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ABSTRACT

The 76-km-long Black Mountains fault zone (BMFZ)
bounds the western margin of the Black Mountains in
the central part of Death Valley. The BMFZ is but one

of four active fault zones in the 310-km-long Death Valley
fault system (see Chapter J in this volume). Previous workers
found evidence for three Holocene events with predominantly
normal displacement and 0.3 to 9.4 m of vertical separation on
various sections of the fault zone (see Chapter L in this vol-
ume). We measured 21 scarp profiles at 11 locations along a
46-km portion on the BMFZ to characterize the relative ages
of fault scarps and to determine if scarps of different relative
ages could be correlated along the fault. Such information may
provide constraints for future delineation of rupture segments.
Results of the profiling indicate that at least three different
scarp morphologies are present; two of these can be spatially
correlated along part of the fault zone. These three morpholo-
gies are provisionally interpreted as being related to late, mid-
dle, and early Holocene faulting events, and referred to in the
text as young, medium and old scarps. The young scarps are
recognized mainly near, and south of Badwater (from about
0.5 km north of Badwater to about 17 km south of Badwater).
The middle (?) Holocene age scarps are more extensive:  they
are found between Ashford Mills and about 0.5 km north of
Badwater. Heights of the medium age scarps increases progres-
sively from about 0.6 m in the south to about 6 m just north
of Badwater, near the northern extent of the study area. The
heights of the young scarps do not vary noticeably along the
short distance they were measured. These results suggest that
the only a portion of the length of the Black Mountains fault
zone has ruptured during events in the Holocene.

These results are consistent with previous work and indicate
that the scarps are young and that there were at least three rup-
ture events during the Holocene. These results also indicate
that surface rupture occurred along at least two spatially differ-
ent rupture sections. The morphology of the youngest scarps
compares favorably with that of the 1872 Owens Valley fault
scarp, near Lone Pine, California. All scarps in the study area
must be younger than marine oxygen-isotope stage II Lake
Manly, the relatively shallow perennial lake that occupied cen-
tral Death Valley during the latest Pleistocene (>10 ka).

INTRODUCTION
The Black Mountains fault zone (BMFZ) forms an extensional
stepover that connects the Northern Death Valley fault zone
(see Chapter J in this volume for fault nomenclature) with the
Southern Death Valley fault zone (Burchfiel and Stewart,

1966), locally creating a pull-apart basin and
one of the longest fault zones (>310 km) in
California (Brogan and others, 1991) (fig.
M-1). Displacement on the BMFZ over the
past 1 m.y. is characterized by oblique-slip,
with horizontal motion comprising only a
few hundred meters of offset and dip-slip
dominating along the front of the Black
Mountains (Butler and others, 1988). Fault
scarps on alluvial fans at the base of the Black
Mountains show evidence of late Holocene
activity (Brogan and others, 1991; Klinger
and Piety, 1996), but no major surface-rup-
turing earthquakes have been recorded in his-
toric time (since 1849).

Brogan and others (1991) divided the BMFZ
into 11 fault sections based on the trend of
faults, recency expressed by geomorphic fea-
tures, width of rupture zones, consistency of
fault patterns, and proximity of active traces
to the range front and bedrock features. In
this volume (Chapter C), Knott and others
suggest that the BMFZ has five sections.
Brogan and others (1991) measured scarp-
slope angles at 20 localities and they noted
evidence for young faulting events, such as
steep free faces and lack of varnish develop-
ment. In addition, they measured the vertical
surface offset of scarps as much as 15 m in
height and found evidence for widespread
ground rupture within the mapped Q1B unit
(late Holocene surface), indicating three or
more surface faulting events in the Holocene.
Faults mapped along the Golden Canyon
area of the fault zone (fig. M-2) were inferred
to be almost historic, but no specific dates
were assigned to these scarps (Brogan and
others, 1991). Brogan and others (1991)
study did not include measurement of scarp
profiles or reporting of characteristics of off-
set fan surfaces.

Klinger and Piety (1994, 1996) also evaluat-
ed Quaternary activity on the BMFZ (along
with many parts of the Death Valley fault sys-
tem) as part of seismotectonic investigations
for the Yucca Mountain high-level nuclear

C
H

A
P

T
E

R
 M

Characteristics of Holocene fault scarp morphology,
southern part of the Black Mountains fault zone, 

Death Valley
Kurt L. Frankel, A.S. Jayko, and Allen F. Glazner



M206

waste repository site in Nevada, which is less than 50 km from
the fault zone. Klinger and Piety (1994, 1996) found evidence
for multiple surface-rupturing events during the late Holocene
from a scarp having 10.5 m of displacement on a middle to late
Holocene fan near Mormon Point (see Chapter K in this vol-
ume). Preserved free faces from the past two ground ruptures
and inset tectonic terraces provide evidence for the past three or
four events in this area. The average vertical displacement per
event at the Mormon Point location was estimated to be 2.6-3.5
m (Klinger and Piety, 1994 and 1996). The age of the displaced
fan surface at Mormon Point was estimated to be 2 to 4 ka,
yielding an average vertical slip rate along the BMFZ of 3-5
mm/yr (Klinger and Piety, 1994). The most recent event had an
average vertical displacement of 2.5 m. Average recurrence
intervals for large surface-rupturing earthquakes ranged from
700-1,300 years for three events and 500-1,000 years for four
events (Klinger and Piety, 1996).

This study attempts to determine the age and number of fault-
ing events along the central and southern parts of the Black
Mountains fault zone through the analysis of tectonic geomor-
phic features at the base of the Black Mountains. For reference,
in the appendix that follows the references, we have included
parts of aerial photographs that show the locations of the pro-
filed scarps in a series of illustrations.

METHODOLOGY
Relative dating of fault scarps
Fault-scarp morphology is a useful tool in estimating the rela-
tive timing of the faulting event that created these young geo-
morphic features. This approach is especially useful in areas
where there are restrictions regarding disturbing the surface or
where there is little or no datable material available to deter-
mine absolute ages. Scarps younger than a few thousand years
may exhibit a steep free face, a debris slope at an angle of at
least 33-35° and an abrupt break in slope at the top of the
scarp (Wallace, 1977). As scarps increase in age, the slope of
the scarp may decrease exponentially through time (Bucknam
and Anderson, 1979; Hanks and others, 1984; Andrews and
Buchnam, 1987; and Machette, 1989). Early work in the Great

Figure M-1. Shaded relief map showing location of major faults
in the Death Valley area and location of study area shown in
figure M-2.

3,4,5,6,7,8,9

15, 16

10, 11

17

22, 24

23

13

1

18

12

14

Mormon
Point

Badwater

Golden
Canyon

Devils Golf
Course

Copper
Canyon

19, 21

B
lack M

ountains fault zone

H
an

au
p

ah
 f

au
lt

B
lack M

ountains fault zone

B
lack M

ountains fault zone
B

LA
C

K
  M

O
U

N
TA

IN
S

PA
N

A
M

IN
T  M

O
U

N
TA

IN
S

W
est Side Road

Ashford
Mills

Southern Death 

   fault zone

C
E

N
TR

A
L  D

E
A

TH
  VA

LLE
Y

AB

B'

  A'
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Basin indicated that scarps on the order of 12 ka have maxi-
mum slopes of 20-25° (depending on their height). Scarps
much older than 12 ka may have slope angles as low as 8-9°,
and the break in slope at the top of the scarp becomes progres-
sively more rounded with age (Wallace, 1977).

Many workers have also used a diffusion model in the analysis
of scarps (Nash, 1980 and 1984; Colman and Watson, 1983;
Pierce and Colman, 1986; Hanks and Andrews, 1989; Jyotsna
and Haff, 1997; Hanks, 2000). The diffusion equation esti-
mates ages as well as denudation rates at specific sites. The
model requires having morphometric data for a scarp of known
age located near the scarps that are being analyzed; unfortu-
nately, no absolute ages have been determined for any of the
scarps on the BMFZ, thus limiting application of the tech-
nique. However, we used the slope-degradation model of
Bucknam and Anderson (1979) (θ = -8.5 logT + 52.5; where θ
is the scarp angle in degrees and T the time in years) as a first-
order approximation of relative scarp age (fig. M-3). This
model shows the predicted relationship of scarp angle versus
age.

Relative dating of offset deposits
Rock weathering and soil formation are widely accepted as use-
ful tools in assessing relative ages of surface deposits (Bachman
and Machette, 1977; Machette, 1985; McFadden and others,
1989; Bull, 1991). McFadden and others (1989) established
that soil profiles, silt accumulation, carbonate cementation and
varnish development are useful measures for distinguishing ages
of Holocene and Pleistocene deposits in the southwestern U.S.
They showed that rock varnish/soil horizon development may

be directly proportional to age. The degree of rock varnish
development can be characterized by color; for example, an
alluvial fan having rock varnish with a 7.5YR3/4 color (moder-
ate to dusky yellowish brown) was assigned an age of 4-8 ka, or
middle Holocene (Bull, 1991). Others have also used develop-
ment of bar-and-swale structures (small surficial channels creat-
ed by drainage on alluvial fans) as an estimation of relative age
(McFadden and others, 1989) (also see morphometric and soil
criteria of Klinger in Chapter A, this volume). 

Constraints from paleoshorelines
Paleoshorelines, tufa deposits, and lacustrine sediments record
evidence for a perennial lake (ancient Lake Manly) that occu-
pied the area between the Black Mountains and the Panamint
Range once to several (?) times in the Quaternary (Blackwelder,
1954). A paleoclimate record from a salt core in Death Valley
shows variations in lake level relating to climatic changes over
the past 200 ka (Lowenstein and others, 1999). The most sig-
nificant (deepest) of these lakes occupied the basin from 186 ka
to 120 ka and from 35 ka to 10 ka (Lowenstein and others,
1999), although the younger lake seems to have been of much
less extent (see Chapter C, Stop C1 in this volume). Lakes such
as Lahontan, Bonneville, Russell, and Searles also experienced
significant variations in their levels during these times. The lev-
els of these lakes dropped significantly between 14,000 and
13,500 years ago in response to deteriorating pluvial conditions
(Benson and others, 1990). Lake levels seem to have stabilized
or even increased slightly from 11.5 ka until approximately
10 ka, at which time a sudden decline in water levels took
place as climate changed and lakes dried up throughout the
Great Basin (Benson and others, 1990; Lowenstein and others,
1999). From 10 ka to the present, very shallow lakes have
intermittently occupied parts of Death Valley during wet years,
but none of these have been of significant size. For example,
Hunt and Mabey (1966) report evidence for a shallow lake that
extended though central Death Valley about 2,000 years ago.
Locally, features like erosion of varnish are evidence for the
most recent lake stands. Some of the offset fans profiled in this
study are located at the lowest part of the basin (near
Badwater), which would have been the final area to be exposed
as the last pluvial lake receded. The absence of shoreline fea-
tures on faulted alluvial fans in these regions supports the
Holocene age inferred for the scarps.

Field Methods
The scarp profiling and field observations were made during 16
days in October-November 1999, and March 2000. Scarp pro-
files were measured using measuring tapes and vertical rods
with standard trigonometric corrections (fig. M-4). National
Park Service restrictions regarding digging soil pits prevented
subsurface observations of the soil characteristics. However,
observations about the character of surface features were noted.
The surface color characteristics were described using the GSA
Rock Color Chart (1991). Given there is little if any soil devel-
opment on the small conical Holocene fan surfaces, clasts on
the fan surface and on scarps were overturned (and later
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replaced) to estimate the amount of silt accumulation and
development of vesicular texture in the silty A horizon. The
surface of the fans along the Black Mountain range front is
underlain by a clast-supported matrix (soil parent material).

RESULTS
Scarp profiles were measured at 11 locations (fig. M-2) along
46 km of the central and southern parts of the BMFZ. All the
fault scarps studied are on unconsolidated alluvial fan deposits

at the western base of the Black Mountains. Information noted
on relative ages of the deposits and scarps includes 1) the
amount of varnish development on the footwall and hanging
wall blocks of the fault, as well as on each scarp, 2) an estimate
of silt accumulation beneath large clasts on the fan, and 3) an
estimate of the height (relief ) of bar and swale structures on
each fan (table M-1). Presence or absence of fractured clasts
and development of desert pavement were also noted on the
fan surfaces. The scarps that were profiled were identified on
air photos prior to field studies, concentrating on the youngest
accessible scarps. In addition, the 1872 Owens Valley fault
scarp near Lone Pine, California (see appendix M-1 for loca-
tion) was profiled using the same technique for comparison
with a historic event in a nearby region. We use this profile to
provide additional relative age control for the scarps in Death
Valley, acknowledging that the difference in precipitation
between the two localities may have a consequence on the mor-
phology and rates of color development. 

The scarp faces have little to no varnish development relative to
the alluvial fans they are formed on (fig. M-5); however, com-
parison of the color on scarp faces of different ages is revealing.
The youngest scarp faces all have grayish orange pink, grayish
orange, or pale brown colors (5YR7/2, 5YR5/2, or 10YR7/4).
The medium and old age scarps range in color from grayish
orange pink (5YR7/2) to dusky brown (5YR2/2) and generally

exhibit slightly more varnish development than the young
scarps. It appears that the majority of scarp faces range from
grayish orange pink (5YR7/2) to pale brown (5YR5/2), indicat-
ing little to no varnish development. Conversely, the colors of
the fan surfaces range from very pale orange (10YR8/2) indicat-
ing very little varnish development (young fans) to dusky
brown (5YR2/2) indicating heavy varnish development,
depending on the age and depositional activity on the fans.
Hangingwall and footwall surfaces at the same location general-
ly had the same degree of varnish development (table M-1),
suggesting that the faulted surfaces are of similar age. 

Silt accumulation commonly is weak beneath clasts in the A
horizon (uppermost soil horizon). A small percentage of soils
have a slight vesicular A horizon beneath larger cobbles and
generally correspond to greater varnish development on fan sur-
faces. No evidence was found for the development of carbonate
cement or soils on scarp surfaces, free faces, or in drainages cut-
ting the scarps.

Figure M-4. Scarp profile setup. Steel measuring tape strung
across two vertical rods.

Figure M-5. Scarp 17 showing a significant difference between
varnish development on fan versus scarp face.

Figure M-6. Graben defined by line of vegetation (shown by
arrow) below scarp 10.
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Bar-and-swale structures were developed on the majority of fan,
indicating youthfulness of their surface. These features were
generally small, ranging from about 1.0 to 2.0 m in amplitude
(height). Some of the subtle bar-and-swale structures represent
mature channels that cut through the scarps, but none of these
channels appeared old enough to have developed tectonic ter-
races.

Approximately 10 percent of the main fault scarps were accom-
panied by antithetic (mountain-side down) scarps, which create

small grabens (fig. M-6). The antithetic scarps were all consid-
erably smaller than the main (valley-side down) scarps. The
small graben systems commonly control drainage across the
fans, as do many of the scarps in general (see also Stop B3, this
volume). Drainages along graben systems often accentuate the
steepness of scarp slopes, and locally this created a problem in
deciding where to measure the scarp profile. Sediments cap-
tured in the grabens are commonly fine-grained silt to pebble-
sized. 

SCARP MORPHOLOGY
Strong evidence had been demonstrated for
multiple Holocene events along the BMFZ
(Butler and others, 1988; Brogan and oth-
ers, 1991; Klinger and Piety, 1994 and
1996). Based on our profiles, the Holocene
fault scarps along the central and southern
parts of the BMFZ can be divided into
three main morphological groups, which
we refer to as young, medium and old
scarps (figs. M-7A, B, and C, respectively).
The scarp degradation equation of
Bucknam and Anderson (1979) was used
to estimate relative scarp ages (fig. M-3).
Because of climatic variations Bucknam
and Anderson (1979) cautioned against use
of the relation in regions other than their
field area (Utah). A scarp in Death Valley
with the same maximum slope angle as a
scarp in the Utah study site will likely be
older than indicated by Bucknam and
Anderson’s curve, due to the lower mean
annual precipitation in Death Valley.

Young scarps (late Holocene)
The five profiles we measured from the
youngest scarps (no. 3, 9, 15, 17, and 23)
are located between about 0.5 km north of
Badwater to about 17 km south of
Badwater (see fig. M-2). These scarps have
an average maximum scarp-slope angle of
about 65°, with the steepest being about
80°. The young scarps have noticeably
irregular, bumpy profiles and angular crests
with convex upward profiles (fig. M-7A).
Regardless of the large difference in climate
between Death Valley and the northern
Great Basin, the scarps appear to be
extremely young (“zero” age; Wallace,
1977). Wallace (1977) determined that
scarps with a steep free face and debris
slope greater than 35° (at or above the
angle of repose), are less than a few thou-
sand years old. Further constraints on the
age of the scarps are gained when data for
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indicate locations on figure M-1 and table M-1. Lower scarp labeled “1872” is from
Owens Valley fault zone in Lone Pine, California. No vertical exaggeration was used
on profiles.
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the young scarps are plotted relative to Bucknam and
Anderson’s curve; scarps with slopes greater than 35° appear to
be only a few hundred years old (see also young scarp data at
Stop B3). We estimate that the young scarps are a few hundred
to 1,000(?) years old. The lack of young scarps more than
17 km south of the Badwater area suggests that the youngest
event may have terminated a short distance south of Badwater.
These scarps seem to be morphologically similar to scarps rec-
ognized by Klinger and Piety (1996) to the north, at Golden
Canyon. 

Medium scarps (middle or late? Holocene)
Most of the scarps profiled in this study are interpreted as
being of medium age and have average slope angles of 35-40°.
These scarps commonly have a sharp, somewhat angular crest
and asymptotic lower slopes (fig. M-7B). The crest is common-
ly sharper than the toe. Medium-age scarps exhibit notably
smoother profiles than the group of young scarps; in addition,
the middle parts of the scarp slope are relatively linear. We esti-
mate the age of these scarps to be ~2-6 ka from scarp slope
angles (fig. M-3). If all of these scarps represent a single, same-
age faulting event, then the rupture would have extended from
the West Side Road junction near Ashford Mills (fig. M-2)
north to at least Badwater, a distance of about 46 km. This
rupture has an apparent vertical displacement that increased
from about 0.6 m in the south to about 6 m in the north (fig.
M-8).

Old scarps (early or middle? Holocene)
The scarps in the old category have smooth profiles and some-
what concave middle sections between the toe and crest that
distinguish them from the young- and medium-age scarps (Fig.
M-7C). The old scarps have an average scarp-slope angle of
about 28° with a common range of 25-30°. Although these
scarps are still clearly noticeable in the landscape, they lack free

faces and steep debris slopes, and have well-rounded crests and
toes. They are inferred to be younger than about 10 ka because
any significant rise of Lake Manly would have obliterated scarps
formed before this time and left evidence of shorelines on fault-
ed alluvial fans of pre-Holocene age. Morphometric compar-
isons with Bucknam and Anderson’s (1979) curves as well as
Wallace’s (1977) age determinations suggests the scarps could
be considerably less than 10,000 years old (i.e., middle or early?
Holocene). 

1872 Owens Valley fault scarp, Lone Pine, California
Owens Valley experienced a significant earthquake (M 7.7-8.0)
on the Owens Valley fault in 1872. This is the most recent of
three Holocene events that formed the composite scarp near
Lone Pine, California (Lubetkin and Clark, 1988; Beanland
and Clark, 1991). Because its age is known, the Owens Valley
scarp was used for calibration in morphologic comparisons with
scarps from the Death Valley study area. One uncertainty
regarding the diffusion process is that the Lone Pine area
receives approximately 2.5 times as much annual precipitation
(about 13 cm/yr) as Death Valley (about 5 cm/yr; Hollet and
others, 1991). Similarities in profiles from the Black Mountains
fault scarps (no. 3, 9, 15, 17, and 23) relative to the 1872
Owens Valley fault scarp are consistent with the other scarp-
evolution models and indicate that the most recent faulting at
these locations (fig. M-2) along the BMFZ is very recent.
Figures 6A and 6B show several scarp profiles that have even
more youthful characteristics than the Lone Pine scarp, a rela-
tion which is likely a function of the differences in aridity
between the two areas (see discussion of scarp-degradation rates
at Stop B3 in this volume). 

CONCLUSIONS
Our analyses of scarp profiles and field relations suggest that
the BMFZ ruptured in discrete parts (segments?) and that no
single Holocene event ruptured the entire 76-km length of the
fault zone. However, we recognize the limited scope of this
effort and the necessity for more thorough investigations. The
scarp morphologies that define the three events seem distinctive
and do not grade from one type to the other, suggesting that
some time elapsed between events. Preliminary results further
suggest the central part of the BMFZ ruptured more recently
than the southern part. The young event produced a scarp at
least 3-4 m high near Badwater. The middle Holocene event
produced a scarp at least 6 m high that may be at least 45 km
long. This rupture may have been significantly longer in as
much as it is not likely that the rupture terminated at the
northern end of our study area where its had its maximum ver-
tical separation. The minimum moment magnitude (M) of the
middle Holocene event is approximately 7.0-7.2, an estimate
that is based on at least a 45-km rupture length and 6 m of dis-
placement (Wells and Coppersmith, 1994). This estimate is
consistent with previous estimates by Brogan and others (1991)
and predictions for earthquake magnitudes over the next
10,000 years by Bennett and others (1997).

Figure M-8. Plot showing increase in height for medium age
scarps from south to north along the Black Mountains fault
zone. Points represent individual scarp heights.
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All of the young scarps are characterized by steep free faces and
steep debris slopes. The youngest scarps (no. 3, 9, 15, 17, and
23) are along the central part of the Black Mountains fault
zone, within 17 km of Badwater (locations shown in fig. M-2)
and are estimated to be about 200-1,000(?) years old. This
young time estimate is consistent with morphometric compar-
isons to the 1872 Owens Valley fault scarp near Lone Pine and
scarp-age relations suggested by Bucknam and Anderson (1979)
and Wallace (1977). The medium age scarps are estimated to be
500-2,000 years old based on comparison with Bucknam and
Anderson’s data (1979). Underestimating their age by half still
only pushes their time of formation to about 1,000-4,000
years. The old (Holocene) scarps would also be estimated at
500-2,000 years old using Bucknam and Anderson (1979)
curves, because the measured scarp slopes are still above 25° on
all of the profiles. Thus, the timing of formation of the older
scarps remains undetermined, but it appears to be quite recent
and clearly postdates the last advance of Lake Manly. 
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