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LATE QUATERNARY SLIP RATE ESTIMATES FOR THE DEATH VALLEY AND

FURNACE CREEK FAULTS, DEATH VALLEY, CALIFORNIA

Ralph E. Klinger and Lucille A. Piety
Seismotecténics and Geophysics Group -

Bureau of Reclamation.
ABSTRACT

Earlier published :;eports indicate that the slip rate for the Death Valley fault is on the
| order of 1-2 millimeters per year and that the slip rate for the Furnace Creck fault is on the
order of 2-3 millimeters per year. However, geomorphic features associated with both faults
indicate that numerous surface-rupturing earthquakes have occurred duting the late Holocene
and that activity rates of both faults may be signiﬁcantl}; higher than previously reported.
Together the Death Valley and Furnace Creek fauits are the longest and most é&ivc faults |
within 100 kilometers of Yucca Mountain. Therefore, assessment of these two faults is
important in the evaluation of Quaternary faulting around the site under consideration as &

high-level nuclear-waste repository.



.v Along the Death Valley fault near Mort;x'on Point, the surface of a middle to late
Holocene alluvial fan is vertically displéced 10.5 meters. Preserved free-faces and insct
terraces record the .last three and possibly four events. -'Aver.age vertical displacement per
event at this location is interpreted to be about 2.1-2.6 meters. An approximate age of 2,000-
4,000 years is estimated for the displaced geomorphic surface based on its surface
characteristics. This yields an average vertical slip rate for the Death Valley fault.of 3-5
millimeters per year. ‘

Along the Furnace Creek fault near Red Wall Canyon, repeated movement has right-
laterally offset latest Holocen'e. channels and preserved evidence for the last three ground-
rupturing' events. Lateral displacement per event at this location is ai:out 2.5-3.5 meters.

4 Large drainages incised into the fan have also been offset and record the late Pleistocene slip
history. Utilizing low-altitude aerial photography, a palinspastic reconstruction of the fan
surface indicates that the large incised drainages are right-laterally offset 230-310 meters -
across the fault. An approximaic age of 40,000 years, based on its surface characteristics, is
estimated for the geomorphic surface into which the drginagts are incised. T&T-ﬁcla an

avcx;age lateral slip rate for the Furnace Creek fault of 6-8 millimeters per year.
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INTRODUCTION

The Death Valley-Furnace Creek fault system (DVFCFS) consists of several discrete
faults that cxtcnd for over 350 kilometers (km) along the California-Nevada border.. The
Death Valley and Furnace Creek faults are the two dominant structures in the DVFCFS and
together these two faults are the longest and most active faults in the region. Preliminary
seismic risk studies indicate that the DVFCFS may be the controlling distant seismic source
for the potential high-level nuclear-waste repository at Yucca Mountain. Therefore, an
assessment of their Quaternary activiiy is important in the evaluation of Quaternary faults
around Yucca Mountain. Previous work along the DVFCFS has identified and located most
of the major tectonic features associated with the latest Quaternary faulting (Hunt and Mabey,
1966; Moring, 1986; Bryant, 1988; Wills, 1989; Brogan and others, 1991;.Rchcis,'l99la;
1991b; 1992; Reheis and Noller, 1991; Reheis and pthcrs, 1993; Wright and 'froxel, 1993).
Hov’ve§cr, the age of the most recent event, return periods for large ground rupturing events, .

-amount of displacement per event, lengths of individual surface-rupturing evex-lgs; aﬂd possible

. fault segmentation remain to be identified and documented for much of the system.
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The Death Valley fault, as referred to ix; this report, is the north-.stril::ing,.hig'h-angle,
down-to-the-west normal fault that is located along the western flank of the Black Mountains
(fig. 1). The Furnace Creek fauit is the northwcét-sttiking, right-lateral strike-slip fault that is
located more or less along the axis of northern Death Valley and extends to the north along
the Funcra.l Mountains (fig. 1). The two faults join near Furnace Creek Ranch in Death
Valley, about 50 km from the potential repository site at Yucca Mountain. Field smdics to..
evaluate the previous work along about 125 km of the Death Valley and Furnace Creek faults
began early in 1993. The Death Valley fault was examined from Mormon Point to just north
of Furnace Creek Wash (about 50 km) and the Furnace Creek fault was studied from its
junction with the Death Valley fault northward~to just south of Grapévine Canyon (about 75 '
. km)(fig. 1). Abundant evidence for multiple late Holocene surface ruptures is well-preserved
at numerous locations along both faults. Traditionally,imuch of the data regarding fault
behavior is collected from trench excavations across the fault. However, because much of the
DVFCFS lieé within the Déath Valley National Monument, these type of activities are not
allowed. To improve our understanding of the DVFCFS, faults, associated surﬁcza.l deposits,
and tectonic features related to rcceht tectonic activity at specific sites were mapped at‘_a scale
of about 1:7,500. This paper documents some of the well-preserved evidence of past faulting
and summarizes the findings of the rcconna'issance studies undertaken during the 1993-94
field season and reports estimates of late Quatemaﬁ slip rates derived from mapping at two
sites: one along the Death Valley fault near Mormon Point (fig. 2A) and one along the

Furnace Creek fault north of Red Wall Canyon (fig. 2B).

- FIGURE 1.--NEAR HERE



FIGURE 2.--NEAR HERE
NEOTECTONIC SETTING

The effects of recent tectonism on the landscape in Death Valley have been recognized
since the 1920’s. Following reconnaissance in the region, Noble (1926,' p- 425) noted that the
scarps along the Death Valley fault were “fresher than any other scarps of similar magnitude
in the West." In northern Death Valley, Curry (1938) reported abundant geomorphic evidence
that suggested lateral displacement along the Furnace Creek fault. However, the role of these
two faults in the development of Death Valley was not described until Burchfiel and Stewart

(1966) presented their pull-apart basin hypothesis. Their model of right-lateral slip on the
paralle]l northwest-striking Furnace Creck and sduthcm Death Valley faults being translated to
oblique-normal slip on the Death Valley fault (fig. 1), is now widely accepted. However, the

relationship between these active faults and how they behave seismogenically remains

unknown. '

" Hunt and Mabey (1966, p- A100) estimated that the mdst recent activity along the
Death Valley fault is yomiger than about 2000 years, based on the relationship of the fault
scarps in central Death Valley to late Holo;cnc lake shorelines and archaeological artifacts.
Clements (1954, p. 58-60), on the basis of newspaper accounts and other turn-of-the-century
Wﬁtten records, speculated that the young scarps along the Death Valley fault were the result
of the November 4, 1908, magnitude 6.5 earthquake reported by Stover and Coffman (1993,
p. 75). Records for this particular earthquake, unfortunately, are not very good and the

epicenter location is poorly located.



Curry (1938, p. 1875) implied that activ%ty on theFuma?:e Creek fault wa§, relatively -
young owing to the presence of "a churned-up furrow in recent alluvium." However, specific
locations documenting young activity along the fault were not reported until Reynolds (1969,
p- 238) noted thaf the margin of a Pleistocene alluvial fan north of Red Wall Canyo_n was
right-laterally offset about 150 feet (ﬁ).. Reynolds also rcportcd late Holocene activitf along
the Furnace Creek fault but .inicrprcted the-displacement of the fan margin as being middle to ..

late Pleistocene. Bryant (1988, p. 8-9) reevaluated the age of the offset fan margin in order
to develop the only published late Quatcma.x"y slip rate for the Furnace Creek fault in Death
Valley. He acknowledged the 150 ft offset, but assumed that the stream incision that
produced the fan margin occurred about 20,000 years befor_c present (yrs B.P.) and that the
- right-lateral movement that displaced the fan margin followed this incision. ‘He also
emphasized that an unknown amount of erosion had most likely removed part of the fan
margin and that the estiniatcd slip rate of 2.3 millimeters per year (mm/yr) was a crude
minimum estimate. Most recently, Reheis (1994) reports that the lateral slip rate on the .
northern Furnace Creek fault in Fish Lake Valley is about 47 mm/yr, and may be as high as
. 12 mm/yr. This suggests that the minimum slip rate of 2.3 mm/yr for the Furnace Creek fault
in Death Valley may underestimate the actual late Quaternary slip rate by at least a factor of

two and perhaps by a factor of five.



Ih the most detailed study of the late Qu;atcmary activity on the Death- Valley and
Furnace Creek faults, Brogan and others (1991) document the location of the major traces and
prominent tectonic features along the length of the DVFCFS at a scale of 1:62,500. However,
they did not evaluate ages of either the deposits or geomorphic surfaces adjacent to or
| displaced b).r the faults. Their assumptions regarding the ages of the deposits along the
DVFCEFS are based primarily on the stratigraphic work of Hunt and Mabey (1966) with some
chronologic contrql inferred from Hooke (1972) and Sawyer and Slemmons (1988). While
Brogan and others (1991) do not report any new slip rates for either fault, they acknowledge
the minimum rate of 2.3 mm/yr reported by Bryan (1988) for the Furnace Creek fault.
However, using the range of vertical separations for Holocene- surfaces reported by Brogan
_ and others (1991, p. 21), an average vertical slip rate of 0.2-2.5 can be estimated for the

Death Valley fault.
QUATERNARY STRATIGRAPHY

The most extensive Quaternary stratigraphic work undertaken in Death Valley is the

. reconnaissance-level work of Hunt and Mabey (1966; 1:96,000). Their mapping remains the
most comprehensive in regards to the Quat;mary stratigraphy, but is confined to the southern
half of Death Valley and lacks the detail needed to evaluate Quaternary faulting activity.
More detailed mapping of the surficial deposits along the Furnace Creek fault was completed
by Moring (1986; 1:62,500) in northern Death Valley and by Wright and Troxel (1993;

| 1:48,000) in central Death Valley. The work of Wright and Troxel (1993), although
emphasizing the bedrock geology of the southern Funeral Mountains, extends iﬁto Dcath'
Valley and includes the surficial deposits along the southern end of the Furnace Creek fault.
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Mapping of tizc surficial deposits in Death Vall;:y, for the most part, remains areally limited
and incomplete.

Because of the hyperarid environment in Death Valley and the accompanying lack of
'vegetation, age control utilizing conventional radiccarbon techniques has been difficult to
obtain. Hence, the ages of alluvial surfaces pf&sented by pfcvious' workers in Death Valley
have been based on the archaeology and relative age criteria such as degree of desert
pavement apd varnish development, depth of stream incision, and relative topographic
" position. Other studies examining Quaternary processes such as alluvial fan deposition,
pluvial lake history, and the effects of climatic change in the Death Valley area have obtained
some numerical ages for Quaternary deposits and geomorphic surfaces (Hooke, 1972; Hooke
_ and Lively, 1979; Dorn, 1988; Dom and others, 1990; Hooke and Dorn, 1992). .
Unfortunately, these ages are not tied to detailed maps and descriptions of the sampled.
surfaces that are needed to make correlations elsewhere do not exist. Only the recent work of
Bull (1991, p. 86) has attempted to establish a stratigraphic framework for surficial deposits in
the arid southwestern United States. Bull suggests that ;hc alluvial sequences r;ogmzcd
’ throﬁghout the region are related to major climatic changes. By using detailed descriptions of
characteristics on gcomoi'phic surfaces, soil developed on those surfaces, and numerical ages
- based on a variety of methods, he demonsu-;.tes that a regional correlation of these alluvial

sequences is possible.



The ages of the faulted alluvial fans in beath Valley can be estimated not only from
surface characteristics but also from the stratigraphic relationships between the alluvial fan
deposits and 'aeposits related to late Pleistocene pluvial Lake Manly. Our knowledge of Lake
Manly is fragmentary (Blackwelder, 1933; 1954; Hooke, 1972; qu and others, 1990), but.
recent work by Kﬁ and others '(1994). indicates that the' la'st perennial lake existed in Death
Valley from about 30,000 to about 10,000 yrs B.P. Some late Pleistocene surfaces adjacent to
the DVFCFS have strandlines that record former highstands. of Lake Manly and at numerous
locations in Death Valley alluvial deposits and older fault-line scarps are overlain by
lacustrine deposits. Since the recession of Lake Manly, the larger drainages have incised the
higher late Pleistocene surfaces and redeposited the sediment in younger alluvial fans
_ downslope (fig. 2). Surface characteristics on the younger alluvial fans (table 1) suggest that
the incision and deposition most likely occurred during the middle and late Holocene.
Therefore, the scarps and offset drainages on these younger alluvial fans record the total slip

that has occurred on the DVFCFS during the latter part of the Holocene.

TABLE 1.-NEAR HERE



METHODOLOGY

In this study, geomorphic surfac;:s on faulted alluvial fans were mapped on low
altitude (~1:7,500) low-sun-angle photographs. Geomorphic surfaces were initially |
ca!cgorizzdidn the basis of their tonal différences and surface textures. Thcsc characteristics
relate directly to the degree of varnish development and desert pavement formation. The.
descriptions of these surfaces were later refined in the field by including characteristics such

as bar-and-swale morphology, pavement packing, surface dissection, vamish development, aﬁd
| the degree of soil horizonation (table 1). Surface designations and preliminary age
assignments used in this report were adapted from Bull (1991, p. 65, ;14-76) and made by
» comparing surface chm&eﬁsﬁw describeci in Degth Valley to the lower Colorado River .
region. All slip measurements and the scarp profile, with the cxccptidn of the longer offsets,
were measured in the field with a tape and hand level. The longer offset distances were
measured from the low altitude aerial photographs. In addition to the uncertainities inherit to
the measurement of these morphologic features in coarse-grained alluvial fan d.c;;sits,
additional eﬁ‘or m slip measurements may have been incurred due to the questionable position
of channel margins due to subsequent erosion and deposition or low angles of intersection

between offset drainages and the fauit. All scarp heights and scarp-slope angles were

measured from a computer-generated plot of field data.
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WILLOW CREEK

Young scarps are nearly continuous on Holocene alluvial surfaces aloﬁg the Death
Valley fault from Furnace Creek Ranch south to Shoreline Butte with the exception of a 13-

to-14-km-long gap near Artists Drive (fig. 1). Where the fault rounds the northern end of the '

Mormon Point turtieback (fig. 1), the fault changes strike from north-northwest to east- . ... _.

northeast. In the embayment in the range near Willow Creek, the strike of the fault .gradually
changes back to a north-northwest direction where the fault lies along the western flank of the
Copper Canyon turtleback (fig. 1). Pronounced triangular facets and fault-line scarps are
preserved on older alluvial depésits in the area. Younger fault scarps parallel the triangular

~ facets and a fault-line scarp and form the most recent active trace of the Death Valley fauit.
Correlative geomorphic surfaces on each side of the fault generally are poorly preserved.
This complicates efforts to determine the style of deformation, slip per event measurcments, .
and activity rates. Geomorphic surfaces ;)n the hanging-wall side of most scarps have been
modified either by erosion or by deposition from continued fan processes (ﬁg:g). However,
apﬁroximately 700 meters (ﬁ) north of the mouth of Willow Creek, a late Holocene surface
(Q3c; table 1) is preserved on both sides of the scarp (fig. 3). A scarp profile was measured

at this location in order to resolve surface displacement across the fault during the time

representcd by the age of the surface (fig. 4).
FIGURE 3.--NEAR HERE
FIGURE 4.--NEAR HERE
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Brogan and others (1991, p. 17) reporteti that the fault scarps in the Willow Creek area
reach a maximum height of 9.4 m and that scarp angles range from 21° to overhanging.
They implied that the overhanging scarps were evidence of local reverse faulting. In contrast,
overhanging scarps are éommonly associated with very young nonpal faul} scarps in auuvium
and represent an cérly stage of scarp degradation. Close éxanﬁnation in the field suggests that
the original scarp morphology is being preserved.by the case-hardening effect and cementation ..
of . the alluvial by chemical agents blowing off the playa. Cementation of the alluvium w_ith
sodium chloride salt was commonly oﬁscrved as would be expected given the proximity of the
scarps to the salt pan and the very low mean annual precipitation in this part of Death Valley
(less than 40 mm/yr).. The overbanging scarps alon_g the Death Valley fauit reflect a xﬁore
 resistant salt-impregnated "cap rock" portion of the alluvial surface which overlies erodible
uncementéd alluvium at the base of the scarp. Rather than following a slope decline model of
fault-scarp degradation, as described by Wallace ( 1977),. it appears that the scarps in Death
Valley tend to follow a parallel retreat modc! as outlined by Young (1972). Some portion of
~ most scarps along the length of the Death Valley fault were found to be vertic:;l—ér near-
. vertical. Owing to the probable young age of the scarp and the complex factors controlling
its degradation, in this instance, analysis of the scarp height and slope angle measurements
was complicated. While the vcrticai or ovc;hangingA morphology of these scarps could bc-
viewed as an indicator of scarp youthfulness, the morphology equally reflects the conditions

of the environment in which the scarps are preserved.
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The profile near Willow Creek was measured perpendicular to the scarp, but the scarp
crosses the alluviat slope at this location at a high angle. Therefore, rills developed on the fan
surface prior to faulting give the illusion of being laterally offset across the fault. However,

no evidence for lateral displacement was recognized at this site. Also, due to the differential

" preservation of large bars and swales on the upper surface of the scarp, the overall height of

the scarp, and the vertical slope angle of the scarp, ﬁawsuremcnt of the scarp heightin the ..
field was difficult. The tota! scarp height of 10.5 m was measured from a computer-generated
plot of the profile (fig. 4) and is believed to approximate within about 0.5 m the total vertical
displacement of the surface since its stabilization. Owing to its stratigraphic bosition relative
to latest Pleistocene Lake Manly shorelines and surface characteristics (table 1), the faulted -
surface is correlated with the late Holocene Q3c surface of Bull (table 1). Therefore, based
on the estimated age for the Q3c surface of 2-4 kiloannum (ke), 2 scarp height of 10.5 m

yields an average late Holocene vertical slip rate of 3-5 mm/yr (table 2).

TABLE 2: LATE QUATERNARY SLIP RATE ESTIMATES

Fault Locality Displacement Time Slip rate
- (m) Period (mm/yr)
Death Valley Willow Creek - 10.5 " ~2-4 ka 3-5

Furnace Creek Red Wall Canyon 230-310 . ~40 ka 6-8




Slope ax;glcs across the scarp range frorr-n the angle of repose at the toe to vertical at
the crest (fig. 4). The two vertical sections.of the profile shown in figure 4 are interpreted to
represent preserved free faces formed b} separate ground-rupturing events. This hypothesis is
supported by the presence of inset terraces preserved on the footwall block near the mouth Qf
Willow Creek that can be traced to the base of each free-face. Based on this relationship, the
scarps near Willow Creek record at least three events in late.Holocene Q3¢ deposits. .
Assuming that parallel retreat has dominated degradation of these scarps, then the height of
preserved free faces approximate the amount of surface displéccmm; resulting from each
ground-rupturing event. The measured height of 2.1 and 2.6_ m for the two relatively well
pmcfved free faces would then i'cprcscnt the surface displacement per event. If the scarp
_V represents three events, as suggestcd by the inset terraces associated with the scarp, then the
total scarp height of 10.5 m indicates that average surface displacement per event is about 3.5
m. Assuming that the scarp represents four events, the average surface displacement per
event is about 2.5 m. This i; in close agreement with the heights 2.1 and 2.6 m for the
preserved free faces. Additionally, assuming that minignal free-face degradatié; has occurred
between events, it appears that the past several ground-rupturing earthquakes that have

occurred along the Death Valley fault at this location have been of similar size.

-
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RED WALL CANYON

As reported by Curry (1938), geomorphic features indicating young tectonic activity is
both abundant and well prescrved along the Furnace Creek fault. Bctween its junction to the
south with the Dcéth Valley fault and the Grapevine CanfOn to the north, the Furnace Creek
fault strikes generally northwest and its trace is linear with no evidence of large lateral steps
or bends (fig. 1). Offset drainages along the length of the fault suggest that displacement is
nearly pure lateral except in the vicinity of the Salt Creck Hills (fig. 1). The Funeral
Formation of early Pleistocene (?) age (Wright and Troxel, 1993) is uplifted along the east
side of the fault and folded in the northwest-trending Salt Creek anticline west of the fault
~ (Hunt and Mabey, 1966). Late Pleistocene terraces and other geomorphic surfaces which
overlie the Funeral Formation refliect this dcformétion and suggest thzit some transpression is
occurring across the southern end of the Furnace Creek faulit. North of the Salt Creek Hills,
the Furnace Creek fault crosses the valley floor and is expressed as a linear furrow with low
cast- and west-facing scarps. The only units that appear to be unfaulted are th;s;'. interpreted
. to be correlative with latest Holocene surfaces (Q4b; table 1). Along much of the fault,
deposits of different ages a:c commonly juxtaposéd across the fault making evaluation of the
slip on the fauit difficult. However, north ;f Red Wall Canyon, fan surfaces correlative with
the late Pleistocene Q2c unit (table 1) are preserved along both sides of the fault and

drainages that incised these surfaces record the late Pleistocene slip history (figs. 2B and S).
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The right-laterally offset alluvial fan rep'ortcd by Reynolds (1969, p. 238; and referred
to as the Redwall fan by Brogan and others (1991, p. 12) is located about 2 km north of Red
Wall Canyon in northern Death Valley (fig. 1). The fault at this location is expressed as a
single dramatic trace nearly 1 km southwest of the range front (fig 2B). Numerous en
echclon_ﬁu.rows, small closed depressions, shutterridges, notches, hillside troughs, and offset
drainages indicate that deformation along the fault is confined to a relatively narrow zone
(figs. 2B and 5). Small drainages offset aloﬁg the fault indicate that slip has been
predominately lateral. At a location about 250 m northwest of the offset fan margin
recognized by Reynolds (1969)(site 4 in fig. 5), a small late Holocene drainage has been
repeatedly offset. The southern channel margin on the uphill side of: the fault has been
_ progressively offset at least three times. Following each faulting event, a new channel margin
then formed leaving the old channel margins and bar deposits prcscrvéd adjacent to the active
channel. The timing bcr@'een this sequence of faulting events is reflected in the successively
greater dégree of varnish dcvelpped on each successively older bar deposit. The progressive
 offset channel at this site provides excellent evidence of the amount of slip for:a;:h of the last
three ground-rupturing events. Measurements of lateral displacement from the original
channel margin on the downhill_sidc of the fault and between each of the offset margins on

the uphill side indicate that lateral displacement per event ranged from 2.5.t0 3.5 m.

FIGURE 5.--NEAR HERE
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Largg dr-ainagcs which inqised the late P‘.leistoccne surface have also been offsgt across
the fault (fig. 2B). In addition, there are numerous beh;:adcd and mismatched channels along
the fault (fig. 5). The current position of the larger drainages that are incised into the Q2c
surface is interpreted to relate directly to the abandonment and ;tabilizatibn of the surface.
This interpretation is supported by the prcscncé of several underfit channels on the uphill side
of the fault that drain into wider or more deeply incised channels on the downhill side of the.
fault. Palinspastic reconstruction of the late Pleistocene surface using low-altitude (~1:7680)
aerial photographs indicates that three of the incised older drainages have been right-laterally
offset 230-310 m across the fault (fig. 5). The offset measurements for these larger drainages |
were derived from the aerial photography and are believed to approximate within about 10 m

the total right-lateral displacement since th§ incision of the drainages into the late Pleistocene
surface. ‘Because the displacement of the drainages occurred following thcir initial incision,
then the age of stabilization of the gcomm.'phic surface would approximate the age of the
drainages. Therefore, the age of the geomorphic surface provides a méximum age for the

total right-lateral displacement of the drainages.



Surface characteristics were described at- several sites on the la;tc Pleistocene surface
(table 1; fig.-5). Geomorphic surfaces in the southwestern United States with similar
characteristics have been estimated by Bull (1991) to have an age of 12-70 ka. The 230-310
m offset measured on the large drainages (fig. 5) divided by an the age estimate of 1270 ka
for the Q2c surface at Red Wall Can;}on results in a poAriy oonsuéined slip rate of 3-26
mm/yr. However, based on comparisons to other geomorphic surfaces of known age in the -
region (Dom, 1988; Wells and others, 1987; Taylor, written communication), an age of about
40 ka is believed to more closely approximate the age of the Q2c surface at Red Wall _
Canyon. Using this age estimate limits the average lateral slip rﬁtc to about 6-8 mm/yr (table
2). This rate is in agreement with the rate of 4-7 mm/yr estimated by Reheis (1994) for the
Furnace Creek fault in Fish Lake Valley. Admittedly, age control on the faulted déposits at
| this site is not very precise, but the late Pleistocene displacement is much better constrained
; than previous measurements. Regardless of the larg;c uncertainities in the age of the faulted
deposits, it appears that the slip rate on the Furnace Creek fauit may be several times gréatei‘

than previously thought.
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CONCLUSIONS

Detailed mapping of tectonic features and geomorphic surfaces along parts of the
Death Valley and Furnace Creek faults indicate that the late Quaternary slip rate for both
' faults is sigfxiﬁcantly higher than has been previously reported. Scarps on late Holocene
alluvial fans along the Death Valley fault at Willow record at least three, and probably four,
ground-rupturing earthquakes. Slip per event on the order of 2.1-3.5 m can be estimated from
the height of thc scarp, preserved free-faces, and inset stream terraces. Using an age of 2-4
ka, estimated on the basis of relative age criteria, the vertical slip rate for the Death Valley
fault at this location is about 3-5 mm/yr.

Clear evidence for at least the last three ground rupﬁxring earthquakes i§ also well
preserved along the Furnace Creek fault. Repeatedly offset late Holocénc channel margins
indicate that lateral displacement per évent ranged from 2.5 to 3.5 m. The right-laterally
offset alluvial fan north of Red Wall Canyon records displacements that have occurred across
the fault during the late Quaternary. Palinspastic reconstruction of the offset all-;\;ial fan
indicates that three large drainages incised into the fan surface are offset 230-310 m across the
" fault. An estimate of 40 ka for this geomorphic surface, which is based on relative age
criteria, suggests that the slip rate on the Fux:nacc Creek fault at this location is aboﬁt 6-8

mm/yr.

19



ACKNOWLEDGEMENTS

This study was supported by the Nevada Field Office of the U.S. Department of
Energy in cooperation with the U.S. Geological Survey under lpter#gency Agreement DE-
AI08-92NV10874. We thank Larry Anderson, John Whitney, and Silvio Pezzopane for thc‘ir'
technical reviews and particularly to Mary-Margaret Coates for her very thorough editorial

review.



- REFERENCES

Birkeland, P.W., 1984, Soils and geomorphology: New York, Oxford University Press, 372

P-

Blackwelder, Eliot; 1933, Lake Manly - an extinct lake of Death Valley: Geographical

Review, v. 23, p. 464-471.

Blackwelder, Eliot, 1954, Pleistocene lakes and drainage in the Mojave region, southern
California: in Jahns, R.H., ed., Geology of southern California: California Department -

of Natural Resources, Division of Mines Bulletin 170, v. 1, Chap. V, p. 35-40.

Brogan, G.E., Kellogg, K.S., Slemmons, D.B., and Terhune, C.L., 1991, Late Quaternary
faulting along the Death Valley-Furnace Creek feult system, California and Nevada:

U.S. Geological Survey Bulletin 1991, 23 p.

. Bryant, W.A,, 1988, Northern Death Va_lley-Fumace Creek fault zone, southern Mono and
eastern Inyo Counties, California: California Department of Conservation, Division of

Mines and Geology Fault Evaluation Report FER-193, 12 p., scale 1:62,500.

Burchfiel, B.C., and Stewart, J.H., 1966, "Pull-apart" origin of the central segment of Death

Valley, California: Geological Society of America Bulletin, v. 77, p. 439-442.

Bull, W.B., 1991, Geomorphic responses to climatic change: New York, Oxford University

Press, p. 326.



Clements, Thomas, 1954, Geological Story of Death Valley: Death Valley, Death Valley

*49ers, Inc., 63 p.

Curry, H.D., 1938, Strike-slip faulting in Death Valley, California [abs.}: Geological Society
.of America, v. 49, no. 12, pt. 2, p. 1874-1875.
Dorn, R.I., 1988, A rock vamish interpretation of alluvial-fan development in Death Valley,

California: National Geographic Research, v. 4, no. 1, p. 56-73.

Domn, R.I1., Jull, AJ.T., Donahue, D.J., Linick, T.W., and Toolin, L.J;, 1990, Latest
Pleistocene lake Shorélines and glacial chronology in the western Basin and Range
province, U.S.A. - Insights from AMS radiocarbon dating of rock varnish and
paleoclimatic implications: in Meyers, P.A., and Benson, L.V., eds., Paleoclimates -
The record from lakes, oceans and land: Palaeogeoéraphy, Palaeoclimatology,

Palaeoecology, v. 78, no. 3/4, p. 315-331.

Hooke, R.L., 1972, Geomorphic evidence for l_.,atc-Wisconsin and Holocene tectonic
deformation, Death Valley, California: Geological Society of Amerjca Bulletin, v. 83,

p. 2073-2098.

Hocoke, R.L., and Dorn, R.1., 1992, Segmentation of alluyial fans in Death Valley, California:
new insights from surface exposure dating and laboratory modelling: Earth Surface

Processes and Landforms, v. 17, p. 557-574.

o)



Hooke, R.L., and Lively, R.S., 1979, Dating of Quaternary deposits and associated tectonic
events by U/Th methods, Death Valley, California, final report for National Science

Foundation Grant EAR 79-19999: 21 p.

Hunt, C.B., and Mabc{y, D.R., 1966, Stre-ltigrap'hy and structure Death Valley, California: U.S.

Geological Survey Professional Paper 494-A, 160 p.

Ku, T.L., Luo, S., Lowenstein, T.K., Li, J., And Spencer, R.J., 1994, U-series chronology for
lacustrine deposits of Death Valley, California: Implications for "Latc Pleistocene
climate changes: Geological Society of America Abstracts with Programs, v. 26, no.

7, p- A-169.

Moring, Barry, 1986, Reconnaissance surficial geologic map of northern Death Valley,

California and Nevada: U.S. Geological Survey Miscellaneous Field Studies Map

MF-1770, scale 1:62,500.

Noble, L.F., 1926, The San Andreas rift and some other active faults in the desert region of
southeastern California: Carnegie Institution of Washington Year Book No.25,

Washington, D.C., pp. 415-428.

Reheis, M.C., 19914, Agrial photographic interpretation of lineaments and faults in late
Cenozoic deposits in the eastern parts of the Saline Valley 1:10(_),000 quadrangle,
Nevada and California. and the Darwin Hills 1:100.000 quadrangle, California: U. S.
Geological Survey Open-File Report 90-500, 6 p. |

23



Reheis, M.C., 1991b, Geologic map of late Cenozoic deposits and faults in the western part of
the Rhyolite Ridge 15' quadrangle, Esmeralda County, Nevada: U. S. Geological

Survey Miscellaneous Investigations Map 1-2183, scale 1:24,000.

Relieis, M.C., 1992, Geologic map of late Cenozoic deposits and faults in parts of the Soldier
Pass and Magruder Mountain 15’ quadrangles, Inyo and Mono Counties, California,
and Esmeralda County, Nevada: U. S. Geological Survey Miscellaneous Investigations

Map [-2268, scale 1:24,000.

Reheis, M.C., 1994, Holocene faulting along the central Fish Lake Valley fault zone,
California and Nevada: Geological Society of America Abstracts with Programs, v.

26, no. 2, p. 83.

Reheis, M.C. and Noller, J.S., 1991, Aerial photographic interpretation of lineaments and
faults in laté Cenozoic deposits in the eastern part of the Benton Rangc‘ i:.IO0,000
quadrangle and the Goldfield, Last Chance Range, Beatty, and Death Valley Junction
1:100,000 quadrangles, Nevada and California: U.S. Geological Survey Open-File

-

Report 90-41, 9 p.

Reheis, M.C., Sawyer, T.L., Slate, J.L., and Gillespie, A.R., 1993, Geologic map of late
Cenozoic deposits and faults in the southern part of the Davis Mountain 15

quadrangle, Esmeralda County, Nevada: U. S. Geological Survey Miscellaneous

Investigations Map 1-2342, scale 1:24,000.



Reynolds, M.W., 1969, Stratigraphy and structural geology of the Titus and Titanothere
Canyons area, Death Valley, California: Berkeley, University of California, Ph.D.

dissertation, 310 p.

" Sawyer, T.L., and Slemmons, D.B., 1988, Geochronology ‘of late Holocene paleoseismicity of
the northern Death Vallcy-Furﬁa;:c Creek fault zone, Fish Lake Valley, California-

Nevada [abs.]: Geological Society of America Abstracts with Programs, v. 20, p. 228.

Stover, C.W., and Coffman, J.L., 1993, Scismicity of the United States, 1568-1989 (rev.):

U.S. Geological Survey Professional Paper 1527, 418 p.

Wallace, R.E., 1977, Profiles and ages of young fault scarps, north-central Nevada:

Geological Society of America Bulletin, v. 88, p. 1267-1281.

Wells, S.G., McFadden, L.D., and Dohrenwend, J.C., 1987, Influence of late Qﬁ;.témary
climatic changes on geomorphic and pedogenic processes on a desert piedmont, eastern
Mojave Desert, California: Quaternary Research, v. 27, p. 130-146.

Wills, C.J., 1989, Death Valley fault zone, Inyo and San Bernardino Counties, California:
California Departmcht of Conservation, Division of Mines and Geology Fault

Evaluation Report FER-204, scale 1:62,500, 17 p.



Wright, L.A., and Troxel, B.W., 1993, Geologié map of the central and northern Funeral
Mountains and adjacent areas, Death Valley region, southern California: U. S.

Geological Survey Miscellaneous Investigations Map 1-2305, scale 1:48,000.

Young, Anthony, 1972, Slopes: Edinburgh, Oliver & Boyd, 238 p.



Table 1. DESCRIPTIONS OF QUATERNARY GEOMORPHIC SURFACES NEAR WILLOW CREEK AND RED WALL CANYON

Depth of
Geomorphic  Inlerred Clasts Pavement  Bar/swale dissection Varnish Soit
suriace' sge(ka) Locafty  Size? Uthology® Ordentd  Form® packing®  morphology?  (m)® Uthology®  Location'? Color"! horzons'?
Q4ab/Q4aa <2 Includes active channols and bars related {9 the channels
Q3¢ 24 150n Large 70%0, ~- - - Distinet - vr Bonom SYR 8/ —
Fig.3 cobbles and 13N M, Top surfaces SYR 68
bouidors 13% VT, Top depressions  SYR 528
4% MV
Q3v -8 1700 Large A%wD, MO  -- PPoMP  Subdued <08 o Bonom'? SYR 57 AviBk
Fig. S cobbles; %R0, Edge 7.5YRI0. (stage 1)
pebblessnd  17% VT,
cobdles e X
—— . Q — _— — Subdued o Surfsce is dark, but clasts are precdominstely
03 8-12 ;;?s Lo, - 2 dak gray Kmesions and Wil AviB(22)mvBrb
02¢ 12-70 1Son Bouldars QUD, VT, ~- Manyclasts  Y“PPoWP -- - Most clasts have dark, red-brown varnish, -
.S CR cracked Bottoms of some are bright red, Bottoms of
' . others are Fohi red, ’
13on Boulders; 65%Qr3, H - we None - Q Bonom!? 25YR B AviAv-Bwi
Fig. 8 pebbles 0% LD, Topsurfsces = 285YRSA 2BW28ky
5% VT, ) " Top depressions  2.SYR2.50 (stago l1+)
tr, SH vr Bottom 23YR 48
Top surtsces 28YR 2872
18on Boulders; €0%Q, -— - wp None - Q Bottom 28YRSA AvivBikz-Avty
Fig. 8 pebblesand  20% LD, Edge 25YR S 2Bky2
cobbles 20% SKC, Top surfaces 28YR 250 (81290 I1+)
5% VT2,
S%CR ‘
2a0dd == - - s MPloWP  Matuwro -~ Most clasts have dark vamish, Av/Bi/Brm
on Fig. Bottoms of quartzies are red or bright arange. (stage 1+ 1o Im'®
40n Bouidors - -— - MP Mature - Surface appoars dark, but color is gray Instead of Bx
Fig. 8 i beown (from dark-gray Imestons and (stage I or 1)
' dolomite?). Botioms of quarizites sre
moderately to sfightly red. Tops of quanizites are dark
ted-brown, '
16 0n Sma¥ 42%WV0, O - MP Msture 2103 a Bottom'3 28YRSA 1048  AVBKD/END
Fig. s boviders W% 0, Edge"? SYR 28/
20% 8,
8% VT,




Notes 10 accompany Tabla 1:

; 1‘?::‘2:: “?:l:: l:::‘:e?r:,e(t:l:: '.s!::wu: l:ozr:usl:v::: :hmg (visu c::‘w::l?ds).ﬂT‘:: bw“ich:“ &znn:mmmm‘mox:‘ (vlv:::;y estimated), A single anlry is for the maximum clast

3 Lsim zl: ﬁm&mm V.Vh:ffa p“m:."cuo:.l;b.:..w d":s‘::lipnbm‘;m dcnl:nninod by Kenti sach ciasl locaied at 10-cm Inlésvals along a 1.5-m-long measuring tape that was placed
;m; ?o"&?h”saﬁ'ﬁmf‘“" the lollowing m’éfbm::a' ‘g u;e(omlm&% «:.g'g‘?.'."ﬂo.' Ii&ms'w &Wn (uwal:lgay of dark gf:yn:d may include lanses of brown chen);

4 gl?nf: |:°mm::;m?n?- d':'::: mn‘::lmdw? mﬂ mm:cn: mmuoo' a8 lo.l:w“f: un:om: long l‘:'o:.:.m ate random; no dection ol orientation predominales,

| S i G ol e Bl iy, Il o it Wl bbbt i s, e
and disintegration resulling lrom Dermal and chamcal processes. ) 9

8 packing is how closcly the clasts are oammd on the surisca. Abbroviatlons are as loliows. PR, poody packad; clasts are unceganized. MP, moderalely packed; most clasts do not touch, and sand and sill

are visiblo beiween the clasts. WP, wail packad; tlasis intoriock of 810 noar m.mdmoomomdmlmvkbh betweon the clasis. Where two Clasies are given, the er packing refers 10 the
pavement on bars and tho battes packing refors (10 the pavomont ln swales, 'Jm. otherwise noled, pooset p

7 Bar and swale is & measure of how much of the otigi dogosllm‘ | patiern remaing on the sudace, P is depondont the clast slze and shaps (0.9., surfaco mey ha
litlle of no bar & mnuym raphy Initially). Terms ate as 8. sw.wgl.mMcmmmwswﬂom‘&yumg‘f&Immm‘ gub(dugnd?l‘clb abovs the .Lm"

dverages »50 em.
averages between 28 and 50 em. 0, mﬂwalumuilvhibhhnpnvamanldwohpmﬂmbmhwud*nuoqﬁvﬂuﬂbhlhﬂum&m None, bar snd swale topography has been
completaly maskad or was never prosent. :

¢ Dopth was visually estimaled.

:°Clul lithology on which varnish color was determined, Uight-colored quanzites (Q) were used where available. Otherwise, ight-colored volcanic tis (VT) ware oxamined.
Location of the varnish coat on which color was determined. Boiiom is the portion ol the clast beiow the ground surface. Edge is the portion of the tlasl that Intersoct . portion
ol the clast abovo the ground surdace. For the 1ops ol clasis, vamish was ng?od on both the clast surfece and in dcmulo:sg.. 88 indicaled. #ihe ground “"'“.' bplsine

11 Color was detarmined using Munsell notation,

12 g0l horizons doscribed sccotding 1 Bidkeland (1984, appondix 1, p, 353-361). Shown in parenthasas is the slage of the mazimum carbonale devolopment in the Bk horizon (Birkeland, 1964, p. 358-359),

%3 Color is the maximum rocognized by examining randomiy solocied clasis lrom tha surlace. : .

14 pavemnent is poorly packed near tha fault scarp. Pavoment is well packed on this surface lurther lrom the scarp (>100 m).

'S 5ol was noted only in 8 poor exposurs, 0 that the maximum carbonale siage was dificult 10 eslimate,

chen; SH, shale; VT, voicanic tull, -
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Figure 1. Map showing’the location of the sou-thern Death Valley, Death Valley, and Furnace
Creek faults relative to the proposed repository site at Yucca Mountain (YM). Location of
the faults taken from Reheis (1991a) and Brogan and others (1991). St‘ippled areas are the
major mountain ranges adjacent to Death Valiley. Letter abbrevigtions are locations described
in this report: GC - Gfapevin;: Canyon, RW - Red Wall Canyon, SCI-‘I';.Salt Creek Hills, |
FCR - Fuméce Creek Ranch, FCW - Furnace Crc;,ck Wash, AD - Artists Drive, CC - Copper

Canyon, WC - Willow Creek, MP - Mormon Point, and SB - Shoreline Butte.






Figure 2. Vertical aerial photographs of faulted alluvial fans along A) the Death Valley fault
near Willow Creek (GS-VFDT 7-209; approximate scale 1:20,000) and B) the Furnace Creek

fault north of Red Wall Canyon (GS-VFDT 7-163; approximate scale 1:35,000).
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Figure 3 Surficial geologic map of the northeast-striking section of the Death Valley fault
near Willow Creek (see fig. 2A). Numbered site locations, geomorphic surface designations,
and criteria used to characterize and differentiate the surface units are outlined in table 1. A

scarp profile was measured across the fault at site 15.
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Figure 4. Scarp profile measured across the De;.ath Valley fault near Willow Creek (site 15 in -
fig. 3). A scarp height of 10.5 m and a maximum scarp-slope' angle of 90° were measured
from the plot. The two near-vertical portions of the scarp near the crest (2.1 and 2.6 m high)
are interpreted to be preserved free fﬁws produced by past grognd—rupturing earthquakes
based on the relationship between the -vertical-'p,ortions of the scarp and adjacent inset stream

terraces near the mouth of Willow Creek.
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Figure 5. Surficial geologic map of a part of the alluvial fan adjacent to the Furnace Creek
fault near Red Wall Canyon (see fig. 2B). Numbcfed site locations, geomorphic surface
designations, and criteria used to characterize and differentiate the surface units are outlined in

table 1. The 360-480 m right-lateral offset across the fault was measured between the

drainages denoted by letters.
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Figure 1. Map showing the location of the Bare Mountain fault zone.



faulting calcic horizon development in the fanlted fluvial gravel and along the fault
surface provide evidence indicating that this faulting event occurred early in the late

Pleistocene.

On the basis of the apparent age of the most recent faultmg event, age of the ,
deposits d:splaoed, and the amount of displacement observed from ﬁ;e single event in the
Taranmla Canyon trench, the slip rate for the Bare Mountzin fault appears to be sbout
0.015 millimeters per year or less and the recurrence interval for surface faulting events

appears to be at least 100,000 years.
INTRODUCTION

The Bare Mountain fault zone lies ﬂong the east side of Bare Mountain in Nye

County, Nevada,’ approximately 15 kan west of the potential nuclear waste repository at

Yucca Mountain (fig. 1). Because of its proximity and the belief that this fault could be

a potential source for significant future ground motions at the repository site, this fault

zone was identified for detailed analysis: in the Yucca Mouﬁtain Site Characterization

Plan (U.S. Department of Energy, 1988).

" FIGURE 1.-NEARHERE

Comwall and Kleinhampl (1961) were the first to recognize the presence of a major
i
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range-bounding smn:mre along the east side of Bare Mountain, They also inferred
Quatcmar_y' activity ontms fault owing to the sharp, relatively straight range front and
the small, iélatively undxssected alluvial fans along the east side of the range. Swadley
and others (1984) were the first to refer to this structure as the' Bare Mountain fault
zone. Later mapping by Swadley and Parrish (1988) shows the range-front fault cutting
early Plczstoccnz deposits but being buried by younger, early to mlddlc Pleistocens,
deposits. In contrast, Reheis (1988) and Monsen and others (1992) indicate that dcposxts
as young as Holocene are faulted at several locations along the range. The
reconnaissance work by Reheis (1988) specifically addressed” the Quaternary faulting
history along the eastern side of Bare Mountain. Surﬁcial'mappi'ng- and observations
made in several mine exploration pits led Reheis (19-88, p. 105) to report that there is
abundant evidence for recurrent Quaternary activity a!ong‘ the eastern side of Bare
Mountain. This paper takes exception to the earlier conclusions of Reheis (1988). It
concludes that at the Tarantula Canyon site on the Bare Mountain fault zone, the late

Quaternary rate of faulting is very low, and the age of the most recent surface faulting

event is older than previously reported.
Acknowledgments
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DETAILED STUDIES AT TARANTULA CANYON

Detailc.d. study of the Bare Mountain fault zone began in 1993. Work has consisted
of analysis of aerial photographs, surficial géologic mapping, profiling of suspected fault
scarps, description of soil development on geomorphic surfaces at s.evcral locations, and
analysis. of geologic relationships exposed in one trench and oﬁe laréc test pit excavated
across the trace of the fanlt zone. Most of this work has been concentrated in the
Tarantula Canyon area. In the following sections, preliminary. results from the stuﬁies at

Tarantula Canyon are presented.
Mapping

) The Bare'Moﬁntaiﬂ fault zone extends from about 5 km porth of Tarantula Canyon
to the ;omhmstcm end of Black Marble, a distance of approximately 17 km (fig. 1).
Low-sun-angle (afternoon sun), 1:12,000scale, vertical aerial pbotographs,_ _ﬂown by the
‘State of Nevada in 1987, were analyzed in conjunction with ficld worlé ;o. identify
possible tectonic features, verify previous mapping, and further delineate Quaternary unit
characteristics and contacts. Stratigraphic units dcfuxéd by geomorphic surfaces and
-possible tectonic features (scarps and lincaments) identified on the aerial photographs
and by previous workers were field checked, and preliminary criteria for the subdivision
of these stratigraphic units along the range front were established; the basic criteria used

were desert pavement and desert varnish development, soils, and topographic position.



The prehmmary subdivision of surficial deposits and geomorphic surfaces is shown in
table 1. All of the characteristics are readily observable in the field and easily
recogmzed .on aerial photégraphs. These -chamcteristics are similar.to those described by
‘Hoover and others (1981), Swadley and others (1984), and Taylor (1986) for the surficial
| deposits in the.rcgion. Numeric ages have been obtained - for geomorphic surfaces in the
Amargosa Desert and Crater Flat areas (l;etcrson and others, i995i. Surface "
characteristics, soil development, and other relative age criteria were examined at these
sites in order to further evaluate our age assignments for the Quaternary units along

Bare Mountain.
TABLE 1.-NEARHERE

Results of mapping for this study suggest no cvidcﬁce of Hbloccnc movement on the
Bare Mountain fault zone. In addition, surficial evidence for late Quaternary faulting on
the Bare Mountain fault zone continuing to the southeast into the Amarg_o;a Desert does
‘not exist. For most of its 17 km length, the Bare Mountain fault zone ;ié marked by a
linear contact between alluvium and resistant bedrock. In prospect pits, particularly
‘along the northern part of the range, the fault contact is characterized by abundant_ and
usually sheared carbonate material in alluvium and colluvium of unknown age. Along
most of the range, however, the fault typically is concealed by young alluvial fan deposits
and colluvium; only in a few areas is displacement of late Quaternary deposits readily

recognized. Alluvium estimated to be late to middle Pleistocene in age is broken by



o

what appear to be fault scarps at only three locations. alogg the range front (shown as
solid line segments in figure 1). The length of these scarps is 100 to 400 m and the
height is 05 to 2 m. At several other locations, possible scarps or lincaments are present
on middle or early Pleistocene deposits or at what appears to be the contact -(fault line
scarp?) bctwecn older and younger surficial deposns At or near scveral localities where
late Plcxstoccnc or Holocene activity bas been previously reported, dcposxts that appear
to be older than those reported to be faulted apparently are not displaced.

The Tarantula Canyon site is the only location along the Bare Mountain range front

‘where 2 fault scarp crosses 2 relatively flat Q2 alluvial fan (fig. 2; see table 1 for

generalized unit d&cﬁpﬁbus, characteristics, and possible ages). The scarp is about 110

m long and up to 2.4 m high and is located above the projection of a carbonate-

cemented shear or fault zone on the south side of the wash that was described by Reheis

(1988). No scarp is present north of Tarantula Canyon wash apparently because the

fanlt is buried by a slightly younger Q2 or an older Q3 deposit (mapped as Q3? on figure

~2). South of Tarantla Canyon wash, the fault is buried by Q4 (early to middle

'Holocenc) and Q3 depbsits (late Pleistocene?; fig.2). The _fan with the fault scarp was

mapped in this study as a Q2 fan (middle to late Pleistocene). However, in the area of
the scarp and adjacent to the range front, the Q2 fan is buried by a thin veneer |

(< 50 cm) of younger alluvial, colluvial, and eolian material. This veneer is probably

_equivalent to Q4 deposits and probably is no older than latest Pleistocene.

~}



FIGURE 2.-NEARHERE
Scarp Profiles

To estimate the age of the fault scarp at Tarantula Canyon, topographic profiles were
measured across the scarp. Topographic; ﬁmﬁiing has been widely used in the western -
United - States to approximate the ages of fault scarps (Wallace, 1977, 1980; Bucknam
and Anderson, 1979; Nash, 1980, 1984; Machette and Personius, 1984). The method .is
based on the assumption that a scarp developed in unconsolidated materials (regardless
of its origin) will degrade in a relatively predictable manner. Nash (1986) provides a
good review of the technique.

Nine profiles were measured at the mouth of Taranmla Canyon (fig. 2). On the
south side of the wash, seven profiles (1-7) were measured across the scarp on the Q2
surface. Further south, one profile (8) was measured ona Q4 surface across a, photo-
lineament that trends south along strike of the scarp. On the north si;l; Abf the wash one
220-m-long profile (9) was measured across the projection of the fault zone and scarp

from the south side of the wash. Three of._thc searp.proﬁlcs (1, 3, and 5) were measured
- using a tape, stadia rod, and hand level; the remaining profiles (2, 4; and 6 to 9) were

measured using an electronic surveying instrument (total station). A topographic profile



Figure 2. Surficial geologic map of the Tarantula Canyon site.
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Figure 3. Topographic profile (Profile 6) across the Bare Mountain fault zone at

Tarantla® Canyon. Location' of profile shown on figure 2.
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between 8,300 and 10,000 years (Swadley and others, 1988; Anderson, this volume).
FIGURE 4.-NEARHERE

The Taranmla Canyon.scafp profile da.ta also were ct;mpared to a series of
regrcssic;ns developed by Bucknam and Anderson (1979) for scarpslof known age in the
Great Basin Province (fig. 4). Data derived from the three profiles measured mamually
(1, 3, and 5) cluster together and plot lower on the graph than do the proﬁle; measured
electronically with the total station, even though profiles 1,3, and 5 wcre-mcasured along
essentially identical transects as profiles 2, 4, and 6, respectively [the Bucknam and ‘
Anderson (1979) profiles were measured mamually]. This sugg;:sts that profiles measured
by hand result in profiles with lowcr maximum scarp-slope angles than do profiles
measured by instrument. It is believed that the data collected manually, owing to the
fewer number of data points and the greater distance between measurements, produces
profiles that are artificially smoothed. Regardless. of the slight dnffcrcnoes in the scarp
data, the Tarantula Canyon scarps are clearly much older than the Beatty scarp based on
their dramatically lower maximum scarp-slope angles. In addition, a comparison of the
séarp heights and maximum scarp-slope angles for the Tarantula Canyon scarp to the
data for the Panguitch fault scarps in southwestern Utah reported by Bucknam and |
Anderson (1979) suggests that the Tarantula Canyon fault scarp may be about 100,000

years old.

12
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Figure 4. Plot of scarp _height versus maximum scarp-slope angle for profiles measured
across the‘ Bare Mountain fault zone at Tarantnla Canyon (table 2) and the Beatty scarp
(Anderson, this volume), compared to regréssion- lines for scarps of lcnov.m age in the
Basin and Range (modified from Bucknam and Andcrsc;ng 1979).
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Trench BMT-1

In Sepﬁ:ﬁxber 1993, a 43-m-long trench (BMT-1) was excavated across the scarp at
Tarantula Canyon (fig. 1 and 2). A portion of the trench log for BMT-1 is presented in

figure 5.
FIGURE 5.-NEARHERE

Unit 1, the lowermost unit recognized, is known to be present only in the west-central
portion of the trench (the top of unit 1 may be present in the floor of the trench at
station 11). This fairly resistant sandstone and conglomerate u;ﬁt is probably equivalent
to the QTa unit of Swadley and Parrish (1988), based on.its degree of induration and

relationship to overlying units. A clear unconformity separates unit 1 from unit 2.

Unit 2 is a crudely stratified sandy gravel. A well-developed calcic horizon (stage IV-
IV+), 0.7-1.5m thick, is préscnt in the 'uppcr part of this unit (fig. 5: soil profile

| nomenclature from Birkeland, 1984). Unit 3, a gravelly silt, is preserved only in the

eastern part of the trench (betwet;n stations 9 and 185. and it appears to be the argillic .

horizon (Bt) associated with the calcic horizon formed in unit 2-. While unit 2 is a

fluvial gravel deposited on the Tarantula Canyon alluvial fan, unit 3 consists of both finer

grained fluvial 'dcposéts and eolian material that was deposited following abandonment

and stabilization of the fan surface. Although differing from each other both texturally

14



Figure 5. Portion of trench log for south wall of BMT-1, Taranmla Canyon site.
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and by their mode of deposition, units 2 and 3 appcar'gcnctically related by soil

development suggesting that their ages are similar.

Trench units 2 and 3 are considered the equivalent of map unit Q2, and the well
developed pedogenic carbonate (stage IV-IV+) present in the upper part of trcnch unit
2 suggests some antiquity for these deposits (Bull, 1991, chap. 2). As map unit Q2 is
probably equivalent to unit Q2¢ of Swadley and others (1984), which has an estimated
age of 270-800 ka, or to the Early Black Cones unit of Peterson and others (1995), which
has an csumated age of >159->2_01 ka (table 1), these age estimates apply also to
trench units 2 and 3. Thus, trench units 2 and 3 are at least 100,000 years old, and

probably much older.

The uppermost and youngest unit in the trench, unit 4,is a ﬁmive, gravelly silt
considered the equivalent of map unit Q2. An archeological survey of the trench site
prior to excavation recovered artifacts reportedly 7,000 years old from this~ unit (Paul
Buck, Desert Rescarch Institte, oral commun., 1993). Based on the degree of soil
profile development (no textural B horizon, stage I-II cm;bonatc morphology), the

maximum age for trench unit 4 is probably latest Pleistocene.

A prominent fault is exposed in the trench between stations 18 and 19, coincident
with the base of the surface scarp (fig. 5). The fault clearly displaces trench units 1,2, .

and 3. Although unit 4 thickens east of the fault on the south mll of BMT-1, it appears
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to be unfauited. The thickening appears to bc the result of pre-unit 4 erosion at the
base of the fault scarp. The interpretation - that unit 3 is the argillic (Bt) horizon
associated thh unit 2'is supported by the presence of shearing extcndmg into unit 3 from
unit 2, which in tum is overlain by unsheared unit 4. Unit 3 also thxckcns where it
overlies the fissure fill (unit 2?) adjacent to the fault (station 18) and is present only in
the easterm part of the trench where unit 2 bas bee backeilied, No buried soil horizons,
stone lines, texturally different infill units, or colluvial wedges are present that would
indicate multiplc- displacements of unit 2 and 3. The fissure fill composed’ of unit 2
material suggests only a single surface-faulting event. Backtilting and fissure filling like
that obscrved between stations 9 and 13 are features commonly obscrved in trench
exposures across Quaternary normal faults and are associated with historic normal
faulting earthquakes in the Basin and Range (Nelson, 1992; McCalpin and others, 1994).
Vertical separation across unit 2 also is uniform across the faﬁli without progressive
increase downward in the trench. These observations indicate that the Tarantula Canyon

site has experienced only one surface-rupturing event since deposition of units 2 and 3.

" The backrilting of units 2 and 3 on the hanging wall is particularly pronounced
between stations 16 and 18, but is present in the trench eastward to at least station S
(not shown in figure 5). To compensate for the backtilting, vertical separation resulting
from the faulting event was measured by projecting the nearly flat surface of the calcic
horizon from both ends of the trench to the fault. Total vertical separation of unit 2

across the fault is 1.5m. No indications of lateral or oblique slip were observed in the
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trench. Slickensides with near-vertical rakes on bedrock and on silica-carbonate
cemented material along the fault at other locations along the Bare Mountain fault zone

indicate that past displacement .on the fault has been nearly pure normal.
DISCUSSION

“Although study of the Bare Mountain fault zone is still in progress, several
conclusions can be drawn from the work conducted to date. Unit 4 is the only unfaulted
deposit in rench BMT-1. Therefore, the age of this unit provides the minimum age of
the most recent faulting event at Tarantula Canybn. Howéver. evidcncf both within the
trench and from surrounding geologic relationships indicates that thcl agc of this faulting
event is much grcater than the probable maximum age of unit 4 (latest Pleistocene).
.First, a distinct laminar carbonate layer, 0.3-1.5cm thick, is pie@ at the contact
between units 2 and 4 on the footwall block (stations 18-30-+ in figure 5). This laminar
carbonate layer seemingly postdates the most recent faulting event as it drapcs the 72‘;-
dipping fault plane, boating cobbles and pebbles along the fault surfz‘xcc,—and extends
. pearly to the bottom of the trench, becoming thinner with depth. The carbonate layer
retains its laminar character and is not brecciated, fractured, or striated as would be
expected if the layer had been faulted. This laminar carbonate is not present between
_trench stations 8 and 18 where unit 2 has been backtilted and where unit 3 is preserved.
A similar carbonate laygr occurs in the eastern part of the trench up to station 8 and

alternately truncates and infills fractures in unit 2. The fractures generally occur only in
i

18



the hanéing wall and are believed to be the result of thé fanlting event. that offset unit 2,
backtilted units 2 and 3, and produced the scarp. Thus, it appears that development of
the 0.5- to. i.S-cm-thick laminar carbonate layer, followed by deposition of unit 4, more
precisely constrains the age of faulting and suggests an age of at least sévcral tens of

thousands of years.

An additionai line of evidence that supports an age of some antiquity for the t‘aultmg
event is the topographic préﬁlcs of the scarp. As discussed previously, the profile data
indicate that the scarp at Tarantula Canyon is significantly older than the Beatty scarp
and could have an age of about 100 ka. Also, no bevels or compound scarps are present
‘on the scarp profiles, and surface offsets measured from the profiles at the trench site
(table 2) are consistent with the sepamﬁon of strata measured in thettench and indicate

only one surface-rupturing event.

‘Finally, the deposit mapped north of Tarantuia Canyon Wash (Q3? ip__ﬁgurc 2)isa
small alluvial fan that originated from a side drainage and was dcpos}it‘c;? on the Q2‘
- aliuvium. 'ﬁxis Q3? Wsit postdates the surface-faulting event exposed in the trench
and expressed by the fault scarp, as no fault scarp is present on the ground or in the
topographic profile (profile 9) across this surface. The alluvial fan deposit that buries
the fault has a well-developed soil with argillic and stage II+ carbonate horizons,
suggesting it is at least several tens of thousands of years old, certainly much older than

trench unit 4.
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EARTHQUAKE HAZARD

Generally, estimates of fault-slip rates and recurrence imervals are based on evidence
for more than a single faulting event. ‘However, the age of displaced dc;;osits and the
amount of slip exhxbxted at the Tarantula Canyon site do provide some age constramts
on the late Quatcmary activity of the Bare Mountain fault zone. Assuming a minimum
age of 100 ka for trench unit 2 and given the vertical separation of 1.5 m, a late
. Quaternary slip rate of 0.015 mmfyr for the Bare Mountain: fault zone at Tarantula
Canyon.is estimated. ConsideringA that unit 2 is probably much c;lder than 100 ka, a slip
rate much less than 0.015 mmlyr is possible. Likewise, if one accepts that unit 2 is at
least 100,000 years old and has been faulted only once, then the recun‘encev interval for
surface-rupturing  earthquakes -on the Bare Mountain' fault zone could be on the order of

100,000 years or more.

Fracturing of unit -1, which is truncated by unit 2, suggests an earlier, prc-unit 2
faulnng event or events In addition, stratigraphic rclauonshxps of the c—at;'bonate dcposns :
illing some fracmrcs in unit 2 suggest the possibility that unit 2 may have bccn fractured .
either bcforc or after the 1.5-m surface-faulting event. If a fracturing event or events
occurred, no measurable displacement has been noted. Thus, if an earthquake other
than the 1.5-m surface-rupruring event occurred on the Bare Mountzin fault and
produced some of the fractures in unit 2, the magnitude of that earthquake was below

the threshold of surface rupture. In the Basin and Range Province, this threshold is
|
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believed to be about Mg 6.5 (dePolo, 1994). From the work of flcPolo and Wells and
Coppersmith . (1994), it follows that the earthquake magnitude for the event that

produced the 1.5m of displacement was probably greater than My, 6.5.
CONCLUSIONS

On the basis of work to date, clear cvidence of Holocene or latest Pleistocene
fanlting along the Bare Mountain fault zone is not present. The activity rate of the Bare
Mountain fault zone appears to be very low, about 0.01S mm/yr, and thc age of the most |
recent surfacc—faulung event is significantly-older than previously thought. Topographic
profile data suggest that the scarp associated with the most récent faulting event at
Tarantula Canyon could be about 100,000 years oﬁ. The fault scarp ﬁrofilcs and
preliminary results from the trench also indicate that a single surface-faulting event,
characterized by approximately 1.5 m of displacement, has occurred at the Tarantula

Canyon site in the late Quaternary. . .
b=
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Table 1. Surface characteristics utilized for the preliminary subdivision of surficial

deposits and geoinorphic surfaces along the Bare Mountain fault zone along with

estimated age [The characteristics listed in this table may not depict the age of

underlying deposits or reflect sedimentological properties rélated to its depositional

bl

history]
Unit Age Soil Pavement Desert Vamish Topography
Qs Historic-Late May have weak Genenally absent; None High-relief bar and
Holocene A/C profile; Ay<1  local incipient swale
cm thick packing and
horizontal
orientation of clasts
Q4 Holocene-Late Thin Ay horizon Poorly packed Weakly developed Bar and swale is
Pleistocene (sevenal cm thick) on quarzite clasts distinct but
subdued; bars are
coarser grained
than adjacent
swales,
Q1 Lats o Mid- ‘Moderately Modenately to well  Moderately Bar and swale
) Pleistocene developed Ay packed on bars developed on subdued; transition
horizon (5-10 cm quartzite clasts between bars and
thick) swales diffuse
Q2 Mid- Pleistocene Well developed Ay  Moderately to well ~ Well developed on Liude or no .
horizon (<10 cm packed pavement: surface clasts evidence of bar and
thick) €aCO, rinds and _ swale
fragments common =
on surface clasts
Q1 Mid-to Early Ay horizon may or Moderately to well Moderately to well Surface is
Pleistocene may not be present  packed; pavement  developedonsome  dissected; small
depending on is being degraded; surface clasts; rills and drainages
topographic underlying petro- sometimes lacking common
. position calcic horizon is
locally exposed
QTa Pleistocene- Gravel completely None None . No original
Pliocene cemented with - surfaces preserved
: carbonate or silica,
or both: in places
veneered by )
younger
unconsolidated
deposits
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Table 2. Bare Mountain fault zone profile data, Tarantula ‘Canyon sntc

[Scarp hclght, surface offset, and maximum scarp angle measured from computer generated
plots of the proﬁlcs. Profiles 1, 3, and 5 measured with hand level and stadia rod, other
profiles measured with electronic surveying instrument (total station). No scarp observable
in proﬁl&s 8 and 9. Profile 3 measured along axis of trench BMT-1 before excavation.

Profile 4 mcasured immediately south of BMT-1. See figure 2 for appmxnnatc proﬁlc

locations]
Scarp height Surface offset Maximum scarp-
Profile (meters) (meters) slope angle
(degrees)

1 1.9 1.5 6.0
2 1.4 ' 0.9 .10
3 22 - 1.5 | 6.0
4 24 19 10.0
5 2.0 o 1.6 5.5
6 1.8 1.1 8.5
7 IS B 0.4 L 15
8 - - .

9 - - .
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- LATE QUATERNARY SLIP RATE ESTIMATES FOR THE DEATH VALLEY AND

FURNACE CREEK FAULTS, DEATH VALLEY, CALIFORNIA

Ralph E. Klinger and Lucille A. Piety
. Seismotectc;nics and Geophysics Group

Bureau of Reclamation
ABSTRACT

Earlier published reports indicate that the slip rate for the Death Valley fault is on the
7 order of 1-2 millimeters per year and that the slip rate for the Furnace Creck fault is on the
order of 2-3 millimeters per year. However, geomorphic features associated with both faults
indicate that numerous surfaéc—mpnxring carthquakes have occurred during the late Holocene
and that activity rates of both faults may be significantly higher than previously reported.
Together the Death Valley and Furnace Creek faults are the longest and most a-(;t{Qe faults |
within 100 kilometers of Yucca Mountain. Therefore, assessment of these two faulfs is
important in the evaluation of Quaternary faulting around the site under consideration as a

high-level nuclear-waste repository.



- Along the Deafh Valley fault near Morr;ion Point, the surface of a middle' to late
Holocene alluvial fan is vertically displaced 10.5 meters. Preserved free-faces and inset
terraces record thc. last three and possibly four events. _Aver-agc vertical displacement per
event at this location is interpreted to be about 2.1-5.6 meters. An approximate age of 2,000-
4,000 years is-estimated for the displaced geqfnqrphic surface based oh its surface
characteristics. This yields an average vertical slip rate for the Deaﬁ Valley fault of 3-5 .
millimeters per year. |

Along the Furnace Creek fault near Red Wall Canyon, repeated movement has right- -
laterally offset latest Holocene channels and preserved evidence for the last three ground-
rupturing events. Lateral displacement per event at this location is about 2.5-3.5 meters.

_ Large drainages incised into the fan have also been offset and record the late Pleistocene slip
history. Utilizing low-altitude aerial photography, a palinspastic reconstruction of the fan
surface indicates that the large incised drainages are right-laterally offset 230-310 meters
across the fauit. An approximﬁe age of 40,000 years, based on its surface characteristics, is
estimated for the geomorphic surface into which the dra.inages are incised. Tiﬁ.snyields an

avcrége lateral slip rate for the Furnace Creek fault of 6-8 millimeters per year.

28]



INTRODUCTION

The Death Valley-Furnace Creek fault system (DVFCFS) consists of several discrete
faults that extend for over 350 kilometers (km) along the California-Nevada border. The
Death Valley and Furnace Creek faults are the two dominant structires in the DVFCFS and
together these two faults are the longest and most active faults in the region. Preliminary
seismic risk studies indicate that the DVFCFS may be the controlling distant seismic source
for the potential high-level nuclear-waste repository at Yucca Mountain. Therefore, an
assessment of their Qilatefnary activity is important in the evaluation of Quaternary faults
around Yucca Mountain. Previous work along the DVFCFS has identified and located most
_of the major tectonic features associated with the latest Quaternary faulting (Hunt and Mabey,
1966; Moring, 1986; Bryant, 1988; Wills, 1989; Brogan and others, 1991; Reheis, 1991s;
1991b; 1992; Reheis and Noller, 1991; Reheis and others, 1993; Wright and Troxel, 1993).
However, the age of the most recent event, return periods for large ground rupturing events, |

amount of displacement per event, lengths of individual surface-rupturing events, and possible

- fault segmentation remain to be identified and documented for much of the system.
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The Death Valley fault, as referred to il; this report, is the no\rth-.stril'(ing,.high-angle,
down-to-the-west normal fault that is located along the western flank of the Black Mountains
(fig. 1). The Furnace Creek fault is the northwest-striking, right-lateral strike-slip fault that is
located more or less along the axis of northern Death Valley and extends to the north_ along
the Funcrai Mountains (fig. 1). The two faults join near Furnace Creck Ranch in Death’
Véllcy, about 50 km from the potential repository site at Yucca Mountain. Field studics to
evaluate the previous work along about 125 km of the Death Valley and Furnace Creek faul;s
began early in 1993. The Death Valley fault was examined from Mormon Point to just north
of Furnace Creek Wash (about 50 km) and the Furnace Creek fault was studied from its
junction with the Death Valley fault northward to just south of Gfap;svine Canyon (about-75
_ km)(fig. 1). - Abundant evidence for multiple late Holocene surface ruptures is well-preserved

at numerous locations along both faults. Traditionally, much §f the data regarding fault
behavior is collected from trench excavations across the fault. However, because much of the
DVFCEFS lies within the Death Valley National Monument, these type of actiyities are not
allowed. To improve our understanding of the DVFCEFS, faults, associated surt—'lclal deposits,
and tectonic features related to receht tectonic activity at specific sites were mapped at a scale
of about 1:7,500. This paper documents some of the well-preserved evidence of past f#ulting
Aand summarizes the findings of the recoma;ssancc studies undertaken during the 1993-94
field season and reports estimates of late Quatem#y slip rates derived from mapping at two
sites: one along the Death Valley fault near Mormon Point (fig. 2A) and one along the

Furnace Creek fault north of Red Wall Canyon (fig. 2B).

FIGURE 1.--NEAR HERE



FIGURE 2.--NEAR HERE
NEOTECTONIC SETTING

The effects of recent tectonism on the landscape in Death Valley have been recognized
since the 1920’s. Following reconnaissance in the region, Noble (1926,— P- 425) noted that the
scarps along the Death Valley fault were "fresher than any .other scarps of similar magnitude |
in the West." In northern Death Valiey, Curry (1938) reported abundant geomorphic evidence
that suggested lateral displacement along the Furnace Creck fauit. However, the role of these
two faults in the development of Death Valley was not described until Burchfiel and Stewart

(1966) presented their pull-apart basin hypothesis. Their model of right-lateral slip on the
parallel northwest-striking Furnace Creek and southern Death Valley faults being translated to
oblique-normal slip. on the Death Valley fault (fig. 1), is now widely accepted. However, the
relationship between these active fauits and how they behave seismogenically remains
unknown. . o

" Hunt and Mabey (1966, p. A100) estimated that the most recent activity slong the
Death Valley fault is youhger than about 2000 years, based on the relationship of the fault
-scarps in central Death Valley to late Holoc;cnc lake shoreliﬂcs and archaeological artifacts.
Clements (1954, p. 58-60), on the basis of newspaper accounts and other turn-of-the-century
written records, speculated that the young scarps along the Death Valley fault were the result
of the November 4, 1908, magnitude 6.5 earthquake reported by Stover and Coffman (1993,
p. 75). Records for this particular earthquake, uﬂfénunately, are not very good and the

epicenter location is poorly located.



Curry (1938, p. 1875) implied that activity on the Furnace Creek fault was relatively -
young owing to the presence of "a churned-up furrow in recent alluvium.” However, specific
locations documenting young activity along therfault were not reported until Reynolds (1969,
p. 238) noted that the margin of a Pleistocene élluvial fan north of Red Wall Canyon was
right-laterally offsci about 150 'féet (ft).. Reynolds also rcéofted late Holocene activity élong
the Furnace Creek fault but interpreted the displacement of the fan margin as being middle to..
late Pleistocene. Bryant (1988, p. 8-9) reevaluated the age of the offset fan margin in order
to develop the only published late Quatemarj slip rate for the Fum.Cruk fault in Death
Valley. He acknowledged the 150 ft offset, but' assumed that the stream incision that
produced the fan margin occurred about 20,000 years before present (yrs B.P.) and that the
_ right-lateral movement that displaced the fan margin followed this incision. He also
emphasized that an unknown amount of erosion had most likely removed part of the fan
margin and that the estimated slip rate of 2.3 millimeters per year (mm/yr) was a crude
minimum estimate. Most recently, Reheis (1994) reports that the lateral slip rate on the
northern Furnace Creek fault in Fish Lake Valley is about 4-7 mm/yr, and may;e as high as
. 12 mm/yr. This suggests that the minimum slip rate of 2.3 mm/yr for the Furnace Creek fault
in Death Valley may underestimate the actual late Quaternary slip rate by at least a factor of

two and perhaps by a factor of five.



In the most detailed study of the late Quaternary activity on the Death Valley and
Furnace Creek faults, Brogan and others (1991) document the location of the major traces and
prominent tectonic features along the length of the DVFCFS at a scale of 1:62,500. However,

they did not evaluate ages of either the deposits or geomorphic surfaces adjacent to or

. displaced bir the faults. Their assumptions regarding the ages of the deposits along the

DVFCEFS are based primarily on the stratigraphic work of Hunt and Mabey (1966) with some
chronologic control inferred from Hooke (1972) and Sawyer and Slemmons (1988). While
Brogan and others (1991) do not report any new slip rates for either fault, they acknowledge
the minimum rate of 2.3 mm/yr reported by Bryan (1988) for the Fuxﬁacc Creck fault.

However, using the range of vertical separations for Holocene- surfaces reported b.y Brogan

and others (1991, p. 21), an average vertical slip rate of 0.2-2.5 can be estimated for the

QUATERNARY STRATIGRAPHY

Death Valley fault.

The most extensive Quaternary stratigraphic work undertaken in Death Valley is the
reconnaissance-level work of Hunt and Mai:cy (1966; 1:96,000). Their mapping remains the
most comprehensive in regards to the Quat;mary stratigraphy, but is confined to the southern
half of Death Valley and lacks the detail needed to evaluate Quaternary faulting activity.
More detailed mapping of the surficial deposits along the Furnace Créek fault was éompleted
by Moring (1986; 1:62,500) in northern Death Valley and by Wright and Troxel (1993;
1:48,006) in central Death Valley. The work of Wright and Troxel (1993), although
emphasizing the bedrock geology of the southern Funeral Mountains, extends iﬁto ‘Deathi
Valley and includes the surficial deposits along the southern end of the Furnace Creek fault.
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Mapping of tiie surficial deposits in Death Val!;:y, for the most part, remains areally limited
and incomplete.

Because of the hyperarid environment in Death Valley and the accompanying lack of
vegetation, age control utilizing conventional radiocarbon techniques has been difficult to
obtain. Hence, the agés of alluvial surfaces pfescnted by previous workers in Death Valley
have>becn based on the archaeology and relative age criteria such as degree of .descrt
pavement and varnish development, depth of stream incision, and relative topographic
position. Other studies examining Quaternary processes such as alluvial fan deposition,
pluvial lake history, and ﬁe effects of climatic change in the Death Valley area have obtained
some numerical ages for ,Quatémary dcﬁosits and geomorphic surfaces (Hooke, 1972; Hooke
_ and Lively, 1979; Dorn, 1988; Dom and others, 1990; Hooke and Dorn, 1992).

Unfortunately, thcse ages are not tied to detailed maps and descriptions of the sampled
surfaces that are needed to make correlations elsewhere do not exist. Only the récent work of
Bull (1991, p. 86) has attempted to establish a stratigraphic framework for surficial deposits in
the arid southwestern United States. Bull suggests that the alluvial sequences recognized
throixghout the region are related to major climatic; ;::hangcs. By using detailed descriptions of
characteristics on geomoi'phic surfaces, soil developed on those surfaces, and numerical ages

" based on a variety of methods, he dcmonslr'atw that a regional correlation of these alluvial

sequences is possible.



The ages of the faulted alluvial fans in beath Valley can be estimated not only from
surface characteristics but also from the stratigraphic relationships between the alluvial fan
deposits andﬁeposits related to late Pleistocene pluviai Lake Manly. Our knowledge of Lake
Manly is fragmentary (Blackwelder, 1933; 1954; Hooke, 1972, Dor_n and others, 1990), but
recent work by Ku and others (1994) iﬁdicats that the last perennial lake existed in Death
Valley from about 30,000 to about 10,000 yrs B.P. Some late Pleistocene surfaces adjacent to
the DVFCFS have strandlines that record former highstands of Lake Manly and at numerous
locations in Death Valley alluvial deposits and older fault-line scarps are overizin by
lacustrine deposits. Since the recession of Lake Manly, the larger drainages have incised the
higher late Pleistocene surfaces and redeposited the sediment in younger alluvial fans

_downslope (fig. 2). Surface characteristics on the younger alluvial fans (table 1) suggest that _
ﬁc incision and deposition most likely occurred during the middle and late Holocene.
Therefore, the scarps and offset drainages on these younger alluvial fans record the total slip
that has occurred on the DVFCFS during the latter part of the Holocene.

IS

. TABLE 1.~-NEAR HERE



METHODOLOGY

In this study, geomorphic surfac§s on faulted alluvial fans were mapped on low
altitude (~1:7,500) lc;w-sun-angle photographs. Geomorphic surfaces were initially.
categorized on the basis of their tonal differences and surface textures. These characteristics
relate directly to the degree of vamish development and desert pavement formation. The..
descriptions of these surfaces were later refined in the field by including characteristics such
as bar-and-swale morphology, pavement packing, surface dissection, vamish development, aﬁd
the degree of soil horizonation (table 1). Surface designations and preliminary age |
assignments used in this report were adapted from Bull (1991, p. 65, .74-76) and made by
_ comparing surface characteristics dcscribeci in Death Valley to the lower Colorado River
region. All slip measurements and the scarp profile, with the cxceptién of the longer offsets,
were measured in the field with a tape and hand level. The longer offset distances were
measured from the léw altitude aerial photographs. In addition to the ﬁncertainities inherit to
the measurement of these morphologic features in céarse-graincd alluvial fan d.e;sits,
additional error in slip measurements may ‘have been incurred due to the questionable position
of channel margins due to subsequent erosion and deposition or low angles of intersection

between offset drainages and the fault. All scarp heights and scarp-slope angles were

measured from a computer-generated plot of field data.
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WILLOW CREEK

Young scarps are nearly continuous on Holocene alluvial surfaces along the Death
Valley fault from Furnace Creek Ranch south to Shoreline Butte with the exception of a 13~
to-14-km-long gap néa.r Artists Drive (fig. 1). | Where the fault rounds the northern end of the
Mormon Point: turtlcﬁack (fig. 1), the fault changes strike from north-northwest to east- .
northeast. In the embayment in the range near Willow Creek, the strike of the fault 'gradually
changes back to & north-northwest direction where the fault lies along the western flank of the
Copper Canyon turtleback (fig. 1). Pronounced triangular facets and fault-line scarps are

preserved on older alluvial depbsits in the area. Younger fault scarps parallel the triangular

~ facets and a fault-line scarp and form the most recent active trace of the Death Valley fault.

Correlative geomorphic surfaces on each side of the fault generally are poorly preserved.
This complicates efforts to determine the style of deformation, slip per event measurements,
and activity rates; Geomorphic surfaces on the hanging-wall side of most scarps have been
modified either by erosion or by deposition from continued fan processes (ﬁg.’ .:a) However,

approximately 700 meters (m) north of the mouth of Willow Creek, a late Holocene surface

{Q3c; table 1) is preserved on both sides of the scarp (fig. 3). A scarp profile was measured

 at this location in order to resolve surface displacement across the fault during the time

represented by the age of the surface (fig. 4).
FIGURE 3.--NEAR HERE
FIGURE 4.--NEAR HERE

11



Brogan and others (1991, p. 17) reporte& that the fault scarps in the Willow Creek area
reach a maximum height of 9.4 m and that scarp angles range from 21° to overhanging.
They implied that the overhanging scarps were evidence of local reverse faulting. In contrast,
overhanging scarps are commonly associated with very young nonpal fault scarps in alluvium
and represent an ea'u'ly stage of scarp dcgradatiog Close c.xaminatidn in'tﬁe field suggests that
the original scarp morphology is being preserved.by the case-hardening effect and cementation ..
of the alluvial by chemical agents blowing off the playa. Cementation of the alluvium with
sodium chloride salt was commonly observed as would be expected given the proximity of the
scarps to the salt pan and the very low mean annual precipitation in this part of Death Valley
(less than 46 mm/yr). The overhanging scarps along the Death Valley fault reflect a more
 resistant salt-impregnated "cap rock” portion of the alluvial surface which overlies erodible
uncemented alluvium at the base of the scarp. Rather than following a slope decline model of
fault-scarp degradation, as described by Wallace (1977), it appears that the scarps in Death
Valley tend to follow a parallel retreat model_ as outlined by Young (1972). éome portion of
most scarps along the length of the Death Valley fault were found to be verticJ Ar near-
. vertical. Owing to the probable young age of the scarp and the complex factors controlling
its degradation, in this instance, analysis of the scarp height and slope angle measurements
was complicated. While the verticai or ove;hanging ‘morphology of these scarps could be
vicWed as an indicator of scarp youthfulness, the morphology equaily reflects the conditions

of the environment in which the scarps are preserved.
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The pl;oﬁle near Willow Creek was mm perpendicular to the scar;;, but the scarp
crosses the alluvial slope at this location at a high angle. Therefore, rills developed on the fan
surface brior to faulting give the illﬁéibn of being laterally offset across the fault. However,
no evidence for lateral displacement was recognized at this site. Also, due to the diffcrcntial
prcscrvati&n of large bars and swales on the upper surface of the scarp, the overall height of
the scarp, and the vertical slope ﬁnglc of the scarp, measurement of the scarp height in the .. .
field was difficult. The total scarp height of 10.5 m was measured from a computer-generated
plot of the profile (fig. 4) and is believed to approximate within about 0.5 m the total vertical
displacement of the surface since its stabilization. Owing to its stratigraphic ﬁosition relative
to latest Pleistocene Lake Manly shorelines and surface charactcnsncs (table 1), the faulted .
surface is correlated with the late Holocene Q3¢ surface of Bull (table 1). Thereforc, based
on the estimated age for the Q3¢ surface of 2-4 kiloannum (ka), a scarp height of 10.5 m

yields an average late Holocene vertical slip rate of 3-5 mm/yr (table 2).

TABLE 2: LATE QUATERNARY SLIP RATE ESTIMATES

Fault Locality - Displacement -Time Slip rate
© (m) Period (mm/yr)
Death Valley Willow Creek 10.5 ~2-4 ka 3-5

Furnace Creek Red Wall Canyon 230-310 ~40 ka 6-8




Slope ar;glcs across the scarp range fron-x the angle of repose at the toe to vertical at
the crest (fig. 4). The two vertical sections of the profile shown in figure 4 are interpre;ed to
represent preserved free faces formed by separate ground-rupturing events. This hypothesis is
supﬁorted by the presence of inset terraces preserved on the footwall block near the mouth of
Willow Creek that can be traced to the base of each free-face. Based on this relationship, the
scarps near Willow Creek record at least three events in late. Holocene Q3¢ deposits.
Assuming that paralle} retreat has dominated degradation of these scarps, then ﬁe height of
preserved free faces approximate the amount of surface displacemcn; resulting from each
ground-rupturing event. The measured height of 2.1 and 2.§ m for the two relatively well
preserved free faces would then i'eprcscnt the surface displacement per event. If the scarp

represents three events, as suggested by the inset terraces associated with the scarp, then the
total scarp height of 10.5 m indicates that average surface displaccmeht per event is about 3.5
m. Assuming that the scarp represents four events, the average surface displacement per
event is about 2.5 m. This is in close agreement with the heights 2.1 and 2.6 m for the
preserved free faces. Additionally, assuming that minimal free-face degradation has occurred
between events, it appears that the past several ground-rupturing earthquakes that have

occurred along the Death Valley fault at this location have been of similar size.

-
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RED WALL CANYON

As reported by Curry (1938), geomorphic features indicating young tectonic activity is
both abundant and well prfscrved along the Furnace Creek fault. Between its junction to the
south with the Death Valley fault and the Grapevine Canyon to the north, the Furnace Creek
fault strikes generally northwest and its trace is linear with no evidence of large lateral steps
or bends (fig. 1). Offset drainages along the length of the"faﬁlt suggest that displacement is
nearly pure lateral except in the vicihity of the Salt Creek Hills (fig. 1). The Funeral
Formation of early Pléistocene (?) age (Wright and Troxel, 1993) is uplified along the east
side of the fault and folded in the northwest-trending Salt Creck anticline west of the fault
~ (Hunt and Mabey, 1966). Late Pleistocene terraces and other geomorphic surfaces which
overlie the Funeral Formation reflect this deformation and suggest that some transpression is
occurring across the southern end of the Furnace Creek fauit. North of the Salt Creek Hills,
the Furnace Creek fault crosses the valley floor and is expressed as a linear furrow with low '
east- and west-facing scarps. The only units that appear to be unfauited are ﬂ';o-s.c interbretcd .
_ to be correlative with latest Holocene surfaces (Q4b; table 1). Along much of the fault,
deposits of different ages are commonly juxtaposed across the fault making evaluation of the
slip on the fault difficult. However, north ;)f Red Wall Canyon, fan surfaces correlative with
the late Pleistocene Q2c unit (table 1) are preserved along both sides of fhe fault and

drainages that incised these surfaces record the late Pleistocehe slip history (figs. 2B and 5).



The right-laterally offset alluvial fan reported by Reynolds (1969, p. 2385 and referred
to as the Redwall fan by Brogan and others (1991, p. 12) is locat«;:d about 2 km north of Red
Wall Canyoﬁ in northern Death Valley (fig. 1). The fault at this location is expressed as a
single dramatic trace nearly 1 km. southwest of the range front (fig 2B). Numerous en
echelon furrows, small closed depressions, shutterridges, notches, hillside troughs, and offset
drainages indicate that deformation along the fault is confined to a relatively narrow zone
(figs. 2B and 5). Small drainages offset aloﬁg the fault indicate that slip has been
predominately lateral. At a location about 250 m northwest of the offset fan margin
recognized by Reynolds (1969)(site 4 in fig. 5), a small late Holocene drainage has been
. repeatedly offset. The southern channel margin-on the uphill side of the fault has been

_ progressively offset at least three times. Following each faulting event, a new channel margin
then formed leaving the old channel margins and bar deposits prescrvéd adjacent to the active
channe_l. The timing beMun this sequence of faulting events is reflected in the successively
greater degree of varnish develppcd on each successively older bar depﬁsit. The progressive
offset channel at this site provides excellent evidence of the amount of slip for ;ch of the last
three ground-rupturing events. Measurements of lateral displacement from the 6riginal |
channel margin on the downhill side of the fault and' between each of the offset margins on

-

the uphill side indicate that lateral displacement per event ranged from 2.5.to 3.5 m.

FIGURE 5.--NEAR HERE
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Large» dx:ainagés which incised ﬁe late P'leistocene surface have also been offset across
the fault (fig. 2B). In addition, there are numerous beheaded and mismatched channels along
the fault (fig. 5). The current position of the larger drainages that are incised into the Q2¢
surface is interpreted to relate directly to the abandonment and stabilization of the surface. |
This interpretation is supported by the presence of several underfit channels on the uphill side
of the fault that drain into wider or more deeply incised channels on the downhill side of the
fault. Palinspastic reconstruction of the late Pleistocene surface using low-altitude (~1:7686)
aerial photographs indicates that three of the incised older drainages have been right-laterally
offset 230-310 m across the fault (fig. 5). The offset measurements for these la}gc; drainages

were derived from the aerial phoiography and are believed to approximate within about 10 m

the total right-lateral displacement since the incision of the drainages into the late Pleistocene

surface. Because the displacement of the drainages occurred following their initial incision,
then the age of stabilization of the geomorphic surface would approximate the age of the
drainages. Therefore, the age of the geomofphic surface provides 2 maximum age for the

total right-lateral displacement of the drainages. -



Surface characteristics were described at' seilcral sites on the la.tc Pleistocene surface

(table 1; fig. 5). Geomorphic surfaces in the southwestern United States with similar
characteristics have been estimated by Bull (1991) to have an age of 12-70 ka. The 230-310
m offset measured _c;n the large drainages (fig. 5) divided by an the age estimate of 12-70 ka
for the Q2c surface at Red Wau;Canyon results in a podriy constrained slip rate of 3-26
mm/yr. However, based on compariéons to other geomorphic surfaces of known age in the -
region (Dorn, 1988; Wells and others, | 1987; Taylor, writt_cn communication), an age of about
40 Xa is believed to more closely approximate the age of the Q2c¢ surface at Red Wall
Canyon. Using this age wtimate limits the average lateral slip rate to aboqt 6-8 mm/yr (table
2). This rate is in agreement with the rate of 4-7 mm/yr estimated by Reheis (1994) for the
Furnace Creek fault in Fish Lake Valley. Admittedly, age control on the faulted deposits at

| this site is not very precise, but the late Pleistocene displacement is much better constrained

- than previous measurements. Regardless of the large uncertainities in the age of the faulted
deposits, it appears that the slip rate on the' Furnace Creek fault may be several times greater

than previously thought.
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CONCLUSIONS

Detailed mapping of tectonic features and geomorphic surfaces along parts of the
Death Valley and Furnace Creek faults indicate that the late Quaternary slip rate for bqth
' faults is sigﬁiﬁmntly higher than has been previously reported. Scar_ps on late Holocene
alluvial fans along the Death Valley fault at Willow record at least three, and probably four,
grdund-rupturing earthquakes. Slip per event on the order of 2.1-3.5 m can be estimated from
the height of the scarp, preserved free-faces, and'insct stream terraces. Using an age of 2-4
ka, estimated on the basis of relative age criteria, the vertical slip rate for the 'Deéth Valley
fault at this location is about -3-5 mm/yr.

Clear evidence for st least the last three ground rupturing earthquakes is also well
preserved along the Furnace Creek fault. Repeatedly offset late Holocénc channel margins
indicate that lateral displacement per event ranged from 2.5 to 3.5 m. The right-laterally

offset alluvial fan. north of Red Wall Canyon records displacements that have occurred across
| the fault during the late Quaternary. Palinspastic reconstruction of the offset alh:vml fan
indicates that three large drainﬁg&s incised into the fan surface are offset 230-310 m across the
" fault. An estimate of 40 ka for this geomorphic surface, which is based on relative age
criteria, suggests that the slip rate on the Fm:nace Creek fault at this location is about 6-8

mm/yr.
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Table 1. DESCRIPTIONS OF QUATERNARY GEOMORPHIC SURFACéS NEAR WILLOW CREEK AND RED WALL CANYON
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Notes 10 accompany Table 1:

Y Designations are lrom Bull (1991, table 2.2, p. 54) lor aluvial geemorphic surfaces of the lower Colorado Rivar region, which encompasses Doath Vnoy

2 The eniry bolore tha semi-colon shows the maximum elm size omrnaled The oniry aftot the semi-colon shows the dominant clast size (visually estimat A single [
siu Size classes are as loflows: Boulders, »25 ( uﬂ%e n) na—s? ¢ d ¢d). A singla sniry s for the maximum clast

‘ thology Is tha compasition of the clasis. Where pommg_u uo alvm. clast mhoua)y was doluminod bg Idcnﬁlybaonch clast mud at 10-cm inlervals along & 1.5-m-long measuring lape that was puccd

on the surlace, Abbreviations indicale y: . ert; C (vwalunyuwumrmnyhchdcma chen);
tamorphic (ocks, not nd.MmemorpM uanzite (usu quanzile and and chart; SH, shale; VT, voicanic til,
Whemnopaconuguncg mmymwmmdhwmmumu m:ﬂm N.‘meuu-mwum Ho shate: VT e
OdenLhmoodamuooolmdnuhnnwmuuhmum ce. Abbravialions ase as lollows. R, random; mmndﬂnduumnndm.mdumolomnummdonlmu

. 0, oblique; long axes of most clasts project st an oblique angle inlo groundsudm H, hordzontal; long axes ol moal clasis ase parallel 10 the
Cl, momhchdnd\mgntomeclwwﬁﬁonou uammalhavcocwned;lm sition. These changes Include Mtbmlonlntovmm pitting and solution weathering, and adxhq
a:d disintegration resulung from thermal and chonms” depe phy s, weaihering &

¢ Packing is how zomo clasts are organizéd on the suriaco. Abbuvlnbm are as loflows. PP, poorly pached: clasts aro unomanlxod. MP, moderalely packed; most tlasts do nol louch, and sand and sm
Ara visiblo betweon the clasts. WP, wall packed, mﬂsWMumMWu.wﬂnoamww M visile botwean the clasts. Wh«cmuamamgmn.trnmupuungmmwm
pavement on bars and tho boltot pom rolors 10 tho pavomont In swales, unloss oiherwise noted.

7 Bar and swala himmdmmdm% shional patiern remsing on the sudace, P nyls ndent upon the original clast size and shape (e.9., pnbbt,sudmmyhtvo
fitlle Of MO bar and swale raphy initially). Terms are as 8. Distinct, contact betwesn the bars and swalss olol sbove tho s mm 68 >50 e, Subdued, relief sbove he swale
averages between 25 and 50 em, Mature, mdswamuutillmuowpavemmm bmlnppmdm equivalent o None, baz and swale 1opogiaphy has been

otaly masked or was never plemu

$ Depih was visualty estimatad,

9 Clast kihology on which varnish color was detormined, Light-colored quaniitas {Q) wora used where available. Otherwise, ighl-colored volcanic tuls (VT) were oxamined.

10 acation of tha varmish coal on which color was determined. Botiom is the portion of the clasi below the ground surfaca, E ummammmmmam round surlace, I8 the portiol
ol the clas! sbovo the ground surdace. For the lops ol duu.vmishwam%ol:donbommmnsulnowhdcptoub:a.u 0 Tplt e n

' Color was dolermined using Munsoll notation,

12 500 horizons doscribed according 10 Birkeland (1984, appandix 1, p. 353-361). Shown in paronthoses is the stage of the maximum carbonale mlopmnl in the Bk horizon (Birketand, 1984, p. 358-359).
%3 Color is tha maximum recognized by examining randomly selocled clasts irom the surfaco.

14 pavoment Is poorly packed near tha fault scarp. Pavament Is well packed on this surfaca further lrom the searp (»100 m).

13 Solt was noted only in a poor 0xposure, 50 that the maxlmum carbonale stage was dillicult 10 estimate.




Figure 1. Map showing'the qu:gt_ion of the sou;hem Death Va!ﬁlc‘a'y:Death Valley, and Furnace
Creek faults relative to the ptdpbﬁed repository site at Yucca Mo‘uﬁmin (YM). Location of -
the faults taken from Reheis (19912) and Brogan and others (1991). S;ippled areas are the
major mountain ranges adjac;nt to Death Valley. Letter abbrevigtions are locations described
in this report: GC ] Grapevine Canyon, RW - Red Wall Canyon, SCH - Salt Creek Hills, |
FCR - Fumécc Creek Ranch, FCW - Furnace Cro;ck Wash, AD - Artists Drive, CC - Copper

Canyon, WC - Willow Creek, MP - Mormon Point, and SB - Shoreline Butte.
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Figure 2. Vertical aerial photographs of faulteci alluvial fans along A) the Death Valley fault
near Willow Creek (GS-VFDT 7-209; approximate scale 1:20,000) and B) the Furnace Creek

fault north of Red Wall Canyon (GS-VFDT 7-163; approximate scale 1:35,000).
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Figure 3 Surficial geologic map of the northeast-striking section of the Death Valley fault
near Willow Creek (see fig. 2A). Numbered site locations, geomorphic surface designations,
and criteria used to characterize and differentiate the surface units are outlined in table 1. A

scarp profile was measured across the fault at site 15.
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Figure 4. Scarp profile measured across the Dc;.at‘h Valley fault near Willow Creek (site 15 in -
fig. 3). A scarp height of 10.5 m and 2 maximum scarp-slope angle of 90° were measured
from the plot. The two near-vertical portions of the scarp near the crest (2.1 and 2.6 m high)
are interpreted to be preserved free faces produced by past groqnd-rupturing earthquakes
based on the relationship between the vertical portions of the scarp and adjacent inset stream

terraces near the mouth of Willow Creek.
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Figure 5. Surﬁcial geologic map of a part of tl;e alluvial fan adjacent to the Furnace Creek
fault near Red Wall Canyon “(scc fig. 2B). Numbéred site locations, geomorphic surface
designations, and criteria used to characterize and differentiate the surface units are outlined in
table 1. The 360-480 m right-lateral offset across the fault was measured between the

' drainages denoted by letters.
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