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PREFACE

Larry D. Fellows,
Director and State Geologist
One of the functions of the Arizona Geological
Survey is to investigate and document geologic
hazards that might impact the citizens of Arizona.
To carry out this function, AZGS geologists map,
describe, and evaluate the seismic hazard associ
ated with potentially active faults and provide data
and assistance needed by consulting geologists
and engineers, members of the public, local
governments, and state and federal agencies.
The Yuma area has the highest risk for damag
ing earthquakes in Arizona because of its proxim
ity to the San Andreas fault system. Earthquakes
have also shaken southeastern Arizona and north
ern Arizona in historical times. During recent
decades, the Flagstaff and Grand Canyon areas
have experienced the highest levels of earthquake
activity. Prior to this study, however, no potentially

active faults in this area had been studied in detail.
The two most recent seismic hazard assessments
for Arizona showed different levels of risk for
Flagstaff.
The authors of this report conducted a tJ:iree
part assessment of seismic hazard in the Flagstaff
area. They conducted a detailed paleoseismologic
investigation of the Bellemont fault west of Flag
staff, which crosses Interstate Highway 40, the
main line of the Santa Fe Railroad, a transcontinen
tal gas pipeline, and the Camp Navajo Arizona
National Guard facility. They integrated this de
tailed study into a regional assessment of fault
behavior. Finally, they utilized these fault data in a
new probabilistic assessment-of seismic hazard and
concluded that seismic hazard in the area is mod
erate. This work was done in cooperation with the
Arizona Division of Emergency Management, the
Arizona National Guard, and the Federal Emer
gency Management Agency.
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Captionforfront cover. View looking north along the Bellemont fault on Camp Navajo. In the foreground, there
are two strands of the Bellemont fault, both of which drop the land surface on the left (west) side of the photograph
dawn to the surface on the right (east) side of the photograph. The prominent fault sca,p formed on the middle
Plei,stocene Headquarters basaltflow is evident just left of tbe wa,ter tower. The Bellemont fault continues to the north,
as shown by the dashed line, and fonns a high, gentle fault sca,p on the horizon.
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OVERVIEW

Historical seismic activity and the geologic
record of young faulting both suggest that there is
significant seismic hazard in the Flagstaff area.
Geologic investigations of young faults provide
information about large prehistoric earthquakes in
an area, which can be used with the historical
seismic record to evaluate the potential for dam
aging earthquakes. In this report, we provide a
perspective on seismic hazard in the Flagstaff area
based primarily on geologic assessments of the
potentially active faults in the area. Much of our
effort was devoted to a detailed paleoseismologic
investigation of the Bellemont fault west of Flag
staff. We augmented this study with a reconnais
sance survey of other faults in the area that have
been active during the past 5 million years. This
fault data was integrated into several alternative
probabilistic assessments of seismic hazard in the
Flagstaff area.
The Bellemont fault is an active fault capable
of producing large earthquakes. The magnitude of
the youngest surface-rupturing earthquake on the
fault was probably 6.6 to 6.9, which may be
characteristic of previous surface ruptures on the
fault. The average slip rate during the past
300,000 to 700,000 years is between 0.015 to 0.04
m/ky (ky means thousands of years). The time
between surface ruptures on the fault is most
likely between 40 and 130 ky, and at least 10 ky
have passed since the last surface rupture on the
fault. The probability that a large earthquake will
occur during a time frame as short as the next 50
years is very low. A large surface-rupturing earth
quake could occur on the fault at any time, but it
is also possible that tens of thousands of years
could pass without a large earthquake. It would
be prudent to design critical structures that can
not be allowed to fail under any circumstances to
withstand a large (M 6.9 earthquake) on the
Bellemont fault.

We compiled and synthesized available infor
mation on potentially active faults to evaluate
seismic hazard in the Flagstaff area. Using existing
map information and field reconnaissance investi
gations, we identified about 50 faults in the
Flagstaff area that have been active in the past 5
million years and might be potential sources of
large earthquakes. High concentrations of Plio
Quaternary faults exist south of Flagstaff and
north of the San Francisco Mountains; relatively
few young faults are found in areas covered by
middle Quaternary or younger volcanic rocks.
Long-term slip rates on these faults are low,
ranging from 0.04 m/ky to less than 0.01 m/ky.
During the past 750 ky or so, 17 faults have likely
ruptured at least once and 15 faults evidently have
not ruptured; there is no definitive evidence for
the remaining faults. Typical intervals between
surface ruptures on individual faults are probably
at least 100 ky. Using this information, we infer
that a large earthquake occurs on average every 2
to 5 ky in the Flagstaff area.
We developed new probabilistic acceleration
maps for the Flagstaff area based in part on our
investigations of young faulting. Our analyses
differ from previous analyses in that we used Plio
Quaternary faults as discrete sources for the large
earthquakes in the Flagstaff area. We used several
alternative assumptions about fault behavior and
background seismicity to develop various proba
bilistic hazard scenarios. The acceleration values
we obtained in these analyses are consistent with
most previous analyses, ranging from 0.07 g to
0.15 g for a SO-year exposure period and from
0.17 g to 0.35 g for a 250-year exposure period.
These values imply that seismic hazard in the
Flagstaff area is moderate. Large earthquakes
occur in this region, but not frequently enough to
result in high probabilistic accelerations over short
exposure periods.
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INTRODUCTION

1 for the area covered by this study). Our research
consists of a detailed paleoseismologic investiga
tion of the Bellemont fault; reconnaissance evalua
tions of other young faults in the Flagstaff area;
and new probabilistic seismic hazard analyses for
the region. The structure of this report reflects our
overall strategy. The first section is an assessment
of the behavior and history of movement on the
Bellemont fault. It includes detailed geologic
mapping, analysis of well logs, surveying, and
trenching across the fault zone. With these data,
we estimate the long-term slip rate on the
Bellemont fault, how frequently it ruptures, when
it last ruptured, and the size of these past earth
quakes. The second section is a reconnaissance
assessment of faults in the Flagstaff area that have
been active in the past 5 My (see Table 1 for time
intervals and abbreviations). This assessment

Historical seismic activity and the geologic
record of young faulting suggest that significant
seismic hazard exists in the Flagstaff area. North
central Arizona was shaken by three moderately
large earthquakes (M-6; Brumbaugh, 1991) early
in this century. Moderate seismic activity, including
the M 5.4 Cataract Creek earthquake of April, 1993,
has continued to the present in this general area.
Although surface rupture has not been docu
mented for any historical earthquakes, previous
investigators concluded that a large number of
faults in the Flagstaff area offset lava flows and
alluvium of Quaternary age (less than about 1.6
million years old) (Ulrich and others, 1984), and
thus may have the potential to generate large,
surface-rupturing earthquakes (magnitude 6 to 7)
(Menges and Pearthree, 1983; Euge and others,
1992). Prior to this study, none of these faults have
been investigated in detail, so not much has been
known about how recently they have generated
large earthquakes or how often they might do so.
I/
Two recent seismic hazard analyses conducted for
/,
Arizona (Euge and others, 1992; Bausch and
Brumbaugh, 1994) show significantly different
levels of seismic hazard in the Flagstaff area and
reflect uncertainties in the rate of seismic activity
\1
_,.,.,...Plate 2
and the behavior of Quaternary faults in this area.
Accurate assessment of potential seismic
�
hazard in the Flagstaff area is important for several
reasons. The population of the area, currently
about 50,000, is growing rapidly. The Flagstaff area
is crossed by two interstate highways, a major east
west railroad, transcontinental pipelines, and
electric transmission lines. Camp Navajo, a major
Arizona National Guard facility west of Flagstaff
that is used to store munitions and intercontinental
ballistic missile motors, sits astride the Bellemont
fault. Previous reconnaissance studies indicated
that the Bellemont fault has likely been the source
of several large earthquakes in the past few hun
dred thousand years. No historical seismic activity
has been clearly associated with the Bellemont
Figure 1. Location map shawing young faults of north
fault, and no detailed information has been avail
central Arizona and the area covered by this study.
able regarding paleoseismic activity on the fault.
Young faults shoum as medium bold lines are
In this report, we evaluate seismic hazard in
generalizedfrom Euge and others (1992) and Menges
the Flagstaff area based primarily on geologic
and Pearthree (1983). Major highways are shoum as
lighter
lines. Map scale is approxi.mately 1: 100,000.
assessments of potentially active faults (see Figure

I
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includes compilation and synthe
sis of existing geologic informa
tion, brief field investigations of
faults to assess whether or not
Quaternary strata are displaced
and if they are, by how much,
and analyses of physical charac
teristics of the faults. In the third
section of the report, we incor
porate the results of our detailed
and reconnaissance investigations
and analyses into probabilistic
assessments of regional seismic
hazard. Our analyses provide a
somewhat different perspective
on seismic hazard in the Flagstaff
area than the previous studies
because our probabilistic assess
ments use the mapped young
faults as potential sources for
large earthquakes. A brief synop
sis of our results is included near
the beginning of each section.

Table 1. Time interoals used in this report. Periods and epochs listed in the
left and center columns areJonna/ divisions. Interoals listed in the right
column are not fonnally defined. "Thousands ofyears" is abbreviated as
ky; ''thousands of years beforepresent" is abbreviated as ka. ''Millions of
years" is abbreviated as My; "millions of years before present" is
abbreviated as Ma.
Holocene (0 to IO ka)

Quaternary

late Holocene (0 to 5 ka)

(0 to 1.6 Ma)
early Holocene (5 to 10 ka)

Pleistocene (IO ka to 1.6 Ma)

latest Pleistocene (10 to 20 ka)
late Pleistocene (IO to 250 ka)
late Quaternary (0 to 150 ka)
middle Pleistocene (150 to 750 ka)
early Pleistocene (750 ka to 1.6 Ma)

Tertiary (1.6 to 65 Ma)

Pliocene {1.6 to 5.5 Ma)

late Pliocene (1.6 to 3.5 Ma)
early Pliocene (3.5 to 5.5 Ma)

Miocene (5.5 to 22 Ma)

late Miocene (5.5 to 10 Ma)

Oligocene (22 to 38 Ma)

PALEOSEISMOLOGIC ANALYSIS
OF THE BELLEMONT FAULT
This section of our report presents the
paleoseismology and earthquake hazards of the
Bellemont fault. We supplemented existing maps
with detailed mapping along the Bellemont fault
and synthesized this mapping with subsurface data
obtained from well logs to reconstruct the history
of movement on the fault. Finally, we interpreted
geologic relationships exposed in a trench exca
vated across the fault to estimate the amount of
slip in the youngest surface rupture. We briefly
summarize the results of our investigations here;
the details are given in the rest of
this section.
We conclude that the Bellemont fault is active
because it has ruptured many times in the past 4
My. During the past 500 ky, 12 m of vertical
displacement has accumulated near the middle of
the fault. Slip during the youngest faulting event
was at least 1 m; 2 m is more likely, and as much
as 3 m is possible. Using the youngest faulting

event as a model for previous faulting events, we
conclude that as few as four, or as many as twelve,
events may have occurred in the past half million
years. The magnitudes of these earthquakes have
likely been at least 6.6, more likely 6.8, and con
ceivably as large as 6.9. The long-term (vertical)
slip rate for the fault is probably about 0.024 m/ky.
Because of uncertainties in the data, however, the
slip rate may be between 0.015 to 0.04 m/ky. The
average time between surface-rupturing earth
quakes is on the order of SO to 100 ky. There have
been no large earthquakes on the Bellemont fault
for at least 10 ky, and probably substantially
longer than that. Because the long-term slip rate
on the Bellemont fault is low, the probability that
a large earthquake will occur in the next few
decades or even centuries is very low, but the
possibility exists that a large earthquake could
occur on the Bellemont fault at any time.
3

Obiectives of
Paleoseismologic
Investigations
Paleoseismology involves the use of geologic
and geomorphologic principles and techniques to
study prehistoric earthquakes that have ruptured
�he ground surface. The threshold for readily
recognizable surface rupture in earthquakes in
the western United States has been between
magnitude 6 and 6.8 (dePolo and others, 1991).
Paleoseismology provides information about
large prehistoric earthquakes, which are typically
the most hazardous. Paleoseismologic investiga
tions are a critical component of earthquake
hazard evaluation because the instrumental
(seismographs) and historical (historical accounts)
record of earthquakes is typically short (-100
years) compared to the time between damaging
earthquakes (100 to 100,000+ years) on individual
faults. Our use of the terms "earthquake" and
"faulting event" in the following discussion
refers only to large earthquakes that break the
ground surface.
When conducting a paleoseismologic investi
gation of a fault, we would ideally like to ascer
tain five pieces of information:
1) Confirmation that the fault is active.
2) Slip on the fault in individual surface
ruptures (slip-per-event).
3) Surface-rupture length per event.
4) Long-term slip rate.
5) Time of last earthquake and the temporal
sequence of several paleoearthquakes.
Nature rarely preserves all of this information, so
certain assumptions must be made for the pur
pose of earthquake-hazard evaluation.
Faults are considered active if they cut
"young" geologic strata or landforms. In Arizona,
where most potentially active faults have fairly
low slip rates, young is commonly considered to
be less than 500 ka, or in some cases even less
than 5 Ma (the Pliocene and Quaternary periods).
Slip-per-event is, more precisely, the maximum
surface displacement that occurs along a fault in
one event. Slip-per-event and surface-rupture
length can be used to estimate earthquake magni
tude and energy release, which in turn provide
the basis for estimating ground accelerations for
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engineering m�tigation of earthquake hazards. Slip
and length data are applied to relationships that
scale the magnitudes of historical earthquakes with
their concomitant displacements and lengths (e.g.
Wells and Coppersmith, 1994). Although these
scaling relationships are empirical, they are well
founded in theory (Kanamori and Anderson, 1975).
In the ideal case, the magnitude and precise
timing of each in a long sequence of earthquakes
on a fault would be documented. That information
would allow variation in magnitude and recur
rence intervals between faulting events to be
incorporated into an assessment of the potential
for future earthquakes. Unfortunately, precise
paleoseismic records are rarely available even for
faults that are very active and well studied, such as
the San Andreas fault. The preserved evidence is
usually sufficient to estimate only the magnitude of
the youngest event, the age of the youngest event,
and the long-term slip rate.
Two assumptions must typically be made to
facilitate paleoseismologic investigations. The first
is that recurrent surface-rupturing earthquakes on
a fault have about the same magnitude - close to
the maximum possible given local crustal strength
(Schwartz and Coppersmith, 1984). This "charac
teristic earthquake" model has been documented
for a few faults (e.g. Vincent, 1995) and available
evidence has not required more complicated
models. The second assumption is that the time
between large earthquakes (recurrence interval) is
fairly uniform. This is generally plausible because
the intervals between earthquakes would be
constant if stress were applied to the fault at a
steady rate and faults ruptured at the same stress
threshold every time. Actual fault behavior is
certainly more complicated than this simple model,
however, so this assumption is only a reasonable
approximation. These assumptions allow calcula
tion of recurrence intervals between faulting
events by dividing slip-per-event by long-term
slip rate.

Description of
the Bellemont Fault
The Bellemont fault is a north-northeast
trending, west-dipping normal fault located about
20 km west of downtown Flagstaff (Figure 1; Plate

1). The surface expression of the fault is a west
facing scarp as high as 20 m. Where Interstate
Highway 40 and the Santa Fe Railroad cross the
fault, the 5 to 10 m high fault scarp has im
pounded the sediment that forms Bellemont Flat.
Although the total mapped length of the fault is
about 11 km (Wolfe and others, 1987; this study),
a lineament on satellite images suggests the fault
continues about 10 km farther northeast toward
the San Francisco Mountains (Gary Mann, U.S.
Geological Survey, oral communication, 1995;
shown on Plate 2).
The fault is prominently displayed 0.6 km
west of the Headquarters Building of Camp Navajo
as a -15-m-high scarp on the surface of a basalt
flow. The height of the scarp has been accentu
ated by erosion associated with the south-flowing
stream that drains toward Pond 1. The north-south
track of the "Government Railroad" is located on
the scarp and several spur lines cross the fault.
South of Pond 1, a 2- to 4-m-high scarp along the
Bellemont fault forms the eastern margin of the
large meadow of the Ammunition Workshop Area.
Farther south, the fault splits into two subdued
traces that die out south of Section 15, T 21 N,
R 5 E. Numerous roads and a railroad track cross
the faults in this area, and at least two storage
bunkers (nos. C508 and CS 10) are on or very near
the fault traces.

Late Cenozoic History
of the Bellemont Area
The history of the Bellemont area during the
past 10 My sets the stage for our earthquake
hazard interpretation below. This history is based
on mapping and age estimates of Wolfe et al.
(1987), well-log data (provided by Randy
Wilkinson and Peter Evans, U.S. Army Corps of
Engineers), and our own field work. Letter
names and flow numbers in the text below refer
to Plate 1.
About 10 Ma, the area near the Bellemont fault
consisted of low hills (Pk) and low gradient
streams and pediments (Pke) formed on the
Permian Kaibab Formation. At this time, the San
Francisco Mountains did not exist and the area
was slowly being eroded by streams draining
northeast toward the Little Colorado River. Low

hills of Kaibab strata are still present at the south
ern end of the Bellemont fault. Contacts between
the Kaibab Formation and late Cenozoic volcanic
rocks decrease in altitude toward the northeast,
reflecting the regional slope of the erosion surface.
Parts of the erosion surface were subsequently
modified by stream and lake processes.
Sometime around 10 Ma, normal faulting
associated with regional extension of the Basin
and Range disturbance probably began to impact
the Bellemont area. The Verde Valley began to
form and fill with sediment about this time as a
result of normal faulting (Nations and others,
1981). The Dunham fault (Plates 1 and 2) is one of
many normal faults near the margin of the Colo
rado Plateau that trend northwest, subparallel to
both the Verde Valley and the Basin-and-Range
structures. In contrast, the Bellemont and Metz
Tank faults (Plate 1) trend north to northeast, at
oblique angles to the Dunham fault. Although the
time when activity began on these faults is not
known, they have clearly been active during the
past 6 My.
Volcanic eruptions first began to cover the area
around the Bellemont fault about 6 Ma (flows
designated as Tob by Wolfe et al, 1987). Eruptions
occurred sporadically through the Pliocene and
into the middle Quaternary. The youngest basalt
flows in this area are a few hundred thousand
years old. The locus of volcanic activity in the
Flagstaff area has gradually moved to the north
and east since 5 Ma (Tanaka and others, 1986),
with the most voluminous eruptions having oc
curred north and east of the Bellemont area.
Normal faulting and volcanic eruptions have been
generally contemporaneous in the region, but it is
not clear whether there is a causal relationship
between the two.
Activity on the Bellemont fault began prior to
the eruption of the -4 Ma Tyvb flow (Plate 1;
Figure 2). Older basalt flows are displaced more
than younger flows, indicating that the fault has
been active throughout the past 4 My. Vertical
displacement across the Bellemont fault created a
depositional basin on the downthrown (west) side
of the fault. North- and east-flowing streams were
impounded by the fault scarp, and eruption of
extensive early Quaternary flows (-1 to 2 Ma;
QTmb and Qmbn, Plate 1) closed the whole
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fine-grained character
displacement (throw) across the fault.
of the Camp Navajo
clay does not necessarily imply the existence of a
A lake may have filled the basin during a
lake, however. The modern meadow sediments,
pluvial period after emplacement of the Headquar
stream terraces, and fans are dominated by clay,
ters flow. Topographic benches carved into Kaibab
even where they are not exhuming QTc, and clay
limestone at an altitude of 2164 m (7100 ft) on the
is washed in abundance from the basaltic
east side of the fault (Plate 1) may record the
hillslopes. The Headquarters basalt flowed into the former shoreline of the lake. The top of QTc has a
Bellemont basin from the northwest and covered
very similar altitude of ~2163 m (Figure 2). In
the deeper, northern half of the basin. In the
addition, a shoreline bench appears to have been
southern part of the Bellemont basin, the Head
cut into the northern margin of the Headquarters
quarters flow likely flowed onto a meadow be
flow at an altitude of ~2170 m (7120 ft) east of the
cause lava fills a small stream channel cut into the · fault at Pond 1. This bench is not formed at the
surface of QTc (at -580 m on Figure 2).
contact between two basalt flows, because the
11:1
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Headquarters basalt consists of only one flow.
Bore-hole logs indicate the bench is covered with
6 m of clay and weathered basaltic alluvium over
hard basalt (Randy Wilkinson, written comm.,
1995). This sediment is unusual and thick com
pared to elsewhere on the flow and may represent
weathered lake deposits.
Subsequent headward erosion of Volunteer
Canyon captured the Bellemont basin, allowing it
to drain toward the Verde River for the first time.
This diversion post-dates Lake Bellemont, but may
or may not have involved catastrophic draining of
the lake. In any case, the consequence of this
stream capture was stream incision and stripping
of the upper 10 or 15 m of the Camp Navajo clay
where it is not covered and protected by the
Headquarters flow.
The Bellemont fault remained active and
continued to influence the landscape after em
placement of the Headquarters flow. An alluvial
fan (Qpal) aggraded onto the northeastern edge of
the Headquarters flow and was subsequently
faulted. Aggradation associated with streams
flowing from the northwest over-topped the scarp
and incised a southeast-flowing channel (Qr) into
the Headquarters flow. Subsequent faulting up
lifted and beheaded the channel (between I-40
and the Bellemont truck stop). The modern drain
age system then developed as stream flow in the
Bellemont Flats area began to drain south along
the Bellemont fault toward Pond 1 and the
meadow south of it. This meadow exists in part
because of recurrent movement on the Bellemont
fault. Each faulting event uplifted the area east of
the meadow, which temporarily dammed the
stream draining the meadow.·Sediment accumu
lated in the meadow until the fault scarp was
eventually overtopped and the stream was free to
flow to the east. Previously, this stream flowed
northeast to join the upper reaches of Volunteer
Creek (unit ty, Plate 1). More recently, it was
captured by a steeper tributary of Volunteer Creek
and now flows south from this area.

Long-Term Slip
on the Bellemont Fault
The Bellemont fault has been active at least
through the Pliocene and Quaternary, because

successively older features cut by the fault are
displaced by increasingly larger amounts (Figure
2). The two oldest features provide some con
straints for the age of initiation of movement on
the fault. In the meadow area south of the Head
quarters flow, a basalt flow is present in the
subsurface west of the fault. We believe this is the
~4 Ma Tyvb flow of Wolfe and others (1987),
because the Tyvb vent is located to the west of the
fault, lava flowed east toward the fault, and a
sliver of Tyvb is bounded by two strands of the
Bellemont fault (Plate 1; Figure 2). The surface of
the Tyvb flow is displaced at least 25 m at the fault
(Figure 2). We estimate a conservative maximum
for the displacement of the Tyvb flow of 40 m by
assuming that a 15-m-thick flow existed on the
upthrown side of the fault, but it has been com
pletely removed by subsequent erosion. Near the
southern end of the fault, another Tyvb flow is
displaced about 9 m (Figure 3). The oldest horizon
known to be displaced by the fault is the Tertiary
erosion surface carved on the Kaibab Formation.
In the downthrown block, this erosion surface
underlies the Tyvb flow. In the upthrown block,
however, this surface may have been lowered
further by erosion since 4 Ma, so the vertical
displacement of 45 m for this erosion surface is a
minimum value. Because this minimum displace
ment is greater than the displacement of the Tyvb
basalt (25 to 40 m), the initiation of the movement
on the Bellemont fault must predate 4 Ma.
Fault slip is usually greatest in the middle of a
fault rupture trace and diminishes to zero at the
ends of the rupture. The lines on Figure 4, which
represent composite displacement along the
Bellemont fault for multiple events, are consistent
with this pattern. For example, Tyvb is displaced
>25 m in the area represented by Figure 2, but it is
displaced only 9 ± 2 m farther south. Displacement
of the Headquarters flow is fairly uniform, but it
diminishes somewhat toward the south end of the
fault. The site of maximum displacement on the
fault trace (in the vicinity of km 1 on Figure 4) is
where displacement for slip-rate calculations
should be obtained. Thus, we use 12 m of vertical
displacement of the Headquarters flow for our
slip-rate calculation below.
The available data are consistent with the
characteristic earthquake model (Schwartz and
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Profile of Tyvb lava flow faulted by the Bellemont fault
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Figure 3. Topographic profile of the surface of -4 Ma lava flow Tyvb, which is
displaced by two southern splays of the Bellemont fault (F-G on Plate 1) in the south
half of Section 15. The original sloping surface of the lava flow is shown with solid
lines to compensate for erosion and deposition at the scarps. The throw (apparent
vertical separation) of the flow surface at each fault is labeled. This reconstrnction
indicates that cumulative faulting during the past -4 My has resulted in 8 to 10 m of
throw at the site.
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Figure 4. Displacement on the Bellemont fault plotted against distance along the
fault trace. The zero horizontal datum is at Interstate 40, and the Camp Navajo
Headquarters (HQ) projects to the fault at 0.9 km. The Bellemont fault apparently ends
in the Dunham fault zone, which occupies km 5.4 to km 6.5. Cumulative throw is the
apparent vertical separation of faulted stratigraphy or surfaces of landfonns. Throw
values from Figure 3 (at distance 5.2 km), and Figure 2 and the trench (distance 1 km
to 3 km), are shown. The throu,1 of the Headquartersflow at distance -0.2 km is based
on 7 m of basalt footwall exposed above the Bellemont Flat meadow, plus 5 m of
allumal cover over the basalt in the hanging wall (from the log of a nearby well; AZ
Registration 55-515324). The approximate throw of lava Qmbn is from topographic
map data. The ages of lavaflows are from Wolfe and others (1987). The lines on this
Figure depict the composite displacement for multiple earthquakes during the past 500
ky and the past 4 My. The numbers express the percent increase of throw for every
kilometer of distance (north) along the trace.
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Coppersmith, 1984) that
is so often assumed for
earthquake hazard
evaluation purposes.
The spatial patterns of
displacement along the
traces of both the
Bellemont fault (Figure
4) and the nearby Metz
Tank fault (Plate 1;
Figure 5) are consistent
with repetitive, maxi
mum-magnitude earth
quakes that keep
rupturing the same fault
length in the same way.
We use this model in
our hazard evaluation.
Calculation of long
term slip rates requires
age constraints on one
or more faulted units.
Some constraints are
available for the Head
quarters basalt flow
(Wolfe, et al., 1987).
Stratigraphic relation
ships indicate that this
flow is older than flow
Qbb from vent 2620
(Plate 1), which has
potassium-argon nu
merical age of 440 ±
180 ka. The Headquar
ters basalt is younger
than a Qbhb flow with
numerical age of 720
±120 ka. The age of the
Headquarters flow is
almost certainly be
tween 300 and 800 ka.
For our calculation of a
preferred slip rate we
use an age of 500 ka,
but also present the
range of results using
300 and 800 ka.
Using these data,
we obtain a preferred

slip-rate estimate for the
Bellemont fault of 0.024
m/ky (12 m I 500 ky).
Given the uncertainty in
the age of the Head
quarters basalt, the slip
rate may range from
0.015 to 0.04 m/ky. This
long-term slip rate
makes the Bellemont
fault one of the most
active faults in the area
(see next section). The
slip rate of the
Bellemont fault is
similar to the rates
estimated for many
other faults in Arizona
(Menges and Pearthree,
1989), but it is far less
than the rates associated
with some normal
faults. For comparison,
more active normal
faults in the central and
northern Basin and
Range province of
Nevada and Utah have
long-term slip rates on
the order of 0.1 to 1.0
m/ky. Globally a few
normal faults have slip
rates as high as 10 m/ky.
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View looking southeast at cumulative throw on Metz Tank fault
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Figure 5: Displacement on the Metz Tank fault plotted against distance along the
fault. The QTbflaws (open circles) are about 2 Ma, and the Tohflows (solid circles) are
around 6 Ma. This northeast trending, down to the northwest, normal fault is shown
on Plates 1 and 2. The fault splays at its northeast end (distance 0.6) and at its
southwest end it becomes subdued in the topography beyond distance 5 km. The
rnpture trace crosses the Dunham fault zone northeast of Rogers Lake, and takes a left
step at what we infer to be one edge of that zone at -3.5 km distance. Data shown in
this Figure are field measurements of cumulative fault throw (apparent vertical
separation) of the lavaflow surfaces. The younger flaws have similar displacement of 1
to 2 m. This may be the result of one earthquake in the past 2 My, and for that period
the inferred pattern of displacement along the fault is shown wi,th shading. The older
flows are displaced 5 to 10 m, suggesting multiple events during the past 6 My or so; a
conceivable pattern of cumulative throw during that period is also shown wi,th
shading.

Fault Trench
Interpretation
There are three possible purposes for excavat
ing trenches across faults and interpreting the
exposed geology: (1) to confirm fault activity, (2)
to determine slip-per-event, and (3) to document
the temporal sequence of faulting events. Although
there is plenty of surficial evidence that the
Bellemont fault is active, the other two objectives
motivated us to excavate a trench across it. The
trench site is located at point T (Plate 1), near the
south edge of the meadow on Camp Navajo.
Interpretation of stratigraphy and faults ex
posed in a trench wall must start with an under-

standing of the basic processes involved. The ideal
case (Figure 6) involves only three process steps.
First, a planar landform, such as a stream terrace
or alluvial fan, develops over the site of future
surface rupture and is abandoned. The second
step is surface rupture along a single fault plane,
which forms a scarp face as it dislocates the
terrace surface. In the third step, the scarp crest
erodes and sediment from the upper part of the
scarp buries and preserves the base of the scarp. A
wedge-shaped deposit develops in the lower part
of the scarp as a result of continued erosion and
deposition; it is unique in shape and in internal
stratigraphy compared to deposits from other types
of processes. The scarp-derived origin of this
"colluvial wedge" can be confirmed by discovery
of a fault shear zone extending into the subsurface
9

from the near-vertical
Original Terrace Surface
side of the wedge. The
near-vertical side of the
wedge, the preserved
base of the scarp face,
is important because its
H
Wedge of colluvium at
height is commonly
foot of scarp
close to half of the
original height of the
scarp face. It can be
used to estimate the
total vertical displace
ment from the earth
quake. Most trench logs
are more complicated
than the ideal on Figure
6, but the principles
mentioned above
remain useful.
Figure 6: Idealized cross section and history of a fault sca-rp. A previously continuous
Trenching of the
stream terrace experienced vertical displacement (HJ by surface rupturefrom one
Bellemont fault is
earthquake. Subsequently, the sca,p crest was eroded and the resulting colluvium was
complicated for several
deposited at the foot of the sca,p. Half the original sca,p face was buried and thus
reasons. The Bellemont preserved.
fault cuts mostly basalt
flows at the surface.
quakes. This means there is no formerly-continu
Three basalt flows preserved on both sides of the
ous horizon that can be used to measure the
fault are excellent markers for displacement
vertical displacement of the youngest faulting
measurements, but they are not conducive to
event. The objectives of our trench interpretation,
trenching. Elsewhere along the fault, the deposits
therefore, were to identify scarp-derived colluvial
or erosion surfaces preserved on the upthrown
wedges that record paleoearthquakes and measure
side are buried on the downthrown side. In
addition, all :5carps along the Bellemont fault have the height of the scarp face that is buried by the
youngest colluvial wedge.
probably formed as the result of multiple earth21
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____ Lithologic contact, long dash where
indistinct or gradational
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·----- Minor shear often coated with clay or
composed oflimonite
COM Modern hillslope colluvium that merges with the
ALM facies downslope; upslope COM consists of
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Figure 8. Detailed log of the trench around the fault zone. Units are descrfbed in the explanation.

We mapped geologic features exposed in the
trench wall (Figures 7 and 8) using horizontal
strings nailed to the trench wall that were spaced
one meter apart. The horizontal scale is the dis
tance from an arbitrary datum. The reader is
guided to points of interest on the trench log by
reference to the elevation (V) and horizontal
distance (H) of that point on the grid.
The trench log can be grouped into four
general geological units: 1) a zone of sheared
material associated with the fault; 2) bedrock of
the footwall (upthrown block on the right side of
Figure 7); 3) colluvium and alluvium of the hang
ing wall (downthrown block on the left side of
Figure 7); and 4) young surficial colluvium and
alluvium that overlie the other three geological
units and post-date the youngest faulting event.
The main shear zone of the Bellemont fault,

which is inclined 70° to the west, is well exposed
near the bottom of the trench at H=8.7 to 9 and
V=16.8. Minor shears exist on both sides of the
main shear zone, so the whole zone of fault
shearing is about 3 m wide. The heavy clay string
ers smeared with hematite that compose the main
fault zone and similar (Sc) material found in the
footwall probably have formed during many
faulting events. The individual shears in the
hanging wall, in contrast, cut middle to late Qua
ternary deposits and record only the last few
faulting events.
The footwall is composed mainly of weathered
sandy limestone of the Permian Kaibab Formation
(Pk on Figure 8). This unit is locally sheared near
the fault. We also observed pockets of clay (Fe)
within the limestone between H =5.5 and H = 7 that
may have filled tensional fissures. The origin of
11

these clay pockets as infilling into open fissures is
supported by the presence of several pebbles,
including an exotic basalt pebble. at V=18.6 and
H=6.6. Sheared clay (Sc) appears as splays from
the main shear zone between H =8.S and H = 7.S;
sheared and weathered limestone (Sk) is within
and above the sheared clay. The uppermost block
of sheared Kaibab (at V= 18.7 and H =8) overlies
the main shear zone but is truncated by a fault at
its left end. This block of Kaibab may have fallen
from the face of an ancient scarp and was subse
quently faulted.
The hanging wall consists mainly of colluvium
and interfingered alluvium. We believe that the
three colluvial units (COl, CO2 1 and CO3) were
each derived from the free face of a fault scarp.
The older colluvial wedges. CO1 and CO2, are
clearly faulted (H=9 to 10), and both end upslope
at a fault (H=9 to 9.5). CO3 is draped over these
faults and is not displaced by them. CO3 also ends
uphill at a fault (H=B.S), as predicted in the ideal
case of Figure 6. We believe the most recent
earthquake displaced Sc and Sk, forming a main
scarp at H =8.S, and displaced CO2 by minor
amounts across fault strands at H = 9 and H = 9.S.
The sediment that composes CO3 was then eroded
from the main scarp crest and deposited against
and preserved the small fault scarps. The next
older earthquake apparently ruptured along faults
between H=9 and 10, and stratigraphic reconstruc
tion indicates a minimum of 1.2 m of vertical
displacement. COl was deposited after one or
more earlier faulting events.
After the youngest colluvial wedge (CO3)
formed, it was subsequently partially buried by
aggradation of clay-rich alluvium (ALO) in the
Bellemont basin meadow. The youngest geological
unit consists of surficial deposits of hillslope
colluvium on the eroded scarp (COM) and basin
alluvium at the base of the scarp (ALM). These
deposits are mapped as facies of one unit because
they merge indistinguishably near the toe of the
scarp. The base of these units appears to be an
erosion surface. The hillslope colluvium (COM) is
dark loam that contains fragments of limestone,
which indicates the detachment and downslope
transport of underlying bedrock. The development
of a clay loam B-horizon in COM is evidence for
some antiquity and a slow transport rate on the
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scarp slope. The parent material for COM, in
addition to Pk limestone, is eolian dust and possi
bly volcanic ash.
We collected and analyzed clay samples to test
our interpretation of colluvium and alluvium.
Samples (located on Figure 7) were processed and
analyzed to determine the mineralogy of clay
particles using X-ray diffraction techniques. Our
hypothesis was that the mineralogy of clay fraction
of the scarp-derived colluvial wedges should
reflect the mineralogy of the footwall source of the
deposit and be distinctly different from the alluvial
deposits of the meadow. In our interpretation, the
source of the colluvium CO3 was Kaibab bedrock
mixed with colluvial soil overlying the rock, and
perhaps clay from the fault zones. The clay miner
alogy analyses (Table 2) support this model. The
clay mineralogy of weathered Kaibab (Pk) and its
overlying colluvial soil (COM) are identical: a
large abundance of smectite and small abundances
of mica and kaolinite. The clay mineralogy of the
youngest colluvial wedge (CO3) is indistinguish
able from the footwall source, but is different than
the older basin alluvium below the fault (ALO).
This reinforces our interpretation that CO3 is
indeed colluvium, not basin alluvium.
We estimate the vertical displacement for the
most recent event using our interpretation of
rupture along three fault strands. The lower part of
the main scarp face (at H =8.4) forms the near
vertical side of the colluvial wedge CO3 and is 0.6
m high. The two low scarps that form steps in the
base of the colluvial wedge at H=9 and H=9.S
have heights of 0.20 and 0.25 m, respectively. The
preserved height of the three buried scarps, 1.05
m., represents the minimum vertical displacement
from the youngest earthquake. We believe that
detritus from the main scarp face (at H=B.4) may
have covered the two low scarps before they
could be eroded significantly. As mentioned
above, however, commonly about half of a high
scarp will be preserved by burial. Following this
logic, we believe that an additional 0.6 m could be
added to the displacement at H =8.4 to produce
1.65 m as the plausible vertical displacement at the
trench site during the most recent event.

Table 2. Type and relative abundance of clay-sized mineralsfrom nine sample
locations in thefault trench. Sample locations are shown on Figure 7.

then the actual rupture
length.
Maximum displace
Minerals 1 and Abundance 2
ment in a faulting event
Trench
Sample
Description
Hem Mi
Kao
Sm
may give a better
Unit
No.
estimate of earthquake
1
COM
colluvial A-horizon
4
0
2
2
magnitude. Based on
2
colluvial B-horizon
COM
4
0
2
2
our
interpretation of the
3
Pk
4
weathered Kaibab Formation
0
2
2
4
Pk
weathered Kaibab Formation
4
trench log, the vertical
0
3
2
displacement for the
9
Sc
main fault zone
5
2
youngest event at that
intermediate colluvial wedge
5
CO2
5
site was at least 1 m,
C03
6
4
youngest colluvial wedge
0
2
2
and may have been
1.65 m. Applying these
8
ALM
modern alluvium, A-horizon
3+
0
2
2
7
ALO
older alluvium
3+
3
3
maximum displacements
to another
Footnotes:
1 Clay-sized minerals are smectite (Sm), hematite (Hem), mica (Mi), and kaolinite (Kao).
regression equation for
Vermiculite and chlorite were not detected, and small quantities of clay-sized quartz were found
normal faults (Wells
in all samples.
and Coppersmith, 1994)
2
Relative abundance in sample: (5) dominant; (4) large; (3) medium; (2) small; (1) trace; (0) not
produces earthquake
detected.
moment magnitudes of
M 6.6 to M 6.8. The
trench site is located toward the southern end of
the fault, however, not where displacement is
Paleoearthquake
maximum. We use the taper of displacement along
Magnitudes
the fault (in % increase per km moving north;
As mentioned above, the magnitudes of histori Figure 4) and the trench data to estimate slip-per
cal earthquakes have been scaled with their
event at the middle of the fault. From the trench
concomitant displacements and lengths to provide
north to the middle of the fault, displacement for
equations for estimating the magnitude of prehis
one event might increase 25% per km like it does
toric earthquakes. We estimate paleoearthquake
from the southern edge of the Headquarters flow
magnitudes for the Bellemont fault on the basis of
to the middle of the fault. The 1.0 and 1.6 m of
both slip-per-event and fault length.
slip at the trench would be equivalent to 1.S and
The mapped length of the Bellemont fault is 11 2.4 m, respectively, maximum slip. If the 100% per
km (Plate 1), but as noted earlier, the fault may
km taper of Tyvb were used to project from the
continue about 10 km farther northeast toward the trench to the middle of the fault, the maximum
San Francisco Mountains. Individual earthquakes
slip in the youngest event would be > 3 m. In
probably rupture at least the 11 km of the mapped conclusion, the slip-per-event for the Bellemont
fault, and may rupture for as much as 20 km.
fault is at least 1 m, is more likely 2 m, and could
Applying these rupture lengths to a regression
be 3 m. These displacements correspond to earth
equation for normal faults (Wells and Copper
quake magnitudes of M 6.6, 6.8, and 6.9, respec
smith, 1994) produces earthquake moment magni tively.
tudes of M 6.2 for length of 10 km and M 6.6 for
Earthquake Recurrence Intervals
length of 20 km. Using magnitude/length relations
The average recurrence interval between large
may result in systematic underestimation of prehis earthquakes on a fault can be calculated by mak
toric earthquake magnitudes because the scarps
ing the assumption that large earthquakes of
near the ends of surface ruptures are low and may similar size account for all fault slip (the character
not be preserved in the landscape. The preserved
istic earthquake concept). Using our preferred
length of prehistoric ruptures, therefore, is shorter
estimates of 2 m of slip per event and 12 m of slip
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in 500 ky, we calculate an average recurrence
interval of ~80 ky. Varying the slip per event from
1.S to 3 m changes the recurrence time from 40 to
125 ky, whereas varying the estimated age of the
Headquarters flow from 300 to 700 ka changes the
recurrence interval from SO to 130 ky.
In order to thoroughly assess the hazard
associated with the Bellemont fault, we would like
to know how long it has been since it ruptured
and where it is within its earthquake cycle. When
a large earthquake occurs, the stress on the fault
decreases. Stress on the fault then increases as the
fault is quiescent, eventually building up high
enough to generate another fault rupture. This is
the earthquake cycle. In order to assess the poten
tial for a large earthquake on a fault, we could
compare the average recurrence interval with the
time that has passed since it last ruptured.
The geologic constraints on the age of young
est fault rupture, unfortunately, are not very good.
The oldest deposit along the fault that has not
been displaced is a small Holocene (<10 ka)
alluvial fan located about O.S km north of Inter
state 40 (labeled Qhal, Plate 1). Scarps formed in
alluvium along the fault (cutting Qmal, Plate 1)
have maximum slope angles of less than 8°,
suggesting that there have been no fault ruptures
for tens of thousands of years. If the shortest
reasonable recurrence interval (40 ky) is accurate,
a large portion of the earthquake cycle has
elapsed since the youngest earthquake occurred.
On the other hand, if the longest return time (130
ky) is accurate, knowledge that a few tens of
thousands of years have elapsed without an
earthquake tells us little about where the
Bellemont fault is in its earthquake cycle. This
means that an earthquake could occur at any time,
but we cannot assess the likelihood that it will
occur. If any future structures at Camp Navajo are
deemed critical - they can not be allowed to fail
under any circumstances - then prudence suggests
they should be engineered to withstand a large
(M = 6.9 earthquake) on the Bellemont fault.
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Potential Hazard Posed
by Surface Rupture of the
Bellemont Fault
Occurrence of a large earthquake with surface
rupture on the Bellemont fault, however unlikely,
is the worst-case event for disaster planning. It
would produce damage by surface displacement
along the fault and intense ground shaking near
the fault. Surface rupture would result in vertical
displacement of the ground surface by about 1 to
3 m along much of the length of the fault. This
displacement would likely be manifested as a
several-meter-high, west-facing main scarp and a
10- to 20-m-wide zone at the base of the main
scarp consisting of small scarps and deformed
ground. This surface deformation would break or
damage commercial arteries such as the Interstate
Highway 40 and the Santa Fe Railroad line� and
buried utilities such as gas pipelines and electrical
conduits. On Camp Navajo, surface rupture could
severely damage Pond 1, water lines and other
utilities that cross the fault, the Government
railroad track, and storage bunkers located on
traces of the fault near its southern end.
A large earthquake would also generate in
tense ground shaking in the vicinity of the
Bellemont fault. Recent large earthquakes, such as
the 1994 Northridge earthquake in southern
California, have generated horizontal and vertical
accelerations as high as 1 g near the fault rupture
(U.S. Geological Survey and others, 1994). Obvi
ously, much of Camp Navajo would be severely
shaken if the Bellemont fault ruptured. An area of
particular concern is the meadow southwest of
Pond 1 (Plate 1) because it is underlain by a thick
clay layer and other fine-grained sediment. This
area would likely have higher ground motion
amplitude and poorer founc;lation stability than
adjacent areas where basalt flows or other bedrock
are exposed.

RECONNAISSANCE ASSESSMENT
OF PLIO-QUATERNARY FAULTS OF
THE FLAGSTAFF AREA

The abundant Pliocene and Quaternary volca
nic rocks in the Flagstaff area provide a good
record of young fault activity. We compiled and
synthesized available information on Plio-Quater
nary volcanic rocks and potentially active faults in
the area including and surrounding the City of
Flagstaff and the San Francisco Mountains (the
Flagstaff area, as used in this report; see Figure 1).
Using information from existing geologic maps, we
attempted to identify all faults that cut Pliocene or
Quaternary strata, and thus have been active in the
past 5 My. We also conducted field reconnaissance
investigations of some of these faults to obtain
more information about the age of their youngest
movement and their long-term slip rates.
Based on the information we have gathered,
48 faults cut Pliocene or Quaternary strata in the
Flagstaff area. Although these faults have a wide
variety of orientations, northwest and north trends
are most common and there are no east-west
trending faults. Seventeen of these faults have
most likely ruptured at least once in the past 750
ky; fifteen evidently have not ruptured during this
interval. It is not clear whether the remaining
sixteen have ruptured during this interval. The
long-term slip rates on all of these faults are quite
low, ranging from 0.04 m/ky to less than 0.01 m/
ky. If one assumes that these faults have similar
surface displacements as the Bellemont fault Cl-2
m), recurrence intervals between surface rupturing
earthquakes on individual faults must be on the
order of 100 ky or more. For the region as a
whole, we estimate that large earthquakes with
obvious surface ruptures occur on average every 2
to 5 ky.

Methods
We reviewed existing geologic mapping and
previous studies of Plio-Quaternary faulting in the
Flagstaff area. Excellent mapping exists for most of
the area. The San Francisco volcanic field was
mapped in detail by the U.S. Geological Survey

(Ulrich and Bailey, 1987; Wolfe, Ulrich, and
Newhall, 1987; Newhall and others, 1987; Wolfe
and others, 1987; Moore and Wolfe, 1987). These
detailed maps emphasize rocks associated with
Pliocene and Quaternary volcanic eruptions and
faults that cut these rocks; Quaternary alluvium is
not differentiated by age. Less detailed geologic
mapping is available for the southern part of the
area covered by this report (Ulrich and others,
1984; Weir and others, 1989). Two previous
reconnaissance investigations of Quaternary faults
in Arizona (Menges and Pearthree, 1983; Euge and
others, 1992) provide some information regarding
fault behavior in the Flagstaff area. Menges and
Pearthree (1983) interpreted aerial photographs
and visited a number of faults across the area.
They concluded that there are many possible
Quaternary faults around Flagstaff, some of which
have likely ruptured in the Holocene or late
Pleistocene. We have incorporated field data from
this study in our report. Euge and others (1992)
conducted a more detailed assessment of some of
faults in the Mesa Butte area, north of the
San Francisco Mountains. They documented
abundant evidence of early to middle Pleistocene
faulting (-2 Ma to 250 ka), but they concluded
that there has been little late Quaternary
(post-250 ka) faulting.
We conducted new reconnaissance field
studies of about 20 faults in the Flagstaff area to
evaluate field relationships between faults and
Plio-Quaternary strata. Specifically, we (1) evalu
ated existing map data; (2) reviewed and inter
preted aerial photographs that covered the faults
to choose sites for field visits (photographs used
were either large-scale color photos borrowed
from the Coconino National Forest or small-scale
black-and-white photos on file at the Arizona
Geological Survey); (3) field-checked selected sites
to evaluate whether volcanic rocks or alluvium are
faulted, and if so, by how much they are dis
placed. These field reconnaissance investigations
provided information regarding the recency of
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youngest rupture on several faults that was differ
ent than previous published work.
Existing map data and new data obtained in
this study were used to develop a neotectonic map
of the Flagstaff area (Plate 2). This map includes
generalized geologic units, with emphasis on
different ages of volcanic rocks, and faults that cut
Pliocene or younger rocks. In addition, we have
compiled other data that summarize the physical
characteristics of Plio-Quaternary faults in the area
and what is known about their behavior.

Orientations of
Plio-Quaternary Faults

west-northwest to northeast (Figure 9). The pre
dominant primary orientation is northwest (20
faults). The next most common orientation is north
(8 faults). The only fault orientations that are not
found in the map area are west and east-northeast.
Adding secondary fault orientations does not
change this pattern, but it does enhance the north
orientation. The northwest orientation is dominant
in faults that have clearly been active in the middle
and late Quaternary (activity class 1; see Table 3
and Figure 9) and faults that have probably not
been active during that period (activity class 3).
Similar trends in fault orientations are observed if
the Flagstaff area is subdivided into northwest,
northeast, southeast, and southwest quadrants
centered on the highest peak of the San Francisco
Mountains (Figure 10). The northwest and north
trends are strongly expressed in each subdomain.
It is likely that this area is undergoing weak
regional extension, possibly oriented ENE-WSW

Previous workers have recognized northwest
and northeast fault trends in northern Arizona that
may have been inherited from the Precambrian
(Shoemaker and others, 1978). These fault trends
may be expressed as long, fairly continuous fault
zones such as the
northeast-trending Mesa
Butte fault (a portion of
Class 1 Faults
which is shown on
8--+------VA-----------1
20--+----Plate 2). Alternatively,
they may be composed
] 1s-----i 8-t----of groups of shorter
All
Faults
0
't;
faults whose orienta
tions vary substantially
2
5
from the larger trend,
such as the northwest
0
0
trending Cataract Creek
w WNW NW NNW N NNE NE ENE
w Wt-IN ""' Mm N NNE NE ENE
Fault Orientations
Fault
Orientations
zone (D. Brumbaugh,
oral communication,
8
8
1995).
Class 3 Faults
3II
Plio-Quaternary
:I 6
•
IL
IL
faults in the Flagstaff
0
�
0
0
area exhibit a wide
z 4
z 4
variety of orientations.
2
2
We assigned a primary
orientation to each of
the fault zones shown
0
D
w YMN NIN tNIV N tH: NE ENE
WNW NW NNW N NNE NE ENE
w
on Plate 2. Secondary
Fault Orientations
Fault Orientations
orientations were
assigned if fault zones
Figure 9. Orientations of Plio-Quaternary faults in the Flagstaff area. Classes of fault
have substantial ele
activity are explained in Table 3. Tbe norlhwest orientation is strongly expressed in the
ments with different
whole fault data set, and in all classes offault activity. No west-trending faults were
orientations. Faults
found. Tbe norlh orientation is expressed most strongly in f aults that have most likely
orientations range from
been active in the past 750 k:y (Class 1 faults).
Ill
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area is about 130 m, also on the Lake Mary fault
(Table 4). Most faults have less than 50 m of total
Plio-Quaternary displacement. These modest
displacements over the past 5 My indicate that
long-term fault slip rates are quite low.
The surface expressions of Plio-Quaternary
faults in this area are interesting as well. The most
common surface expression of faulting is "simple"
normal faulting, with one side of the fault clearly
dropped
down relative to the other. The
Fault Displacement
Bellemont fault is a good example of a simple
and Surface Expression
normal fault. Minor tilting is common on the
Plio-Quaternary faults in the Flagstaff area have downthrown side adjacent to these faults, but
rather modest lengths and total displacements. The there is no obvious antithetic fault scarp or graben.
A few fault zones are classified as narrow asym
longest fault zone is the Lake Mary fault, which is
about 25 km long (see Plate 1 and Table 3). Most
metric grabens. In these situations, one side of the
faults in the area are between 5 and 15 km long,
fault is clearly down-dropped relative to the other
but a number of faults have mapped lengths of
but a sharply defined trough less t:l)an 500 m wide
follows
the fault on the down-dropped side. In
less than 5 km. The maximum Plio-Quaternary
vertical displacement estimated for a fault in this
these situations, the fault with the most displacement is probably
dominant, with a
subsidiary antithetic
Northw.st Domain
Northeast Domain
fault defining the other
•-----V/21------------1
edge of the graben. The
■
Primary orientations only
Lake
Mary fault zone is
:i 6-+---� 6
:.
m
Secondary orientations
an
asymmetric
graben,
0
0
Included
! ..____
� "-t-----------------i
with Lake Mary resting
in the graben. A third
2.-t----common and enigmatic
expression
of faulting is
0
w WNW NW NNW N NNE NE ENE
w WNW NW NNW N NNE NE ENE
the narrow symmetric
Fault OrfMtations
Fault Orientations
graben. In these situa
tions, the fault zone is
Southw.st Domain
Southeast Domain
expressed as a relatively
narrow
trough less than
::
-;• 6
750
m
wide
with scarps
•IL 6
IL
0
0
of similar size on either
c:i
c:i
z ..
z ..
side; thus there is little
or no net vertical
2
2
displacement across the
feature. The Arrowhead
w WNW NW NNW N NNE NE ENE
w WNW NW NNW N NNE NE ENE
and
Red House fault
Fault OrfMtations
Fault Orientations
zones near Wupatki
National Monument are
examples of symmetric
Figure 10. Orientations of Plio-Quatemary faults in four quadrants that are
grabens. It is not clear
northeast, northwest, southeast, and southwest of the San Francisco Peaks. Northwest
how the faults that form
trends dominate most quadrants; the dominant trend in the southwest quadrant is
these symmetric grawest-northwest.
(Zoback and Zoback, 1980). Faults with a variety
of orientations evidently have formed or been
reactivated in this weak extensional regime. The
variety of fault orientations suggests that oblique
slip (slip with vertical and horizontal components)
has occurred on many of these faults, but we
found no field evidence to directly substantiate
this inference.
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Table 3. Characteristics of Plio-Quaternary faults in the Flagstaff area. Footnotes are explained at the
end of the Table.

Fault Zone <1>

Faulted
units (ll

Angell

Pk

Arrowhead

Qov
Omv
QTv
Qov
mP
Qmv
Qov
QTv
Tvv
Tyv
QTv
Qov
Qmv

Babbit Lake
Bellemont

Bill Williams
(Mesa Butte
SW)
Black Point I
Doney Mtn
Bootlegger
Sprine:
Campbell
Francis
Casner Cabin

Age of
youngest
event <3>
Plio-eP

Ha

Fault
orientation

Fault
characteristics

g

NW,WNW

H-IP

5

NW

Ha

mP

7

NW

Ha

IP

11 to
20

NNE, NE

6.1
6.7
5.9
symmetric graben <300 m wide
6.5
generally symmetric graben ~200-300 m wide 6.1
6.7
6.2
normal fault,down to W; NE(?) section has
6.85
minimal relief

Qa

eP-IP

20

NE

normal fault,down to E

6.6
7.2

2

Qyv

mP-IP

~15

N,NNE,

I

NW

6.4
7.05
6.7
7.3
6.4
7.05
6.2
6.85
6.3
6.9
6.3
6.9
5.8
6.4
5.4
6.05
6.1
6.7
5.6
6.25
6.2
6.85
6.0
6.5
5.6
6.25
5.6
6.25
6.1
6.7
6.2
6.8
5.9
6.5
5.9
6.5
6.2
6.85

(km)

2 normal faults,down to SW and NE

Tov

Qa

Plio?

25

Qov
Omv
Tyv
mPa?
Qov
Qmv
Qov
Qmv
Tyv

Qa

IP?

15

NNE

Ha

mP-IP?

IO

WNW

Qa

<mP

12

NW,N

normal fault,down to E

Qa

mP

12

N,NW

Qa

<Plio

4

NE,N

normal fault, down to W,local minor
grabens
symmetric graben <700 m wide

Deadman Wash Qov

Qov

eP

2

NW

3 short normal faults,down to E and W

Double Top

QTv

Qa

eP-mP?

7

NW

asymmetric graben <300 m wide,down to E

Drive In

Pk

Plio-eP

3

NNW

narrow,symmetric graben <500 m wide

Dunnam

Tov
Tvv
Tov

Qmv?
Qa
Tyv?
Oa
Tyv?
Qa
Ha

Plio?

10

WNW

Plio-eP?

5

WNW

mP

3

NW

normal fault,down to S,local trough or
narrow graben
2 fairly symmetric narrow grabens,<750 m
wide; other faults down to SW
narrow symmetric graben <250 m wide

Ha

Plio-lP?

3

WNW

Tyv?,Qa

Plio-eP?

8

NW

Qa

<Plio-eP

9

NW,WNW

Qov?
Qa
Ha

eP?

5

NW

mP

3 to 5

NW,N

Ha

mP

IO

NW,WNW

<Plio?

5

NW

Qa

H-IP

NW,N

Qmv

mP

25;
with N
splay
10

Cedar Wash
Citadel Ruins

Dutton Hill
Ebert Tank
Elsie Spring
Everett Tank
Fay Canyon
Garland
Prairie
Garland
Prairie West
Hidden Tank

Howard Draw
Lake Mary
Large
Whiskers

Qov
mPa
Qov?
Tov
Tvv
Pk
Tvv
Qov
Qov
Qmv
Qov
Qmv
Tov
Tvv
Tov
Tyv
H/lPa
Qov
Qmv

Est.
Rating
Mm..(4) (S)

Fault
length

normal fault,down to E,local graben <300
m wide
normal faults,down to SW and NE,local
svmmetric graben <300 m wide
normal faults and narrow grabens,no
dominant trend
2 fairly symmetric grabens, < 300 m wide

Cedar Ranch

18

Oldest
unfaulted
unit (ll
Qmv

NNW

NNE,N

narrow, asymmetric graben <250 m wide,
down to N
several short grabens, fairly symmetric,< 500
m wide
normal fault,down to E (N part),down to W
(Spart)
fairly symmetric graben,<500 m wide
narrow,asymmetric graben <400 m wide,net
down to E
normal fault,down to W,grabens 50-250 m
wide along main scarp; no apparent throw of
Qmv across narrow graben near N end of
fault
symmetric horst and symmetric graben <300
m wide
asymmetric,narrow graben,< I km wide,
down to S,main fault trends NW,splays
trend N
normal faults,down to E and W

3
I
2
I

2
I
I
I
I
2
3
2
3
3
3
I
2
2
2
3
I
I

5.9
6.5
6.7
7.3

2

6.2
6.85

3

I

1
Fault Zone < >

Faulted
units <2>

Lee Dam
Lockwood
Canvon
Malpais Tank

Qov

Oldest
unfaulted
unit (ZJ
Qmv

Age of
youngest
event <J>
eP

Pk

Qa

mP?

Qov

Qa

Maverick
Butte
Mesa Butte N

Tov
Qmv

Metz Tank

Fault
length

Fault
orientation

Fault
characteristics

Est.
Rating
Mmu(4) (5)

13

N,�'W,
NNE
NW

narrow symmetric graben <300 m wide,
normal faults down to E and W
fairly symmetric graben <500 m wide

eP-mP?

5

NW

symmetric graben 500 m wide

Qa

mP

4

NE,N

normal fault,down to NW

Pk

Qov

Plio-eP

20

NE

Tov
Tvv
Qov
Omv
Tov

Qa

eP-IP

5

NE

narrow,asymmetric graben <300 m wide,
down to E
normal fault,down to NW

Qmv

mP

13

N,NW

Qa

eP-mP?

20

N,NNW

Tov
Tvv
Tov
Tvv
Qov

Qa

Plio-eP?

20

NW,N

Tyv ?
Oa
Qmv

Plio-eP?

6

NW

2 fairly symmetric grabens,< 1 km wide,
olus series offaults down to N and S
symmetric grabens,< 500 m wide

eP

7

N,NE

normal fault,down to E

Pk

Qmv

Plio-eP

6

NW,N splay

Pk

Ha

mP?

15

NW

Qa

eP-mP?

8

WNW

Qa

mP-IP,

4

NW

RimmyJim

Tho
ibv
Qov
Qmv
Qov

asymmetric graben, SW
down
normal fault,down to W,fairly symmetric
izraben <500 m wide, S halfoffault
symmetric graben,< 500 m wide; 2 other
faults that form horst between them
multiple symmetric grabens <500 m wide

<eP

5

NNE

2 short,symmetric grabens

Rock House

Qmv

1Pa

mP-IP

8

NW,WNW

normal fault, down to NE

Sinagua

mPa

Ha

IP

5

NNW

SP

Qov
Qmv
Ovv
Tov

Ha

H-lsP

12

N,NNW

normal faults generally down to E; narrow,
svmmetric 2raben <500 m wide
normal faults,down to W,probable graben
750 m wide N ofSP flow

6.1
6.7
6.47.0
5.9
6.5
5.8
6.4
6.6
7.2
5.9
6.5
6.4
7.0
6.6
7.2
6.6
7.3
6.0
6.6
6.1
6.7
6.0
6.6
6.4
7.05
6.1
6.7
5.9
6.5
5.9
6.5
6.1
6.7
5.9
6.5
6.3
6.9

Qov

Plio

10

NNW

Qmv
Qa
Qmv

Plio-eP

8

N

normal faults,generally down to W,
svmmetric 11:raben at S end
normal faults,down to W

Plio-eP?

20

NNW,N,
NW

2 symmetric grabens,<500 m wide, several
normal faults,down to E and W

Michelbach
Tank
Mormon Lake
Munds Park
Newman
Canvon
Oak Creek
Canyon N
Peaceful
Vallev
Pearl Harbor
Phone Booth
Red House

Switzer

Tyv
Tov
Walnut Canyon Pk
Volunteer

(km)

8

symmetric grabens <500 m wide, net down
to E
normal fault,down to the west

6.2
6.8
6.1
6.7
6.6
7.2

3
2
2
I
3
2
I
2
2
3
3
3
2
2
I
2
1
I
I
3
3
3

Footnotes:
(I) Fault zones are labeled on Plate 2. Map sources are Wolfe and others (1987), Newhall and others (1987), Wolfe, Ulrich, and
Newhall (1987), Moore and Wolfe (1987), Ulrich and Bailey (1987), Ulrich and others (1984), Weir and others (1989), and Menges
and Pearthree (1983).
(2) Volcanic rocks are labeled as follows: Qyv, late Pleistocene and Holocene (<150 ka); Qmv, middle Pleistocene (150 to -750 ka);
Qov, early Pleistocene (-750 ka to 1.5 Ma); QTv, early Pleistocene to latest Pliocene (I to 2.5 Ma); Tyv, Pliocene (2 to 5 Ma); Tov,
late Miocene (5 to 10 Ma). Quaternary alluvial units are labeled as follows: Ha, Holocene (<10 ka); 1Pa, late Pleistocene (10 to 150
ka); mPa, middle Pleistocene (150 to 800 ka); Qa, undifferentiated Quaternary (< 2 Ma, but generally <500 ka). Bedrock is labeled Pk,
because it is Permian Kaibab Formation in most cases.
(3) Age intervals abbreviated as follows: H, Holocene; IP, late Pleistocene; mP, middle Pleistocene; eP, early Pleistocene; Plio,
Pliocene.
(4) Minimum magnitude estimates for surface ruptures on faults (Mm,.) are based on mapped fault length, using an empirical equation
for normal faults from Wells and Coppersmith (1994); Mm,. = 5.09 + 1.15*1og(length). Maximum magnitude estimates are based on an
upward adjustment of the Wells and Coppersmith equation to fit the length and maximum displacement data obtained for the Bellemont
fault; Mmax = 5. 7 + 1.15*1og(length).
(5) Faults are rated on their likelihood of late Quaternary activity as follows: Category I, faults that offset middle Pleistocene or
younger strata; Category 2, faults that offset Pliocene or early Pleistocene strata, but no definitive evidence either for or against younger
movement; and Category 3, faults that offset Pliocene or early Pleistocene strata, but do not offset middle Pleistocene strata.
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Table 4. Activity of demonstrable middle and late Quaternary faults of the FlagstaJJ area. Abbreviations used are
explained in Table 3. Late Cenozoic displacement for each fault is the greatest displacement of the oldest faulted
strata. msplacement estimates are generally rough, and are based primari(v on topographic scarps associated wi,th
faults. Unless faulted volcanic rocks haz ,e specific repo,ted dates, the follou,;,ng intenials were used to estimate slip
rates: Pk and Tov, 6.My; Tyv, 4 My; QTv, 2 My; Qol', 1 My; and Qmv, 500 ky.

Fault zone

Oldest
faulted
Unit

Youngest
faulted
unit

Estimated
age of
youngest
event

Late
Cenozoic
displacement (m);
slip rate (m/ky)

Mid-Pleistocene and Comments
younger
displacement (m);
slip rate (m/ky)

Arrowhead

Qov

Qmv

lP-H

Bellemont

Tyv

Qmv. mPa

IP

12m
0.012m/kv
>45 m
0.01 m/ky

Sm
0.01 m/kv
12m
0 024m/ky

Black Point /
Doney Mtn
Campbell
Francis
Casner
Cabin

Qmv

Qmv

mP-IP

n.d.

Qov

Qmv

IP-H?

Tyv

mPa?

mP-IP?

50 m
0.008 m/kv
20 m
0.003 m/kv
40 m
0.007 m/ky

~3 m?
0.006m/ky

Cedar
Ranch

Qov

Qmv

<mP

50 m
0.0 5 m/ky

3m
0.006m/ky

Cedar Wash

Qov

Qmv

<mP

Ebert Tank

QTv

mPa

mP-lP

Garland
Prairie West
Hidden Tank

QTv

Qmv

mP

Qov

Qmv

mP

Lake Mary

Tov

H/IPa

lP-H

>6m
0.006m/ky
>3 m
0.002m/ky
20 m
0.01 m/kv
>!Om
0.002 m/ky
<130 m
0.022m/ky

2m
0.004 m/kv
>2m
0 004m/ky
2m
0.004m/ky
2m
0.004m/ky
n.d

Maverick
Butte

Tov

Qmv

mP-lP

>15 m
0 003 m/ky

15 m
0.03 m/ky

Michelbach
Tank
Red House

Qov

Qmv

mP

n.d.

Qov

Qmv

mP-lP

25-50 m
0.008 m/ky
<12m
0 012m/ky

Rock House

Qmv

mPa

mP-lP

n.d.

n.d.

Sinagua

mPa

mPa

IP

4m

SP

Qov

Qyv

lsP-H

<6m
0.006mlkv

4m
0.008 m/ky
4m
0.008 m/ky

bens interact at depth. The faults may be nearly
vertical, in which case they probably have a major
component of lateral slip (strike-slip). If they are
normal faults, then they must intersect at fairly
shallow depths in the crust.

20

n.d.

5m
0.01m/ky

fresh scarp face suggests relatively recent
rupture
substantial mP and younger displacement;
gentle scarps suggest youngest rupture is late
Pleistocene
late Pleistocene basalt probably not faulted
sharply expressed scarps on aerial photos
suggest relatively recent rupture
one possible fault scarp on mPa fan; lack of
extensive scarp implies youngest rupture not
too recent
one or two events in past 500 ka; Qov flow
may drape over older escarpment, 50 m scarp
may exaggerate Quaternary displacement
one or two events in past 500 ka
very subtle scarps suggest youngest rupture
not recent
one or two events in past 500 ka; very subtle
scarp suggest youngest rupture not recent
subtle scarp
probable faulted colluvium suggests fairly
recent fault rupture; fault scarps on alluvial
fans not apparent
substantial mP and younger displacement;
gentle scarps suggest youngest rupture is not
too recent
younger mP basalt flow evidently not faulted
several faults have substantial mP and
younger displacement; moderate scarps
suggest youngest rupture is not too recent
lineaments in alluvium, but scarps very subtle
to nonexistent
moderate scarps suggest no very recent rupture
sharp scarp cutting Qmv, possible scarp in
Qyv implv voung rupture

Distribution of
Plio-Quaternary Volcanic
Rocks and Faults
The spatial distribution of Miocene through
Quaternary volcanic rocks in the Flagstaff area
illustrates the general northward or northeastward
migration of volcanism during the past 6 My in

north-central Arizona (Tanaka and others, 1986).
Volcanic rocks of late Quaternary age (less than
about 150 ka) are limited in extent and are gener
ally restricted to the north and east flanks of the
San Francisco Mountains (see Plate 2). The San
Francisco Mountains and much of the area around
them are covered by a large pile of middle Pleisto
cene volcanic rocks (about 750 to 150 ka). Exten
sive early Pleistocene volcanic rocks (about 750 ka
to 2 Ma) are exposed in the western and north
western part of the map area. Limited exposures of
early Pleistocene volcanic rocks exist all around
the San Francisco Mountains, however, suggesting
that they once covered most of the central part of
the map area but were subsequently buried
by voluminous middle Pleistocene eruptions.
Volcanic rocks of Pliocene (about 2 to 5 Ma) and
late Miocene (about 5 to 10 Ma) age are predomi
nant in the southwestern and southern parts of the
map area. Pliocene volcanic rocks are exposed in
a few places north of the San Francisco Mountains
as well. As with the early Pleistocene volcanics,
Pliocene eruptions may have covered much of
central part of the map area but have been buried
by younger eruptions. The southern fringe of
the map area is dominated by late Miocene
volcanic rocks.
Plio-Quaternary faults are not distributed
uniformly across the area, but rather are concen
trated where early Pleistocene to Pliocene rocks
are exposed south and north of the San Francisco
Mountains (Plate 2). It is not clear whether most of
the faults in these areas have been active in the
past few hundred thousand years, because middle
Pleistocene and younger strata are scarce. There
are relatively few faults in the areas covered by
middle Pleistocene and younger volcanic rocks in
the central and eastern parts of the map area.
The reasons for the uneven distribution of
faults across the Flagstaff area are not clear. One
possible explanation for this pattern is that the
distribution of Plio-Quaternary faults across the
area is actually fairly uniform, but not very many
faults have been active during the middle and late
Quaternary. In this scenario, many faults might
exist beneath the middle Pleistocene volcanic
rocks around the San Francisco Mountains, but
they are not expressed at the surface because they
have not been active since the Pliocene or early

Pleistocene. Following this logic, it is possible that
most of the faults in the southern and northern
parts of the study area have not been active since
the early Pleistocene as well. Young faults may not
be distributed uniformly across the Flagstaff area,
however. Spatial concentrations of possible Qua
ternary faults in northwest- and northeast-trending
zones in north-central Arizona has been noted
previously (Shoemaker and others, 1978; D.
Brumbaugh, oral communication, 1995). Also,
there are few Plio-Quaternary faults in areas that
are covered by early Pleistocene and Pliocene
volcanic rocks directly west of the middle Pleisto
cene San Francisco Mountains volcanic pile. This
suggests that there is a west-trending band across
the central part of the Flagstaff area that has fewer
young faults than areas to the north or south.

Fault Slip Rates
Long-term slip rates on faults in the Flagstaff
are quite low. The Lake Mary fault evidently has
the greatest amount of Plio-Quaternary displace
ment (about 130 m in the past 5 My) of any fault
in the region. This translates into a long-term
average slip rate of about 0.02 m/ky, or 2 m/100
ky (see Table 4 for details). The Bellemont fault
has a similar long-term slip rate; during the past
500,000 years or so it has a slip rate of about 0.025
m/ky. These slip rates are evidently characteristic
of the most active faults in the region. A few other
faults in the Flagstaff area have slip rates of about
0.02 m/ky to 0.03 m/ky, but long-term slip rates
generally are less than 0.01 m/ky (see Tables 4
and 5).

Fault Activity and
Seismic Hazard Implications
Because the actual constraints on how recently
the faults shown in Plate 2 have been active vary
considerably, we divided them into several catego
ries based on what is known about their activity
(Tables 3, 4, and 5). "Class 1" faults have clearly
ruptured at least once in the middle or late Qua
ternary (the past 750 ky), so we consider them to
be active and include them in all seismic hazard
scenarios. "Class 3" faults evidently have not
ruptured since at least the early Pleistocene. Given
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Table 5. Activity of possible Quaternary faults of the Flagstaff area. It is
not clear whether Class 2 faults have been active during or since the
middle Pleistocene. Class 3 faults evidently have not ruptured since at
least the early Pleistocene. Abbreviations and assumptions used to
calculate slip rates are the same as in Table 4.
fault zone

Oldest
faulted unit

I

Youngest
faulted unit

Estimated age
of youngest
event

Late Cenozoic
displacement (m);
slip rate (m/ky)

>4
0.002

Cla.�.� 2 Fault.�
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Babbit Lake

QTv

Qov

mP

Bill Williams

Tyv

Qov

cP-IP

Bootlegger Spring

Tov

Tov

<Plio

Citadel Ruins

Tyv

Tyv

<Plio

Double Top

QTv

QT\'

cP-mP'1

Elsie Spring

Tov

QTv'1

cP-IP'1

Everett Tank

Tov

To\'

Plio-cP'1

Fay Canyon

Tov

QT\'

cP-mP

Howard Draw

Tov

Tyv

<Plio'1

Lockwood Canyon

Pk

Pk

cP-mP'!

Malpais Tank

Qov

QO\

cP-mP'1

Metz Tank

Tov

QTv

cP-IP'!

Mormon Lake

To,

TO\

cP-mP'1

Munds Park

Tov

Ty\

Pho-cP'1

Pearl Harbor

Pk

Pk

cP-mP'.1

Phone Booth

Tov

T\�

cP-mP''

Rimmy Jim

Qov

QO\

cP-mP

C/a.u 3 Faults
Angell

Pk

Pk

Plio-cP

Deadman Wash

Qov

Qo\·

cP

Drive In

Pk

Dunnam

Tov

QT\')

cP'1

Dutton Hill

To\

TO\

Pho-cP''

Garland Prairie

Pk

QO\

cP

Large Whiskers

Qov

Qnn

mP

Lee Dam

Pk

QO\

cP

Mesa Butte N

Pk

Pk

Plio-cP

Newman Canyon

To\'

T�\

Pho

Oak Creek Canyon N Tov

QO\

cP

l Pk

Pho-cP

Peaceful Valley

Pk

Pk

Plio-cP

Switzer

Tov

To\

Pho

Volunteer

Tov

T�\

Pho-cP

Walnut Canyon

Pk

Qnn

Pho-cP·1

45

0.01 I
50
0.00!1
20
0.00!1
20
0.01
20
0.003
30
0.005
25
0.004
15
0.003
50
0.00!1
15
0.00!1
<10
0.002
50
0.00!1
lJO
0.015
20
0.003
20
0.003
10
0 01
10
0.002
<6
0 006
20
0 003
>30
0 005
>5

0 001
25
0.004
10
0 01
40
0.007
90
0 O 15
20
0 003
30
0.005
<40
0 007
30
0 005
>20
0 003
20
0 003

the long time since these faults have
ruptured, they may be inactive, so we
include them only in the most conser
vative seismic hazard scenarios. "Class
2" faults have clearly been active in
the past 5 My, but there is no defini
tive evidence that they have or have
not been active during the middle or
late Quaternary. These faults are
located mainly in the southern and
northern parts of the map area where
middle Quaternary volcanic rocks are
absent or uncommon. Some of the
Class 2 faults probably have been
active during the middle and late
Quaternary, so we include them in
two-thirds of the seismic-hazard
scenarios.
By combining estimates of long
term slip rates with some reasonable
assumptions about how much slip
occurs on these faults during surface
ruptures, we can make a rough esti
mate of the long-term frequency of
moderately large earthquakes (roughly
M 6.2 to 7.3) in the Flagstaff area. Our
investigation of the Bellemont fault
suggests that slip on these faults occurs
in surface ruptures with a meter or
more of displacement. Dividing 1 to 2
m of slip-per-event by the estimated
slip rates for the most active faults, we
estimate that recurrence intervals
between surface ruptures on the most
active faults would be about 30 to 100
ky. Intervals between surface ruptures
of more than 100 ky are likely more
typical of faults in the region, because
some faults have likely ruptured only
once or twice during the past 750 ky,
and others probably have not ruptured
at all during that period.
We estimate that the regional
average frequency of surface-ruptur
ing, large magnitude earthquakes in
the Flagstaff area is on the order of a
few thousand years. Assuming that all
48 Plio-Quaternary faults we identify in
this study are active and that recur-

rence intervals between surface ruptures of 100 ky
are typical of these faults, the regional average
frequency of surface-rupture would be about 2 ky.
This is probably overly conservative, because
many of these faults are likely not active or have
recurrence intervals that are longer than 100 ky.
Excluding the 15 faults that have not been active
in the middle and late Quaternary (Class 3 faults)
from the estimate results in a regional average
frequency of surface rupture of about 3 ky. Using
only the 17 faults with demonstrable middle or late
Quaternary displacement (Class 1 faults) results in
a regional average frequency of surface rupture of
about 5 ky.
Regional rates of surface-rupture occurrence of
one per 2 to 5 ky are consistent with the limited

data available regarding the number of Holocene
paleoseismic events in the Flagstaff area. Euge and
others (1992) found little evidence for late Quater
nary surface ruptures in the Mesa Butte area (the
northernmost part of the area covered by this
study). Pearthree and others (1983) found two
steep, fresh-looking fault scarps formed in Quater
nary basalt flows in the northern part of the
Flagstaff area. They postulated that these fresh
fault scarps represent surface-rupturing earth
quakes that may have occurred in the area during
the past 10 ky, implying a rate of surface-rupture
occurrence of about 1 per 5 ky. In the compilation
and reconnaissance conducted for this study, we
found no definitive evidence of other Holocene
paleoseismic events.

PROBABILISTIC SEISMIC
HAZARD ASSESSMENT

Probabilistic assessments of peak ground
accelerations due to seismic shaking are commonly
used as a measure of seismic hazard in a region.
Maps that provide probabilistic acceleration values
are used to develop design specifications for
structures such as highway bridges or buildings
and are vital information used to define zones for
seismic building codes. They may also be used to
compare relative seismic hazard in various regions.
Several previous probabilistic analyses that cover
this area were derived primarily from the historical
seismic record. The results of these analyses are
generally consistent, although one study implies
substantially greater seismic hazard in the Flagstaff
area (Euge and others, 1992).
In this report, we present probabilistic accel
eration analyses for the Flagstaff area that incorpo
rate specific faults as potential sources for large
earthquakes. We drew on the previous study by
Bausch and Brumbaugh 0994) to assess the
seismic hazard resulting from small to moderate
earthquakes that do not break the surface (M 6.2
or less). Based on our regional analysis of poten
tially active faults, we assumed that they all have
recurrence intervals of about 100 ky. We estimated
maximum earthquake magnitudes associated with
each of these faults using two alternative relation-

ships between fault-length and earthquake magni
tude. Probabilistic accelerations derived from
individual faults were added to the background
accelerations that result from small to moderate
earthquakes. Acceleration values vary by nearly a
factor of two depending upon which maximum
earthquake relationship was used, but this reason
ably reflects the uncertainties about fault behavior
and earthquake magnitudes in this area. Even
using the most conservative assumptions, our
analyses imply that seismic hazard in this area is
moderate. Thus, they are consistent with most of
the previous analyses.

Methods Used
to Develop Probabilistic
Acceleration Maps
Peak ground acceleration maps represent an
attempt to quantitatively estimate the seismic
accelerations that have a 10 percent chance of
occuring in a region over a specified period of
time (Algermissen and others, 1982; Bender and
Perkins, 1987). Intervals that are commonly con
sidered are 50, 100, and 250 years. Acceleration
values are expressed relative to the acceleration
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due to gravity at the earth's surface (9.8 m/s2 , or 1
g). Assumptions are made about the attenuation of
seismic energy away from the earthquake source
based on data from historical earthquakes. Ground
accelerations are determined for many grid points
covering the area of interest, and contour maps
are developed from the grid-point data. Areas with
higher rates of historical seismicity or more active
faults should have higher acceleration values. As
these methodologies were initially developed in
the 1970's and early 1980's, they were based
almost entirely on the historical seismic record
(Algermissen and others, 1982; 1990). More re
cently, some information on Quaternary fault
activity has been incorporated into probabilistic
analyses in an attempt to provide a more accurate
assessment of seismic hazard (for example, Euge
and others, 1992; Bausch and Brumbaugh, 1994).
The previous probabilistic analyses that cover
the Flagstaff area used generally similar ap
proaches to evaluating seismic hazard. Each
previous study utilized the SEISRISK III computer
program (Bender and Perkins, 1987) or its immedi
ate predecessor, SEISRISK II. Each study modeled
seismic hazard in the Flagstaff area using seismic
source zones, which are regions with similar
seismic behavior. This method assumes that
earthquakes up to a maximum magnitude could
occur anywhere in the source zone. Maximum
magnitudes used for the source zones that include
the Flagstaff area were M 7.3 in Algermissen and
others (1982, 1990), M 7 in Euge and others
0992), and M 6.7 in Bausch and Brumbaugh
0994). The earthquake magnitude - frequency
relationship used in each of these studies assumes
there will be 10 times as many earthquakes during
any specified interval with each decrease in magni
tude of one unit Cb-value of -1). They also used
the same relationship to estimate attenuation of
seismic shaking away from the earthquake source
(Schnabel and Seed, 1973). The studies by Euge
and others 0992) and Bausch and Brumbaugh
0994) also used selected faults in Arizona as
discrete seismic sources, but they did not include
any of the faults shown on Plate 2 in their model
ing.
Although generally similar analytical ap
proaches were used, there are some significant
differences in the ground accelerations estimated
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for the Flagstaff area. Considering a SO-year inter
val, for example, the nationwide maps developed
by Algermissen and others (1982; 1990) show
accelerations of 0.08 to 0.09 g for the entire Flag
staff area. Estimated 50-year acceleration values
shown by Euge and others 0992) are as high as
0.25 g northwest of Flagstaff and about 0.2 g in
downtown Flagstaff. Acceleration maps developed
by Bausch and Brumbaugh (1994) show 50-year
acceleration values of about 0.08 to 0.12 g for the
Flagstaff area. Differences in acceleration values
derive from different interpretations of the histori
cal seismic record and delineation of different
seismic source zones. Specifically, Euge and others
0992) obtained substantially higher acceleration
values for the Flagstaff area because they delin
eated a small source zone with a relatively high
rate of seismic activity around the San Francisco
volcanic field (Bausch and Brumbaugh, 1994).

New Acceleration Maps
for the Flagstaff Area
Utilizing the database on Plio-Quaternary
faulting compiled for this project and the SEISRISK
III program, we provide alternative probabilistic
assessments of seismic hazard in the Flagstaff area.
The methods we employed are quite similiar to
those used in the probabilistic studies discussed
above. The primary difference in our analyses is
that we use Plio-Quaternary faults as sources for
large earthquakes. Much uncertainty remains
regarding the behavior of Plio-Quaternary faults in
the Flagstaff area and the seismic hazard they
present. We address this uncertainty by developing
several alternative seismic acceleration maps based
on different assumptions about fault behavior.
Our probabilistic analyses include accelerations
derived from two kinds of seismic sources. The
first component is derived from "background"
seismicity, or earthquakes that do not rupture the
surface and are not associated with mapped faults.
The magnitude above which earthquakes clearly
rupture the surface in the Flagstaff area is not
certain. Several earthquakes that occurred in the
early 1900's in northern Arizona may have been in
the M ~6 range (Brumbaugh, 1991). These earth
quakes did not have documented surface rupture,
suggesting that the threshold for surface rupture in

this area is somewhat greater than M 6. In our
fault (Plate 1; Figure 5), which has a mapped
probabilistic analyses, we use a maximum magni
length of only 5 km. We do not know anything
tude of 6.2 for the background seismicity, and
about displacement per event on the other faults
of the region, but it is possible that large displace
assume that M 6.2 earthquakes occur in the area
about once every 400 years (following the analysis ment relative to mapped fault length is typical of
of Bausch and Brumbaugh, 1994).
these faults as well.
The second component of our probabilistic
Based on these arguments, we use two alterna
analyses is derived from specific mapped faults in
tives in our probabilistic hazard analyses. In each
the Flagstaff area. We assume that all faults have
scenario, we allow for background earthquakes up
surface rupture recurrence intervals of 100 ky. As
to M 6.2 that do not clearly rupture the surface
discussed earlier, a few faults may have recurrence and may not occur on mapped faults. We then
intervals that are less than 100 ky, but most faults
add accelerations resulting from earthquakes on
probably have recurrence intervals that are longer
mapped faults to the background accelerations.
than 100 ky. Thus, assuming a recurrence interval
The first scenario utilizes maximum magnitudes for
of 100 ky for all faults in the area is probably
the mapped faults derived directly from the Wells
conservative. We estimate two different maximum
and Coppersmith (1994) relationship of magnitude
magnitudes for each fault based on the mapped
vs. fault length for normal faulting events; these
fault length. Using a magnitude vs. length relation estimates range from M 5.4 to 6.7. In the second
ship developed from
historical normal faulting events (Wells and
112W
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Figure 11. Probabilistic 90 percent non-exceedance horizontal ground acceleration
When compared with
maps for the Flagstaff area over a 50-year exposure period. These maps assume surface
rupture recurrence interoals for individual faults of 100 ky and a maximum
historical normal faultbackground
earthquake of M 6.2. Ma.xi.mum earthquakes for individual fau/ts were
ing events, our pre
estimated using a magnitude/rupture length relationship specific for this region, which
ferred maximum dis
is modifiedfrom the world-wide normal faulting relationship of Wells and
placement of 2 m in the Coppersmith (1994). See text for further explanation. In map (A), we use only
youngest faulting event
demonstrable middle to late Quaternary fau/ts as potential sources for large
on the Bellemont fault
earthquakes. In map (BJ, we use all Plio-Quaternary fau/ts as potential sources for
large earthquakes. Contour interoal is generally 0.02 g; supplemental 0.01 g contours
is large for its 11 km
are shown as light lines. Letters on the maps identify Camp Navajo (CN), downtoum
mapped length.. In
Flagstaff
(DF), northeast Flagstaff (NEF), Lake Mary spillway (IM), Mesa Butte (MB),
addition, we estimate a
Williams (W), and Sedona (SJ. Decreasing acceleration values toward the
displacement of 1 to 2
margins of the maps may be artificial, because potentially active fauUs
m for the youngest
beyond the limits of our study area (shown in Figure 1) were not included in
event on the Metz Tank our analyses.
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Figure 12. ProbahUistic 90 percent non-exceedance horizontal ground acceleration
mapsfor the Flagstaff area over a 100-year exposure period. Assumptions are the same
as in Figure 11. In map (AJ, we use only demonstrable middle to late Quaternary
faults are potential sources for large earthquakes. In map (BJ, we use all Plio
Quaternaryfaults are potential sources for large earthquakes. Decreasing
acceleratwn values toward the margins of the maps may be artifu;·ia.-J,
because potentia.Uy active fau'/ts beyond the limUs of our study area (shown
in Figure 1) were not included in our analyses.

A) Class 1
faults

,, -- .J :40_
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Figure 13. Proba.bilistic 90 percent non-exceedance horizontal ground acceleration
maps for the Flagstaff area over a 250-year exposure period. Assumptions are the same
as in Figure 11. In map (AJ, we use only demonstrable middle to late Quaternary
faults are potential sources for large earthquakes. In map (BJ, we use all Plio
Quaternaryfaults are potential sources for large earthquakes. Decreasing
acceleratwn values toward the margins of the maps may be artifu;ial,
because potentia.Uy active fauUs beyond the limUs of our study area (shown
in Figure 1) were not included in our analyses.
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scenario, we adjust the
Wells and Coppersmith
(1994) relationship of
magnitude vs. fault
length upward to be
consistent with the
mapped length - maxi
mum displacement
relationship estimated
for the Bellemont fault.
This has the effect of
increasing the magni
tude estimate for each
fault by about 0.6 units.
The largest magnitude
earthquake estimated
for the region in this
more conservative
scenario, 7.3, is associ
ated with the Lake Mary
fault southeast of
Flagstaff.
There is also sub
stantial uncertainty
regarding which Plio
Quaternary faults
should be considered
potentially active. In a
previous section, we
subdivided mapped
faults into three activity
classes based on what is
known about the age of
their youngest rupture.
Faults that have been
active in the past 750 ky
or so (Class 1) are
included in every
probabilistic analysis.
Faults that may have
been active in the past
750 ky (Class 2) and
faults that have not
been active during that
period (Class 3) are
includf'!d in progres
sively more conserva
tive scenarios.
We developed 6

Tab'/e 6. Horizontal accelerations at the 90-percent non-exceedance level for four sites
in the Flagstaff region. Accelerations are expressed as a fraction of 1 g. All
accelerations were calculated assuming a maximum background earthquake not
associated wi-th a specific fault of M 6.2. We calculated accelerations listed under
category (A) using maximum magnitudes computed for each mapped fault in the
region derived from a world-wfrie surface-rupture length - magnitude relationship for
normal faults (Wells and Coppersmith, 1994). We calculated accelerations listed under
category (B) using an adjusted rupture length - magnitude relationship that.fits the
displacement - fault length datafrom the Bellemont fault. Fault classes are described
in Table 3.

Camp
Nava_io

Downtown
Fla2staff

Northeast
Fla2staff

50year
accelerations
A) Class 1 faults
Class 1, 2 faults
Class 1, 2, 3 faults

0.07
0.08
0.08

0.07
0.08
0.08

0.07
0.08
0.08

B) Class 1 faults
Class 1, 2 faults
Class 1, 2, 3 faults

0.09
0.13
0.13

0.09
0.13
0.13

0.1
0.12
0.12

100 year
accelerations
A) Class 1 faults
Class 1, 2 faults
Class 1, 2, 3 faults

0.1
0.12
0.12

0.1
0.12
0.12

0.1
0.11
0.12

B) Class 1 faults
Class 1, 2 faults
Class 1, 2, 3 faults

0.13
0.19
0.19

0.14
0.18
0.18

0.14
0.16
0.16

250year
accelerations
A) Class 1 faults
Class 1, 2 faults
Class 1, 2, 3 faults

0.17
0.19
0.19

0.17
0.18
0.19

0.17
0.17
0.18

B) Class 1 faults
Class 1, 2 faults
Class 1, 2, 3 faults

0.2
0.28
0.29

0.2
0.26
0.26

0.2
0.22
0.24

different probabilistic acceleration maps for 50-,
100-, and 250-year exposure times (18 maps in
total; Figures 11, 12 and 13, for example). Each
map was developed using a different combination
of assumptions about background seismicity and
the size of earthquakes generated by the mapped
faults (2 options), and the number of Plio-Quater
nary faults that are considered potentially active (3
options). Because these maps were developed
specifically for the Flagstaff area, and they incor
porate faults as specific earthquake sources, they

show more. variation in
acceleration values
across the area than do
most previous nation
wide or statewide
studies. All scenarios
show the highest
acceleration values in
the Mesa Butte area
north of the San Fran
cisco Mountains; values
Lake Mary Mesa Butte
predicted for the more
spillway
area
heavily populated areas
near Flagstaff are 0.01
to 0.06 g lower depend
0.08
0.07
ing on the scenario
0.08
0.08
0.08
0.09
used. Decreasing
accelerations toward the
0.12
0.09
margins
of Figures 11,
0.12
0.13
12 and 13 are partly a
0.15
0.12
function of the fact that
we do not include any
fault
sources outside of
0.12
0.1
0.12
0.12
the study area. This is
0.12
0.13
particularly important to
the north and northwest
0.14
0.17
0.18
0.22
of the map area, be
0.18
0.22
cause many possible
Quaternary faults have
been identified in these
0.17
0.18
areas in previous
0.18
0.19
studies
(see Figure 1;
0.19
0.19
Menges and Pearthree,
0.2
0.28
1983; Euge and others,
0.28
0.33
1992).
0.28
0.35
Accelerations esti
mated for five localities
in the Flagstaff area
using different sets of assumptions about fault
behavior are summarized in Table 6. In each case,
we assume a cutoff of background seismicity not
associated with surface rupture of M 6.2. We
obtained the lowest acceleration values by using
the Wells and Coppersmith (1994) fault length
relationship to estimate surface-rupture magnitudes
(M 5.4 - 6.7), and incorporating only the 17 faults
with demonstrable middle or late Quaternary
activity. In this case, SO-year accelerations in the
area range from 0.07 to 0.09 g. Accelerations
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obtained from this set of assumptions are clearly
not conservative, because the magnitude estimates
for surface ruptures are quite low and the number
of active faults used in the analysis is a minimum.
The highest acceleration values are obtained using
the larger maximum magnitudes for fault ruptures
that are plausible for this region (M 6.2 - 7.3), and
incorporating all 48 recognized Plio-Quaternary
faults in the analysis. Using these very conservative
assumptions, SO-year accelerations in the Flagstaff
area range from 0.08 to 0.15 g. Acceleration values
for the 250-year exposure period range from about
0.2 to 0.35 g.

Comparison with
Previous Studies

United States. Seismic zones used for the Uniform
Building Code (1994) range from O to 4, with 4
being areas with highest hazard. The SO-year and
250-year acceleration levels estimated for the
Flagstaff area are consistent others areas in the
United States that are considered to be in seismic
zone 2.
The acceleration values obtained in this study
and most previous studies are also consistent with
the relatively infrequent rate of surface-rupture
occurrence in this region. In a previous section,
we estimated that large, surface-rupturing earth
quakes occur on average once every 2 ky to 5 ky
in the study area. This implies that strong seismic
shaking does occur here, but it does not occur
frequently. If the average frequency of large
earthquake occurrence is a few thousand years,
then we would expect that one moderate (M -6)
earthquake would occur on average every few

Our various probabilistic analyses for the
Flagstaff area provide acceleration values that are
consistent with three of
the four previous
Table 7. Comparison of seismic acceleration values for Flagstaff determined by various
probabilistic studies.
studies. All accelerations are expressed as a fraction of 1 g. Values given for this report
Ranges of acceleration
are for downtown Flagstaff.
values for Flagstaff for
the exposure periods of
50 year interval 100-year interval 250-year interval
SO, 100, and 250 years
0.09
0.23
n.a.
Ah!:ermisson, 1982
estimated in this study
0.23
0.08
n.a.
Al2ermisson, 1990
bracket the values
0.42
0.2
n.a.
Eu2e and others, 1992
reported by
0.17
0.26
Bausch and Brumbau2h, 1994 0.11
0.17-0.26
0.07-0.13
0.1-0.18
This Report
Algermissen and others
(1982; 1990) and
Bausch and Brumbaugh
hundred years. Three M -6 earthquakes occurred
(1994) (see Table 7). Even the most conservative
in north-central Arizona during the early part of
acceleration values for 50- and 250-year exposure
the 1900's, however. Although the locations of
periods obtained in this study (the largest values)
are substantially lower than the values reported by these earthquakes are not well constrained, it
seems likely that they represent a burst of seismic
Euge and others 0992).
activity in this area that is well above the long
Seismic acceleration values estimated in our
term average. The implications of _this burst of
study suggest that seismic hazard in the Flagstaff
activity
for current seismic-hazard assessment are
area is moderate compared with other areas in the
not clear.

CONCLUSIONS

We present a new perspective on seismic
hazard in the Flagstaff area that relies heavily on
geologic investigations of young faults. Our de
tailed paleoseismologic investigation of the
Bellemont fault west of Flagstaff indicates that this
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fault has been the source of several large earth
quakes in the past few hundred thousand years.
The youngest surface rupture on the Bellemont
fault was probably at least 11 km long, and may
have been as long as 20 km. Maximum slip in this

event was between 1.5 and 3 m. The magnitude of activity is inconclusive for the final third of the
faults. Long-term slip-rate estimates for all of these
this event was probably 6.6 to 6.9. Although the
faults are quite low. The most active faults (includ
age of this faulting event is poorly constrained, it
ing the Bellemont fault) have slip rates ranging
occurred at least 10,000 years ago. The Bellemont
from about 0.02 to 0.04 m/ky, but slip rates of
fault has been active for at least the past 4 million
years, with 12 m of displacement in about the past about 0.01 m/ky are more common. These rates
500,000 years. Its slip rate in the middle and late
imply that long intervals (>100,000 years) between
Quaternary is between 0.015 and 0.04 m/ky. Using surface ruptures are characteristic of most faults in
the youngest surface rupture to model typical
the region. Depending on the assumptions made
surface displacement, we estimate an average
about which fault should be considered potentially
recurrence interval for the Bellemont fault of about active, regional rates of surface-rupture occurrence
80,000 years. Given uncertainties in displacement
range from about 1 event per 2,000 years to 1
per event and the slip rate, a range of 40,000 to
event per 5,000 years. This is consistent with
130,000 years is possible. The probability of a
geologic evidence for two surface ruptures in
about the past 10,000 years in this area.
large earthquake emanating from the Bellemont
over periods of decades or even hundreds of years
We developed several probabilistic seismic
is very low, but the occurrence of such an earth
hazard scenarios that incorporate Plio-Quaternary
quake clearly is possible and it would cause
faults as sources for large earthquakes in this area.
substantial damage.
They are consistent with most previous probabilis
We identified about 50 other Plio-Quaternary
tic assessments, which were based primarily on the
faults that may have the potential to generate large historical seismic record. Our probabilistic accel
eration values for a SO-year time window range
earthquakes in the Flagstaff area. About a third of
from 0.08 to 0.15 g; 250-year acceleration values
these faults have likely or certainly been active in
range from about 0.2 to 0.35 g. We conclude that
the middle or late Quaternary (the past 750,000
seismic hazard in the Flagstaff area is moderate.
years), another third have evidently not been
Large earthquakes almost certainly occur in the
active since the Pliocene or early Quaternary
(older than about one million years), and evidence area, but their long-term rate of occurrence is
fairly low.
for or against middle Quaternary or younger
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