in a particular depth range. These curves
show the annual probability of exceedance on the y-axis
relative to three measures of ground motion on the x-axis.
Probabilistic ground motions with exceedance probabilities of
2 percent and 10 percent in 50 years are presented in table 2.
From the hazard curves we find that the shallow instrumental-
seismicity model is the primary contributor to seismic hazard
at most of these sites. The city of Kabul borders on the Cha-
man fault, and as a result, large earthquakes on the fault make
a significant contribution to the probable ground motions for
the city, especially at 1-second SA. Of the four cities consid-
ered, Herat has the least contribution to ground motion from
intermediate-depth seismicity. It also has the greatest relative
contribution from seismicity specified on specific fault sources.

Hazard Maps

Figures 7 through 10 show maps of probabilistic PGA,
0.2-second SA and 1-second SA for 2-percent and 10-percent
probability of exceedance in 50 years for fault sources and
three smoothed-seismicity subsets. Figure 11, plate 1, and

plate 2 present the combined effect of all sources. Western
Afghanistan has low seismic hazard relative to the east. Along
much of eastern Afghanistan and particularly in the northeast,
faults and background seismicity both contribute to the hazard.
Southward along the border with Pakistan, the contribution
from seismicity deeper than 50 km disappears, but shallow
seismicity remains significant.

Of the major cities in Afghanistan, Kabul has by far the
greatest seismic hazard, primarily due to its proximity to the
potentially fast-moving Chaman fault. The estimated PGA
value of 50 percent g for 2 percent in 50 years is comparable to
the seismically active regions of the intermountain west in the
United States. Northeast of Kabul, the modeled faults and high
rates of background seismicity combine to give hazard values
approaching those found in some seismically active regions of
California. The hazard in Mazar-e Sharif has about one-half
that in Kabul, largely because it is far removed from concen-
trated sources of seismicity. Herat lies close to the Hari Rud
fault. Because of this fault’s low slip rate, large earthquakes
are infrequent, so Herat has a relatively higher hazard for low
return periods (for example, 2-percent chance of exceedance
in 50 years) but lower hazard for short return periods (for
example, 10-percent chance of exceedance in 50 years). Herat
is the one location in Afghanistan where our analysis based
on instrumental seismicity may underestimate what might be
expected from the historical catalog. Kandahar, being located
in southeastern Afghanistan, is farther removed from much
of the continental convergence taking place in the northeast.
Moreover, Kandahar is located well away from the Chaman
fault, further decreasing its seismic hazard. Transportation and
lifeline infrastructure between Kabul and Kandahar, however,
are at significant risk if the infrastructure is built along or
crosses the Chaman fault. The infrastructure that extends from
Herat to Kabul is at relatively reduced risk since the slip rate of
the Hari Rud fault is a factor of 5 less than that of the Chaman.

Table 2. Probabilistic ground motions for selected cities.

2% 10%

Probability of exceedance in 50 years
City Lat. Long. PGA (%g) 0.2 sec 1.0 sec PGA 0.2 sec 1.0 sec
Kabul 34.53 69.17 48 113 53 25 57 22
Mazar-e Sharif 36.70 67.10 33 78 22 16 37 11
Herat 34.35 62.18 28 62 24 7 15
Kandahar 31.61 65.69 13 30 16 7 16 8

Figure 6. (facing page)

Hazard curves for Kabul (A, B, C), Mazar-e Sharif (D, E, F), Herat (G, H, I), and Kandahar (J, K, L) for PGA (A,

D, G, J), 0.2-second SA (B, E, H, K), and 1.0-second SA (C, F, I, L). The horizontal dashed black lines correspond to a 10- (upper) and 2-

(lower) percent probability of exceedance in 50 years or a return period of about 500 and 2,500 years, respectively. The solid black line
is the seismic hazard curve resulting from a combination of all sources. The dashed-dot curves reflect contributions to seismic hazard
using the ground-motion relation of Ambraseys and others (1996), while the solid curves represent Western United States ground-
motion relations. The red curves are the contribution to seismic hazard from fault sources that are characteristic, and the green curves
are for Gutenberg-Richter. The blue curves represent contributions from background seismicity less than 50-km depth, while the cyan
curves represent contributions from seismicity between 50- and 100-km depth (solid) and 100- and 250-km depth (dashed-dot).
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Figure 7. Ground motions for fault sources for PGA (A, B), 0.2-second SA (C, D), and 1.0-second SA (E, F) at 2-percent (A, C, E) and

10-percent (B, D, F) probability of exceedance in 50 years.

[T N

600
454
344
260
197

113

[ NT N

w s U oo ®

10% in 50

wer?®

60 E 65'E 70'E 75 E
40°N
o
35N
30°N
60 E 65 E 70°E BE
40°N
35N
v
30N
60 E 65 E 70°E BE

7

%g
350

272
212
165
129

w A oo

17



PGA

0.2 sec SA

1.0 sec SA

2% in 50

40°N
35°N
30°N
60 E 65'E 70'E 75 E
40°N
i
35N
30°N
60 E 65 E 70°E BE
40°N
35°N
¥t
ver®
I
30°N
y
60 E 65'E 70°E 75 E

Earthquake Hazard

10% in 50

40°N
e
35°N »
§
f
30°N
60 E 65'E 70'E BE
40°N
=
35°N
30°N 4
60 £ 65 E 70°E BE
40°N
35°N
30°N
60 £ 65 E 70°E BE

Figure 8. Ground motions for smoothed seismicity between 0- and 50-km depth for PGA (A, B), 0.2-second SA (C, D), and 1.0-second
SA (E, F) at 2-percent (A, C, E) and 10-percent (B, D, F) probability of exceedance in 50 years.

17



16 Preliminary Earthquake Hazard Map of Afghanistan

2%in 50

40°N
< 35N
o
30°N
60 E 65 E 70°E
40°N
(V] 3N
9]
(]
wv
N
o
30°N
i
60 E 65°E 70°E
40°N
o
wn BN
et
|9
(]
(%]
o o
) &9
— @
30°N
60 E 65'E 70'E

%g
600
454

260
197
149
13

10% in 50

40°N
o
35°N
e\l
gav
Yoo
30N
60'E 65'E 20°E 75 E
40°N
35°N
30°N
60 E 65'E 70°E 75E
40°N
35N
2t
gav
Y
30°N
60E 65E 70°E 75E

17

w s U oo N

%9
180
145
17
94
76
61
49
40
32
26
21

14
.11

w s U oo N

Figure 9. Ground motions for smoothed seismicity between 50- and 100-km depth for PGA (A, B), 0.2-second SA (C, D), and 1.0-second
SA (E, F) at 2-percent (A, C, E) and 10-percent (B, D, F) probability of exceedance in 50 years.
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Conclusions

Several sources of seismicity are present in Afghani-
stan and contribute to appreciable seismic hazard for several
major cities including Kabul, Mazar-e Sharif, and Herat.

We estimate that Kabul, Mazar-e Sharif, Herat, and Kan-
dahar have a 2-percent chance in 50 years of exceeding a
peak ground acceleration of 50, 35, 28, and 13 percent g
respectively, and a 10-percent chance in 50 years of exceed-
ing a peak ground acceleration of 27, 17, 7, and 7 percent

g, respectively. These values are similar to values found for
the intermountain West of the United States. However, the
hazard values for Afghanistan are relatively uncertain owing
to a lack of information characterizing the sources of seismic
hazard, particularly the many faults that might be active.
Future studies should concentrate on identifying active faults
and estimating their slip rates, likely magnitudes, and recur-
rence rates. Additional work should be performed on known
faults such as the Chaman and Hari Rud to better constrain
the aforementioned parameters. Further improvements in

a seismic-hazard analysis for Afghanistan could be made

by making ground-motion relations specific to Afghanistan
rather than relying on estimates made for tectonically analo-
gous regions of the United States and Europe.
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Glossary

a-value In an exponential relationship that describes the
annual frequency, N, of earthquakes with magnitude greater
than or equal to M, also called the Gutenberg-Richter relation-
ship, which is defined to be log(N(M))=a-bM, the a-value
represents the log of frequency of earthquakes that occur with
magnitude greater than or equal to zero.

Aftershocks Earthquakes that occur after a mainshock, have a
smaller magnitude, and occur near the mainshock.

b-value In an exponential relationship that describes the fre-
quency of earthquakes with a given magnitude (see a-value),
the b-value represents the slope of this relationship or the rela-
tive frequency of different magnitudes. For example, a b-value
of 1 means that a magnitude 5 occurs 10 times as often as a
magnitude 6.

Body-wave magnitude (m,) A magnitude that is measured
using the first teleseismic P body-wave.

Correlation distance The spatial distance over which a param-
eter of interest is correlated. This term is used in conjunction
with the smoothing distance.

Decluster The process of declustering removes aftershocks
and foreshocks from seismic catalogs. This is necessary to
produce a catalog that contains independent earthquakes,
which is required for time-independent hazard analysis.

Earth structure model A model describing the structure of
the Earth in terms of seismic velocity, rheology, temperature,
composition, and so forth.

5-percent-damped single-degree-of-freedom oscillator A
simple representation of a structure used to estimate its
response.

Epistemic uncertainty Uncertainty relating to a lack of knowl-
edge about the basic underlying process. This form of uncer-
tainty can be reduced through research.

Foreshocks Earthquakes that precede a mainshock, have a
smaller magnitude, and occur near the mainshock.

Ground motion The vibratory movement of the ground result-
ing from an earthquake.

Ground-motion relations Equations that predict earthquake
ground motions as a function of distance, magnitude, and
sometimes other variables. Ground motion generally depends
on the tectonic environment: active or stable, crustal or
subduction. In the simplest models, shaking is predicted as

a function only of earthquake magnitude, earthquake-to-site
distance, and, perhaps site condition (for example, rock or soil
category). More sophisticated models might also include style
of faulting, depth of faulting, better site descriptors like V 30,
and other predictor variables.

Hazard curve The functional relationship between exceedance
frequency and ground motion.
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Left-lateral strike-slip fault A fault across which geologic
features are displaced such that when looking across the fault,
the far side is displaced to the left.

Logarithmic scale A scale in which the logarithm of the quan-
tity is the desired unit.

Logic tree To account for uncertainty, results from alternative
hazard model elements are weighted and summed in the final
analysis.

Instrumental catalog A compiled list of earthquakes derived
from seismographs generally containing the earthquake loca-
tion, origin time, and magnitude.

Magnitude A logarithmic value that represents the size of
an earthquake. An increase of one magnitude unit reflects a
~tenfold increase in seismic-wave amplitude.

Magnitude saturation The phenomenon in which the mea-
surement device or method is not sensitive above a certain
magnitude. Different magnitude scales, for example, body-
wave magnitude and surface-wave magnitude, have different
magnitudes at which the scale saturates.

Mainshock The largest earthquake in a series.

Mean The average value, oc, from a set of n observations, X,
defined by the equation
1 n
p=—2 %
nig

Median For a distribution of values, the median represents the
middle value or the 50" percentile.

Modified Mercalli Intensity An earthquake scale that
describes the effects of various earthquake ground motion
intensities.

Moment budget The seismic moment available that can be
released in a certain size and number of earthquakes over a
period of time.

Moment magnitude (M ) A magnitude scale that is derived
from the seismic moment.

Normal distribution A distribution of random values with a
probability density function, f{x), described by the equation
NS0
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1
f(X)——G\/Ee

where u is the mean and o is the standard deviation.
Normalization To divide a parameter by a common value.

Origin time The time at which an earthquake occurred, usually
given in universal time.

Recurrence time The average amount of time between earth-
quake occurrences at a location.
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Return period The inverse of the annual exceedance rate. For
example, a 10-percent probability of exceedance in 50 years
corresponds to an annual rate of exceedance of 0.0021 or a
return period of 475 years.

Right-lateral strike-slip fault A fault across which geologic
features are displaced such that when looking across the fault,
the far side is displaced to the right.

Seismic hazard The rate of exceeding a potential ground
motion that can be expected from a seismic source.

Seismic hazard model A model that is used to compute the
seismic hazard at a particular location from multiple earth-
quake sources.

Seismic risk The social and economic consequences of seis-
mic ground motion.

Seismic moment A quantity that is related to the size of an
earthquake. It is equal to the product of fault area, fault slip,
and fault rigidity or shear modulus.

Seismic source This term can be considered synonymous
with an earthquake source such as faults and subduction zones.

Seismograph An instrument capable of recording ground
motions, typically produced by earthquakes.

Shear-wave A type of ground motion produced by an earth-
quake in which particle motion is perpendicular to the direc-
tion of the propagating wave.

Site condition A representation of the site at which ground
motions are calculated, for example, rock or soil. The site
condition can be characterized by averaging the shear-wave
seismic velocity over a specified depth, generally the top 30
meters.

Slip rate The long-term rate at which each side of a fault
moves past each other.

Smoothing kernel A function that averages values over some
region. Typically, a Gaussian distribution is used for the func-
tional form of the smoothing kernel.

Spectral acceleration The peak response of a damped (usu-
ally 5 percent damping), single-degree-of-freedom oscillator,
with a specific natural period, to ground shaking; this measure
of shaking is often preferred by structural engineers because it
simulates the response of a simple building.

Standard deviation The average deviation from the mean, o,
of n observations, X, defined by the equation

Gﬂ/%g(xi—u)z-

Surface rupture The break on the ground surface at the top of
a fault that occurred as a result of an earthquake.

Surface-wave magnitude (M) A magnitude scale that is
derived from the teleseismic surface-waves, which are seismic
waves that move along the surface of the earth.

Teleseismic Distances between an earthquake and an observer
that are greater than 1,000 kilometers.

Time-and-distance window A period of time before and after
an earthquake and an area surrounding an earthquake in which
foreshocks and aftershocks are located and removed from an
earthquake catalog.

Transpressional A tectonic environment in which the crust is
being both sheared and shortened.

Truncated exponential An exponential distribution that is
truncated at an upper and lower limit.

V30 The average seismic shear wave velocity of the upper 30
meters of the Earth’s surface at a given location.

Vulnerability curve A function that relates ground motion to
the expected amount of damage a structure will sustain.

Wave propagation The movement of a seismic wave through
the earth.
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Introduction

In probabilistic seismic hazard analysis (PSHA), we are
interested in knowing the probability of exceeding a certain
amount of ground motion within a specific period of time. For
most structural applications, we find that knowing the ground
motion that is exceeded with a 2-percent and 10-percent prob-
ability in 50 years yields an acceptable level of risk. These
probability levels correspond to annual rates of exceedance of
0.000404 and 0.0021, respectively, and are given by the equa-
tion, —In(1—Pe)/T, where Pe is the probability level and T is the
time period. These probability levels or annual rates of exceed-
ance are derived from a seismic-hazard curve (for example,
fig. 6 for Kabul), which plots the annual rate of exceedance
relative to ground motion. To generate this curve at a particular
site, we need to sum for each potential earthquake source and
ground-motion level the product of (1) the annual rate of the
earthquake and (2) the probability that it will, having occurred,
exceed the defined level of ground motion at the site. In the
following sections we explain how seismic sources are defined
and rates are derived, the first part of the above calculation. We
then explain ground-motion relationships, which is relevant
to the second part of the above calculation. We conclude by
giving the reader an appreciation for how the ground motions
can be converted to seismic intensity, a measure of the damage
likely to be sustained given the resulting ground motions. For
a more thorough description of seismic hazard analysis, please
see the book entitled “Earthquake Hazard Analysis” by Leon
Reiter (1990).

Earthquake Sources

The first step in PSHA is to identify the seismic sources.
At the most basic level, seismic sources are active faults. Yet
not all active faults are explicitly included in the analysis
because their rates of activity cannot be quantified. We there-
fore have two basic ways to include active faults as seismic
sources. Either active faults are included explicitly when their
geometry is known and a slip rate can be assigned, or faults
are inferred to be active in a source area that has seismicity.
For the latter case the rate of seismicity is used to quantify the
seismic source without characterizing any individual faults.
This kind of source is considered “smoothed seismicity” since
earthquakes are spread over a region, typically with a 50-km
smoothing kernel or uniformly in an areal source zone.

Earthquake Rates

The next step in PSHA is to define the rates of earth-
quakes on each of these sources. For example, consider the
Chaman fault to be a characteristic fault with a slip rate
of 10 mm/yr and a characteristic earthquake size of M 7.

Characteristic behavior means that the fault regularly ruptures
in an earthquake of a single magnitude. An M 7 earthquake
would have an average rupture length of 45 km and a displace-
ment of about 1 meter (Wells and Coppersmith, 1994). At a
slip rate of 10 mm/yr, it would take that section of fault 100
years without breaking to accumulate 1 meter of slip deficit.
Earthquakes therefore should occur on average once every 100
years. This corresponds to an annual rate of 0.01 thatan M|

7 earthquake will occur on this section of fault in any given
year. If, instead, the fault exhibits Gutenberg-Richter behavior,
which means that the fault ruptures with an exponential distri-
bution of magnitudes (for example, M 5 being 10 times more
frequent than an M 6), then an annual probability can be
assigned to each magnitude range such that when the displace-
ments of all of the ruptures are summed over a given period of
time, they yield the slip rate of the fault.

Earthquake Ground Motions

Once source locations and probabilities have been
defined, we need to know the ground motions that those
sources will produce as a function of period, magnitude, and
distance from the source. The ground-motion relations, also
referred to as attenuation relations, are generally defined in
terms of peak ground acceleration and spectral acceleration at
multiple periods. This is done because, depending on the size
and stiffness of a structure, there will be a specific ground-
motion period to which the structure is most sensitive.

These equations are found empirically when sufficient
data are available or are derived theoretically otherwise. There
is usually large variability in the ground motions for a given
source at a specified distance. As a result, ground-motion rela-
tionships provide both the median ground motions and their
variability. Because of this uncertainty in ground motions, we
can say for example that at a given magnitude and distance,
the probability of exceeding the median ground motion is 50
percent. The probability of exceeding twice the median ground
motion will depend on the variability of ground motion. Most
studies find a normal distribution of ground motions on a loga-
rithmic scale such that the median plus one standard deviation
is within a factor of two of the median. If, for a given magni-
tude and distance, the median ground motion is 50 percent g,
one standard deviation above would be 100 percent g, and one
standard deviation below would be 25 percent g. The prob-
ability of exceeding 25 percent g would be 84 percent, and the
probability of exceeding 100 percent g would be 16 percent.

Earthquake Intensity and Damage

Once seismic hazard maps have been produced, users of
the maps can go from seismic hazard to risk, relating ground
motions to structural damage and loss. Engineers will typically
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do this with the use of vulnerability curves. Given the way in
which a structure is built, it will respond in a certain fashion to
ground motion. Again, like the ground-motion relationships,
vulnerability curves have considerable variability about their
mean. For example, if an unreinforced masonry residence built
without seismic requirements, the type of residence most com-
mon in northern Pakistan (Ali, 2005), experiences 50 percent
g, which is approximately the 1-second spectral acceleration
with a 2-percent probability of being exceeded in 50 years in
Kabul, then there is a 50-percent chance that just over 18-per-
cent damage to the home would occur. But because of the vari-
ability in vulnerability of structures, nearly 70 percent of these
types of homes would experience between 4- and 30-percent
damage. Many homes could be untouched and many could be
destroyed. Closer to the seismic source, larger ground motions,
and hence greater damage, would occur.

Another means of assessing damage is with the use of an
intensity scale such as the Modified Mercalli Intensity (MMI)

scale (Wood and Neumann, 1931; Richter, 1958) or European
Macroseismic Scale 1998 (Grunthel and others, 1998). These
scales relate ground motion and earthquake damage. Table Al
presents an intensity scale coupled to ground accelerations
(Wald and others, 1999) such as those found on the seismic
hazard maps, modified for construction practices in northern
Pakistan (Ali, 2005), an acceptable analog for Afghanistan.

If Kabul were subject to a large earthquake ground motion

in which the peak ground acceleration were 50 percent g, the
value for which there is a 2-percent probability of exceeding in
50 years, then, based on table A1, an intensity of VIII could be
expected. People at such a location would experience severe
shaking, their furniture overturned, and many unreinforced
masonry buildings would suffer moderate to heavy structural
damage. Note, however, that these intensity scales do not
account for the secondary effects of ground motion, such as
fires or landslides as occurred in the 1906 California earth-
quake and the 2002 deep Hindu Kush earthquake.
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Table A1. Seismic Intensity scale with relation to ground motion."'

PEAK ACC.(%g) <17 17-14 1.4-39 3.9-9.2 9.2-18 18-34
PEAK VEL.(cm/s) <0.1 0.1-1.1 1.1-34 3.4-8.1 8.1-16 16-31
ESTIMATED | - v Vv Vi Vii

INTENSITY

Descriptions

34-65 65-124 >124
31-60 60-116  >116

v

Vi

Vil

Vil

Not felt, no items displaced, and no damage.

Scarcely felt, no items displaced, and no damage.

Weak shaking, hanging objects swing slightly,and no damage.

Mild shaking, hanging objects swing and windows and doors rattle, and no damage.

Moderate shaking, hanging objects swing considerably and precarious objects may fall over,and
negligible damage to unreinforced masonry buildings.

Strong shaking with few people losing their balance, furniture may be shifted, and few unrein-
forced masonry buildings suffer slight structural damage.

Very strong shaking and difficult to stand, objects fall from shelves, and many unreinforced
masonry buildings will suffer slight to moderate structural damage and few will experience
moderate to heavy structural damage.

Severe shaking, furniture overturned, and many unreinforced masonry buildings will suffer
moderate to heavy structural damage and few will experience heavy to very heavy structural
damage.

Violent shaking with people forcibly thrown to the ground, monuments and columns fall, and
most unreinforced masonry buildings will suffer heavy to very heavy structural damage.

Extreme shaking, and most unreinforced masonry buildings will suffer very heavy structural
damage.

' Table derived from Grunthel and others (1998) and Wald and others (1999) and is based on a structural vulnerability class
of A and B, which corresponds to unreinforced brick masonry, simple and rubble stone, and adobe construction.
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