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Figure 1. Conceptual framework of the geomorphic investigations of active 
faulting in central Nevada conducted as part of this study. 

Figure 2. Location of the study area in the Great Basin. Dark patterns outline 
the approximate area of large surface-rupturing earthquakes that occurred in 
central Nevada in 1915 (pleasant Valley), 1932 (Cedar Mountain), and 1954 
(Fairview Peak and Dixie Valley) and eastern California in 1872 (Owens 
Valley). 

Figure 3. Locations of young fault scarps and pluvial shoreline scarps 
analyzed in this chapter. Abbreviations label fault zones as follows: BES, 
Benton Spring; CLA, Clan Alpine; COR, CRV, mountain-front and 
piedmont fault scarps in Crescent Valley; DVC, DVN, DVS, DVNE, central 
northern, southern, and northeastern Dixie Valley; EAG, Eastgate; FP, 
Fairview Peak; GRV, Grass Valley; rnF, Indian Head; LM, Lone Mountain; 
PIM, Pilot Mountains; PV, Pleasant Valley; RSR, northwest Shoshone 
Range front, lowermost Reese River Valley; VIG, Vigus Butte; WAD, 
WAE, WAN, south-central, southernmost, and northern Wassuk Range. 
Pluvial shoreline scarp data were collected in the Walker Lake basin, WB, 
Buena Vista Valley, BVV, on the north side of the Desert Mountains, DM, 
and Smith Creek Valley, SCV. The Rye Patch locality is west of the map 
area. Thin dark lines are roads, heavier dark lines are approximate locations 
of historical surface ruptures. 

Figure 4. Illustrations of the dependence of apparent scarp age (tc) on scarp 
size for pluvial shoreline scarps in central Nevada. Each data point 
represents the apparent age of an individual scarp profIle. Scarp "offset" is 
the perpendicular distance between projections of the upper and lower fan 
slopes to the scarp midsection. 

Figure 5. Dependence of the degradation rate factor (c*) on scarp offset. 
Values of tc from individual scarp profiles are divided by scarp age to obtain 
values of c*. Scarp ages used are 12.5 ka for Lake Lahontan data (Lc*), 
15.5 ka for Grass Valley-Smith Creek Valley data (Gc*), and 14.5 ka for 
Lake Bonneville data (Bc*). All data sets utilize scarps with 7 m or less of 
offset. The Bonneville regr~ssion is recalculated from data presented by 
Pierce and Colman (1986). 

Figure 6. lllustration of the increasing dependence of apparent scarp age on 
offset with increasing scarp age. Data were collected from three sets of 
scarps of different ages found in the Walker basin. The oldest set of scarps 
are shorelines of Lake Lahontan (LAH). The two sets of fault scarps are 
younger than the highstand of Lake Lahontan; cross-cutting alluvial 
relationships indicate that WAN 2 scarps are older than WAN 1 scarps. 
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Figure 7. Influence of particle-size distributions on apparent scarp age (tc). 46 
Particle-size distributions on pluvial shoreline scarps in arid (Walker Lake) 
and semiarid (Grass and Smith Creek valleys) were assessed 
semiquaititatively by visually ranking the relative abundance of boulders (b), 
cobbles (c), pebbles (P), and sand and finer clasts (s). Substantial variations 
in the abundance of large clasts (cobbles and boulders) do not obviously 
impact apparent scarp ages; only if boulders are the most abundant clasts are 
scarps morphologically younger. 

Figure 8. Impact of scarp aspect on apparent scarp ages (tc), using the same 48 
pluvial shoreline data sets as in figure 6. Variations in scarp aspect through 
these limited ranges do not exert an obvious influence on scarp degradation. 

Figure 9. Illustrations of the lack of correlation between variability in scari' 59 
age estimates and (A) the number of scarp proftles used; and (B) the age of 
the scarps (based on mean scarp age estimates). 

Figure 10. An example of the use of plots of corrected scarp age (tc/c*) vs. 61 
distance along mountain fronts to discriminate segments with different ages 
of youngest rupture. Data points are individual fault scarp age estimates; 
stippled areas are one standard deviation of the scarp-age popUlations about 
the mean. Three segments with discretely different ages of young ruptures 
are indicated by the data; sets of symbols represent fault scarps with different 
morphologic ages. The shaded area outlines an area of structural complexity 
between the northern (WAN) and southern (WAD) segments. No finer 
segments can be discriminated using the fault scarp age data. 

Figure 11. Schematic diagrmn of model used to estimate the length of time 63 
required to remove free faces of individual fault scarps. Critical parameters 
are the length the free face must retreat and the rate of free-face retreat. Total 
length to remove free face is estimated from scarp offset and the difference 
between initial scarp face angle and the angle of repose; minimum and 
maximum rates of free-face retreat used are 2 and 10 crn/yr, respectively, 
from R.E. Wallace, cited in Nash (1986). 

Figure 12. Map showing fault zones and soil sites discussed in Chapter 3. 71 
Most abbreviations for fault zones are defined in figure 3; others are as 
follows: SUS, Sulphur Springs; SS, Sand Springs; MCM, Monte Cristo 
Mountains; SON, Sonoma Range; BUY, Buffalo Valley; WER, west East 
Range; JV, Jersey Valley. Other ~~H sites are labeled BSV, Big Smoky 
Valley; IOV, lone Valley; and CSt Carson Sink. Approximate areas of latest 
Pleistocene pluvial lakes are shown with hachured pattern. 

Figure 13. Plots of soil development indices vs. soil age. Soil ages are 82 
assumed to be approximately equal to the maximum age constraints provided 
by tephra deposits, pluvial shorelines, or radiocarbon dates. Data points are 
distinguished by climatic regime; solid diamonds are semiarid soils, open 
diamonds are arid soils. All data points were used together to determine 
linear regressions. 
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Figure 14. Location map showing the central and northern CNSB. Fault 95 
zones discussed in this chapter are labeled as follows: MCM, Monte Cristo 
Mountains; FP, Fairview Peak; SS, Sand Springs Range; MIG, Middlegate; 
EAG, Eastgate; CLA, Clan Alpine Range; DVS, DVC, DVN, and DYNE, 
southern, central, northern, and northeastern Dixie Valley, respectively; 
WSR, west Stillwater Range; NSR, northern Stillwater Range; BVV, Buena 
Vista Valley; WER, west East Range; PV, Pleasant Valley; SON, Sonoma 
Range; N, Jersey Valley; BUY, Buffalo Valley; SUS, Sulphur Springs. 
General locations of historic ruptures are shown with bold lines. The 
Stillwater and Sonoma seismic gaps are labeled SWG and SOO. 

Figure 15. Reconstruction of prehistoric fault scarps where historical surface 102 
ruptures have occurred; an example from the 1954 Fairview Peak rupture. 

A) Current MRE fault scarp. Scarp related to the historical surface rupture is 
between the arrows, and similar sloped are preserved above and below 
historical scarp. 
B) Reconstructed pre-1954 scarp, assuming a 9O°-dipping fault zone in the 
middle of the historical scarp. 
C) Reconstructed pre-1954 scarp, assuming a 6Oo-dipping fault zone. This 
assumption results in a slightly higher, and therefore morphologically older, 
scarp. 

Figure 16. Calibration of c* using latest Pleistocene pluvial shoreline scarps 106 
in central and western Nevada. 

A) Lake Lahontan shoreline scarps (12.5 ka) formed in an arid Holocene 
climate. 
B) Grass Valley and Smith Creek Valley shoreline scarps (15.5 ka) formed 
in a semiarid Holocene climate. 

Figure 17. Location map for Dixie Valley. Fault scarp age domains southern 
(DVS), central (DVC), and northern (DVN) Dixie Valley are delineated with 
heavy, NW-trcnding lines. Extent of the 1954 Dixie Valley surface rupture 
and the Stillwater seismic gap are shown with light lines with ends. 
Abbreviations for sites are Butterworth graben, BG; Sample Bag Canyon, 
SB; and Thompson-Burke shoreline site, TB. 

Figure 18. Fault scarp ages and vertical displacement in Dixie Valley. 

A) Plot of fault scarp ages along the Stillwater Range. Triangles represent 
individual fault scarp ages. Stippled areas show one standard deviation about 
the mean fault scarp age estimate for each proposed domain of youngest 
prehistoric surface rupture. The darker shaded area in domain DVS indicates 
the maximum age constraint provided by Mazama tephra in part of this 
domain. Fault scarp ages are youngest in central Dixie Valley (domain 
DVC). 
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B) Rough Holocene vertical displacement along the Stillwater Range. Open 
triangles indicate offset estimated from individual fault scarp profiles. The 
solid triangle in domain DVC is the amount of vertical pluvial shoreline 
displacement inferred by Thompson and Burke (1973). The solid triangle in 
domain DVN represents the amount of vertical displacement of a latest 
Pleistocene alluvial fan surface at the Buttersworth graben site. Tectonic 
displacement was not measured rigoriously with long profiles in most cases, 
so the displacement measurements are intended only to show general trends 
of displacement along the mountain front 

Figure 19. ProfIles of large Holocene fault scarps in central portion of 
domain DVC. 

Figure 20. Summaries of postulated Holocene faulting histories along the 
Stillwater Range in Dixie Valley. 

A) Preferred option, with middle Holocene ruptures along the length of 
Dixie Valley, a late Holocene rupture in domain DVC, and the 1954 event 
overlapping slightly with rupture in domain DVC. 
B) Another option, with a early Holocene rupture in most of domains DVC 
and DVN, a middle Holocene rupture in domaon DVS, a late Holocene 
rupture in the Stillwater seismic gap (domains DVC and DVN), and the 1954 
event. 
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Figure 21. Classification of mountain fronts in the CNSB by relative fault 140 
activity, based on measurement of landform parameters. Class 1 is most 
active and Class 4+ is least active during the Quaternary. 

Figure 22. Spatial patterns of faulting in the CNSB for intervals of the 143 
Holocene and late Pleistocene. Bold solid lines with ends indicate fault zones 
that likely ruptured during each interval; narrower solid lines with ends might 
have ruptured during each interval. Solid lines without ends show 
approximate locations of historical surface ruptures. 

A) late Holocene (0.1 to 3.5 ka) 
B) middle Holocene (3.5 to 7 ka) 
C) early Holocene (7 to 12 ka) 
D) late Pleistocene (12 to 25 ka) 

Figure 23. Location map of the area studied in the Great Basin. All the large 152 
historical earthquakes of the Great Basin have OCCUlTed in central Nevada and 
eastern California (in black). Shaded areas have Holocene fault scarps, 
hachured areas have late Quaternary fault scarps but few or no Holocene 
scarps, and upnatterned areas do not have reported late Quaternary fault 
scarps (modified from Wallace, 1984). 

Figure 24. More detailed location map for central Nevada showing fault 154 
zones covered in this study. Most fault zones are identified in figures 3, 12, 
and 14; others are as follows: GAR, Garfield Flat; PES, Petrified Spring; 
ETY, east Toiyabe; HIS, Hickison Summit; RF, Rattlesnake Flat; ROY, 
Roylston Hills. 

------- -_ .. _-0; , 
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Figure 25. Map showing previous detailed Quaternary fault mapping in the 158 
portion of central Nevada covered in this study. 

Figure 26. Maps showing surface ruptures in various portions of the 169 
Holocene. Fault zones likely to have ruptured during each interval are shown 
with bold lines with ends; faults that might have ruptured then are shown 
with medium-weight lines with ends. Historical surface ruptures are shown 
with bold lines without ends. Tectonic domains WL (Walker Lane), DVTY 
(Dixie Valley-Toiyabe Range), and PVCZ (pleasant Valley-Cortez Range) are 
discussed in the text. 

A) late Holocene (0.1 to 3.5 ka) 
B) middle Holocene (3.5 to 7 ka) 
C) early Holocene (7 to 12 ka) 

Figure 27. Histogram of fault scarp age estimates. Age range estimates from 173 
each fault zone, based on one standard deviation about the mean age, are 
stacked together in the histogram. The total histogram illustrates the 
maximum possible number events that could have occurred during any short 
interval; of course, the actual number of events was probably less. Mean 
scarp ages, shown by bars at thebase of the histogram, show possible 
temporal clusters of faulting around 2.5 ka, 3.3-3.8 ka, 4.5-5.2 ka, and 5.8-
6.4 ka. 

Figure 28. Representation of fault scarp age estimates since 7 ka projected 174 
onto a SSE-NNW line through the study area in central Nevada. Age range 
estimates are shown by boxes with light shading; increasingly dark shading 
is used where N-S geographical position and age range estimates overlap. 
Mean fault scarp age are shown by solid lines bisecting the boxes. Lighter 
dashed lines illustrate the ages and number of events that could have occurred 
in proposed temporal clusters. 

Figure 29. Schematic of assumed probability of fault rupture occurrence and 177 
the impact of modest fault interaction. Late Quaternary faults are assumed to 
have inter-rupture intervals normally distributed about 20 k.y.; faults rupture 
every 15 and 25 k.y. Fault interaction is modelled by assuming that rupture 
on any fault in the region moves all other faults a specified distance (really, 
time) along their own inter-rupture curves, thus increasing their potential for 
rupture. 

Figure 30. Simple models of fault interaction and temporal clustering of 179 
large earthquakes in central Nevada. 

A) Modeled temporal distribution of faulting assuming no fault interaction. 
B) Modeled temporal distribution of faulting assuming that each faulting 
event increases the probability of rupture on other faults in the region 
somewhat (17%). 

----- -- -- --- -----



C) Temporal distribution of mean age estimates for Holocene paleoseismic 
events in central Nevada. Mean age estimates (disregarding the substantial 
uncertainty associated with them) suggest temporal clusters of large 
earthquakes. 

1 3 

Figure 31. Fault models used to estimate seismic moment release and strain 183 
rates. The seismogenic crust is assumed to be 15 Ian deep across all of 
central Nevada, based on the deepest hypocentral depths in the region. All 
faults are assumed to be planar, consistent with geodetic and seismic 
modeling of several nonnal faulting events in the northern Basin and Range 
province (Stein and Barrientos, 1985; Dozer, 1986). Faults from domains 
DVTY and PVCZ are assumed to be predominantly nonnal faults with dips 
of 45°. Depending on the physiographic setting associated with them, faults 
from domain WL are assumed to be predominantly nonnal (WAN, for 
example), predominantly strike-slip (BES, for example), or intennediate 
(PIM, for example). Strike-slip faults are assumed to dip 70° to 90°, and 
intennediate faults are assumed to dip 45° to 700. 

Figure 32. Histograms showing calculated strain rates by tectonic domain 190 
for various intervals of the Holocene. Logarithmic vertical axes are used to 
accommodate the vastly different strain rates for the historic period of record 
and the rates for late, middle, and early Holocene intervals. Historic strain 
rates are at least an order of magnitude greater than longer-tenn rates in each 
of the domains; these longer-tenn rates vary only by a factor of 2 or 3 in each 
domain. 
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and slightly lower standard deviations. 
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Table 8. Summary of the uncertainties in the various methods used to 65 
estimate scarp ages in this study. Uncertainties are one standard deviation 
about the mean age estimate, expressed as the percentage of each standard 
deviation divided by each mean scarp age estimate. 

Table 9. Summary of preferred mean, minimum, and maximum age 67 
estimates for the 20 sets of fault scarps discussed in this paper. These 
preferred age estimates were obtained using c* vs. scarp offset developed for 
arid and semiarid local climates; "L" indicates the arid calibration from 
Lahontan shorelines was used, and "G" indicates the semiarid calibration 
from shorelines in Grass and Smith Creek valleys was used. Only scarps 
with 1m or more of offset were used in all cases except BES, where 3 scarps 
of less than 1 m of offset were included. Independent age constraints are as 
follows: (1) faulting is younger than the highstand of pluvial Lake Dixie, 
estimated to be 12 ka (Thompson and Burke, 1973); Turupah Flat tephra (1.5 
ka) accumulated in graben formed by faulting (Hecker, 1985), although this 
does not constrain all faulting events to be > 1.5 ka; (2) WANI faulting pre-
dates 0.7 ka debris flow deposit (14 C date) and post-dates older Holocene 
faulting event WAN2 along the northern Wassuk Range; W AN2 post-dates 
last highstand of Lake Lahontan (12.5 ka) (Demsey, 1987); (3) faulting pre-
dates deposition of Mono Crater ash, 0.6-1.6 ka (identified by J.O. Davis, 
written comm., 1987); (4) faulting is younger than last pluvial highstand; age 
of highstand not well-constrained in these valleys, but may be about 15.5 ka 
(see text for more complete discussion); (5) stratigraphic correlations indicate 
that faulting is younger than Mazama tephra (6.8 ka) and older than Turupah 
Flat tephra (Bell and Katzer, 1987); (6) faulting pre-dates Mazama tephra 
(VIG identified by J.O. Davis, written comm., 1988; PV reported in 
Wallace, 1984). 

Table 10. Individual property development vs. soil age for dated soils in 77 
central Nevada. Hues are from standard soil color charts. Under wet 
consistence, sand p stand for sticky and plastic, modifiers 0, s, and v stand 
for non-, slightly, and very, respectively. Under dry consistence, 
abbreviations s, sh, and h stand for soft, slightly hard, and hard, 
respectively. Under structure, pI, sbk, abk, and pr stand for platy, 
subangular blocky, angular blocky, and prismatic, respectively. A number 1 
indicates weak structure, a number 2 indicates moderate structure. Under 
texture, s, Is, sl, I, and cl stand for the increasing textural grades of sand, 
loamy sand, sandy loam, loam, and clay loam; the first texture in each 
column is the maximum texture in the proflle, the second is the parent 
material texture. Stages of carbonate morphology are after Machette (1985); 
a minus sign indicates weak development of a particular stage. 

Table 11. Summary of soil proflle index data for dated Holocene and latest 81 
Pleistocene soils in central Nevada. Arid and semiarid local climates are 
indicated by A and S, respectively. Cumulative thickness indicates the total 
depth of clay and silt accumulation recognized in the field. The depths at 
which maximum horizon development occurs are noted in parentheses below 
MHI and HDI values. 
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Table 12. PDI, MHI, and HDI ranges for late Holocene, middle Holocene, 87 
early Holocene-latest Pleistocene, and late Pleistocene soils in central 
Nevada, derived from table 11. 

Table 13. Comparison of soil age estimates and fault scarp age estimates 88 
along fault zones in central Nevada. Soils are grouped by fault zone; fault 
zone abbreviations correspond with abbreviations on figure 12. Cumulative 
thickness indicates the total depth of clay accumulation noted in the field 
Soil age estimates are composite estimates based on the values of MHI, HDI, 
and PDI obtained for each soil compared with the ranges of values for dated 
soils given in table 12. For example, the MHI and HDI values for soil 
SON6485-2 indicate a middle Holocene soil age, while the PDI value 
indicates a late Holocene soil age. Because two of the three indices indicate a 
middle Holocene soil age, that is the composite age estimate. Abbreviations 
for soil age estimates are LH, late Holocene « -4 ka); MH, middle Holocene 
(-4 to 7 ka); EH early Holocene-latest Pleistocene (-7 to 15 ka); and LP, late 
Pleistocene (> 15 ka). Fault scarp age constraints are derived from 
morphologic analyses of fault scarps. Using the Sonoma Range as an 
example, soils are either unfaulted « 21 ka), faulted (> 21 ka), or faulted 
more than once (» 21 ka). 

Table 14. Application of soil profIle development indices to estimate soil 91 
ages where no independent evidence was gathered to constrain ages of 
faulting. Soil age estimates are again composites of the three indices, MHI, 
HDI, and PDI. Soil age abbreviations are as in Table 13. Soils are 
associated with alluvial surfaces that are either unfaulted (U), faulted once 
(F), or faulted hlore than once (F2). 

Table 15. Comparison of reconstructed scarp offsets, apparent scarp ages 103 
(tc), and corrected scarp ages (tc/c*) for pre-1954 scarps along the Fairview 
Peak rupture, assuming 90°- and 60°-dipping fault planes. 

Table 16. Fault scarp age estimates (in ka) for Holocene and latest 105 
Pleistocene surface ruptures in the CNSB. Methods used to estimate ages of 
paleoseismic events are apparent ages of scarps (tc) with 2 to 4 m offset and 
corrected scarp ages (tc/c*) for all scarps with greater than 1 m offset. 
Reported uncertainties are one standard deviation about the mean age 
estimate. Numbers in parentheses indicate scarp profIles used to obtain age 
estimates along each fault zone; L (arid) and G (semiarid) indicate the specific 
c* vs. offset relationship used to obtain corrected scarp ages. 

Table 17. Summary of profile development index (pDI) data for dated 109 
Holocene and latest Pleistocene soils in central Nevada. Arid and semiarid 
local climates are indicated by A and S, respectively. 
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Table 18. ProfIle Development Index values and age estimates for soils 111 
associated with fault zones in the CNSB. Age abbreviations are LH. late 
Holocene. MH. middle Holocene. EH. early Holocene-latest Pleistocene. 
and LP.late Pleistocene. Alluvial surfaces are either unfaulted (u). faulted 
once (0. or faulted more than once (f2). Soils with some independent 
numerical age constraint are indicated by a (*). 

Table 19. Fault scarp age estimates from five geographic subsets along the 115 
Stillwater Range in Dixie Valley. The youngest fault scarps are found in 
centtal Dixie Valley. 

Table 20. Predicted fault scarp widths vs. fault scarp age using linear 122 
diffusion to model scarp degradation from an initial vietical step in 
topography. Using this model. the horizontal width of a scarp is related 
primarily to its age, and only indirectly to its offset through the value of c*. 
Offset in the postulated prior event is not known; values shown in the last 
column are based on the assumption that the offset in the prior event is one-
half of the total scarp offset at the present. 

Table 21. Summary age estimates for Holocene and latest Pleistocene 127 
paleo seismic events in the CNSB. Age abbreviations are explained in Table 
18. 

Table 22. Selected landform parameters measured from mountain fronts 137 
associated with late Quaternary fault scarps in the CNSB. Fault zones are 
divided into sections based on distinct changes in mountain front 
morphology. Mountain front sinuosities were measured initially using 
1 :250.000-scale topographic maps to distinguish relatively active (Class 3 or 
less) from relatively inactive (Classes 4 and 5) fault zones; larger scale 
topographic maps (1:24.000 or 1:62,500 scale) were then used to further 
analyze the relatively active fault zones. Alluvial fan dissectrion 
determinations were made adjacent to mountain fronts; minimal (min) 
dissection is less than about 3 m, moderate (mod) dissection is about 3 to 10 
m, and deep dissection is more than 10 m. Asterisks (*) indicate data 
obtained from Fonseca (1988). 

Table 23. Age estimates for Holocene paleo seismic events in central Nevada; 165 
scarp age estimates, soils, independent constraints. Abbreviations for fault 
zones are explained in figure 24; abbreviations for domains are W. Walker 
Lane, D. Dixie Valley-Toiyabe Range, and p. Pleasant Valley-Conez Range. 
Bold characters indicate whether morphologic fault scarp analyses (numbers) 
or soil-profIle development (letters) provide the primary basis for estimating 
the age of the paleoseismic event. Age-interval abbreviations are LH, late 
Holocene. MH. middle Holocene. EH, early Holocene, and LP. late 
Pleistocene. Age abbreviations separated by a dash (MH-EH) indicate that 
surfaces of these estimated ages bracket the age of faulting. Symbols with 
scarp age estimates indicate the following: (#). age estimate from Wallace 
(1977); (+), younger than 6.8 ka Mazama tephra; (*). may be pan of COR 
rupture and not separate event. 
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Table 24. Estimates of the number of large earthquakes that have occurred 166 
during the Holocene in central Nevada. The rationale for differentiating the 
tectonic domains of Walker Lane (WL), Dixie Valley-Toiyabe Range 
(DVTY), and Pleasant Valley-Cortez Range (PVCZ) are discussed in the text. 
Bold numbers represent the number of events whose mean scalp age or best 
soil age estimates fall within a given interval. Numbers in plain text represent 
the minimum and maximum events pennitted by the uncertainties in age 
estimates for paleoseismic events. 

Table 25. Frequency of occurrence of large (M .... 7) earthquakes per unit area 167 
for different intervals of the Holocene. 

Table 26. Estimation of moment release in Holocene earthquakes in central 184 
Nevada. Minimum and maximum moment estimates were derived using 
different assumptions about average fault displacement and fault plane dip. 
Fault length estimates are based on the length of preselVed surface 
displacement (fault scarps) along fault zones. They may consistently 
underestimate actual rupture length, as evidence of small displacements near 
the ends of surface ruptures may not be preserved. 

Table 27. Paleoseismic events, moment rates, and strain rates calculated for 188 
tectonic domains in central Nevada for various intelValS of the Holocene. 
Minimum moment and strain rates were obtained using the minimum number 
of events and assumptions that result in calculation of the minimum moment 
release in these events. Maximum values were obtained using the maximum 
number of events and maximum moment release. Moment and strain rates in 
bold type were obtained using the preferred estimate of the number of events 
during an intelVal; minimum and maximum values there reflect different 
assumptions concerning moment release in these events. 

Table 28. Extensional strain rates for central Nevada estimated from a 192 
geologic and seismologic data sources. Geologic parameters used to estimate 
moments for the four largest historical earthquakes provide the highest strain 
rate estimates. Strain rates derived from seismological studies of somewhat 
larger portions of central Nevada are smaller by a factor of 2 to 4. Strain 
rates inferred from two faulted pluvial shorelines (12 ka) are similar to 
estimates derived from historical seismicity. Strain rates are derived from 
Holocene paleoseismic activity in central Nevada are lower by nearly a factor 
of 10; these rates are probably most representative of long-term regional 
extensional strain. 

Table 29. Deformation rates (extension in rnrn/yr) calculated from average 197 
Holocene strain rates for central Nevada. "Widths" are representative of the 
total distance across the tectonic domains in a WNW-ESE direction. 
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Table 30. Comparison of extensional defonnation rates across the northern 199 
Great Basin derived from several different data sources. Rates of extensional 
deformation derived from analyses of satellite geodetic data obtained during 
the 1980's, historical seismicity, and one faulted latest Pleistocene pluvial in 
Dixie Valley are similar. Estimates of extensional defonnation derived from 
paleoseismic data are substantially smaller, even when an attempt is made to 
include "missed" extension resulting from earthquakes of M 6.S or less. 

Table 31. Numbers of paleo seismic events and moment release estimates for 203 
possible temporal clusters of faulting during the middle and late Holocene in 
central Nevada. Bold numbers indicate t11~ number of paleoseismic events 
whose ~ fault scarp age estimate falls within the designated interval; these 
events are considered most likely to comprise possible temporal clusters. 
More events could have occurred during the possible clusters; plain numbers 
indicate the total number of paleoseismic events whose faul t scarp age range 
estimates overlap with the middle of each interval. The number of large 
seismic events in the historical period is consistent with the most likely 
number of events in possible earlier temporal clusters; the estimated seismic 
moment released in the historical events is greater than the most likely 
estimates of seismic moment release in earlier temporal clusters. 
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ABSTRACT 

This dissertation research assesses the behavior of young faults in central Nevada 

through analyses oflandforms associated with these faults. Four large earthquakes have 

occurred since 1915 in a striking N-S belt in central Nevada; no comparable earthquakes 

have occurred elsewhere in the Great Basin. The frequency of large-earthquake 

occurrence, and temporal and spatial patterns and rates of faulting in central Nevada during 

the Holocene were assessed through geomorphic and geologic studies of young fault 
scarps. 

Ages of paleoseismic events were estimated primarily through analyses of fault 

scarp morphologies and characterization and quantification of soil development associated 

with alluvial surfaces. Rates of fault scarp degradation were explored through diffusion

based modeling of latest Pleistocene pluvial shoreline scarps. Morphologic scarp age 

depends strongly on scarp size; modest variations in local climate, particle size, and aspect 

are less important. Incorporating a factor that depends on scarp size almost always 
decreases the scatter in scarp age estimates, and is critical if only small scarps exist along a 

fault zone. An average of ±30% uncertainty about the mean scarp age estimate remains 

after these analyses. Soil development indices were calibrated using 14 Holocene to latest 

Pleistocene soil proflles in central Nevada whose maximum ages are constrained. Soil 

development indices were used to estimate ages of faulted and unfaulted alluvial surfaces 

along fault scarps. Soils and morphologic fault scarp age estimates for paleoseismic events 

are generally consistent. 

Temporal and spatial patterns and rates of faulting during the Holocene were 

evaluated using age estimates for paleoseismic events. The long-term rate of faulting is 

about 10 times lower than the historical rate. There were no other N-S belts of faulting 

during the Holocene, although scarp ages suggest that there may have been other temporal 

clusters of faulting. There have been spatial clusters of faulting during portions of the 

Holocene. The extensional deformation rate across central Nevada during the Holocene is 

about 0.5-0.75 rnm/yr. Integrating this rate with fault-slip data from other portions of the 

northern Great Basin, the Holocene extensional deformation rate is 3.5-6.5 mm/yr, 

substantially lower than the historical deformation rate. 
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CHAPTER 1: INTRODUCTION TO GEOMORPHIC STUDIES OF YOUNG 

FAULTING IN CENTRAL NEVADA 

INTRODUCTION 

The discipline of geomorphology has long been characterized by a dichotomy 

between attempts to understand landscape development through quantitative analysis of 

modern processes and attempts to interpret the history of landscape development by 

studying elements of the landscape. This schism was evidenced early in the development 

of modem geomorphic thought by the contrasting ideas of Gilbert (1877), who sought to 

understand landscape evolution by understanding active geomorphic processes, and Davis 

(1899), who was primarily interested in interpreting the historical development of 

landscapes using the character of the modem landscape. The conceptual framework 

advocated by Davis clearly dominated geomorphic thought in the first half of the 20th 

century, but since the 1950's, the trend in geomorphic research has been toward measuring 

the characteristics and effects of active geomorphic processes (Ritter, 1978). 

Research in tectonic geomorphology draws on elements from both of these 

conflicting trends in geomorphology. Interpreting the tectonics of an area requires 

understanding some portion of its history; the length of history that must be understood 

depends on the nature of the tectonic problem that is addressed. Geomorphologic research 

can supply insights into tecto~c activity if it has occurred recently enough that its impact on 

the landscape is still discernible; time scales ranging from 1()3 to 108 years before the 

present may be considered using evidence from the modem landscape (Bull, 1984; Mayer, 

1982). Geomorphologic research is used to address significant tectonic problems by 

providing historical information regarding the evolution of landforms. However, unless 

rates of landscape change can be quantitified. historical geomorphology has little 
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significance as a modern science. Rates of landscape evolution can be effectively 

quantified by inferring rates of geomorphic processes in situations where landforms can be 

dated. If rates of processes such as hillslope erosion on fault scarps can be quantified in 

some favorable situations, then these rates can be utilized to provide historical information 

in areas where no independent evidence exists to constrain ages of landforms. 

The objective of the research summarized in this dissertation was to explore the 

recent extensional tectonic history of a portion of the Great Basin province of western 

North America using the geomorphic character of selected elements of the landscape. Most 

attention was focused on reconstructing the pattern of relatively young prehistoric 

earthquake activity (paleoseismic events) in order to evaluate fault behavior, estimate the 

rate of extension, and evaluate present seismic hazard in the region. To accomplish these 

objectives, rates of change of scarps formed in large, surface-rupturing earthquakes and 

rates of soil development were evaluated in some detail by exploiting situations where the 

numerical ages of landforms are constrained by independent information. The process 

rates derived from these evaluations were then applied to landforms associated with many 

late Quaternary fault zones in central Nevada, and ages of paleoseismic events were 

estimated. These age estimates were then utilized in derivative analyses of temporal and 

spatial patterns of faulting and rates of extensional strain averaged over 103 to 1()4 year 

intervals. Thus, the conceptual framework of this research involved (1) identification of 

critical landscape elements that could be used to reconstruct the recent tectonic history of a 

region; (2) quantification of the rates of selected geomorphic processes that affect these 

"landscape elements; (3) application of these inferred rates to date landscape elements and 

obtain age estimates for paleoseismic events across a broad region; and (4) development of 

derivative information on fault behavior, extensional strain rates, and potential seismic 

hazard from temporal and spatial patterns and rates of faulting (figure 1). 



Identification of Critical landscape 
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Evaluation of Fault Behavior, 
Strain Rates, and Seismic Hazard 
Using Paleoseismic Information 

Figure 1. Conceptual framework of the geomorphic investigations of active faulting in 
central Nevada conducted as part of this study. 

23 



24 

RESEARCH OBJECTIVES 

The primary purpose of the studies that are summarized in this dissertation was to 

place the historical pattern of faulting in the Great Basin into true "historical" (i.e., 

geologic) context Large surface-rupturing earthquakes in the Great Basin have not been 

scattered across the province, but rather have been concentrated in a very restricted N-S

trending zone in eastern California and ~entral Nevada The Nevada portion of the belt, the 

central Nevada seismic belt (CNSB, figure 2), was the site of earthquakes with tens of 

kilometers of surface rupture and several meters of surface displacement i~ 1915, 1932, 

and 1954 (2 events); four other earthquakes with minor surface displacement have occurred 

in the CNSB in this century as well. This spatial cluster of faulting suggests intriguing 

possibilities regarding fault behavior and interaction in the Great Basin. The historical 

period is but a short glimpse of the behavior of normal faults in the Great Basin, however. 

The only effective way to assess the significance of the historical pattern of faulting is to 

document longer-term patterns of faulting, thereby providing information with which to 

evaluate whether historical seismicity is characteristic of faulting in the Great Basin. 

Different approaches have been taken in the application of geomorphology and 

Quaternary geology to problems in paleoseismology. Most previous studies have focused 

on detailed analyses of individual fault zones, usually involving trench excavation and 

stratigraphic analysis offault zones. Obviously, substantial information about the timing of 

paleo seismic events and the behavior of individual fault zones has been gained through 

detailed analyses. The negative aspect of such an approach is that a tremendous amount of 

effort and time must be focused on each fault zone or segment of a fault zone. If the 

paleoseismic issue is regional in scope, then years of intense study and rather large sums of 

money are required to address it. An approach such as this has been taken along the 

Wasatch fault zone in Utah, where over ten years of research and the excavation of about 
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Figure 2. Location of the study area in the Great Basin. Dark 
patterns outline approximate extent of the central Nevada- eastern 
California seismic belt, where all the large historical surface 
ruptures have occurred. 
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50 trenches has resulted in a vastly increased understanding of the nature of late Quaternary 

fault behavior (Machette et al, 1988; Schwartz, 1988). In most areas of the western United 

States, however, the potential loss of lives and property due to earthquakes is not sufficient 

to justify this type of intense study. 

An alternative philosophical approach has been adopted by a few other workers 

who investigated rather large regions where very little was known about pattems of young 

faulting. These workers developed research methods that could be applied relatively 

quickly and inexpensively in reconnaissance studies. Reconnaissance studies of this sort 

have provided valuable information regarding fault behavior and seismic hazard in large 

regions in the western U.S. (Wallace, 1977; Bull and McFadden, 1977; Bucknam and 

Anderson, 1979). It has been difficult to discern the details of paleoseismic activity using 

reconnaissance approaches, however, because typically the temporal resolution of these 

methods is coarse. 

This dissertation research is an attempt to enhance the temporal resolution of several 

geomorphologic methods that are suitable for reconnaissance studies, apply these methods 

to fault zones across a large region, and thereby learn something about fault behavior and 

seismic hazard. It is appropriate to take this approach in central Nevada for several 

reasons: (1) In order to assess the significance of the historical pattern of faulting, fault 

behavior in a larger portion of the Great Basin must be assessed over an interval much 

longer than the historical rec~rd. (2) The number of fault zones that must be investigated to 

assess fault behavior is large; detailed studies of all fault zones with potential Holocene or 

late Pleistocene activity would take many years. (3) While the behavior of faults in central 

Nevada during this century is intriguing, the population density is very low, and it is 

unlikely that major technical and financial resources will be focused on the study of young 

faulting in the region. The regional paleoseismic analysis of central Nevada presented in 
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this dissertation, integrating reconnaissance geomorphic studies with several detailed 

studies of fault zones, provides an intriguing glimpse of paleoseismic activity and patterns 

of fault behavior in an extending region. 

DISSERTATION FORMAT 

The fonnat of this dissertation is designed to facilitate submittal of individual 

chapters in peer-review journals. The overall organization of the dissertation progresses as 

follows: (1) this brief introductory chapter; (2) development and application of 

methodologies (chapters 2 and 3); (3) consideration of the regional implications of the data 

analyses (chapters 4 and 5). With the exception of this chapter, individual chapters are 

written to complement one another but be essentially self-contained. They include separate 

introductory material, data presentation and analysis, and conclusions derived from the data 

analysis. Thus, while chapters 2 and 3 are primarily methodological, they also include 

some consideration of the implications of the data analyses for paleoseismic studies. 

Chapters 4 and 5 focus on the regional tectonic implications of the data analyses of the 

earlier chapters, but include brief descriptions of methods of data analysis as well as 

methods for exploring the regional significance of the data derived in the earlier chapters. 

In particular, readers may find a ~ubstantial amount of redundancy in the introductory and 

methodological sections of chapter 4. 

As stated above, this c;lissertation comprises two chapters that primarily detail 

methodologies for estimating ages of young paleoseismic events, followed by two chapters 

that primarily focus on the regional implications of these age estimates. Chapter 2 is a 

fairly detailed development of the methods that were used to estimate fault scarp ages from 

their morphologies. Wave-cut shoreline scarps were used to quantify rates of scarp 

degradation, these rates were used to estimate scarp ages along 20 fault zones with 

~- .- ~---- ... - --.; 
I 
I 
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Holocene or latest Pleistocene surface ruptures. Patterns of Holocene soil development are 

briefly explored and quantified in chapter 3. Fourteen sites where independent age 

constraints exist were exploited to tie soil development to surface age, and soil development 

was then utilized to estimate surface ages and thereby constrain estimates of the age of 

youngest movement along fault zones. Chapter 4 is an fairly detailed analysis of short

(102-104 yr) and long-tenn (l05_1()6 yr) patterns of faulting in and around the central and 

northern portions of the CNSB. The final chapter considers the patterns of Holocene 

faulting across a broader portion of central Nevada. It includes assessments of the 

possibility of temporal and spatial clusters offault activity through the Holocene, 103-104-

yr average rates of faulting and extensional strain, and current seismic hazard in central 

Nevada. 



CHAPTER 2. V ARIABLES AFFECTING SCARP DEGRADATION IN 

CENTRAL NEVADA: IMPLICATIONS FOR MORPHOLOGIC FAULT 

SCARP AGE ESTIMATES 

INTRODUCTION 

29 

Advances in understanding geomorphic processes that control degradation of fault 

scarps have led to the development of methods of morphologic fault-scarp analysis that are 

useful for estimating the ages of large paleoseismic events. Fault scarps formed in 

alluvium by vertical displacements in large, surface-rupturing earthquakes and scarps 

formed by fluvial or lacustrine processes are unstable landforms whose morphologies 

evolve with time; thus they are amenable to morphologic dating. Several morphologic 

scarp-dating methods apparently have the potential to provide fairly precise age estimates 

for paleoseismic events that produce fault scarps. Analytical methods based on slope

process models supply numerical age estimates for scarps if degradation rates can be 

calibrated using scarps of known age (Nash, 1980, 1984; Colman and Watson, 1983; 

Hanks and others, 1984; Mayer, 1984; Andrews and Bucknam, 1987; Hanks and 

Andrews,1989). However, variability in the many factors that control scarp degradation 

introduce scatter in age estimates obtained for fault scarps (Mayer, 1987). The practical 

utility of morphologic fault scarp dating depends on being able to assess this scatter and 

obtain reasonable minimum ~d maximum age estimates for a set of fault scarps. 

The present morphology of a scarp provides information on the time elapsed since 

the scarp formed, if the rate of change in morphology and the initial scarp configuration can 

be surmised. Initial scarp configuration can be inferred from morphologies of scarps 

formed in historical surface-faulting events (Wallace, 1977). The rate at which scarp 

shape changes depends on climate, scarp-forming materials, and the processes that act on 

----- ._. -.---- ... -
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the slope. Previous workers combined information from empirical studies of the 

downslope movement of material due to various slope processes with knowledge of the 

present shapes of fault scarps formed in paleoseismic events to infer that the rate of change 

of scarp shape with time can be approximated by the diffusion equation (Nash, 1980, 

1984; Colman and Watson, 1983; Hanks and others, 1984). 

Central Nevada is in many ways an ideal laboratory in which to use and evaluate 

morphologic methods for dating scarps. Present morphologies of pluvial shoreline scarps 

and young fault scarps formed in unconsolidated alluvial-fan deposits in central Nevada 

(see figure 3 for locations) were analyzed to examine several of the variables that likely 

affect scarp degradation and the practical resolution of scarp-dating methods. Latest 

Pleistocene pluvial lakes cut shoreline scarps into alluvial-fan deposits at many localities in 

central Nevada, providing dated scarps with which to calibrate rates of scarp degradation. 

Modem climates of the piedmonts of central Nevada range from arid to semiarid (Houghton 

and others, 1975), but pluvial shoreline scarps occur in both climatic regimes. Most of the 

fault scarps and shoreline scarps studied are formed in gravelly alluvial-fan deposits with a 

modest range in clast size and sorting; shoreline scarps facilitate evaluation of the influence 

of these variables on scarp degradation rate. Scarps face generally east or west, lessening 

the impact of aspect on scarp evolution. Finally, there are many sets of young fault scarps 

with which to test the internal consistency of and the uncertainties inherent in morphologic 

scarp-dating methods. 

Shoreline scarp data from this study yield information critical to utilizing and 

evaluating morphologic fault scarp dating methods. Scarp age inferred from morphologic 

analyses (apparent scarp age) increases with scarp size, which implies that linear diffusion 

does not appropriately model the degradation of larger scarps. Gravel size and sorting 

apparently can vary substantially without obvious impact on apparent scarp age; only 
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Figure 3. Locations of young fault scarps and pluvial shoreline scarps analysed in this 
chapter. Abbreviations label fault zones as follows: BES, Benton Springs: CCLA 
Clan Alpine: COR. CRV, mountain-front and piedmont fault scarps in Crescent 
Valley; DVC, DVN, DVS, DVNE; Dixie Valley central, north. south. and northeast. 
EAG, Eastgate; FP. Fairview Peak; GRV, Grass Valley; lHF. Indian Head; LM, Lone 
Mountain; PIM. Pilot Mtns.; PV, Pleasant Valley; RSR. lower Reaes River-northwest 
Shoshone Range; VIG. Vigus Butte; WAD. WAE. WAN. south-central. southernmost. 
and northern Wassuk Range. Pluvial shoreline scarp data were collected aat BVV .. 
Buena Vista Valley; DM. Desert Mlns.; WB. Walker Lake basin, and SCV, Smith 
Creek Valley. Te Ryee Patch locality is west of the map area . Thin dark lines are 
roads. heavier dark lines are approximate locations of historical surface ruptures. 
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scarps that are fonned predominantly of boulders have substantially younger apparent ages. 

Scarp degradation rates may be somewhat higher in semiarid environments, as shoreline 

scarps in semiarid climatic regions show a slightly stronger dependence of apparent age on 

scarp size than do shoreline scarps in arid climates. 

The practical ramifications of these inferences regRrding scarp degradation rates are 

illustrated by analyses of 20 young fault scarp data sets in central Nevada. Incorporating a 

degradation rate factor that depends on scarp size into analysis of fault scarp data decreases 

the scatter in age estimates. Using a variable degradation factor is especially important if 

the range of scarp sizes available to be measured is small. However, scatter remains in 

fault scarp age estimates after the degradation rate dependence on scarp size has been 

considered. In most cases, obvious variables of particle-size and aspect do not explain the 

scatter. This scatter may be caused by "hidden" variables such as initial structural 

complexities (Mayer, 1984, 1987; Nash, 1984) or small-scale variations in degradation 

processes that do not leave obvious traces. Given these limitations, morphologic fault 

scarp dating is useful in outlining regional patterns of young faulting and in delineating 

areas where more detailed stratigraphic studies are necessary to adequately define fault 

behavior. 

MORPHOLOGIC SCARP-DATING METHODS 

Quantitative morphologic scarp-dating methods depend on several important 

assumptions concerning the downslope movement of material on slopes. A general 

equation for the rate of downslope transport of unconsolidated material on slopes (R), is 
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(Carson and Kirkby, 1972). This equations predicts that processes that transport material 

at a rate linearly proportional to slope (linear diffusion) are the simplest processes that 

shape scarps (m=O, n=I). Several processes that probably shape scarps, ~cluding slope 

wash and slope wash with rilling, depend on slope length or some power of slope. These 

processes generally would cause relatively large scarps to degrade more rapidly than 

predicted by linear diffusion, and would result in larger scarps appearing to be 

morphologically older than smaller scarps of the same age (see Pierce and Colman, 1986). 

Several process-based morphologic methods have been used to date fault scarps. 

Nash (1984), Colman and Watson (1983), and Hanks and others (1984) proposed similar 

dating techniques to estimate scarp age based on an assumption of linear diffusion. The 

dating clock begins when scarp free-faces are degraded to the angle of repose for all these 

methods. These methods yield similar age estimates for a given scarp (Nash, 1988). 

Hanks and others (1984) also proposed a dating method in which linear diffusion is used to 

model scarp degradation from an initial vertical step in topography. Andrews and 

Bucknam (1987) proposed an analytical solution to estimate scarp age based on the 

assumption that the rate of material transport is proportional to the cube of the slope. Age 

estimates obtained using this method can be distinctly different from those obtained 

assuming linear diffusion (Demsey, 1987). Pierce and Colman (1986) suggested using a 

"quasi-linear" diffusion dating method; nonlinear diffusion is approximated by calibrating 

the degradation factor for a range of scarp sizes. Input parameters in all these methods are 

displacement of the pre-faulting surface (scarp displacement), pre-faulting surface slope, 

and maximum scarp slope. Scarp-dating methods generally have not incorporated the 

interval required to degrade fault scarps to the angle of repose (the "loosening-limited" or 

"free-face" interval; Wallace, 1977), but if the rate of free-face removal can be reasonably 

estimated it is feasible to incorporate this length of time into scarp-age estimates as well. 
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All of the proposed numerical scarp-dating methods provide a solution for the 

product of scarp age (t) and a degradation rate factor (k, c, c*, or lambda). The 

degradation rate factor must be estimated from analysis of scarps of known age formed in 

unconsolidated materials; variations of at least an order of magnitude have been determined 

from studies of dated scarps in different climatic regimes (Nash, 1980; Hanks and others, 

1984). Hanks and others (1984) and Hanks and Wallace (1985) argued that one value for 

k is more or less appropriate for much of the Basin and Range province. However, Pierce 

and Colman (1986) showed that morphologies of shoreline scarps of pluvial Lake 

Bonneville and terrace scarps from Idaho can best be understood if degradation rate factors 

are larger for higher scarps. Their work implies that nonlinear diffusion dominates the 

evolution of many scarps in the Basin and Range province. 

COLLECTION AND ANALYSIS OF SCARP PROFILE DATA 

Topographic profIles were collected from many young fault scarps and shoreline 

scarps in order to explore the usefulness of morphologic scarp dating in defining spatial 

and temporal patterns of young faulting in central Nevada. Profile data were obtained 

using simple field-surveying techniques. Most surveying was done using a clinometer and 

tape, recovering slope length and angle for each scarp segment surveyed. Endpoints of 

scarp segments were chosen based on visual observations of changes in slope; segment 

lengths range from about 0.5 to 12 meters. Individual slope measurements are probably 

accurate to ±1 0. Profiles were surveyed perpendicular to scarp trend, parallel to the 

maximum gradient, and were extended beyond the base and crest of the scarp onto the 

original fan surface. 

Survey locations were chosen to avoid obvious complications that would invalidate 

simple dating methods. Discernible structural complexities (multiple rupture traces) and 
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rills were avoided. Profiles were surveyed where the same pre-faulting surface appeared to 

exist above and below the scarp, although partial burial of fault scarp toes by small alluvial 

fans is a common problem and could not be avoided in all cases. Attempts were made to 

obtain reasonably unifonn geographic sampling of scarps along fault zones. Also, a range 

of scarp offsets were sampled where possible. Methodologies evolved as the study 

progressed, but vegetation type and density, particle-size distribution, and aspect were 

noted semi-quantitatively for most survey sites. 

Several methods of morphologic analysis became available during the course of the 

field studies summarized here. Most methods are variations on the theme of linear 

diffusion. Several of these methods were employed in analyses of particular sets of fault 

scarps in central Nevada, including curve-fitting to plots of maximum slope vs. offset 

(Hecker, 1985; Fonseca, 1988; after Hanks and others, 1984), modeling of whole scarp 

profIles assuming an initial vertical step in topography to determine preferred tc (the 

product of scarp age and the degradation rate factor) values (Hecker, 1985; Demsey, 1987; 

Fonseca, 1988; after Hanks and others, 1984), and application of a cubic-diffusion model 

(Demsey, 1987; after Andrews and Bucknam, 1987). 

Values of tc for scarps utilized in this study were obtained using a relatively simple 

version of the linear diffusion model, the SLOPEAGE program of Nash (1984). Input 

parameters for each scarp profile are maximum scarp slope, scarp displacement, pre

faulting (alluvial-fan) slopes. Maximum scarp slopes typically occur in the mid-sections of 

the scarps, and comprise at least 10 percent of the total length of the scarp slope. Scarp 

displacement is calculated by projecting the upper and lower fan slopes into the scarp mid

section and determining the perpendicular distance between them. Initial scarp fonn is 

assumed to be a ramp at the angle of repose for gruvdly material between the upper and 

lower fan slopes; estimates of 33.5° or 35° for the angle of repose are based on previous 



work (Wallace, 1977; Nash, 1984) and observations of debris slopes of historical fault 

scarps made in this study. 
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VARIABLES AFFECTING SCARP DEGRADATION RATES IN CENTRAL 

NEVADA 

Pluvial shoreline scarps provide opportunities to assess the importance of some of 

the variables that affect scarp degradation rates in central Nevada and to calibrate rates of 

scarp degradation to Jating fault scarps. Pluvial lakes eroded shoreline scarps into alluvial

fan deposits at many localities in western and central Nevada during the latest Pleistocene. 

By far the largest of these lakes, Lake Lahontan, occupied much of western Nevada during 

its latest highstand, between about 14 and 12.5 ka; it dessicated rather abruptly between 

12.5 and 12 ka (Benson and Thompson, 1987). The paleoshorelines of Lake Lahontan 

exist at relatively low-altitude locations (1330 m) in the rainshadow of the Sierra Nevada. 

The modem climates in these areas are unifonnly arid « 20 em annual precipitation) with 

mesic (10°-13° C) annual temperature regimes (Houghton et al, 1975). Sixty-seven profiles 

were collected from Lake Lahontan highstand shoreline scarps or high recessional shoreline 

scarps in four different areas (figure 3), in order to characterize scarp degradation rates 

under arid climatic conditions in central Nevada. Paleoshoreline scarp data was also 

collected from two higher-altitude pluvial lakes in central Nevada, where modem climates 

are somewhat wetter and cooler. Twenty-seven profiles of pluvial highstand shoreline 

scarps were collected in Grass Valley and Smith Creek Valley (abbreviated as GSC 

hereafter) in central Nevada (figure 3). These areas receive 20 to 40 cm of precipitation per 

year, and their mean annual temperature is go to 10° C, so they have semiarid, mesic 

modern climates. Age control on the abandonment of these pluvial shorelines is less 

precise. The pluvial lake in Grass Valley evidently was lower than the highstand by about 
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12-13 ka (K. Katzer, written comm., 1988). The only published date for recession of a 

pluvial lake in central or eastern Nevada is 15.7±O.7 ka for the lake in the Ruby Marsh in 

eastern Nevada (Benson and Thompson, 1987); 15.5 ka is the age assumed for the pluvial 

shoreline scarps in Grass Valley and Smith Oeek Valley in this paper. 

Many variables have probably affected the evolution of the shoreline scarps and 

fault scarps we observe in the field The importance of several of these variables can be 

evaluated in central Nevada using shoreline scarp data sets, while others are more 

intractable. Variables that can be evaluated to some extent are scarp size (height and 

width), local climate, materials, and aspect (microclimate). Other variables that are more 

difficult or impossible to assess using these data sets include initial scarp form, changes in 

material (particle-size distribution) as scarps are degraded, types of processes actually 

operating on slopes, and lateral variations in dominant processes along scarps. The latter 

variables probably contribute to scatter in morphologic ages of scarps known to be of the 

same age. 

Dependence of Apparent Scarp Age on Scarp Size 

All shoreline and fault-scarp data sets studied show some dependence of apparent 

scarp age (tc) on scarp size. This dependence is evaluated by plotting tc as the dependent 

variable against scarp offset (figure 4). The objective here is to develop a relationship 

relevant to dating single-rupture-event fault scarps, so only shoreline scarps with less than 

7 m offset were used in these analyses. Linear diffusion models predict that scarps of the 

same age but different sizes should have the same apparent age. Linear regressions of 

apparent scarp age against scarp offset for Lahontan shoreline scarps and GSC shoreline 

scarps show positive slopes and high coefficients of determination (R2). This indicates 

that larger scarps have been degraded relatively more rapidly than have smaller scarps, and 



38 

A) lahontan shoreline scarps 

50 

40 n Ie 67 

U- 30 --CD a co 
20 -c 

! 
co 
Co 10 Co 
co 

RII2 =0.84 
0 

0 2 4 6 8 

offset (m) 

B) Higher-altitude shoreline scarps from 
Grass Valley and Smith Creek Valley 

50 

40 n =27 .A 

U-- .. - 30 
CD a co -c 20 CD ... 
co 
Co 
Co 10 co 

te = -2.89 + 7.53H RII2 = 0.85 
0 

0 2 4 6 8 

offset (m) 

Figure 4. lllustrations of the dependence of apparent scarp age (tc) on scarp size for pluvial 
shoreline scarps in central Nevada. Each data point represents the apparent age of an 
individual scarp proflle. Scarp "offset" is the perpendicular distance between projections of 
the upper and lower fan slopes to the scarp midsection. 



it implies that the evolution of larger scarps is dominated by processes that transport 

sediment more effectively than linear diffusion (following Pierce and Colman, 1986). 
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The dependence of the degradation rate factor (c*; this factor is equivalent to c in the 

diffusion equation, but it is a variable, not a constant) on scarp offset for shoreline scarps 

in central Nevada is quite strong compared with other dated scarps from the Basin and 

Range. Values oftc from shoreline scarps in central Nevada were divided by scarp age 

(12.5 ka for Lahontan, 15.5 ka for Grass and Smith Creek Valleys) in order to compare 

them with data from published studies of other dated scarps. Resulting plots of c* against 

scarp offset imply that degradation rates are substantially higher for scarps of greater than 

about 3 m offset in central Nevada than in central Utah (figure 5). Of the scarp data sets in 

the Basin and Range province presented by Pierce and Colman (1986), only south-facing 

terrace scarps from Idaho have a c* vs. offset relationship similar to the shoreline scarps of 

central Nevada. The reasons for the apparent difference in degradation rates for scarps in 

Nevada and Utah are not clear; climates are similar and materials evidently are similar as 

well. Truly cohesionless scarp materials may be a requirement for linear diffusion to 

dominate scarp evolution. Many shoreline and fault scarps in central Nevada are mantled 

by blankets of eolian loess. This mantle likely increases the cohesion of scarp-forming 

materials, which may enhance soil creep and the potential for development of rills and 

thereby increase rates of scarp degradation on larger scarps. 

Young fault scarps in central Nevada generally exhibit relationships between 

apparent age and scarp offset consistent with the apparent dependence of scarp degradation 

rates on scarp size. Any scarp data set where a uniform age can be reasonably assumed 

should show a dependence of apparent age (tc) on scarp offset if degradation rates vary 

with scarp size. Furthermore, the dependence of apparent age on offset increases with 

scarp age. If scarps of all sizes have initial slopes at or above the angle of repose, they 
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Figure 5. Dependence of the degradation rate factor (c*) on scarp offset. Values of tc from 
individual scarp profiles are divided by scarp age to obtain values of c*. Scarp ages used 
are 12.5 ka for Lake Lahontan data (Lc*), 15.5 ka for Grass Valley-Smith Creek Valley 
data (Gc*), and 14.5 ka for Lake Bonneville data (Bc*). All data sets utilize scarps with 7 
m or less of offset. The Bonneville regression is recalculated from data presented by Pierce 
and Colman (1986). 
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would show no dependence of apparent age on scarp offset when they fonn (tc = 0). As 

larger scarps are degraded relatively more rapidly, they appear to age more rapidly, so a 

dependence of tc on scarp offset becomes evident. An example of the evolution of apparent 

scarp age with time is shown by three sets of scarps of different ages observed in the 

Walker Lake basin. The oldest scarp data set was collected from 12.5 ka Lahontan 

shoreline scarps; two sets of fault scarps cut alluvial fans or terraces that post-date the latest 

highstand, and stratigraphic relationships indicate that they have distinctly different ages 

(Demsey, 1987). Slopes of linear regressions fit to the tc vs. offset data increase 

dramatically with scarp age (figure 6). 

There typically is more scatter in tc vs. offset plots for fault scarp data sets than for 

the shoreline scarp data sets discussed above, as reflected in the R2 values of linear 

regressions fit to the scarp data (table 1). Nonetheless, the fairly systematic variation in the 

relationship of apparent age and scarp offset with time suggests that the slopes of linear 

regressions on these data may be useful in estimating relative scarp age (concept suggested 

by M. N. Machette, written comm., 1987). If dated shoreline scarps are available to 

calibrate the relationship, then the slopes of linear regressions of tc vs. offset may be useful 

in estimating numerical scarp ages as well. However, examination of the fault scarp data 

sets from central Nevada indicates that deviation of y-intercept values from zero and low R2 

values will limit the precision of this potential dating method. 

Dependence of Apparent Scarp Age on Climate, Particle Size, and Aspect 

The importance of the variables of climate, particle-size of scarp materials, and aspect can 

be evaluated in the context of the dominant dependence of apparent scarp age on scarp 

offset. The differences in climate, particle size, and aspect observed on shoreline scarps in 

this study modify the relationship between the degradation rate factor (c*) and 
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Figure 6. lllustration of the increasing dependence of apparent scarp age on offset with 
increasing scarp age. Data were collected from three sets of scarps of different ages found 
itnhe Walker basin. The oldest set of scarps are shorelines of Lake Lahontan (LAH). The 
two sets of fault scarps are younger than the highstand of Lake Lahontan; cross-cutting 
alluvial relationships indicate that WAN 2 scarps are older than WAN 1 scarps. 



SCARP No. of INTERCEPT SLOPE R2 
SET PROFILES Y AXIS 

Fault Zones 
BES 6 0.8 0.2 0.03 

CLA 10 5.3 4.1 0.40 

COR 18 0.8 0.8 0.41 

CRV 15 -1.0 3.6 0.65 

DVC 28 1.2 0.5 0.18 

DVN 11 0.9 1.6 0.53 

DVS 20 -1.2 3.7 0.81 

EAG 23 0.5 2.1 0.52 

FP 10 -1.0 10.3 0.66 

GRV 31 2.6 1.2 0.44 

IHF 11 -0.6 2.1 0.32 

LM 21 -1.3 1.9 0.63 

PIM 24 0.4 0.6 0.37 

PV 9 1.2 7.2 0.86 

RSR 13 0.5 1.0 0.63 

VIG 18 1.9 3.8 0.43 

WAD 14 1.6 1.2 0.50 

WAE 11 4.0 7.0 0.75 

WAN1 57 -0.2 1.0 0.50 

WAN2 12 a 2.9 0.71 

ShQr~lIn~ S~~rg§ 

L 67 -1.3 5.2 0.84 

G 27 -2.9 7.5 0.85 

Table 1. Parameters of linear regressions of apparent scarp age (tc) vs. scarp offset for 
young fault scarps and pluvial shoreline scarps in central Nevada. All data sets show a 
positive correlation between apparent scarp age and scarp size, but fault scarp data sets 
typically show much more scatter than shoreline scarp data sets. 
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scarp offset Changes in these variables that enhance scarp degradation would increase the 

dependence of the degradation on scarp offset, for example. 

The relatively minor variations in local climate that exist in central Nevada may 

affect rates of scarp degradation. Fault scarps occur in both arid and semiarid climatic 

regimes in central Nevada; therefore, the possibility that differences in climate of this 

magnitude might affect scarp degradation rates was explored using Lahontan and higher

altitude shoreline scarps. Lahontan shoreline scarps are found on arid piedmonts in 

western Nevada. These scarps occur at fairly low altitudes (about 1330 m) in a region that 

is profoundly influenced by the rainshadow of the Sierra Nevada. Average annual rainfall 

ranges from about 10 to 20 cm, and average annual temperatures from 10° to 13° C 

(Houghton and others, 1975). Vegetation typically is low desert bushes and sparse grass. 

Pluvial shorelines in Grass Valley and Smith Creek Valley (GSC) in central Nevada occur 

at altitudes of about 1800 and 1900 m, respectively. Both of these valleys have semiarid 

climates; average annual precipitation is in the range of 20 to 40 em, and average annual 

temperatures are about 8° C (Houghton and others, 1975). Vegetation is typically small to 

medium-sized sage, and grass cover is moderate to sparse. All of western and central 

Nevada is characterized by strong seasonal variations in temperature and precipitation. 

Most precipitation falls in the winter and spring. Summers are generally dry, although 

central Nevada receives more summer rain than does western Nevada (Houghton and 

others, 1975). 

Scarp degradation rates appear to be reasonably similar in arid and semiarid 

portions of central and western Nevada. The degradation rate factor (c*) determined for 

pluvial shoreline scarps in GSC depends to a slightly greater degree on scarp offset than 

does the degradation rate factor determined for Lahontan shoreline scarps (figure 5). The 

difference between the linear regressions determined for the arid Lahontan and semiarid 
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GSC shoreline scarps is subtle compared with the difference between both of these data 

sets and the Bonneville shoreline data. The estimated age of the GSC shorelines used in 

this study (15.5 ka) is not as well constrained at present. If these scarps are in fact younger 

than 15.5 ka, then the difference the Lahontan and GSC c* vs. offset relationships is 

greater than shown in figure 5; if the GSC scarps were as old as 18 ka, then there would 

essentially be no difference between the two c* relationships. 

The importance of scarp materials on degradation rates for scarps formed in 

alluvial-fan deposits can be evaluated using subsets of the shoreline scarp data presented 

above. Semiquantitative assessments of particle-size distributions on scarps were made for 

Lahontan shoreline scarps profIled in the Walker Lake basin and for shoreline scarps 

collected in Grass and Smith Valleys. Particle-size categories (sand or finer, pebbles, 

cobbles, and boulders) were visually ranked based on their relative abundance on the scarp 

face. Scarps were then grouped according to which size category or categories dominate 

and apparent scarp ages were plotted against offset (figure 7). Dominant particle sizes 

range from pebbles to cobbles with a substantial boulder component without obvious 

impact on apparent scarp age. This relationship is important because fault scarps formed in 

alluvial-fan deposits typically vary substantially in particle-size along fault zones. Particle

size variation in alluvial-fan deposits may introduce less scatter into scarp age estimates 

than one might suppose. A few scarps from the Walker Lake basin area that are mantled by 

small to medium boulders have much younger apparent ages than fmer-grained scarps with 

similar offsets (figure 7), suggesting that high boulder contents significantly retard scarp 

degradation. 

The importance of aspect on scarp degradation is difficult to evaluate using the 

shoreline scarp data sets of this study because aspect does not vary extremely, and 

variations in scarp materials tend to mask the effects of aspect. Again, the Walker Lake 
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Figure 7. Influence of particle-size distributions on apparent scarp age (tc). Particle-size 
distributions on pluvial shoreline scarps in arid (Walker Lake) and semiarid (Grass and 
Smith Creek valleys) were assessed semiquaititatively by visually ranking the relative 
abundance of boulders (b), cobbles (c), pebbles (p), and sand and finer clasts (s). 
Substantial variations in the abundance of large clasts (cobbles and boulders) do not 
obviously impact apparent scarp ages; only if boulders are the most abundant clasts are 
scarps morphologically younger. 
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basin and Grass and Smith Creek Valley shoreline scarp data sets are used to explore 

possible aspect dependence. Bouldery scarps are excluded from plots of tc vs. offset, and 

aspects are discriminated by 1/2 quandrant (northwest, west, etc.; figure 8). Pierce and 

Colman (1986) found that scarp morphologies depend strongly on aspect in Idaho, where 

scarps that receive the most solar radiation are the least vegetated and have been degraded 

most rapidly. The limited range of aspects of the shoreline scarps presented in figure 8 

does not clearly show this relationship, as scarps facing SW do not have older apparent 

ages than NW-facing scarps. 

APPLICATION OF MORPHOLOGIC DATING TO YOUNG FAULT 

SCARPS 

A primary goal of this study is to apply morphologic dating procedures to the many 

young fault scarps of central Nevada and to assess the precision of the dating methods. 

Morphologic dating methods were applied to fault scarps inferred to have formed in single 

prehistoric surface-rupturing earthquakes analogous to the Ms-7 historical earthquakes that 

have occurred in central Nevada. Topographic profile data from 20 fault scarp sets of late 

Holocene to latest Pleistocene age were used in this analysis. The range of materials, 

aspects, and scarp offsets is similar for the fault scarps studied as for the shoreline scarps 

considered above. Inferences gained from analyses of dated shoreline scarps, especially 

the importance of dependence of degradation rate on scarp size, were utilized in analyses of 

fault scarps. 

Two general approaches have been taken when translating data from individual 

scarp proflles into age estimates for prehistoric ruptures along fault zones. One approach is 

to plot some parameter derived from individual scarp profIles against another parameter and 

derive an age estimate from the form of a curve fitted to the data (Bucknam and Anderson, 
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Figure 8. Impact of scarp aspect on apparent scarp ages (tc), using the same pluvial 
shoreline data sets as in figure 6. Variations in scarp aspect through these limited ranges do 
not exert an obvious influence on scarp degradation. 
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1979; Nash, 1980; Hanks and others, 1984). As it has been applied, this type of approach 

does not readily lend itself to assessment of the precision of the resultant age estimate, or 

the uncertainties attendant with the preferred age estimate (Hecker, 1985; Fonseca, 1988). 

A second approach is to derive an age estimate for each individual scarp profile and to use 

the individual estimates to obtain a mean age estimate for the set of scarps (Nash, 1980; 

Mayer, 1982, 1984, 1987; Colman and Watson, 1983; Hanks and others, 1984; Pierce and 

Colman, 1986). This approach facilitates simple statistical analyses of the data set to 

estimate reasonable uncertainties about the mean age estimate. A particular form of this 

second approach, where initial scarp slope is the angle of repose and a value of tc is 

determined from maximum scarp slope, scarp offset, and pre-faulting slope (Nash, 1984; 

Hanks and others, 1984), is used here to compare scarp age estimates based on linear and 

non-linear or quasi-linear diffusion models for erosional processes on scarp slopes. 

Effects of Constant and Variable Degradation Rate Factors on Scarp Age 

Estimates 

Analyses of shoreline scarp data from western and central Nevada imply that scarp 

degradation rates depend quite strongly on scarp size, and that the rather limited variations 

in climate, materials, and aspect observed for scarps formed in alluvial-fan deposits have 

lesser effects on scarp degradation rates. These conclusions have several ramifications for 

attempts to date fault scarps: (1) including a variable degradation ratr. factor (c*) that 

depends on offset, calibrated from the shoreline scarp data, should reduce the scatter in 

fault scarp age estimates; (2) variations in scarp aspect and materials within the range of the 

shoreline scarps studied may introduce scatter into scarp age estimates, but will not 

strongly bias age estimates; and (3) using a constant degradation rate factor (c) to obtain age 

estimates for sets of fault scarps whose average offset is either small (less than about 2 m) 
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or large (greater than about 4 m) will probably result in incorrect age estimates. The fIrst 

two ideas will be evaluated using data sets obtained from young fault scarps in central 

Nevada. The third ramification can only be rigorously tested through detailed stratigraphic 

studies of young fault scarps (probably involving analyses of trenches excavated across 

fault scarps) to obtain independent numerical age constraints on fault scarp ages; these are 

not available at present. However, fault scarp data sets illustrate the probable error 

introduced by assuming that the degradation rate factor is constant in these cases. 

The importance of using a variable degradation rate factor was tested by comparing 

mean fault scarp age estimates and the scatter about the mean using a constimt degradation 

rate factor (c = 1 m2/k.y.; after Hanks and others, 1984; Hanks and Wallace, 1985) and 

using three different methods that account for a dependence of degradation rate factor on 

scarp size. One of these methods assumes that the value of c cited above actually applies to 

scarps with intermediate offsets (an offset range of 2 to 4 m is used here). The second 

method uses degradation rate factor (c*) relationships calibrated from shoreline scarps, 

using the Lahontan relationship for fault scarps in arid climates and the GSC relationship 

for fault scarps in semiarid climates (see fIgure 5 for specifIc relationships). The value of tc 

determined for each scarp prome is divided by the c* value for shoreline scarps of the same 

offset to obtain a scarp age estimate. The third method is a variation on the second, the 

difference being that only scarps with more than 1 m of offset are included in the analyses. 

The rationale behind this method is (1) small scarps formed in the historical earthquakes 

commonly are less steep than the angle of repose, so the initial scarp form of small 

prehistoric scarps is suspect; and (2) the c* relationships for shoreline scarps have non-zero 

intercepts, which results in unrealistically small or negative c* values as offsets approach 

zero. Maximum and minimum tc/c* values accounting for 10 to 20 percent of each 

population of age estimates were symmetrically excluded from the population prior to 
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computation of mean age estimates and standard deviations except for very small data sets 

(n < 8). Values of one standard deviation obtained in this manner are used to compare the 

apparent precision or the uncertainties involved in the different methods for obtaining age 

estimates. 

The results of these analyses imply that factoring a dependence of the degradation 

rate factor on scarp size into scarp age estimates results in more precise and reliable age 

estimates. Scarp age estimates based on the assumption of dependence of degradation rate 

on scarp size are compared with estimates based on assumption of a constant value of c in 

Tables 2 through 5. Using a constant value for c (1 m2/k.y.) but restricting age estimates 

to scarps with intermediate offsets (2-4 m) decreases standard deviations as a percent of the 

mean age estimate in 16 of 18 scarp data sets (table 3; two of the 20 data sets have no 

scarps with offsets as large as 2 m). Average standard deviation as a percent of the mean 

for all scarp data sets decreases from 47 to 33 percent using 2-4 m scarps only. Applying a 

specific c* relationship to all fault scarps in each data set also consistently decreases 

standard deviations; the average standard deviation for all scarp data sets is 38 percent 

(table 4). Restricting c* analyses to scarps with offsets greater than 1 m results in the 

lowest standard deviations of all the methods used for 13 of 20 scarp data sets, and an 

average standard deviation for all scarp data sets of 30 percent (table 5). 

Comparison of mean age estimates for these 20 fault scarp data sets illustrates the 

importance of using a scarp-dating method that includes some dependence of degradation 

factor on scarp offset (table 6). Age estimates for scarp data sets with mean offsets of 2 to 

3 m are fairly stable no matter which method is used; mean age estimates using each 

method are within 25 percent of the value obtained using the tc/c* (H > 1 m) method. For 

scarp data sets whose mean offsets are less than 1.5 m, however, age estimates obtained 

using a constant value for c differ substantially from the values obtained from the other 
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Fault Mean No.of Mean Standard % of 
Zone Offset Profiles Age (ka) Deviation Mean 

(m) 

BES 1 6 1.0 0.2 25 
IHF 1 11 1.6 0.6 40 
PIM 1.1 27 0.9 0.5 54 
RSR 1.4 12 1.9 0.9 47 
VIG 1.4 19 6.8 4.1 60 

CRV 1.6 13 4.9 2.2 46 
FP 1.8 8 20.3 10.6 52 
LM 2 19 2.5 1.6 66 

WAE 2' 9 9.1 4.3 48 
EAG 2.1 21 4.8 2.5 52 
DVS 2.1 19 5.8 3.9 67 
CLA 2.2 9 13.3 6.1 46 
GRV 2.5 26 5.6 2.1 37 
WAD 2.6 12 4.7 1.5 32 
DVN 2.6 9 5.0 1.6 31 

WAN2 2.6 10 7.3 3.5 48 
PV 2.6 9 19.3 7.0 36 

COR 2.7 17 3.1 1.4 45 
WAN1 2.8 51 2.6 1.7 64 
DVC 3.2 24 2.7 1.3 48 

AVERAGE: 47.3 

Table 2. Mean apparent scarp ages (tc) and standard deviations about the mean for 20 
Holocene and latest Pleistocene fault scarps in central Nevada. Scarp ages are obtained by 
dividing mean tc values by 1 m2/k.y., the approximate value of c obtained by Hanks et al 
(1984) for the Basin and Range province. Mean fault scarp age estimates and standard 
deviations shown in tables 2-5 were computed after 10 to 20 percent of the outlying values 
were symmetrically excluded. 
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Fault Mean No.of Mean Standard % of 
Zone Offset Profiles Age (ka) Deviation Mean 

(m) 

BES 1 NONE 
IHF 1 NONE 
PIM 1.1 3 1.8 0.5 27 
RSR 1.4 3 3.0 0.9 29 
VIG 1.4 4 11.8 3.3 28 

CRV 1.6 5 7.2 2.1 30 
FP 1.8 4 31.6 3.1 10 
LM 2 6 3.8 1.7 45 

WAE 2 5 15.8 6.9 44 
EAG 2.1 10 5.8 1.9 32 
DVS 2.1 10 8.5 3.4 40 
CLA 2.2 6 18.7 6.5 35 
GRV 2.5 13 7.0 1.8 26 
WAD 2.6 7 5.4 1.9 36 
DVN 2.6 8 4.9 1.6 34 

WAN2 2.6 3 7.3 2.7 37 
PV 2.6 5 21.0 4.7 22 

COR 2.7 10 3.5 1.0 29 
WAN1 2.8 23 2.4 1.2 48 
DVC 3.2 17 3.0 1.5 50 

AVERAGE: 33.5 

Table 3. Mean apparent scarp ages (tc) and standard deviations obtained as in table 2, but 
excluding large and small scarps. Only scarp profiles with offsets between 2 and 4 m were 
used to compute these scarp age estimates. Outlying scarp age estimates were excluded 
only if scarp populations comprise 8 or more proflles. 



Fault Mean No.of Mean Standard % of 
Zone Offset Profiles Age (ka) Deviation Mean 

(m) 

BES 1 6 3.6 1.1 31 
IHF 1 1 1 5.5 2.5 45 
PIM 1.1 22 3.1 1.6 53 
RSR 1.4 12 5.4 4.3 80 
VIG 1.4 15 16.4 5.8 35 
CRV 1.6 13 8.4 2.6 31 
FP 1.8 8 22.7 7.2 31 
LM 2 19 3.2 1.4 42 

WAE 2 9 12.9 3.0 23 
EAG 2.1 21 5.2 1.5 29 
DVS 2.1 19 7.0 1.6 22 
CLA 2.2 9 20.9 9.5 45 
GRV 2.5 26 6.6 2.4 37 
WAD 2.6 12 5.0 1.4 29 
DVN 2.6 9 5.4 1.5 28 

WAN2 2.6 10 7.7 1.9 25 
PV 2.6 8 19.5 4.3 22 

COR 2.7 16 3.0 1.2 39 
WAN1 2.8 51 2.6 1.2 44 
DVC 3.2 24 2.4 1.0 43 

AVERAGE: 36.7 

Table 4. Corrected scarp ages (tc/c*) obtained by dividing the apparent age of each scarp 
(tc) by a specific c* value for scarps of that size. Separate relationships between c* and 
scarp offset for arid and semiarid local climates were obtained by analyzing pluvial 
shoreline scarps (see text for further discussion). 
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Fault Mean No.of Mean Standard % of 
Zone Offset Profiles Age (ka) Deviation Mean 

(m) 

BES 1 3 3.0 1.8 59 
IHF 1 6 4.5 1.3 30 
PIM 1.1 10 2.4 0.3 14 
RSR 1.4 8 3.8 0.9 24 
VIG 1.4 11 12.6 3.8 30 
CRV 1.6 1 1 7.6 1.8 23 
FP 1.8 7 21.1 5.8 28 
LM 2 18 3.3 1.4 41 

WAE* 2 9 12.9 3.0 23 
EAG 2.1 19 5.2 1.6 30 
DVS 2.1 15 7.2 1.3 18 
CLA 2.2 7 16.8 5.7 34 
GRV 2.5 23 5.8 1.6 28 

WAD* 2.6 12 5.0 1.4 29 
DVN 2.6 8 5.1 1.3 26 

WAN2* 2.6 10 7.7 1.9 25 
PV 2.6 7 18.2 2.5 14 

COR 2.7 13 2.7 0.8 30 
WAN1 2.8 49 2.5 0.9 37 
DVC* 3.2 24 2.4 1.0 43 

AVERAGE: 29.5 

Table 5. Corrected scarp ages (te/c*) obtained by dividing the apparent age of each scarp 
(tc) by a specific c* value for scarps of that size, using only scarps with offsets of 1 m or 
greater. Fault zones labeled with stars have no scarps with less than 1 m of offset. 

________ .J 
I 
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FAULT MEAN MEAN AGE ESTIMATE (ka) 
ZONE OFFSET tc tc tc/c· tc/c· 

(m) (2-4 m) (>1 m) 

BES 1 1.0 NONE 3.6 3.0 
IHF 1 1.6 NONE 5.5 4.5 
PIM 1.1 0.9 1.8 3.1 2.4 
ASR 1.4 1.9 3.0 5.4 3.8 
VIG 1.4 6.8 11.8 16.4 12.6 

CAV 1.6 4.9 7.2 8.4 7.6 
FP 1.8 20.3 31.6 22.7 21.1 
LM 2 2.5 3.8 3.2 3.3 

WAE 2 9.1 15.8 12.9 12.9 
EAG 2.1 4.8 5.8 5.2 5.2 
DVS 2.1 5.8 8.5 7.0 7.2 
CLA 2.2 13.3 18.7 20.9 16.8 
GRV 2.5 5.6 7.0 6.6 5.8 
WAD 2.6 4.7 5.4 5.0 5.0 
DVN 2.6 5 4.9 5.4 5.1 

WAN2 2.6 7.3 7.2 7.7 7.7 
PV 2.6 19.3 21.0 19.5 18.2 

COR 2.7 3.1 3.5 3.0 2.7 
WAN1 2.8 2.6 2.4 2.6 2.5 
DVC 3.2 2.7 3.0 2.4 2.4 

Table 6. Summary of mean fault scarp age estimates using four different methods of 
analysis discussed in this paper. For fault scarps with small mean offsets, apparent scarp 
ages (tc) are consistently much less than age estimates derived using the three methods that 
account for a dependence of the degradation rate factor on scarp size. All methods produce 
similar age estimates for fault scarps with mean offsets greater than about 2.5 m. 
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dating methods. Mean scarp age estimates using a constant value for care 46 to 72 percent 

less than values of tetc*' (> 1 m). With one exception (data set RSR), the three methods 

that incorporate a dependence of degradation rate on offset are within 30 percent of the 

value of tctc'" (H> 1 m). The fact that using a constant value for c consistently gives 

substantially younger age estimates than do the other methods when scarps are small 

strongly suggests that some method that incorporates a dependence of degradation factor on 

scarp size should be employed in estimating scarp ages. 

The three methods that attempt to account for faster degradation rates on larger 

scarps yield generally similar mean scarp age estimates and uncertainties, so choosing a 

"preferred" method to use in estimating ages of paleo seismic events is not straightforward. 

Each method that restricts analysis to a certain offset range has the effect of decreasing 

population size, which increases the importance of individual scarp profiles. This problem 

is especially troublesome when a constant value for c is applied only to scarps of 

intermediate offset; 10 of the 20 fault scarp data sets have less than six profiles in the offset 

range of2 to 4 m, and two data sets have no profiles in that range. Using a specific c*' 

relationship and restricting analyses to scarps with greater than 1 m offset appears to 

combine reasonable population size and precision. However, in cases where the number of 

scarps with greater than 1 m offset is small (such as BES), the best method for estimating 

scarp age may be tctc*'. 

Sources of Variability in Fault Scarp Age Estimates 

Substantial variability in morphologic age estimates apparently is inherent in fault 

scarp data sets. Even the preferred dating method (tctc*', H > 1 m), which attempts to 

specifically account for the strong dependence of tc on scarp size and does not include very 

small scarps, still results in average uncertainties of almost 1/3 of the mean age estimate. 
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This uncertainty apparently does not arise from insufficient sampling of the fault scarps, as 

there is no clear relationship between standard deviations of scarp age estimates and the 

number of scarp profiles used to obtain the age estimates (figure 9A). A plot of standard 

deviations vs. mean scarp age suggests the possibility that age estimates of older scarps 

may have relatively less scatter (figure 9B). 

Variability in morphologic scarp age estimates arise from several sources, including 

measurement procedures, model deficiencies, and inherent scatter in scarp morphologies 

(Mayer, 1987). Measurement error is not evaluated here. Incorporating a variable 

degradation rate factor is an attempt to minimize model deficiencies. The uncenainty that 

remains in fault scarp age estimates even when the preferred dating method outlined above 

(tc/c·, H > 1 m) is employed is evidence of variability inherent in morphologies of scarps of 

the same age. Fault scarps generally ~xhibit much more scatter in morphologic ages than 

do shoreline scarps, as evidenced by lower R2 values for apparent age vs. offset plots 

(table 1). Several factors that could contribute to the scatter in morphologic scarp ages, 

including particle size, climate, aspect, and local variations in degradation processes, 

should on balance affect both shoreline and fault scarps. However, several factors may 

contribute to scatter in fault scarp age estimates that would not affect shoreline scarps, 

including complexities in initial scarp form introduced by fault rupture patterns, 

unrecognized differences in scarp ages along fault zones, and the time required to remove 

fault scarp free faces. 

Complex surface-rupture patterns result in scarps appearing to be morphologically 

older than scarps formed by single, discrete fault ruptures; if rupture planes are closely 

spaced, structural complexities may not be recognizable when scarps are thousands of 

years old (Mayer, 1984). Complex surface-ruptures may be very common; Nash (1984) 

suggested excluding the upper 50 percent of tc values for the fault scarps he studied 
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Figure 9. Illustrations of the lack of correlation between variability in scarp age estimates 
and (A) the number of scarp profiles used; and (B) the age of the scarps (based on mean 
scarp age estimates). 
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because about 50 percent of the scarps fonned in the 1959 Hebgen Lake earthquake 

exhibited surface rupture complexities. Some fault zones may be characterized by relatively 

more surface-rupture complexities than others, and this may account for some of the 

variability in scarp age estimates, especially in relatively young fault scarp data sets (figure 

9B). 

Variability in fault scarp age estimates could also arise from failure to properly 

identify segmented fault ruptures and incorrect assumption of synchronous fault scarp ages 

along fault zones. This is most likely to be a problem for fault scarps long, continuous 

mountain fronts where evidence for terminations of recent ruptures may be subtle. Plots of 

tc/c· vs. distance along the mountain front were used to evaluate possible temporal 

variations in ages of rupture along several mountain fronts in central Nevada (figure 10, for 

example). The Wassuk Range illustrates fairly clearly diachronous rupture between 

southern (data set WAD) and northern (data set WAN1) portions of the fault zone. The 

southernmost portion of the fault zone may not have ruptured as recently as any of the 

segments to the north (data set W AE). Possible shorter segments in the northern portion 

do not show clear evidence of diachronous rupture, so they were grouped together in the 

analyses summarized above. Nonetheless, if range front faults ruptured in short segments 

fairly closely spaced in time, this type of analysis would not reveal the segments. Incorrect 

grouping of temporally discrete fault ruptures may contribute to the substantial variability 

observed in some fault scarp data sets; likely candidates are DVe, DVe, and WANl. 

The time required to remove scarp free faces is another potential source of error in 

morphologic fault scarp age estimates. Truly cohesionless materials would not form scarps 

at slopes steeper than the angle ofrepose. However, observations of historical fault SCfupS 

indicate that typical alluvial fan materials in central Nevada have sufficient cohesion to form 

scarps much steeper than the angle of repose. Linear diffusion clocks begin when scarps 
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Figure 10. An example of the use of plots of corrected scarp age (tc/c*) vs. distance along 
mountain fronts to discriminate segments with different ages of youngest rupture. Data 
points are individual fault scarp age estimates; stippled areas are one standard deviation of 
the scarp-age populations about the mean. Three segments with discretely different ages of 
young ruptures are indicated by the data; sets of symbols represent fault scarps with 
different morphologic ages. The shaded area outlines an area of structural complexity 
between the northern (WAN) and southern (WAD) segments. No fmer segments can be 
discriminated using the fault scarp age data. 



62 

are degraded to the angle of repose, as scarp degradation rates are loosening-limited until 

that time (Nash, 1980). The time required to remove scarp free faces is a function of the 

rate of back-wearing of the free face (which is mainly a function of materials and climate), 

the size of the scarp, and the pre-faulting slope (see figure 11). Rates of retreat of free

face crests of 2 to 10 crn/yr have been reported for historical fault scarps of central Nevada 

(Wallace, cited in Nash, 1986). The free-face interval is more important for large scarps, 

because more material must be translocated in order for large scarps to reach the angle of 

repose. 

Maximum and minimum values for the length of time required to reach the angle of 

repose were estimated for each scarp profIle using a simple model of free-face removal. 

These values were added to scarp ages estimated from the preferred fmite-initial-slope 

linear diffusion model (i.e., tc/c*, H > 1m) to obtain scarp age estimates (table 7). The 

rate of free-face crest retreat is assumed to be constant; minimum and maximum values 

used for the rate of retreat are 2 and 10 cm/yr. The distance the crest must retreat before all 

of the scarp reaches the angle of repose is computed from vertical scarp offset and the pre

faulting slope. A maximum distance is obtained using a 90° initial scarp; a lesser distance is 

obtained using a 60° initial scarp. Using minimum rate/maximum distance and maximum 

rate/minimum distance pairs, maximum and minimum free-face interval estimates were 

obtained. The length of time required to remove free faces based on this simple model is 

less than 500 years in all cases. 

Including free-face intervals in scarp age estimates has the effect of slightly 

increasing the age estimates and slightly decreasing the variability in fault scarp age 

estimates. Using the maximum rate/minimum distance assumption, free-face intervals 

range in length from 5 to 50 years; this has essentially no impact on mean scarp age 

estimates or standard deviations. The minimum rate/maximum distance assumption results 
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Figure 11. Schematic diagram of model used to estimate the length of time required to 
remove free faces of individual fault scarps. Critical parameters are the length the free face 
must retreat and the rate of free-face retreat Total length to remove free face is estimated 
from scarp offset and the difference between initial scarp face angle and the angle of repose; 
minimum and maximum rates of free-face retreat used are 2 and 10 cm/yr. respectively. 
from R.E. Wallace. cited in Nash (1986). 
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Fault 
Zone 

BES 

IHF 

PIM 

RSR 

VIG 

CRY 

FP 

LM 

WAE 

EAG 

DVS 

CLA 

GRV 

WAD 

DVN 

WAN2 

PV 

COR 

WAN1 

DVC 

Mean Scarp Age (ka) 
tc/c· ff1 ff2 

3.03 3.03 3.08 

4.49 4.50 4.55 

2.36 2.37 2.44 

3.79 3.80 3.86 

12.59 12.60 12.68 

7.56 7.57 7.63 

21.06 21.07 21.15 

3.29 3.30 3.38 

12.88 12.89 12.98 

5.20 5.22 5.30 

7.24 7.25 7.35 

16.84 16.85 16.96 

5.77 5.78 5.88 
4.97 4.97 5.09 

5.10 5.10 5.23 

7.71 7.73 7.84 

18.20 18.22 18.36 

2.74 2.76 2.88 

2.52 2.53 2.65 

2.45 2.47 2.59 

AVERAGES: 
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Standard Deviation (%) 
tc/c· ff1 ff2 

58.7 59.0 57.0 

29.8 29.8 29.7 

14.4 14.3 13.1 

23.5 23.4 22.8 

29.9 30.0 29.8 

23.3 23.2 23.1 

27.7 27.7 27.7 

41.3 41.2 40.5 

23.1 23.2 23.2 

29.8 29.7 29.1 

18.1 18.1 18.1 

33.7 33.7 33.4 

28.1 28.0 27.0 

29.0 29.0 28.0 

25.5 25.9 25.4 

25.0 24.8 24.4 

13.5 13.5 13.3 

29.9 29.3 27.1 

36.9 36.8 35.5 

42.9 42.9 41.3 

29.5 29.5 28.8 

Table 7. Comparison of mean fault scarp age estimates and standard deviations about the 
mean derived by including estimates of the interval required to remove fault scarp free
faces. A simple geometric model of free-face crest retreat and published estimates of rates 
of free-face crest retreat from historical fault scarps in central Nevada (R. E. Wallace, cited 
in Nash, 1986) were used to estimate free-face interval for each scarp profile. Model ffl 
assumes a relatively rapid rate of free-face crest retreat, and thus implies relatively shon 
free-face intervals. Model ff2, which assumes a slower rate of crest retreat, results in 
increases in mean scarp estimates of up to 160 years and slightly lower standard deviations. 
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Fault tc te tc/c· tc/c· tc/c· 
Zone all (2-4 m only) all (>1 m only) plus 

free-face 
Interval 

BES 25 NONE 31 59 57 
IHF 40 NONE 45 30 30 
PIM 54 27* 53 14 13 
RSR 47 29* 80 23 23 
VIG 60 28* 35 30 30 
CRY 46 30* 31 23 23 
FP 52 10* 31 28 28 
LM 66 45 42 41 41 

WAE 48 44* 23 23 23 
EAG 52 32 29 30 29 
DVS 67 40 22 18 18 

CLA 46 35 45 34 33 
GRV 37 26 37 28 27 
WAD 32 36 29 29 28 
DVN 31 34 28 25 25 

WAN2* 48 37* 25 25 24 
PV 36 22* 22 14 13 

COR 45 29 39 30 27 
WAN1 64 48 44 37 35 
DVC* 48 50 43 43 41 

AVERAGES: 

47.3 33.5 36.7 29.5 28.8 

Table 8. Summary of the uncertainties in the various methods used to estimate scarp ages 
in this study. Uncertainties are one standard deviation about the mean age estimate, 
expressed as the percentage of each standard deviation divided by each mean scarp age 
estimate. 



66 

in free-face intervals ranging from about 50 to 500 years. Mean fault scarp ages increase 

by up to 150 years and standard deviations remain the same or decrease slightly in all cases 

(table 7), and inclusion of a free-face interval provides scarp-age estimates with the lowest 

average standard deviation of all the methods of analysis used here (table 8). This decrease 

in the scatter in fault scarp age data sets suggests that (1) the minimum rate/maximum 

distance assumption is more representative of fault scarps in central Nevada; and (2) it is 

advantageous, but not critical, to include a free-face interval when estimating fault scarp 

ages. 

Independent age constraints currently available for paleoseismic events in central 

Nevada are not sufficiently tight to rigorously evaluate the accuracy and precision of 

morphologic fault scarp dating methods. However, tephra deposits, radiocarbon dates, 

and pluvial shorelines do provide minimum or maximum age constraints on some fault 

scarps (table 9). In every case but one, mean fault scarp age estimates fall within 

independent age constraints. The mean fault scarp age estimate for southern Dixie Valley is 

7.25 ka; stratigraphic studies constrain the age of youngest rupture there to between 1.5 

and 6.8 ka (Turupah Flat and Mazama tephras; Bell and Katzer, 1987). The fault scarps 

studied there on balance are composed of relatively fine alluvial fan materials, which may 

account for morphologic scarp ages that are somewhat too old. 

IMPLICATIONS FOR ASSESSMENT OF FAULT BEHAVIOR IN 

CENTRAL NEVADA 

Uncertainties inherent in morphologic methods for dating fault scarps indicate that 

substantial temporal separation between paleoseismic events is required before they can be 

resolved as occurring at discretely different times. Three of the four largest historical 

earthquakes in central Nevada resulted in the formation of prominent scarps that would be 
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FAULT SCARP AGE (ka) c * OTHER AGE 
ZONE MEAN MIN MAX USED CONSTRAINTS 

PIM 2.4 2.0 2.8 L 
DVC 2.6 1.4 3.7 L < .... 12 ka, > 1.5 ka ? (1 ) 

WAN 1 2.6 1.6 3.6 L > 0.7 ka, < WAN 2 (2) 
~ 3.0 1.8 4.3 G 
LM 3.3 1.9 4.8 L 

BES 3.6 2.5 4.8 L 
RSR 3.8 2.9 4.7 G 
IHF 4.5 3.2 5.9 L 

WAD 5.0 3.6 6.5 G > 0.6 ka (3) 
DVN 5.2 3.8 6.6 L 
EAG 5.2 3.7 6.8 G 
GRV 5.8 4.2 7.5 G < highstand, .... 15.5 ka (4) 
DVS 7.3 5.9 8.7 G > 1.5 ka, < 6.8 ka (5) 
CRV 7.6 5.8 9.4 G < highstand, .... 15.5 ka (4) 

WAN 2 7.8 5.8 9.8 L > WAN 1, < 12.5 ka (2) 
VIG 12.6 8.8 16.4 G > 6.8 ka (6) 
WAE 12.9 9.9 16.0 G 
CLA 16.9 11.2 22.6 G 
PV 18.3 15.8 20.8 G > 6.8 ka (6) 
FP 21.1 15.2 27.0 G 

Table 9. Summary of preferred mean, minimum, and maximum age estimates for the 20 
sets of fault scarps discussed in this paper. These preferred age estimates were obtained 
using c* vs. scarp offset developed for arid and semiarid local climates; "L" indicates the 
arid calibration from Lahontan shorelines was used, and "G" indicates the semiarid 
calibration from shorelines in Grass and Smith Creek valleys was used. Only scarps with 
1m or more of offset were used in all cases except BES, where 3 scarps of less than 1 m of 
offset were included. Independent age constraints are as follows: (1) faulting is younger 
than the highstand of pluvial Lake Dixie, estimated to be 12 ka (Thompson and Burke, 
1973); Turupah Flat tephra (1.5 ka) accumulated in graben formed by faulting (Hecker, 
1985), although this does not constrain all faulting events to be >1.5 ka; (2) WANI 
faulting pre-dates 0.7 ka debris flow deposit (14 C date) and post-dates older Holocene 
faulting event W AN2 along the northern Wassuk Range; W AN2 post-dates last highstand 
of Lake Lahontan (12.5 ka) (Demsey, 1987); (3) faulting pre-dates deposition of Mono 
Crater ash, 0.6-1.6 ka (identified by J.O. Davis, written comm., 1987); (4) faulting is 
younger than last pluvial highstand; age of highstand not well-constrained in these valleys, 
but may be about 15.5 ka (see text for more complete discussion); (5) stratigraphic 
correlations indicate that faulting is younger than Mazama tephra (6.8 ka) and older than 
Turupah Flat tephra (Bell and Katzer, 1987); (6) faulting pre-dates Mazama tephra (VIG 
identified by J.O. Davis, written comm., 1988; PV reported in Wallace, 1984). 
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amenable to morphologic dating. If we were to observe the scarps several thousand years 

in the future, their morphologic ages would be similar, but we would not be able to resolve 

with certainty whether they occurred 4 minutes or 34 years or 500 years apart in time. The 

average uncertainty of 30 percent of the mean age translates to ±800 years when the mean 

is 2.5 ka, and ±1550 years when the mean is 5 ka. Clearly, morphologic fault-scarp dating 

under the best circumstances can resolve only rather coarse temporal patterns with relative 

certainty. 

Nonetheless, morphologic fault scarp dating methods can be extremely useful in 

derming the general outlines of fault behavior. Age estimates of young fault scarps, with 

their attendant uncertainties, pennit estimation of reasonable maximum and minimum 

numbers of large earthquakes that have occurred over thousands of years (first 

demonstrated by Wallace, 1977). This information is fundamental to assessing long-term 

rates of seismic strain energy release and average geologic strain rates, and it provides a 

much longer time frame in which to consider the historical pattern of seismicity. Further, if 

the requirement to conclusively demonstrate synchroneity or non-synchroneity of 

paleoseismic events is relaxed, morphologic fault-scarp age estimates can be used to define 

possible temporal and spatial patterns of young faulting. 

Morphologic fault scarp age estimates derived in this study indicate that the four 

large historical earthquakes of central Nevada occurred after a long period without large 

earthquakes. It appears no large earthquakes analogous to the historical events occurred 

during the preceding 1500 to 2500 years (see table 9). Mean fault scarp age estimates 

suggest that at least three surface ruptures occurred between about 2.5 and 3.0 ka, and as 

many as five other surface ruptures could have occurred then. This possible cluster of 

paleoseismic events could be analogous to the historical burst of faulting. Considering 

mean fault scarp age estimates only, neglecting uncertainties, and speculating, temporal 



69 

clusters could also have occurred between 3.3 and 3.8 ka (3 events), and between 5 and 6 

ka (4 events). Decreasing preservation of fault scarps and increasing uncertainty in age 

estimates limits assessment of possible temporal patterns of faulting to about middle 

Holocene time and younger (less than about 7 ka). 

CONCLUSIONS 

Morphologic age estimates of young fault scarps in central Nevada illustrate the 

maximum potential and the limitations of these methods for delineating temporal and spatial 

patterns of faulting. Dependence of apparent scarp age on scarp size dominates shoreline 

and fault scarp data sets; fairly minor variations observed in climate, particle size, and 

aspect do not clearly affect apparent fault scarp ages. Variability in fault scarp age estimates 

is substantially decreased by including a variable degradation rate factor (c*) in simple 

models of scarp degradation that use solutions to the diffusion equation to obtain numerical 

scarp-age estimates. Addition of an interval required to remove fault-scarp free faces 

further decreases scatter, but the improvement is slight Final "best-guess" scarp age 

estimates have standard deviations of 13 to 50 percent; the average uncertainty is about 30 

percent. 

Temporal resolution of scarp age estimates is not sufficient to conclusively 

demonstrate that temporal clusters of large earthquakes analogous to the historical pattern 

have occurred in the Holocene. However, the pattern of mean scarp age estimates 

indicates that a temporal cluster of large earthquakes could have occurred between 2.5-3.0 

ka; three other temporal clusters are possible between 3 and 7 ka. Further detailed 

trenching studies might constrain the timing of the events possibly involved in these 

clusters, thereby demonstrating or disproving their existence. 
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AGES OF HOLOCENE AND LATEST PLEISTOCENE SOILS IN 

CENTRAL NEVADA. 

INTRODUCTION 
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Soil-profIle development is a valuable measure of alluvial surface age that provides 

age constraints for paleoseismic events in central Nevada. Many previous studies have 

demonstrated the use of soil-profIle development to estimate ages of alluvial surfaces in 

paleoseismic studies (for example, Borchardt et al' 1980; Douglas, 1980; McCalpin, 1982; 

Weldon and Sieh, 1985). Typically, ages of faulted and unfaulted surfaces are estimated 

by correlating soil properties with soils chronosequences developed where some 

independent constraints permit estimates of numerical soil ages. Several schemes to 

calculate numerical indices that quantify the extent of soil-profIle development have been 

proposed (Harden, 1982; Bilzi and Ciokosz, 1977); these methods facilitate the use of soil 

characteristics to estimate soil age. If numerical ages of soils can be reasonably estimated, 

they can provide extremely useful estimates of ages of paleo seismic events that can be 

compared with ages estimated by other means, such as morphologic analyses of fault 

scarps. 

Central Nevada is an excellent area in which to use soil-profIle development to 

estimate surface ages (see figure 12 for general location). It is relatively well-endowed 

with sites where numerical ages of latest Pleistocene and Holocene soils are constrained by 

pluvial shorelines, volcanic tephra, or datable organic material, and climate is reasonably 

uniform, varying only from arid to semiarid. Relationships between selected soil 

characteristics and soil age were quantified using soil development indices and calibrated 

using these dated soils. Soil development was then used to estimate ages of alluvial 
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Figure 12. Map showing fault zones and soil sites 
discussed in Chapter 3. Most abbreviations are defined in 
f igure 3; others are as follows: SUS, Sulphur Springs; SS, 
Sand Springs; MCM, Monte Cristo Mtns.; SON, Sonoma 
Range; BUY, Buffalo Valley; WER, west side East 
Range; JV, Jersey Valley. Other soil sites are labeled 
BSV, Big Smoky Valley; IOV, lone Valley; CS, Carson 
Sink. Approximate areas of latest Pleistocene pluvial 
lakes are shown with hachured pattern. 
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surfaces associated with young fault scarps, with the purpose of estimating the ages of 

young movements along the fault zones. The primary purposes of this chapter are to (1) 

consider the application of methods for quantitifying soil-profile development in central 

Nevada; (2) evaluate the patterns of soil development in the Holocene and latest Pleistocene 

using soils whose ages are constrained by independent data; (3) assess the precision with 

which the ages of "undated" soils associated with fault scarps can be estimated; (4) estimate 

ages of "undated" soils using soil development indices; and (5) compare morphologic fault 

scarp age estimates for young paleoseismic events in centriu Nevada with constraints 

derived from soil age estimates. 

Following the framework outlined above, soil-profIle development was used to 

estimate ages of soils and associated alluvial surfaces along 24 fault zones in central 

Nevada (see figure 12). Soils were described at 14 sites where maximum independent 

numerical constraints on soil age exist; these soils range in age from as old as 12 to 15 ka to 

as young as less than 0.6 ka Relationships between soil age and various numerical indices 

that reflect soil development (indices modified from Harden, 1982) were explored using 

these "dated" soils of different ages. Ranges of numerical values for these indices were 

determined for soils of late Holocene, middle Holocene, and latest Pleistocene age. Ages 

of 59 soils associated with fault scarps were then estimated by comparing their soil 

development indices with the ranges in values determined from dated soils. The age 

constraints that these soils pr~vide for young faulting events generally are consistent with 

morphologic fault scarp age estimates. Finally, ages of 15 soils were estimated along fault 

zones where morphologic fault scarp age estimates are poorly constrained; in these cases, 

soil profile development provides the primary basis for estimating the ages of these faulting 

events. 
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FACTORS AFFECTING SOIL DEVELOPMENT IN CENTRAL NEVADA 

Soils fonn under the influence of a variety of factors, including parent material, 

local topography, climate, biota, and time (after Jenny, 1941). In order to use soil-profIle 

development as a numerical dating method, one must focus on those properties that vary 

primarily as a function of time and calibrate their rate of change. The soil-forming factors 

of local topography, climate, and biota do not vary greatly across the central Nevada study 

area. All of the soils described are associated with alluvial fans or terraces on piedmonts, 

which have relatively planar surfaces and slopes of about 2° to 7°. Climate varies only from 

arid and thermic at lower altitude sites to semiarid and thermic or mesic at higher altitude 

sites. Vegetation varies with climate, with arid sites typically being dominated by saltbush 

and burs age and semiarid sites being dominated by sage; sparse grass occurs throughout 

the region. Parent material generally is gravelly to extremely gravelly, and the fine fraction 

« 2 mm) is typically sand to sandy loam in texture. Calcareous parent material can have a 

major impact on the character of soil fonnation, as the presence of calcium carbonate can 

inhibit translocation of clay and silt in the soil (Birkeland, 1984). However, the "dated" 

soils used in this study were fonned in noncalcareous sediments, and limestone is not 

common in the study area, so analysis of soils fonned from calcareous parent material was 

avoided. 

One of the most important factors affecting rates of soil development in arid and 

semiarid regions, however, is the rate of influx of eolian dust. Eolian influx is probably 

particularly important in central Nevada, where the Holocene climate is dry and vast areas 

of fine-grained deposits fonnerly covered by pluvial lakes are currently exposed to wind 

erosion. Several recent studies have documented the importance of inputs of airborne silt 

and clay into soils in desert regions relative to in situ weathering of mineral constituents of 

soils (Colman, 1982; McFadden and Weldon, 1987; McFadden et al, 1987). Because of 
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relatively dry soil conditions and the relatively high rates of eolian influx of silt and clay 

into soils, accumulation of fine-grained material in rather open-framework parent material 

dominates the initial stages of soil development. In situ weathering of mineral grains to 

clay may become important after sufficient fine-grained material has accumulated to 

increase the capacity of soils to retain water (McFadden and Weldon, 1987). In situ 

weathering may also have been enhanced during glacial intervals, when the climate of the 

northern Great Basin was wetter and/or cooler (Benson and Thompson, 1987) and 

moisture was most likely retained in soils during more of the year. 

Rates of eolian dust input to soils in central Nevada during the Holocene may vary 

substantially with spatial position. Dust is ubiquitous in the dry climate of central Nevada. 

The Lahontan basin, the largest source of eolian dust in Nevada, is located in west-central 

Nevada, upwind of the study area, and numerous smaller playas are located within the 

study area itself. Rates of dust influx may vary substantially depending on local wind 

conditions and the exact locations of soil sites relative to dust sources, however. 

Apparently, the extent of upwind playa area is a critical factor in determining the rate of 

eolian influx into soils (Chadwick and Davis, 1990). 

There evidently have been substantial temporal variations in rates of eolian dust 

input to soils in central Nevada during the late Quaternary. The widespread dessication of 

pluvial lakes near the end of the Pleistocene has resulted in the Holocene being an interval 

of elevated dust influx into soils relative to the last glacial interval; this has resulted in 

accelerated rates of soil development (Chadwick and Davis, 1990). There likely have been 

variations in eolian influx into soils even during the Holocene, as the early and middle 

Holocene was an interval of deflation of pluvial lake beds and greater dust flux than the late 

Holocene (Davis and Chadwick, 1988). 
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Differences in soil chemistty found in central Nevada may also affect rates of clay 

accumulation. If sodium dominates soil chemistty, translocation of clay into the soil is 

promoted (Alexander and Nettleton, 1977), while clays are flocculated if calcium carbonate 

is abundant Sodium-dominated soils have been recognized locally in central Nevada 

(Alexander and Nettleton, 1977; Hecker, 1985; Fonseca, 1988); these workers have 

inferred that sodium is partially responsible for strong clay accumulations observed in some 

Holocene soils in central Nevada. 

QUANTIFICATION OF SOIL DEVELOPMENT 

The primary objective of these studies was to develop relationships between soil 

properties and soil ages for use in estimating ages of alluvial surfaces associa"oo with 

young fault scarps. To accomplish this objective, my colleagues and I described over 100 

soil profiles in central Nevada. Soils typically were described in pits ranging from 0.5 to 2 

m deep, or in stream cuts where natural exposures were excavated back at least 0.3 m. 

Methods of soil-profile description involved assessment of various soil properties, 

including color, structure, wet consistence (stickiness and plasticity), and dry consistence 

(ped hardness), soil texture, and soil carbonate accumulation. Variations in these 

properties were used to distinguish soil horizons (or subhorizons), whose depths were 

measured. Salient features of the physical setting of each soil profIle, such as local climate, 

lithologic composition of the parent material, landfonn type, and surface slope were also 

noted. 

These data provide the basis for analyzing how soil properties change with soil age 

for relatively young soils in central Nevada. It was evident from the field descriptions that 

soil properties that reflect the influx and translocation of clay and silt into soils, such as 

texture, structure, and wet and dry consistence, change dramatically with increasing soil 

I - ----.. - -- -I 
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age. For example, late Holocene soils typically show minimal or no increases in clay and 

silt relative to parent material, but latest Pleistocene soils have horizons with textures 

several grades fmer than parent material (see table 10). Changes in morphology of soil 

carbonate accumulations with increasing soil age are also evident, but they are much less 

consistent Late Holocene soils typically have minimal visible carbonate accumulations; 

latest Pleistocene soils typically have strong Stage I or weak Stage n carbonate 

morphologies (table 10; stages after Machette, 1985). Unfortunately, each age category 

has a similar range of carbonate morphologies, which renders carbonate morphology only 

marginally useful as an estimator of ages of latest Pleistocene and younger soils in central 

Nevada. 

Numerical indices of soil development provide a convenient method for quantifying 

development of soil properties for use in estimating ages of alluvial surfaces. Several 

schemes derived from the Prome Development Index, which was initially proposed by 

Harden (1982) and Harden and Taylor (1983), were employed to this end. Increases in 

development of soil properties of each soil horizon relative to soil parent material are 

factored into a computational framework, from which numerical values that represent the 

development of individual soil horizons and promes as a whole are obtained (see Harden, 

1982, for details of the procedure). Soil development indices utilized in this study include 

properties that (1) change demonstrably in latest Pleistocene and younger soils in central 

Nevada, (2) were assessed fairly consistently by the various investigators who contributed 

data to this study, and (3) were adequately and consistently characterized in the soil pits and 

exposures used in this study. For these reasons, a smaller number of soil properties were 

used in this study than in most previous studies that have employed soil development 

indices (for example, Harden and Taylor, 1983; Chadwick et ai, 1984). Soil properties 

that were employed are structure, wet consistence (stickiness and plasticity), dry 



AREA SOIL HUE CONSISTENCE STRUCTURE TEXTURE CARBONATE 
SOIL NO. AGE WET DRY STAGE 

Walker lake <0.6 ka 10VR sS,sp sh pi 51/51 1-

Big Smoky V. < 0.7 ka 10VR sS,sp sh 1sbk 515 11-

Walker lake < 1.6 ka 10VR so,po sh 1sbk 515 

Dixie Valley <1.6 ka 10VR sS,sp 5 1 abk 51115 1-

Big SmokyV. <2.3 ka 10VR sS,sp sh 1sbk 1515 11-

Dixie Valley <6.8 ka 10VR vs,p h 2abk ellsl n.d. 

lone Valley ~ 6.8ka 10VR s,sp sh 1sbk Uis 

Pleasant Valley ~ 6.8ka 10VR ss,p 5 2sbk 115 11-

Vigus Butte ~ 6.8 ka 10VR sslsp sh 2sbk 115 

Pleasant Valley ~ 6.8 ka 10VR s,p h 1 abk Usl 

Walker lake < 12.5 ka 10VR s,p h 1 abk ells 11-

Walker lake ~ 12.5-14 ka 10VR s,p h 2sbk ells 11-

Dixie Valley <~12 ka 10VR s,p h 1pr ells I 11-

Carson Sink < 12.5 ka 10VR s,p h 2 abk 1151 

Table to. Individual property development vs. soil age for dated soils in central Nevada. Hues are from standard soil color 
charts. Under wet consistence, s and p stand for sticky and plastic, modifiers 0, s, and v stand for non-, slightly, and very, 
respectively. Under dry consistence, abbreviations s, sh, and h stand for soft, slightly hard, and hard, respectively. Under 
structure, pI, sbk, abk, and pr stand for platy, subangular blocky, angular blocky, and prismatic, respectively. A number 1 
indicates weak structure, a number 2 indicates moderate structure. Under texture, s, Is, sl, 1, and cl stand for the increasing 
textural grades of sand, loamy sand, sandy loam, loam, and clay loam; the ftrst texture in each column is the maximum texture in 
the profile, the second is the parent material texture. Stages of carbonate morphology are after Machette (1985); a minus sign 
indicates weak development of a particular stage. --..J 

--..J 
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consistence (ped hardness), and soil texture. Soil rubification (reddening) was not used 

because latest Pleistocene soils are not redder in hue than late Holocene soils in central 

Nevada. Soil carbonate morphology was not included because of the inconsistencies in 

stages of development vs. soil age relationships noted above, and because virtually no soil 

profile described was deep enough to capture the total thickness of carbonate accumulation. 

Three related soil development indices were calculated for soils in this study. The 

first two indices quantify the maximum development of any horizon in a soil. A unitless 

horizon index that reflects the relative development of all the soil properties in a horizon is 

calculated for each horizon; its value can range from 0 (no development) to 1.0 (maximum 

development). The Maximum Horizon Index (MHI) is simply the highest horizon index 

value attained for any horizon in a soil. The Horizon Development Index (HOI) is 

calculated by mUltiplying the horizon index by the thickness of the horizon in centimeters. 

It therefore incorporates both total property development and horizon thickness as a 

measure of strength of soil development in any horizon in a soil. The HDI values reported 

here are the maximum values obtained for each soil. The Profile Development Index (PDI) 

is the sum of all the horizon development index values in a soil profile. Thus, it is an 

attemprto integrate soil property development over the total thickness of the soil and it 

includes the most information on soil development within it 

Calculation of numerical soil indices is not without potential pitfalls. The physical 

characteristics of soil parent material are difficult or impossible to detennine in some cases. 

This is a particularly critical uncertainty, because calculation of the soil development indices 

is based on property changes relative to parent material. As employed in this study, the soil 

development indices reflect accilIDulation of clay and silt in soils. Relatively fine-grained 

parent materials may have significant property values (fine texture, stickiness, plasticity, 

hardness, even modest structure; Chadwick et al, 1984) when they are deposited. Parent-
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material properties were factored into the calculation of soil development indices by 

assigning points for soil horizon properties only if they represent an increase over the 

parent material property. The soil-profile descriptions used to derive the numerical index 

values reported in this paper were completed by several different workers, so there may be 

operator variability in description of properties such as soil texture. However, all workers 

who gathered data used in this analysis worked together at some time or another, so 

reasonably uniform methods of description were used. Soil development indices for many 

of the soil profiles utilized in this paper were reported in previous published (Chadwick et 

al, 1984; Fonseca, 1988) and unpublished (Hecker, 1985; Demsey, 1987) works. Soil 

development indices for these soil proflles were recalculated in this study to assure a 

uniform methodology. 

PROFILE DEVELOPMENT OF HOLOCENE AND LATEST PLEISTOCENE 

SOILS 

The quantitative measures of soil-profile development discussed above are tied to 

numerical surface age using 14 soil profiles described where independent numerical age 

constraints on maximum soil age exist The 14 "dated" soil proflles fall into three temporal 

groups: four latest Pleistocene soils, five middle Holocene soils, and five late Holocene 

soils. One of the latest Pleistocene soils is associated with an alluvial fan that apparently 

was graded to the latest highstand of Lake Lahontan (age 12.5-14 ka; Benson and 

Thompson, 1987); the other three are associated with the oldest alluvial surfaces that post

date the latest highstand of Lake Lahontan (12.5 ka) or Lake Dixie (estimated age -12 ka; 

Thompson and Burke, 1973). The five middle Holocene soils are associated with deposits 

in which Mazama tephra (6.8 ka) has been found. There is no evidence for a long hiatus 

(such as buried soils) between tephra deposition and surface stabilization at any of these 

I . -- .-~---.- --- -I 
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sites, suggesting that ages of these soils are similar to the age of the tephra Maximum ages 

of the five late Holocene soils are constrained by radiocarbon dates, 1.5 ka Turupah Flat 

tephra or 1.6-0.6 ka Mono Lake tephra (Davis, 1978). 

All three soil development indices (MID, IIDI, and PDI) show consistent increases 

between late Holocene, middle Holocene, and latest Pleistocene soils. There is substantial 

variation in the index values for soils of similar age in each case, but the total ranges of 

MHI, IIDI, and PDI values for each age group do not overlap very much with other age 

groups (table 11). Ordinary least squares analyses indicate that reasonably good 

correlations exist between soil index values and soil age (figure 13). Better linear 

regressions can be fit to the MHI and PDI data than to the IIDI; this derives from the fact 

that most of the scatter in the plots of MHI and PDI vs. soil age is in the middle age group, 

while most of the scatter in the plot of IIDI vs. soil age is in the latest Pleistocene soils. 

These plots do not, therefore, provide any solid basis for preferring one index over 

another, but they indicate that all of the indices may be of some use in estimating soil age. 

Given the expected variability in soils of similar age, the modest amount of overlap in 

index ranges between temporal groups is fairly remarkable. Variation in development 

between profiles of similar age is certainly to be expected. There can be substantial 

variation in soil development over short distances, and these soils are distributed across a 

fairly wide area where climate, parent material, and rates of eolian dust influx vary 

somewhat The differences in soil development indices for soils of similar age may have 

implications for spatial or climatic influences on rates of clay and silt accumulation in soils 

in central Nevada. However, the minimal overlap between ranges of values for different 

age groups suggests that it is reasonable to estimate soil ages to the resolution of late 

Holocene, middle Holocene, early Holocene to latest Pleistocene, and late Pleistocene 

I ------------- ------- - -I 
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CLIMATE AREA Cumulative MHI HOI POI SOIL 
Soli No. Thickness (depth of horizon) AGE 

(cm) 

A Walker Lake 16 0.03 0.2 0.4 < 0.6 ka 
5786-1 (8-16) same 

S Big Smoky V. 15 0.16 1.0 1.6 < 0.7 ka 
6487-2 (0-6) same 

A Walker Lake 25 0.16 1.8 3.2 < 1.6 ka 
5886-1 (3-10) (10-25) 

A Dixie Valley 34 0.22 3.7 7.9 <1.6 ka 
TF (5-17) same 

S Big Smoky V. 37 0.20 3.3 6.0 < 2.3 ka 
32488-2-1 (20-36) same 

A Dixie Valley 40 0.54 4.3 9.3 < 6.8 ka 
S72Nev1-12 (7-15) same 

S lone Valley 55 0.37 4.0 10.8 - 6.8 ka 
10986-1 (14-25) same 

S Pleasant Valley 82 0.22 5.9 13.8 - 6.8 ka 
81385-4 (25-52) same 

S Vigus Butte 55 0.46 8.1 17.3 - 6.8 ka 
10686-1-2 (10-23) (23-45) 

S Pleasant Valley 106 0.31 5.6 24.5 - 6.8 ka 
42886-1 (30-43) (60-84) 

A Walker Lake 47 0.57 6.5 18.1 < 12.5 ka 
72886-1-1 (10-20) (30-47) 

A Walker Lake 58 0.59 15.4 23.8 - 12.5-14 ka 
7986-1-2 (10-36) same 

A Dixie Valley 59 0.54 8.9 24.2 < -12 ka 
TB2 (10-19) (19-37) 

A Carson Sink 68 0.49 16.8 23.2 < 12.5 ka 
42286-1 (34-68) same 

Table 11. Summary of soil profile index data for dated Holocene and latest Pleistocene 
soils in central Nevada. Arid and semiarid local climates are indicated by A and S, 
respectively. Cumulative thickness indicates the total depth of clay and silt accumulation 
recognized in the field. The depths at which maximum horizon development occurs are 
noted in parentheses below MH.I and HDI values. 
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Figure 13. Plots of soil development indices vs. soil age. Soil ages are assumed to be 
approximately equal to the maximum age constraints provided by tephra deposits, pluvial 
shorelines, or radiocarbon dates. Data points are distinguished by climatic regime; solid 
diamonds are semiarid soils, open diamonds are arid soils. All data points were used 
together to detennine linear regressions. 
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across the entire area using these soil development indices. This avenue is explored further 

in the next section. 

Some variations in soil development observed within the temporal groups of dated 

soils may be the result of regional variations in dust influx and differences in climate. 

Previous workers have suggested that influx rates of clay and silt into soils in central 

Nevada are closely correlated with area of upwind dust source (Chadwick and Davis, 

1990). The vast areas of the former Lahontan basin (figure 12) have likely been the largest 

source of eolian dust during the Holocene. Prevailing winds in central Nevada currently 

are westerly and southwesterly (Houghton et al, 1975), so soils that are east or northeast of 

the Lahontan basin should receive the greatest amounts of eolian inputs. Chadwick and 

Davis (1990) studied latest Pleistocene soils formed on beach ridges associated with the 

latest highstand of Lake Lahontan along a 200-km-Iong transect stretching north from 

Walker Lake. They found that soils formed in the Walker Lake area, with relatively little 

upwind playa source, have seven times less silt and clay than soils described on the 

northeast (downwind) side of the Carson Sink, the largest Lahontan subbasin. 

The relative differences in development of the "dated" soil profiles described in this 

chapter, as measured by the profile development index, exhibit far more subtle variation 

with probable extent of upwind playa source. Late Holocene soils described in the Walker 

Lake area have distinctly lower HDI and PDI values than those associated with soils that 

are located farther north and east (table 11). All of the middle Holocene soils described are 

varying degrees of downwind from the Lahontan basin and other sources of dust located in 

central Nevada; The strongest soil development was noted in the soils in northerly 

locations (pleasant Valley and Vigus Butte); the middle Holocene soil described in the 

Reese River Valley near Vigus Butte is substantially better developed than that of lone 

Valley, which is located about 100 kIn to the south. This possible trend toward greater soil 

----- ---- ------- --
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development to the north would be consistent with the importance of southwesterly winds 

in this part of Nevada. There is a similar trend toward increasing soil development in latest 

Pleistocene soils from south to north. Soils that post-date the pluvial highstand in the 

Carson Sink and Dixie Valley have substantially more soil development than does the 

equivalent soil from the Walker Lake area. 

Several factors may contribute to the apparent discrepancy between the strong 

variations in silt and clay increases with location in latest PleistOCene soils reported by 

Chadwick and Davis (1990) and the more subtle variations in soil development index 

values reported in this study. All of the soils of this study were formed in alluvial parent 

material, in contrast to the sandy beach ridges studied by Chadwick and Davis. Parent 

materials found in this study typically have loamy sand or sand textures as well, but they 

may not provide frameworks for trapping eolian dust and incorporating it into soil that are 

as efficent as beach ridge material. Most of the sites investigated in this study are more 

remote from playa sources than the sites studied by Chadwick and Davis; it may be that 

accumulation rates of fine-grained material in soils falls off fairly rapidly with distance from 

source. Possible spatial variations in accumulation of fines may be partially masked by the 

imprecision in age estimates for soils utilized in this study. Without exception, the 

independent age constraints on soil ages are maximum values, and minimum soil ages are 

constrained by geomorphic or stratigraphic arguments. In the case of the latest Pleistocene 

soils studied, they are the oldest alluvial surface that is younger than the latest pluvial 

highstand. If, for example, the soil described in the Carson Sink is in fact several thousand 

years younger than the highstand, then the spatial differences in rates of soil development 

would be understated. Finally, the methods used to calculate the soil development indices 

in this study tends to maximize the influence of clay increases but not silt increases. 

Increases in textural gradewere geared toward clay increases, not silt increases. Further, 
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large amounts of silt accumulate in near-surface vesicular A horizons in central Nevada 

soils. The platy structure that is typical of these A horizons was given minimal weight 

when calculating index values. Although some A horizons described are quite thick, 

reflecting substantial accumulations of silt and fine sand, their impact on soil index values 

was modest. 

Local climate (arid or semiarid) may be another factor that significantly affects soil 

development Late and middle Holocene soils were described in both arid and semiarid 

localities, and so provide some basis for comparison of relative soil development in the two 

climatic regimes. Soils developed in arid climates consistently have somewhat lower HDI 

and PDI values than those developed in semiarid climates. Similar differences are not 

observed in MIll values, which indicates that thicker horizons are responsible for the 

greater development of semiarid soils. Clearly, any climatically caused differences in soil 

development are superimposed on spatial variations in dust influx rates. 

USE OF SOIL DEVELOPMENT INDICES TO ESTIMATE SURF ACE 

AGES IN CENTRAL NEVADA 

Soil development indices were used to estimate the ages of 74 soils and associated 

alluvial surfaces, based on the relationships between index values and soil ages 

documented above. All of these soils are associated with fault zones that have had late 

Pleistocene or younger mover:nents. The soils studied are associated with alluvial surfaces 

that are either older than (faulted) or younger than (unfaulted) the age of most recent 

movement on these fault zones. Thus, by estimating soil ages the timing of the most recent 

fault movement can be estimated. Age estimates based on soil development can be 

compared with age estimates for the same faulting events obtained independently through 

analyses of fault scarp morphology. Sufficient morphologic fault scarp data were collected 
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along 17 fault zones to obtain a reasonable estimate of the age of most recent movement 

using scarp morphology (see chapter 2). Comparing these independent data sets provides a 

consistency test for both morphologic scarp age estimates and soil age estimates. 

All three soil development indices discussed above (MHI. HOI. and PDI) were 

used to make age estimates for each soil profile described. Ranges of values for late 

Holocene. middle Holocene. early Holocene-latest Pleistocene. and late Pleistocene soils 

were defined for each index using the dated soils of table 11. The ranges were defmed so 

that they do not overlap and they incorporate most of the variations in index values for the 

soils in each age group (table 12). Each index value for each soil was compared with the 

ranges in value from the dated soils. The three age estimates for each soil obtained in this 

manner were then evaluated. and the average (or prevalent) age estimate is the composite 

age estimate given in tables 13 and 14. These composite age estimates and the age 

estimates obtained from the PDI value alone (the index that includes the most soil profIle 

information) agree in all but 11 cases. 

Comparison of soil age estimates and fault scarp age estimates indicates that they 

are quite consistent. There is substantial uncertainty in both morphologic fault scarp age 

estimates and soil age estimates. so they could be compared in a number of ways. The 

manner chosen here is to assume that the morphologic fault scarp age estimate is correct. 

The scarp age estimate then provides a timeline along the fault zone that soils should be 

younger than if unfaulted and older than if faulted. Soil- and scarp-age estimates are 

considered to be consistent if the soil age is compatible with the age of the soil predicted by 

the fault scarp age estimate. Composite soil age estimates are consistent with mean 

morphologic fault scarp ages in 41 out of 59 cases (70%). Arid soils and/or arid fault 

scarps are somewhat better behaved than semiarid soils and scarps, as 24 out of 33 soil and 
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APPROXIMATE MHI HOI POI 
AGE 

LATE 
HOLOCENE o to 0.2 Ot04 Oto 6 
( .. 0 to 3 ka) 

MIDDLE 
HOLOCENE 0.2 to 0.45 4to 7 6to 16 
( .. 4to 7ka) 

EARLY 
HOLOCENE-

LATEST 0.45 to 0.6 7 to 16 16 to 24 
PLEISTOCENE 

("7 to 15 ka) 

LATE 
PLEISTOCENE > 0.6 >16 >24 

(> 15 ka) 

Table 12. PDI, MHI, and HDI ranges for late Holocene, middle Holocene, early 
Holocene-latest Pleistocene, and late Pleistocene soils in central Nevada, derived from table 
11. 

I . _ ... --_ .. - -. -I 
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AREA Cumulative MHI HOI POI Composite POI Fault Scarp 
SOIL NO. Thickness Age Age Age 

(em) Estimate Estimate Constraint 

SEMIARID 

WAD 
7586-1 74 0.50 9.6 22.0 EH same >5ka 

FP 
8685-4 80 0.21 2.6 4.8 Ui same <21 ka 
81185-2 45 0.28 3.6 9.2 Mi same <21 ka 
52686-2 64 0.25 5.6 11.9 Mi same <21 ka 
52685-1 97 0.42 9.6 27.1 EH LP >21 ka 

PV 
E2 40 0.32 6.0 9.8 Mi same < 18 ka 
E1 50 0.47 6.8 14.3 Mi same < 18ka 

6685 BN 72 0.27 4.0 10.7 Mi same > 18ka 
81385 BN 72 0.25 10.0 11.7 Mi same > 18ka 

S 45 0.77 10.5 25.6 LP same »18 ka 
BM 104 0.58 12.7 36.4 EH LP » 18ka 

SON 
6485-2 45 0.29 4.4 6.4 Mi same <21 ka 
6385-1 51 0.44 8.0 12.1 Mi same >21 ka 
6485-1 46 0.60 7.9 18.8 EH same >21 ka 
6385-2 106 0.68 6.8 37.4 LP same »21 ka 

EAG 
71986-2-2 11 0.30 2.1 2.9 Ui same <5ka 
71986·2-1 75 0.36 6.5 22.8 Mi EH > 5ka 

CLA 
72186-2 40 0.23 3.0 6.5 same < 17ka 

Table 13. Comparison of soil age estimates and fault scarp age estimates along fault zones 
in central Nevada. Soils are grouped by fault zone; fault zone abbreviations correspond 
with abbreviations on figure 12. Cumulative thickness indicates the total depth of clay 
accumulation noted in the field. Soil age estimates are composite estimates based on the 
values of MHI, lIDI, and PDI obtained for each soil compared with the ranges of values 
for dated soils given in table 12. For example, the MID and lIDI values for soil 
SON6485-2 indicate a middle Holocene soil age, while the PDI value indicates a late . 
Holocene soil age. Because two of the three indices indicate a middle Holocene soil age, 
that is the composite age estimate. Abbreviations for soil age estimates are UI, late 
Holocene « -4 ka); MH, middle Holocene (-4 to 7 ka); EH early Holocene-latest 
Pleistocene (-7 to 15 ka); and LP, late Pleistocene (> 15 ka). Fault scarp age constraints 
are derived from morphologic analyses offault scarps. Using the Sonoma Range as an 
example, soils are either unfaulted « 21 ka), faulted (> 21 ka), or faulted more than once 
(» 21 ka). 
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AREA Cumulative MHI HOI POI Composite POI Fault Scarp 
SOIL NO. Thlcknoss Ago Ago Age 

(em) Estlmato Estimate Constraint 

RSR 
8587-2-1 46 0.28 3.8 8.4 M-I same <4ka 
8587-2-2 38 0.46 6.2 13.6 Mi same >4ka 

VIG 
10286-1 96 0.30 6.1 18.6 M-I same < 13 ka 
10686-1 45 0.63 7.5 23.0 EH same > 13 ka 

GRV 
81487-2 44 0.22 4.7 8.5 M-I same <6ka 
81487-1 40 0.34 5.1 6.4 M-I same >6ka 

COR 
8487-1 30 0.32 3.5 6.8 M-I same <3ka 
8487-2 30 0.46 6.4 9.4 M-I same >3ka 

ARID 

WAN 
5686-1 8 0.03 0.1 0.2 LH same <2.5 ka 
5586-2 58 0.18 3.3 7.0 LH M-I 2.5 to 8 ka 

51486-1 40 0.43 8.9 14.5 M-I same 8 to 12.5 ka 

IHF 
52487-7-2 3 0.10 0.3 0.3 LH same <4.5 ka 
52487-7-1 65 0.30 1.5 2.2 LH same > 4.5 ka 

PIM 
52787·9·1 43 0.32 3.2 3.7 LH same <2.5 ka 
52787-9·2 51 0.46 3.7 7.7 M-I same > 2.5 ka 

LM 
92786-1 44 0.23 2.1 4.0 LH same > 3.5 ka 
92986-4 15 0.33 3.0 4.7 LH same > 3.5 ka 
92986-2 50 0.55 10.4 19.4 EH same »3.5 ka 

DVS 
82 58 0.23 4.4 9.5 M-I same <6.5 ka 
81 84 0.23 7.4 11.6 M-I same <6.5 ka 

8885-1 60 0.21 8.8 10.9 M-I same > 6.5 ka 
84 76 0.40 5.1 12.6 M-I same > 6.5 ka 

81285-6 92 0.32 7.9 13.3 M-I same > 6.5 ka 

Table 13. (Continued). 

--------- --------- --- -
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AREA Cumulative MHI HOI POI Composite POI Fault Scarp 
SOIL NO. Thickness Age Age Age 

(em) Eatlmate Estimate Constraint 

OVC 
F1 54 0.26 3.9 7.3 Mol same <2.5 ka 

MC2 34 0.27 4.1 7.6 M-i same <2.5 ka 
81585·7 46 0.32 8.2 9.0 Mi same <2.5ka 

MC3 51 0.30 4.6 11.0 Mi same <2.5 ka 
6985·1 43 0.25 3.3 6.5 Mi same > 2.5 ka 

TB1 73 0.29 3.7 8.4 Mi same >2.5ka 
MC4 65 0.31 5.2 11.1 Mi same >2.5 ka 
MC1 82 0.31 4.0 11.7 Mi same > 2.5 ka 

81585·6 36 0.54 13.5 15.2 EH Mi >2.5 ka 
1'2 53 0.63 8.2 19.9 EH same > 2.5 ka 
F2 46 0.54 14.0 22.1 EH same > 2.5 ka 

OVN 
MHC1 37 0.05 1.1 1.2 LH same <5ka 
B1A 75 0.27 4.5 6.0 Mi same <5ka 

MHC2 80 0.13 4.0 10.1 Mi same >5ka 
B2 109 0.45 10.1 14.7 Mi same >5ka 

61085·1 61 0.33 8.6 16.3 Mi same >5ka 
MHC3 71 0.33 8.1 20.0 EH same »5ka 

61085·2 85 0.51 11.3 36.4 EH+ LP »5ka 

Table 13. (Continued). 
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AREA Cumulative MHI HOI POI Composite POI Faulted? 
SOIL NO. Thickness Age Age 

(cm) Estimate Estimate 

SEMIARID 

BUV 
5386·3 51 0.43 6.0 13.5 M:I same F 
5286·1 28 0.50 3.5 9.1 M:I same U 
5286·3 73 0.36 6.8 18.9 M:I EH F 

55 
8685·1 68 0.53 5.8 19.2 EH same F2 
8685·2 83 0.18 4.0 9.6 LH-MH M:I U 
52785·3 64 0.18 4.4 7.6 M:I same U 

WER 
42386·1 39 0.35 3.2 9.3 same U 

ARID 

MCM 
42186·1·1 66 0.58 5.8 18.3 EH same F 
52585-4·2 25 0.54 9.2 11.6 EH M:I F 
42186·1·2 81 0.27 3.5 10.0 M:I same U 

DVNE 
AS 35 0.16 3.6 4.9 LH same U 
A3 95 0.46 11.6 30.9 EH LP F 

JV 
5186·1 53 0.33 3.9 11.8 same U 

SUS 
42686·2 93 0.18 4.0 11.1 M:I same F 
42686·3 79 0.44 6.2 20.9 M:I EH F2 

Table 14. Application of soil profile development indices to estimate soil ages where no 
independent evidence was gathered to constrain ages of faulting. Soil age estimates are 
again composites of the three indices, MHI, HDI, and PDI. Soil age abbreviations are as 
in Table 13. Soils are associated with alluvial surfaces that are either unfaulted (U), faulted 
once (F), or faulted more than once (F2). 

-- .- - --- .... -~ 
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fault scarp age estimates in arid areas agree (73%). Use of age estimates derived only from 

PDI values actually improves the agreement between fault scarp- and soil-age estimates (44 

out of 59, or 75%). 

The general consistency between independent measures of the age of most recent 

movement along fault zones suggests that both methods are reasonably accurate indicators 

of the ages of young fault movements. The information summarized here does not indicate 

that one method gives more accurate age information than the other. Morphologic fault 

scarp analysis can give nominally more precise age estimates if the data set is well-behaved 

(± 30%, on average; see chapter 2). The precision of soil age constraints depends on the 

accuracy of the soil age estimate and having faulted and unfaulted soils that are reasonably 

close in age. However, confidence in age estimates for paleoseismic events is greatly 

enhanced when fault scarp age estimates and soil age estimates agree. 

Soil profIles were also described along seven fault zones in central Nevada where 

fault scarps amenable to morphologic age estimation do not exist Along these fault zones, 

soils information provides the most reliable method for estimating age of most recent fault 

movement available at the present. Soils described along these fault zones were analyzed in 

the same manner as those discussed previously; composite soil age estimates and PDI

derived age estimates of late Holocene, middle Holocene, early Holocene-latest 

Pleistocene, and late Pleistocene were obtained (table 14). These analyses indicate that 

surfaces estimated to be of Holocene or latest Pleistocene age have been faulted along four 

of the seven fault zones. Several young paleoseismic events thus occurred whose ages 

could not have been reasonably constrained using scarp morphology. Further, the soils 

infonnation suggests that two of these fault zones may have had recurrent Holocene 

movements (Sulphur Spring, SUS, and Sand Spring, SS, fault zones). This indicates that 

the use of soils to constrain ages of paleoseismic events is particularly critical if fault scarps 
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are very small or poorly preserved, or if only scarps formed in more than one paleoseismic 

event (multiple-rupture-event scarps) are found along a fault zone. Integration of 

complementary soils studies and fault scarp studies is therefore critical in regional 

paleoseismic analyses. 

SUMMARY 

Patterns of soil-profile development in latest Pleistocene and younger soils in 

central Nevada were evaluated using 14 soils whose ages are constrained by independent 

numerical age information. The accumulation of clay and silt in soil profiles was 

quantified using a permutation of the Profile Index developed by Harden (1982). Soil 

development indices were structured to be quite sensitive to changes in soil morphology by 

using only soil properties that change demonstrably with increasing soil age over the range 

of soil ages studied. Both soil development indices that reflect maximum development of 

properties in any horizon in a soil and total proflle development were found to increase 

fairly consistently with soil age. Ranges of numerical values for soil development indices 

were tied to numerical ages of soils using the dated soils. These ranges of values were then 

used to estimate the ages of 74 soils associated with young fault scarps in central Nevada. 

The estimated ages of these soils were found to be in general agreement with independent 

age constraints provided by morphologic analyses of fault scarps. Soil studies also have 

provided evidence for at least four Holocene faulting events that occurred along fault zones 

where fault scarps are not amenable to morphologic analyses. Thus, soil age estimates 

clearly provide a method of estimating ages of young paleoseimic events that complements 

morphologic fault scarp analyses in central Nevada 



CHAPTER 4. PATTERNS OF RECURRENT FAULTING IN THE 
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Historical large earthquakes of the Great Basin are concentrated in a fairly restricted 

portion of western Nevada and eastern California. The four largest earthquakes of this 

century (M -7+) are further restricted to the N-S-trending central Nevada seismic belt 

(CNSB; figure 14), which follows the overall physiographic grain of the Great Basin. 

Large earthquakes with tens of kilometers of surface rupture occurred in 1915 in Pleasant 

Valley, in 1932 near Cedar Mountain, and in 1954 near Fairview Peak and in southern 

Dixie Valley. Four smaller (M 6.5-6.8) surface-rupturing earthquakes have occurred in the 

CNSB as well (rupture characteristics of all these events are summarized in de Polo et al, 

1989). The only sizable gap without surface rupture within the N-S extent of the CNSB, 

in northern and central Dixie Valley, has been labeled the Stillwater seismic gap (Wallace, 

1978; Wallace and Whitney, 1984; see figure 14). 

This concentration of moderate and large earthquakes in a narrow belt has led 

previous workers to inferences concerning regional fault behavior and the manner in which 

extension is accommodated by faulting in the Great Basin. Slemmons (1967), Wallace and 

Whitney (1984), and Wallace (1984a) suggested that it may be characteristic of faulting in 

the Great Basin to be concentrated for short intervals in zones or belts. after which the 

zones are quiescent for thousands of years. Wallace (1978, 1981) further suggested that 

the CNSB may continue to be active until no major gaps remain unf111ed. Both hypotheses 

imply that the CNSB is an area of elevated seismic hazard relative to the rest of the Great 

Basin at present. Specific suggestions have been made regarding the potential for a large 

earthquake occurring in the Stillwater seismic gap (Wallace, 1978; Wallace and Whitney, 
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Figure 14. Location map showing the central and northern CNSB. Fault zones 
discussed in this chapter are labeled as follows: FP, Fairview Peak; SS, Sand 
Springs; MIG, Middlegate; EAG, Eastgate; CLA, Clan Alpine; DVS, DVC, 
DVN, and DYNE, Dixie Valley south, central, north, and northeast; WSR, 
NSR, western and northern Stillwater Range; BVV, Buena Vista Valley; WER, 
west side East Range; PV, Pleasant Valley; SON, Sonoma; JV, Jersey Valley; 
BUV, Buffalo Valley; SUS, Sulphur Springs. The Stillwater and Sonoma 
Range II seismic gaps II are labeled as SWG and SOG. Historical surface 
ruptures are shown with bold lines. 
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1984) and the Sonoma Range seismic gap (Thenhaus and Barnhard, 1989; see figure 14 

for locations). 

The possibility of prehistoric clusters or belts of faulting in the CNSB has been 

difficult to assess based on previous studies. Surface rupture probably occurred along 

much of the Stillwater Range in Dixie Valley during the Holocene (Wallace and Whitney, 

1984; Bell and Katzer, 1987; 1989). Hecker (1985) concluded that middle to late Holocene 

faulting occurred along the 1954 Dixie Valley surface rupture and in the southern Stillwater 

seismic gap. In contrast to these findings, Fonseca (1988) indicated that the youngest 

prehistoric faulting along the 1915 surface rupture in Pleasant Valley is probably of early 

Holocene age, substantially older than the youngest faulting in the Stillwater seismic gap. 

Wallace (1978) used fault scarp morphology to delineate a number of other paleoseismic 

events of Holocene or latest Pleistocene age in a portion of north-central Nevada that 

includes the northern CNSB. This data set, however, does not lend itself to assessment of 

the details of paleoseismic activity because of the modest reported precision of the age 

estimates « 2 ka, < 12 ka, -12 ka, > 12 ka and »12 ka). 

The primary objective of the studies summarized here has been to advance the 

understanding of fault behavior in the northern Great Basin by enhancing the precision of 

age estimates for large Holocene and latest Pleistocene earthquakes in the central and 

northern portions of the CNSB. New quantitative morphologic analyses of fault scarps 

and analyses of soils data complement previous soil and stratigraphic studies in the CNSB. 

Together, these studies provide a basis for estimating the timing of latest Quaternary 

movements along the fault zones associated with the 1915 Pleasant Valley, the 1954 

Fairview Peak, and the 1954 Dixie Valley earthquakes, and along fault zones in the CNSB 

that have not had historical ruptures. Analyses of landforms generated by vertical uplift 
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pennit assessment of relative rates of late Quaternary activity on fault zones of the CNSB, 

so the shon-teIm patterns offaultiog can be put into the context oflong-teIm fault activity. 

Analyses of fault scarps and soils indicate that no surface rupture patterns 

analogous to the historical pattern have occurred in the CNSB during the Holocene. 

Faulting probably occurred along most of the Stillwater Range in Dixie Valley during the 

middle and late Holocene, but the northern and southern portions of Dixie Valley have 

different histories of movement during this inteIVal. Much of the Stillwater Seismic Gap 

ruptured in the late Holocene, while the youngest prehistoric movement along the 1954 

Dixie Valley surface rupture occurred in the middle Holocene. The fault zones active in the 

1915 Pleasant Valley and 1954 Fairview Peak earthquakes and the fault zone of the 

Sonoma Seismic Gap were previously active in the latest Pleistocene. Other fault zones in 

the CNSB have ruptured during the Holocene, but there is no compelling evidence for 

synchronous belts of activity analogous to the historical pattern. Tectonic landfoIm 

analyses indicate that the range-front fault along the Stillwater Range in Dixie Valley is the 

most active fault zone in the central and northern CNSB, which is consistent with relatively 

frequent latest Quaternary movements along this fault zone. Several other fault zones that 

have not had historical ruptures appear to be as active as the Pleasant Valley and Fairview 

Peak fault zones during the late Quaternary. If the CNSB is an area of elevated seismic 

hazard for the near future, then these fault zones are candidates for large earthquakes. The 

potential for large earthquakes in proposed seismic gaps, however, is difficult to evaluate in 

view of the complicated history of latest Quaternary fault movement in the CNSB. 
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Ages estimates for young prehistoric surface-rupturing earthquakes presented in 

this paper are based on morphologic analyses of fault scarps, soils infonnation, and local 

constraints provided by dated tephra deposits and pluvial shorelines. Of these dating 

methods, tephra deposits and shorelines give the "hardest" numerical age constraints. 

However, these constraints are not available for most of the fault zones of the CNSB and 

they usually do not closely constrain ages of faulting events. Estimation of faulted and 

unfaulted surfaces ages based on soil profile development was utilized to constrain the 

timing of movements along the fault zones of the CNSB. Independent numerical 

constraints on surface ages at a few localities allow some calibration of rates of soil-profile 

development through the Holocene in central Nevada. However, variations in factors that 

affect rates of soil-profile development other than soil age limit the resolution of surface-age 

estimates. Quantitative morphologic analyses of fault scarps can be used to estimate ages 

of large paleoseismic events that had a significant dip-slip component. Methods of scarp

dating yield reasonably precise age estimates for latest Pleistocene and Holocene faulting 

events, so these methods were the principal tools used to estimate ages of paleoseismic 

events along many of the fault zones in the CNSB. 

Independent Numerical Age Constraints 

Deposits of dated tephras and pluvial shoreline features in central and western 

Nevada provide infonnation with which to estimate the ages of Holocene and latest 

Pleistocene faulting events in the CNSB. Holocene tephra deposits found in the CNSB 

are attributable to the Mazama (6.8 ka; Davis, 1978) and Mono Craters (1.6-0.6 ka; Davis, 

1978) eruptions. Specific tephra deposits have been related to known tephra eruptions 

I -- .----- -- -I 
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based on petrographic examination or elemental analysis. The highstand shorelines of Lake 

Lahontan provide a well-constrained (12.5 ka; Benson and Thompson, 1987) datum. 

Unfortunately, Lake Lahontan was resnicted to western Nevada, and only constrains the 

timing of prehistoric movements along a few faults of the CNSB. However, analyses of 

pluvial shoreline scarps cut into alluvial fan deposits by Lake Lahontan and other pluvial 

lakes in central Nevada provide a means for assessing rates of scarp degradation in the 

CNSB (discussed below). The timing of the latest highstands of pluvial lakes in Dixie 

Valley and Buffalo Valley are not constrained as well as Lake Lahontan, but they probably 

occurred at about 12-15 ka (Thompson and Burke, 1973; see chapter 2). Lake Dixie 

impinged on or submerged the fault zone along the base of the Stillwater Range at several 

localities, providing a clear datum with which to define post-highstand faulting and soil

profile development (Thompson and Burke, 1973; Hecker, 1985; Bell and Katzer, 1987; 

Fonseca, 1988). 

Morphologic Analyses of Fault Scarps 

Morphologic fault scarp analyses can be used to obtain numerical estimate ages for 

young faulting events. Scarps fonned in unconsolidated deposits during large surface

rupturing earthquakes are unstable landforms whose shapes change with time. If the rate 

of change can be calibrated and the initial scarp fonn inferred, then the present scarp shape 

can be used to estimate scarp.age. 

Several scarp-dating methods use solutions to the homogeneous diffusion equation 

to estimate scarp ages (Nash, 1980, 1984, 1988; Colman and Watson, 1983; Hanks et aI, 

1984; Mayer, 1984; Hanks and Andrews, 1989). These methods all depend on the 

assumption that the rate of transport of material downslope at any point on a scarp is 

directly proportional to the slope (linear diffusion). Empirical studies indicate that many 
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slope processes transport material as a more complicated function of slope (Carson and 

Kirkby, 1972). The probable ramification of this evidence is that larger scarps are 

degraded more rapidly than is predicted by linear diffusion (Pierce and Colman, 1986; 

Andrews and Bucknam, 1987; Hanks and Andrews, 1989). A dependence of the scarp 

degradation rate factor (c*) on scarp size, calibrated using shoreline scarps cut into alluvial 

fan deposits by the 12.5 ka highstand of Lake Lahontan and other pluvial lakes in central 

Nevada, was incorporated into the analyses of fault scarps in the CNSB (following the 

method of Pierce and Colman, 1986; see chapter 2 for development ofmethoclology). 

Topographic profiles of fault scarps were collected where prehistoric scarps existed 

prior to the historical surface ruptures, and along other prehistoric fault scarps in the CNSB 

(see figure 14). Morphologic analyses were restricted to scarps inferred to have fonned in 

single surface ruptures (single-rupture event scarps, SRE), or multiple-rupture-event 

(MRE) scarps on which the youngest rupture segment could be clearly distinguished. Fault 

scarps are considered likely to be SRE scarps if they have vertical offsets in the range of 

historical surface ruptures of the Basin and Range province « 7 m) and no clearly 

discernible evidence of topographic segmentation (see Wallace, 1977). Scarp profiles were 

collected at numerous localities to give as unifonn geographic coverage along fault zones as 

possible. The quantity and quality of fault scarp data collected along fault zones in the 

CNSB varies because (1) fewer profIles were collected where field assessment indicated 

that the youngest movement is pre-Holocene; (2) poor preservation of alluvial fault scarps 

along some fault zones precluded collection of a large number of scarp profIles; and (3) 

inferred SRE fault scarps with a range of offsets do not exist along some fauIt zones. 

Fault scarp profIles collected along the historical surface ruptures provide an extra 

challenge: the historical deformation must be removed or accounted for prior to 

morphologic analysis of the prehistoric scarps. Two different approaches were used to 
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deal with situations found along the historical surface ruptures of central Nevada. The 

most favorable situation for reconstructing prehistoric scarps is where similar scarp slopes 

exist above and below historical scarps. In these cases, inferred historical deformation was 

removed, and prehistoric scarp slopes were extrapolated through the zone of historical 

activity (figure 15). The major uncertainties in this method are (1) the dip of the fault zone, 

and (2) whether the maximum scarp slope has been destroyed by the historical faulting. 

Bracketing values of 60° and 90° were used for fault zone dip. Using 90° results in larger 

prehistoric fault scarp offsets, but the effect of this assumption on scarp age estimates is 

minimized when a dependence of c* on scarp offset is factored in (table 15). Many MRE 

fault scarps have local grabens or back-tilted areas adjacent to them on the downthrown 

block. In these cases, it is commonly not possible to reconstruct the prehistoric fault scarp 

geometry downslope from the historical fault scarp, so the actual vertical offset of the 

prehistoric scarp cannot be estimated. Where this situation exists, only the prehistoric fault 

scarp upslope from the historical scarp was used in morphologic analyses; the lower 

portions of prehistoric scarps were assumed to have the same shape as the preserved upper 

portions (method is similar to that used by Hanks and Schwartz, 1987). The critical 

assumption of this method is that the historical rupture occurred near the mid-slope of the 

prehistoric fault scarp. 

All prehistoric fault scarps were analyzed using similar morphologic methods to 

estimate scarp ages (see Cha~ter 2 for more complete discussion). Values of the product of 

scarp age (t) and the diffusivity coefficient (c) were obtained from maximum scarp slope, 

vertical scarp offset, and pre-faulting surface slope, assuming initial scarp slopes of 33.5 or 

35 degrees (fmite initial scarp slope methods of Nash, 1984, and Hanks et al, 1984). 

Analyses of pluvial shoreline scarps and fault scarps indicate that larger scarps appear to be 
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Figure 15. Reconstruction of prehistoric fault scarps where historical surface ruptures have 
occurred; an example from the 1954 Fairview Peak rupture. 

A) Current MRE fault scarp. Scarp related to the historical surface rupture is between 
the arrows, and similar sloped are preserved above and below historical scarp. 

B) Reconstructed pre-1954 scarp, assuming a 90°-dipping fault zone in the middle of 
the historical scarp. 

C) Reconstructed pre-1954 scarp, assuming a 60°-dipping fault zone. This assumption 
results in a slightly higher, and therefore morphologically older, scarp. 
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PROFILE OFFSET APPARENT AGE CORRECTED AGE 
(m) (tc; In ka) (tc/c·; In ka) 

(900 ) (600 ) (900 ) (600 ) (900 ) (600 ) 

8751A 1.2 1.1 6.4 5.4 13.6 15.6 
87518 1.3 1.2 6.2 4.9 11.7 12.3 
8751C 1.4 1.4 8.3 7.63 14.1 15.4 
421638 1.7 1.6 19.3 18.0 25.3 30.4 
42163A 1.8 1.6 28.1 22.3 34.2 37.7 
526518 2.2 2.0 30.0 26.2 28.5 33.4 
52651A 2.6 2.3 29.7 23.2 23.2 24.9 
52652A 2.9 2.6 35.9 28.1 24.6 26.1 
526528 3.3 2.9 30.6 22.5 18.1 18.4 

MEAN 2.0 1.9 21.6 17.6 21.5 23.8 

Table 15. Comparison of reconstructed scarp offsets, apparent scarp ages (tc), and 
corrected scarp ages (tc/c*) for pre-1954 scarps along the Fairview Peak rupture, assuming 
90°- and 60°-dipping fault planes. 

--- - -- -- ---- --- -I 
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morphologically older than smaller scarps, implying that they are degraded more rapidly 

than would be predicted by linear diffusion (one value of c for all scarps). 

Two methods of analysis are used in this paper to take the dependence of apparent 

scarp age on scarp offset into account The fIrst method assumes that the value of c 

obtained from previous analyses of pluvial shoreline scarps in the Great Basin (-1 m2/k.y.; 

Hanks and others, 1984; Hanks and Wallace, 1985) is an average value that actually 

applies to scarps with intermediate offsets. Age estimates for scarps with intermediate 

offsets in the range of 2 to 4 m, assuming this value for c, are summarized in table 16. The 

advantage of this method is that it is based on simple assumptions; problems are 

encountered if scarp data sets do not happen to include many scarps with intermediate 

offsets. 

The second scarp-dating method utilizes specifIc offset-dependence 

relationships for the degradation rate factor (c*) determined from pluvial shoreline scarps 

to obtain age estimates for individual fault scarp profIles. Shoreline scarps of Lake 

Lahontan (age 12.5 ka) and higher altitude pluvial shoreline scarps (estimated age 15.5 ka; 

see Chapter 2) cut into alluvial fan deposits were used to calibrate the value of c* for scarp 

offsets in the range of 1 to 7 m (following the methods of Pierce and Colman, 1986; fIgure 

16). The Lahontan shoreline c* relationship was used for fault scarps in mid portions of 

the CNSB; the higher altitude pluvial shoreline c· relationship was used for fault scarps in 

semiarid portions of the CNSJ3. The value of tc obtained for each fault scarp profIle was 

divided by the value of c* appropriate for that scarp offset. These scarp-age estimates 

were further refmed by adding an estimate of the time required to degrade fault scarp free

faces to the angle of repose. Minimum and maximum values for rate of retreat of free-face 

crests of 2 to 10 cm/yr (Wallace, cited in Nash, 1986) and a simple geometric model of 

free-face retreat were used estimate free-face intervals (see chapter 2). 

. ..... - ... - .... -~ 



FAULT 
ZONE 

S Dixie Valley 

C Dixie Valley 

N Dixie Valley 

DVS 

DVC 

DVN 

Fairview Peak FP 

Pleasant Valley PV 
Sand Springs Ra. S5 

Middlegate MIG 
Eastgate EAG 

Clan Alpine Ra. CLA 
NE. Dixie Valley DVNE 

Jersey Valley JV 
Buffalo Valley BUV 

WEast Ra. WER 

Sonoma Ra. SON 
Sulphur Spring SUS 

MEAN 
SCARP 
OFFSET 

(m) 

2.1 

3.2 

2.6 

1.8 
2.6 
1.7 
2.2 
2.1 

2.2 

0.6 

2.0 
1.0 

2.0 

2.5 
0.6 

SCARP 
AGE 

tc 
(2-4 m only) 

5.1-11.9 (10) 

1.5-4.5 (17) 

3.3-6.5 (8) 

28-35 (4) 
16-26 (5) 

25 (1) 
23 (2) 

3.9-7.7 (10) 

12-25 (6) 

none 

33 (2) 
none 

19 (3) 

15-24 (6) 
none 

SCARP 
AGE 
tc/c· 

( H > 1 m) 

5.9-8.6 (15) G 

1.5-3.5 (24) L 

3.8-6.4 (8) L 

15-27 (7) G 

16-21 (7) G 
4-40 (3) G 

3-22 (4) G 

4.2 - 8.0 (19) G 
11-23 (7) G 

19.6-37.1 (8) L 

17-45 (4) G 
10-22 (4) G 

7-20 (5) G 

13-31 (8) G 
7.2-15.6 (6) L 
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Table 16. Fault scarp age estimates (in ka) for Holocene and latest Pleistocene surface 
ruptures in the CNSB. Methods used to estimate ages of paleoseismic events are apparent 
ages of scarps (tc) with 2 to 4 m offset and corrected scarp ages (tc/c*') for all scarps with 
greater than 1 m offset Reported uncertainties are one standard deviation about the mean 
age estimate. Numbers in parentheses indicate scarp profiles used to obtain age estimates 
along each fault zone; L (arid) and G (semiarid) indicate the specific c* vs. offset 
relationship used to obtain corrected scarp ages. 
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Figure 16. Calibration of c* using latest Pleistocene pluvial shoreline scarps in central and 
western Nevada. 

A) Lake Lahontan shoreline scarps (12.5 ka) fonned in an arid Holocene climate. 
B) Grass Valley and Smith Creek Valley shoreline scarps (15.5 ka) fonned in a 

semiarid Holocene climate. 



107 

Estimates of scarp age obtained from each scarp profile were used to obtain a mean 

estimate of the age of youngest rupture along a fault zone or segment of a fault zone. 

Values for uncertainty in the mean scarp age estimates were determined using one standard 

deviation about the mean age estimate. The outlying 10 to 20 percent of age estimates in 

each scarp data set were symmetrically excluded prior to calculation of standard deviations 

unless the total data set had fewer than eight members. Definition of boundaries between 

temporally discrete ruptures along segments of long fault zones (i.e., the Stillwater Range 

in Dixie Valley) is treated by plotting morphologic scarp ages vs. distance along the fault 

zone (see later section). 

Soil-Profile Development and Surface Ages 

Estimates of ages of faulted and unfaulted alluvial surfaces based on soil-profile 

development were used to complement fault scarp age estimates and to provide age 

constraints on faulting where fault scarp analyses were not effective. Soils associated with 

surfaces that have clear relationships with faulting were described along many of the fault 

zones of the CNSB. A form of the Profile Development Index (PDI; Harden and Taylor, 

1983) incorporating properties that reflect clay and silt accumulation in soils was used to 

systematically quantify soil-profile development (see chapter 3 for more complete 

discussion). Soils whose ages are constrained by pluvial shorelines or tephra deposits 

were used to give numerical age significance to PDI values. 

The development of Holocene soils in central Nevada is dominated by input of 

material from the atmosphere into the soils (Chadwick and Davis, 1990). Translocation of 

this material down into the soil results in the development of soil horizons with properties 

distinct from the soil parent material. The development of properties in a soil horizon 

relative to parent material is reflected in an value termed the horizon index; the PDI is 
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obtained by multiplying the horizon index by horizon thickness and summing all horizons 

(Harden, 1982; Harden and Taylor, 1983). Thus, the PDI is an attempt to integrate soil 

development throughout the soil proftle. Soil structure, texture, wet consistence, and dry 

consistence were employed in the calculation of soil indices in this study. These properties 

were chosen because they reflect the accumulation of clay and silt in soils and they change 

with increasing age in Holocene and latest Pleistocene soils in central Nevada. 

Previous studies of soils in Dixie Valley and Pleasant Valley have demonstrated the 

usefulness of soils chronosequences and soil development indices in estimating the ages of 

young paleoseismic events. Chadwick and others (1984), Hecker (1985), and Fonseca 

(1988) used soil development to estimate faulted and unfaulted surface ages in Dixie Valley 

and Pleasant Valley. Many of the soil proftles summarized by the workers cited above 

were utilized in this study. Soil indices were recalculated in order to assure that all soils 

were analyzed using the same technique; individual PDI values presented here differ from 

earlier studies because different properties were used in the various analyses, different 

assumptions were made concerning soil parent material, and slightly different calculation 

methods were used. 

Using soils whose ages are constrained by independent numerical control, it is 

possible to roughly estimate numerical ages of Holocene and latest Pleistocene alluvial 

surfaces based on PDI values of soils associated with them. For soils developed from 

sandy parent material (sand, ~oamy sand, or sandy loam texture), it appears that late 

Holocene soils typically have PDI values of 0-7, middle Holocene soils have PDI values of 

7-16, and early Holocene-latest Pleistocene soils have PDI values of 16-24 (see table 17). 

Soils developed from finer-grained parent material or located in areas where rates of soil 

development are unusually rapid have higher PDI values for a given age surface. PDI 



CLIMATE 

A 

S 

A 

A 

S 

A 

S 

S 

S 

S 

A 

A 

A 

A 

AREA 

Walker Lake 

Big Smoky V. 

Walker Lake 

Dixie Valley 

Big SmokyV. 

Dixie Valley 

lone Valley 

Pleasant Valley 

Vigus Butte 

Pleasant Valley 

Walker Lake 

Walker Lake 

Dixie Valley 

Carson Sink 

PDI 

0.4 

1.6 

3.2 

7.9 

6.0 

9.3 

10.8 

13.8 

17.3 

24.5 

18.1 

23.8 

24.2 

23.2 
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SOIL 
AGE 

< 0.6 ka 

< 0.7 ka 

< 1.6 ka 

<1.6 ka 

< 2.3 ka 

< 6.8 ka 

- 6.8 ka 

- 6.8 ka 

- 6.8 ka 

- 6.8 ka 

< 12.5 ka 

- 12.5-14 ka 

< -12 ka 

< 12.5 ka 

Table 17. Sunnnary of profile development index (PDI) data for dated Holocene and latest 
Pleistocene soils in central Nevada. Arid and semiarid local climates are indicated by A and 
S, respectively. 
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values for soil associated with fault zones in the CNSB and attendant soil age estimates are 

summarized in table 18. 

The many uncertainties inherent in using soil properties or numerical values 

representing soil properties to estimate surface ages limit the utility of soils in constraining 

estimates of paleoseismic events. In the best of circumstances, with parent-material texture 

of sand to sandy loam and no unusual soil-forming factors, age estimates of late, middle, 

early Holocene-latest Pleistocene, and late Pleistocene are reasonable. If complicating 

factors of soil formation are suspected, then age estimates are more uncertain. For these 

reasons, soils chronosequences were utilized primarily to supplement morphologic fault 

scarp age estimates where they are available. 

HOLOCENE-LATEST PLEISTOCENE PALEOSEISMICITY IN THE CNSB 

Estimates for the ages of Holocene and latest Pleistocene large earthquakes along 

the fault zones with historical activity and other fault zones with late Quaternary ruptures 

adjacent to them are summari~ in this section. Age estimates are based primarily on 

morphologic fault scarp analyses that employ a specific degradation rate factor (c*) vs. 

scarp offset relationship (see table 16). These age estimates are checked against numerical 

age constraints provided by tephra deposits and pluvial shorelines and soil-profile 

development data (table 18) to obtain summary age estimates for faulting events. Extent of 

fault scarp preservation (or cOnversely, obliteration) is considered as a qualititative indicator 

of the recency of faulting. Where adequate fault scarp profile data could not be collected, 

age estimates are based on soil profile data. The timing of the youngest prehistoric ruptures 

along the 1954 Dixie Valley rupture and in the proposed Stillwater seismic gap are 

discussed in some detail; evidence for Holocene and late Pleistocene movements along 

other fault zones in the CNSB is summarized more briefly. 
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FAULT SOIL PDI SURFACE YOUNGEST 
ZONE NUMBER AGE FAULTING 

MONTE CRISTO MTNS MCM 
52585-4-2 11.6 R LP (1) 
42186-1-2 10.0 MH(u) MH-EH 
42186-1-1 18.3 EH (1) 

SAND SPRINGS RANGE 5S 
8685-2 9.6 MH(u) 

52785-3 7.6 MH (u) MH-EH 
8685-1 19.2 EH (f2) 

FAIRVIEW PEAK FP 
Bell Flat 52685-1 27.1 LP (f2) 

52685-2 11.9 MH (u) MH-LP 
Drumm Summit 8685-4 4.8 LH (u) 

Wonder 81185-2 9.2 MH(u) 

SOUTHERN DIXIE VALLEY DVS 
La PlataCyn 8885-1 10.9 MH (f) 

Job Peak 81285-6 13.3 MH (u) 
Turupah Flat TF-1 7.9 LH* (u) MH 

Southern Bend B2 9.5 MH (u) 
B4 12.6 MH (f) 

Northern Bend B1 11.6 MH (u) 

CENTRAL DIXIE VALLEY DVC 
Terrace Cr F1 7.3 MH (u) 

T2 19.9 EH (f) 
F2 22.1 EH (f) 

Mississippi MC2 7.6 MH (u) 
Canyon MC3 11.0 MH (u) 

MC1 11.7 MH (f) MH 
MC4 11.1 MH(f) 

Thompson- TB1 8.4 MH (f) 
Burke site TB2 24.2 EH* (f2?) 
Humboldt graben 6985-1 6.5 LH (f2?) 
Sample Bag Cyn 81585-7 9.0 MH (u) 

81585-6 15.2 MH (f2?) 

NORTHEASTERN DIXIE VALLEY DVNE 
piedmont A5 4.9 LH (u) LH-LP 

A3 30.8 R LP (f) 

WESTERN STILLWATER RANGE WSR 
42286-1 23.2 EH* (u) > EH 

Table 18. ProfIle Development Index values and age estimates for soils associated with 
fault zones in the CNSB. Age abbreviations are LH, late Holocene, MH, middle 
Holocene, EH, early Holocene-latest Pleistocene, and LP, late Pleistocene. Alluvial 
surfaces are either unfauIted (u), faulted once (f), or faulted more than once (f2). Soils 
with some independent numerical age constraint are indicated by a (*). 
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FAULT SOIL POI SURFACE YOUNGEST 
ZONE AGE FAULTING 

NORTHERN DIXIE VALLEY DVN 
Buttersworth 61085-1 16.3 MH(f) 
graben 61085-2 36.4 LP (f2) 
Mammoth Head MHC1 1.2 LH (u) 

MHC2 7.4 MH(f) LH-MH 
MHC3 20.0 EH (f2) 

North piedmont B1A 6.0 LH (u) 
B2 14.7 MH(f) 

EASTGATE EAG 
71986-2-2 2.9 LH (u) LH-EH 
71986-2-1 22.8 EH (f) 

CLAN ALPINE RANGE CLA 
72186-2 6.5 MH(u) >MH 

JERSEY VALLEY JV 
5186-1 11.75 MH (u) >MH 

BUFFALO VALLEY BUV 
upper piedmont 5286-1 9.1 MH(f) 

5286-3 18.9 EH (f) MH 
lake margin 5386-3 13.5 MH(f) 

PLEASANT VALLEY PV 
Sou Hills E2 9.8 MH(u) 
piedmont E1 14.3 MH (u) 
Pierce segment BM 36.4 LP (f2) 

S 25.6 LP (f2) MHorLP 
6685 BN 10.7 MH(f) 

81385 BN 11.7 MH (f) 
Tobin segment 42886-1 24.5 MH* (u) 

81385-4 13.8 MH* (u) 

EAST RANGE WER 
42386-1 9.3 MH (u) >MH 

SONOMA RANGE SON 
Leach Hot Spr 6485-1-1 12.1 MH (u) 

6485-1-2 37.4 LP (f2) MH-EH 
Grass Valley 6485-2-2 6.4 MH (u) 

6485-2-1 18.8 EH (f) 

SULPHUR SPRING SUS 
42686-2 11.1 MH (f) <MH 
42686-3 20.9 EH (f2) 

Table 18. (continued) 
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Dixie Valley-Stillwater Range 

Estimating the ages of prehistoric faulting along the Stillwater Range in Dixie Valley 

is especially critical because (1) the mountain front fault zone is long and the historical 

record demonstrates that it can exhibit segmented behavior; and (2) the patterns of young 

prehistoric faulting may provide insight into the potential for a large faulting event filling 

the Stillwater seismic gap (Wallace and Whitney, 1984; see figure 17 for locations). Soils 

and stratigraphic information available at present do not constrain the timing of young 

surfaces ruptures in Dixie Valley closely enough to document segmented fault behavior 

during the Holocene (see Hecker, 1985). However, morphologic analyses of fault scarp 

data and rough estimates of Holocene vertical displacement presented here suggest a fairly 

complex and intriguing pattern of Holocene ruptures in Dixie Valley. Fault scarp data were 

used to reconstruct possible scenarios of Holocene faulting by grouping morphologic fault 

scarp age estimates into fairly restricted geographic domains in Dixie Valley (table 19) and 

by plotting morphologic age estimates along the length of Dixie Valley (figure 18A). The 

following sections summarize evidence for the patterrns of Holocene faulting in southern, 

central, and northern Dixie Valley. 

Southern Dixie Valley. The prehistoric fault scarps in the southern portion of Dixie Valley 

(from the Bend south; DVS, figure 17) apparently are of middle Holocene age (5.9-8.5 ka; 

table 19). The mean morphologic fault scarp age is slightly older (7.2 ka) than the 

maximum age constraint derived from stratigraphic studies in the Bend (6.8 ka; Bell and 

Katzer, 1987). Fault scarps in southern Dixie Valley may on average have been degraded 

more rapidly than most other scarps of the CNSB because they are formed in fairly erodible 

grussy gravel. Faulting could have occurred along the Stillwater Range front in southern 

Dixie and in the Bend between the minimum constraint obtained from fault scarp data and 



Figure 17 . . Location map for Dixie Valley. Fault scarp 
age domains southern (DVS), central (DVC), and 
northern (DVN) Dixie Valley are delineated by heavy, 
NW-trending.lines. Extent of the 1954 Dixie Valley 
rupture and the Stillwater Gap are shown with light lines 
with ends. Abbreviations for sites are BG, Buttersworth 
Graben; SB, Sample Bag; and TB, Thompson-Burke. 
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AREA OFFSET tc 

DVS 2.1 m 5.8±3.9 
(19) 

La Plata 1.0m 2.1±1.3 
(7) 

Job Peak 2.9m 8.9±4.6 
(9) 

South Bend 2.1 m 6.7±2.7 
(5) 

DVe 3.2 m 2.7±1.3 
(24) 

North Bend- 3.0m 2.6±1.2 
Hare Cyn (12) 

Mississippi C.- 3.7m 2.6±1.7 
Thomp-Burke (9) 

Sample Bag 3.3m 3.0±1.8 
area (9) 

DVN 2.6 m 5.0±1.6 
(9) 

tc 
(2-4 m) 

8.5±3.4 
(10) 

none 

8.5±4.6 
(7) 

8.4 
(3) 

3.0±1.5 
(17) 

2.9±1.4 
(7) 

1.8±.O.7 
(5) 

4.1±1.3 
(4) 

4.9±1.6 
(8) 

tc/c· 
(> 1 m) 

7.2±1.3 
(15) 

6.6±2.7 
(7) 

7.0±1.7 
(9) 

7.6±1.7 
(5) 

2.4±1.0 
(24) 

2.5±1.3 
(12) 

2.0±1.3 
(9) 

2.6±O.9 
(9) 

5.1±1.3 
(8) 

Table 19. Fault scarp age estimates from five geographic subsets along the Stillwater 
Range in Dixie Valley. The youngest fault scarps are found in central Dixie Valley. 
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Figure 18. Fault scarp ages and vertical displacement in Dixie Valley. 

A) Plot of fault scarp ages along the Stillwater Range. Triangles represent individual 
fault scarp ages. Stippled areas show one standard deviation about the mean fault scarp age 
estimate for each proposed domain of youngest prehistoric surface rupture. The darker 
shaded area in domain DVS indicates the maximum age constraint provided by Mazama 
tephra in part of this domain. Fault scarp ages are youngest in central Dixie Valley (domain 
DVC). 
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B) Rough Holocene vertical displacement along the Stillwater Range. Open triangles 
indicate offset estimated from individual fault scarp profiles. The solid triangle in domain 
Dve is the amount of vertical pluvial shoreline displacement inferred by Thompson and 
Burke (1973). The solid triangle in domain DVN represents the amount of vertical 
displacement of a latest Pleistocene alluvial fan surface at the Butterswonh graben site. 
Tectonic displacement was not measured rigoriously with long profiles in most cases, so 
the displacement measurements are intended only to show general trends of displacement 
along the mountain front. 
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the deposition of Mazama tephra (5.9 to 6.8 ka). Soil profile data collected in this area are 

consistent with a middle Holocene age of youngest prehistoric rupture. Late Holocene 

alluvial surfaces are not faulted; some middle Holocene surfaces are faulted, and others are 

not (see table 19). Domain DVS is generally coincident with the 1954 Dixie Valley surface 

rupture, although the small surface ruptures associated with the 1954 event continue about 

10 Ian north of the Bend. 

The surface expression of the inferred middle Holocene faulting event in southern 

Dixie Valley most likely differed significantly from the 1954 event, however. Bell and 

Katzer (1990) have argued that surface rupture in the earlier Holocene event was confined 

to the piedmont strand of the Dixie Valley fault zone, and that the fault strand at the 

mountain front last ruptured in the late Pleistocene. Evidence gathered in this study 

supports this reconstruction in the area of the Bend. However, morphologic analysis of 

fault scarps found along the mountain front at one locality south of the Bend (the Job Peak 

area, figure 17; table 19) indicates that they are of early to middle Holocene age. These 

scarps are morphologically similar to the Holocene scarps along the piedmont fault strand 

in the: Bend, and they may have formed in the same event. The simplest scenario that fits 

these data is that the fault zone along the mountain front south of the Bend and the 

piedmont fault zone crossing the Bend ruptured in one faulting event in the early middle 

Holocene; other, more complicated scenarios could be envisioned as well. 

Central Dixie Valley. The youngest prehistoric fault scarps found in Dixie Valley occur 

from the northern end of the Bend to about 15 Ian south of the northern end of the valley 

(DVC, figure 17, 18A). The estimated age of these fault scarps is 1.5 to 3.5 ka. Soils data 

do not further clarify the timing of faulting; youngest faulted and oldest unfaulted surfaces 

are of middle to late Holocene age. Turupah Flat tephra was found in a graben at the Dixie 
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site (figure 17; Hecker, 1985) cutting a middle to late Holocene alluvial fan; thus, at least 

some faulting there predates 1.6 ka and postdates early Holocene time. Analysis of fault 

scarp ages in three geographic subsets of domain DVe (table 19) reveals that the 

morphologically youngest scarps are in the middle and northern portions of domain DVe. 

Scarp populations near the southern end of domain DVe may be contaminated by the 

influence of the middle Holocene surface rupture in domain DVS. 

Relatively large Holocene displacements inferred for portions of domain DVe 

suggest that it may have experienced two or more surface ruptures during the Holocene 

(Hecker, oral comm., 1985; Fonseca, 1988; see below). Three profiles measured on large 

Holocene fault scarps in central Dixie Valley are not obviously bevelled (figure 19), 

suggesting that if they were formed by two faulting events, the events were reasonably 

closely spaced in time. Alluvial surfaces associated with large fault scarps at the 

Thompson-Burke and Sample Bag sites are interpreted to be early Holocene-latest 

Pleistocene in age. However, the alluvial fan faulted at the Humboldt graben site is of 

middle Holocene age, so if the graben represents two faulting events, the earlier event 

occurred in the middle Holocene. 

The morphologies of large, possible MRE fault scarps in central Dixie Valley 

provide some insight into the possible timing of an earlier Holocene faulting event. As 

scarps are degraded, the horizontal distance between scarp toe and scarp crest (scarp width) 

increases. Existence of an earlier Holocene event would increase total scarp age and 

therefore scarp width. Limits on total scarp age were considered using model scarp 

profiles developed from an analytical solution to the diffusion equation modified slightly 

from Hanks and others (1984): 

u(x,t) = a err [x/2(c*t)1I2] + bx 
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Figure 19. Profiles of large Holocene fault scarps in the central portion of domain DVC. 
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where u is the vertical distance above and x is the horizontal distance from the scarp 

midpoint, t is the scarp age, 2a is the initial vertical displacement after faulting, c* is the 

degradation rate factor for arid scarps in central Nevada (a function of 2a), b is the 

prefaulting fan slope, and erf is the error function. In this analytical solution, the diffusion 

equation is used to model scarp degradation from an initial vertical step in topography. The 

horizontal limits of the model scarps are set where scarp slope is less than one degree 

steeper than the prefaulting fan slope. Because scarp offset (a) does not appear in the 

argument of the error function, scarp width does not depend directly on offset (following 

Mayer, 1987); scarp offset indirectly influences scarp width through the degradation rate 

factor (c*). 

Model fault scarp widths for various scarp ages of are compared with measured 

fault scarp widths in table 20. The amount of displacement in the postulated earlier faulting 

event is not known, so 2 and 4 m were chosen as bracketing values. The intennediate 

values represent 1/2 of the totpj offset for the three measured fault scarp proflles. Widths 

of the measured scarp profiles indicate that total scarp ages are less than about 6 ka; the 

scarps could easily be 3 ka. Therefore, if two Holocene events are recorded in the 

measured scarp profiles, then the older event is probably of middle or late Holocene age. 

Northern Dixie Valley. Fault scarps prom.ed along the northernmost 10 km of the 

Stillwater Range in Dixie Valley (DVN, figure 17, 18A) are morphologically somewhat 

older than the fault scarps of domain DVC. The fault scarp age estimate for DVN (about 

3.5 to 6.5 ka) does not overlap with that of DVC (1.5 to 3.5 ka), suggesting that the late 

Holocene rupture in central Dixie Valley did not extend through domain DVN. The 

northern end of domain DVC coincides with a 10-km-Iong section of the Stillwater Range 
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Offset (m) c· total scarp model scarp actual scarp 
(earlier event) (x 10-4) age (k.y.) width (m) width (m) 

2.0 6.9 3 12-16 
6 14-18 
10 16-20 

2.7 9.7 3 12-16 12 
6 16-20 (81557B) 
10 20-28 

3.1 11.3 3 12-16 
6 16-24 18 
10 20-28 (TB1) 

3.3 12.1 3 12-16 15 
6 16-24 (81557A) 
10 20-28 

4.0 14.9 3 12-16 
6 16-20 
10 20-32 

Table 20. Predicted fault scarp widths vs. fault scarp age using linear diffusion to model 
scarp degradation from an initial vietical step in topography. Using this model, the 
horizontal width of a scarp is related primarily to its age, and only indirectly to its offset 
through the value of c*. Offset in the postulated prior event is not known; values shown in 
the last column are based on the assumption that the offset in the prior event is one-half of 
the total scarp offset at the present 
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front where alluvial fault scarps are not obvious or are pre-Holocene in age; at one locality 

in this section, however, evidence for Holocene faulting has been found mountain ward 

from the range front (Butterworth graben, table 19; Fonseca, 1988). Soils data are 

consistent with either middle or late Holocene faulting, as fairly young alluvial surfaces 

(middle to late Holocene) are faulted, while very young (late Holocene) surfaces are not 

Holocene displacement patterns. Vertical displacement recorded in Holocene fault scarps 

provides some insight into the patterns of young faulting in Dixie as well. As documented 

by Vincent (1985), it is critical to extend surface profIles well beyond the zone of suspected 

deformation related to the fault scarp if one seeks to measure displacement across the fault 

zone. Fault scarp profIles used in this study generally were not collected with the objective 

of measuring tectonic displacement, however, so vertical displacements obtained from 

these profiles should be regarded as rough estimates. Most of the data plotted in figure 

18B represent average displacement values obtained from several fault scarp profiles 

measured at individual localities, and do not include data from localities where obvious 

deformation of the downthrown block cannot be extracted from the data Other data points 

show pluvial shoreline displacement inferred by Thompson and Burke (1973) and fault 

offset of a late Pleistocene surface across Buttersworth graben. 

The general patterns of deformation suggest that there are peaks in Holocene 

vertical displacement in the central portions of domains DVS and DVe, with lesser 

displacements at the southern and northern ends of Dixie Valley and in the transition zone 

between DVe and DVS. Fault scarp data indicate that the largest amount of displacement 

(6-8 m) has occurred in the central portion of domain DVe; this is also the area where 

Thompson and Burke (1973) inferred 9 m of vertical displacement of pluvial shoreline 

features. The rather abrupt decrease in displacement in the southern portion of domain 
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Dve (between the Thompson-Burke and Mississippi Canyon sites) could be due to an 

absence of surfaces old enough to record two Holocene displacements at Mississippi 

Canyon. However, early Holocene surfaces 7 Ian further south at Terrace Creek are only 

offset about 3 m, indicating that vertical displacement does decrease in the boundary zone 

between domains DVe and DVS. 

Postulated history of Holocene faulting. Several scenarios of Holocene faulting along the 

Stillwater Range in Dixie Valley are consistent with the morphologic fault scarp age 

estimates and the rough vertical displacement measurements summarized above (figure 18). 

The stongest evidence is for middle Holocene faulting along at least part of the trace of the 

1954 surface rupture in southern Dixie Valley (DVS) and late Holocene faulting in most of 

the Stillwater seismic gap in central Dixie Valley (DVC). The middle Holocene mean scarp 

age estimate for northernmost Dixie Valley (DVN) and the large, morphologically young 

fault scarps in DVe could be explained if a middle Holocene faulting event ruptured DVN 

and most or all of domain DVe (figure 20A). The southern termination of this proposed 

rupture is not closely constrained. Bell and Katzer (1987; 1989) recognized only one pre-

1954 Holocene faulting event in trenches excavated across fault scarps in the Bend that 

yield middle Holocene morphologic scarp age estimates. These trenches evidently record a 

middle Holocene rupture in southern Dixie Valley, but how this rupture relates to a possible 

middle Holocene rupture to the north is not clear. A less likely alternative involves an early 

Holocene surface rupture in the portions of domains DVe and DVN where large Holocene

latest Pleistocene displacements are evident (figure 20B). A late Holocene surface rupture 

then occurred in all of domains DVe and DVN; older morphologic fault scarp age estimates 

for DVN could be caused by more erodible fault scarp materials or complex initial scarp 

form (Mayer, 1984). Variations on these scenarios can be envisioned as well. However, 
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Range in Dixie Valley. 
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A) Preferred option, with middle Holocene ruptures along the length of Dixie 
Valley, a late Holocene rupture in domain DVC, and the 1954 event overlapping slightly 
with rupture in domain DVC. 

B) Another option, with a early Holocene rupture in most of domains DVC and 
DVN, a middle Holocene rupture in domaon DVS, a late Holocene rupture in the Stillwater 
seismic gap (domains DVC and DVN), and the 1954 event. 

I .- .... ---.. - - -I 
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the evidence strongly suggests that much of the Stillwater seismic gap ruptured in the late 

Holocene, while most of the fault zone that ruptured in 1954 had previously ruptured in the 

middle Holocene. 

Fairview Peak 

The most recent prehistoric surface rupture along the main portion of the 1954 

Fairview Peak surface rupture (FP, figure 14) evidently is oflate Pleistocene age. 

Prehistoric fault scarps in alluvium amenable to morphologic analysis are not common 

along the trace of the 1954 rupture (Bell, 1984; this study). However, pre-1954 fault 

scarps were found at several localities along the Fairview Peak and Slate Mountain 

segments of the 1954 rupture (segment tenninology follows dePolo et al, 1988). After 

reconstruction ofpre-1954 scarp morphologies, morphologic fault scarp analyses indicate a 

scarp age of 15 to 27 ka; using only 2-4 m scarps, the mean scarp age estimate is somewhat 

older (28-35 ka; table 16). Soils infonnation do not closely constrain the age ofpre-1954 

movement Soils not faulted prior to 1954 described along the West Gate and Fairview 

Peak portions of the Fairview Peak surface rupture are probably of middle Holocene age, 

while a soil associated with a MRE fault scarp along the Fairview Peak segment (probably 

recording at least 2 pre-1954 events) is of late Pleistocene age (table 18). The cumulative 

evidence is consistent with a late Pleistocene age for the youngest prehistoric surface 

rupture along the Fairview P~ak fault zone (table 21). 

Pleasant Valley 

Prehistoric fault scarps and other evidence of prehistoric faulting events in Pleasant 

Valley (PV, figure 14) have led previous workers to infer one or several Holocene faulting 

events along the trace of the 1915 rupture. A trenching study suggested that several surface 

------ -- .---------- --- -
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FAULT FAULT SCARP SOIL AGE SUMMARY COMMENTS 
ZONE AGE ESTIMATE ESTIMATE AGE ESTIMATE 

Monte Cristo no data MH-EH EH poor scarp 
Mtns preservation 

Sand Springs Ra (4-40) MH-EH EH few alluvial scarps 

Fairview Peak 15-27 MH-LP lP fewMRE 
alluvial scarps 

S Dixie Valley 5.9-8.7 < Mazama tephra 
(6.8 ka) 

C Dixie Valley 1.5-3.5 Ui unusually rapid soil 
development here? 

N Dixie Valley 3.8-6.4 MH MH 

NE Dixie Valley (19-37) LH-LP MH-lP only low scarps 

W Stillwater no data >EH lP no SRE alluvial 
Range scarps found 

Middle Gate (3-22) no data EH-LP generally poor scarp 
preservation 

Eastgate 4.2-8.0 lH-EH MH 

Clan Alpine 11-22 >MH lP generally poor scarp 
Range preservation 

Jersey Valley (17-45) >MH lP no SRE alluvial 
scarps 

Buffalo (10-22) LH-MH LH-MH only low scarps or 
Valley MRE scarps 

Pleasant 16-21 MH-LP lP possible younger 
Valley rupture, N end Pierce 

segment 
East Range (7-21 ) >Mi lP 

Sonoma Ra. 13 -31 MH-EH EH-LP 

Sulphur (7-15) <MH LH only low scarps or 
Springs MREscarps 

Table 21. Summary age estimates for Holocene and latest Pleistocene paleoseismic events 
in the CNSB. Age abbreviations are explained in Table 18. 
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ruptures had occurred during the Holocene along the Pierce segment (Bonilla and others, 

1984). However, Wallace (1984b) summarized a variety of evidence for the age of 

youngest prehistoric movement, including a Mazama tephra deposit unfaulted prior to 

1915, and favored an age of a few thousand to 12 ka for the youngest prehistoric 

movement along the Pierce and Tobin segments. Fonseca (1988) concluded that the 

youngest rupture along the Pierce segment occurred in the early Holocene, but the youngest 

rupture along the Sou Hills segment probably occurred prior to the early Holocene. 

Reanalysis of the fault scarp data presented by Fonseca (1988) implies a latest 

Pleistocene age of youngest prehistoric movement along the Pierce and Tobin segments. 

Morphologic analyses ofreconstructed pre-1915 fault scarps incorporating the c* 

re~'Itionship indicate that they date to about 15 to 25 ka. Similar mean scarp ages are 

obtained utilizing only 2-4 m scarps (table 16), and standard deviations are small. Soil age 

estimates for faulted and unfaulted surfaces in Pleasant Valley are fairly ambiguous. Soils 

associated with surfaces with MRE fault scarps are well-developed and probably date to the 

late Pleistocene (Big Miller Canyon and Siard Canyon, table 18); unfaulted soils along the 

Sou Hills and Tobin segments are probably of middle Holocene age. However, faulted 

soils described adjacent to the trench at the north end of the Pierce segment appear to be 

fairly young (middle or early Holocene). On balance, the soils and fault scarp evidence 

favor a latest Pleistocene age for the youngest prehistoric faulting event in Pleasant Valley 

(table 21), although a Holocene rupture of part of the Pierce segment cannot be discounted. 

Monte Cristo Mountains 

Quaternary alluvium is displaced at several locations along the west side of the 

Monte Cristo Mountains (Dohrenwend, 1982; MCM, figure 14). This fault zone bridges 

the short gap between the 1954 Fairview Peak and the 1932 Cedar Mountain surface 
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ruptures, and thus could be a candidate for possible "gap-filling" faulting. All fault scarps 

found along this fault zone were interpreted to be MRE scarps and are not suitable for 

morphologic analysis. Soils associated with faulted and unfaulted surfaces suggest an 

early Holocene age for youngest movement; the poor preservation of fault scarps along the 

fault zone suggests that the time since the youngest movement is at least that long. 

Sand Springs Range 

The eastern front of the Sand Springs Range (SS, figure 14) is linear and sharply 

defmed by a fault zone. Bell (1984) concluded that two sections of the fault zone have had 

Holocene activity. Along these sections, relatively small, steep bedrock faces found at the 

mountain front may represent a Holocene faulting event The intervening section is also 

quite sharply defmed, and could have been involved in the most recent rupture as well. 

However, fault scarps in alluvium are not common along the range front, so morphologic 

analysis of fault scarps provides minimal information concerning recency of movement 

(age estimates range from about 4 to 40 ka). Soils of unfaulted alluvial fans appear to be of 

middle Holocene age, while an uplifted terrace associated with a MRE fault scarp appears 

to be of latest Pleistocene age (table 18). The age of youngest movement along the Sand 

Springs fault zone could therefore be early Holocene or latest Pleistocene. 

Middlegate 

A fairly linear, low mountain front is associated with a fault zone on the east side of 

Bench Creek Valley north of Middle Gate (MIG, figure 14). Alluvial fault scarps are not 

common along this fault zone, but several profiles were collected along an alluvial fault 

scarp just north of Middle Gate. Morphologic analyses of these fault scarp profiles suggest 

an age of about 3 to 25 ka. The relative paucity of alluvial fault scarps along this fault zone 

I ._. ---_._---- -I 
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suggests an early Holocene or late Pleistocene age for most recent movement along this 

fault zone. 

Eastgate 

The youngest surface rupture along the Eastgate fault zone (BAG, figure 14) 

evidently occurred in the middle Holocene. The Eastgate fault zone is expressed as sharp 

but low bedrock escarpment from just south of Eastgate north for about 5 km. Farther 

north, the fault zone crosses a piedmont area where several ages of alluvial surfaces are 

displaced along the fault zone. Low alluvial fault scarps were also noted at the southern 

end of the fault zone. Soil development associated with the youngest faulted alluvial 

surface in the northern section suggests that it is of early Holocene age; a late Holocene 

terrace in the same area is not faulted. Morphologic analyses of numerous fault scarp 

profiles along the Eastgate fault zone indicate an age of about 4 to 8 ka for the youngest 

movement, which is consistent with the soils information (table 21). 

Clan Alpine Range-Edwards Creek Valley 

Fault scarps formed in alluvium occur at a number of localities along the east side of 

the Clan Alpine Range in Edwards Creek Valley (CLA, figure 14). Fault scarps are 

preserved sporadically along the mountain front; they are best-preserved near the southern 

end of the valley, where late Quaternary surface ruptures step basinward from the mountain 

front and offset piedmont alluvial fan surfaces. Morphologic analyses of fault scarp 

profiles collected along this fault zone indicate an age of youngest faulting of about 11-25 

ka. A soil profIle associated with an unfaulted terrace along the mountain front suggests I 

that faulting is of middle Holocene age or older. Poor preservation of alluvial fault scarps 

I ------------ ---- ------ ---- -I 



along most of the range front is consistent with a reasonable antiquity for the youngest 

faulting event. 

Western Stillwater Range 
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A segment of the Stillwater Range front adjoining the Carson Sink is strikingly 

linear (WSR, figure 14). Bell (1984) concluded that Holocene faulting may have occurred 

along this segment. However, the 12.5 ka highstand shoreline of Lake Lahontan occurs at 

the mountain front along this segment, and lacustrine erosion may have trimmed the 

mountain front and contributed to its linearity. Reconnaissance field examination of this 

segment did not reveal fault scarps cutting post-highstand alluvial fans or terraces; the soil 

associated with one of these unfaulted terraces is quite well-developed, suggesting an 

earliest Holocene-latest Pleistocene age for the terrace and a Pleistocene age of youngest 

movement along this fault zone. 

Buena Vista Valley-East Range 

Late Quaternary faulting occurred along the northwest side of the Stillwater Range, 

the west side of the East Range, and in the middle of Buena Vista Valley. A fault scarp 

offsets Quaternary alluvium along the northern Stillwater Range in Buena Vista Valley 

(NSR, figure 14; Wallace, 1978; Hanks and Wallace, 1985). These fault scarps clearly 

pre-date the 12.5 ka highstand of Lake Lahontan; Hanks and Wallace (1985) concluded that 

they are about 18 ka. Fault scarps extend discontinuously along the west side of the East 

Range in Buena Vista Valley (WER, figure 14). Based on scarp morphologies, Wallace 

(1978) concluded that the youngest event along this fault zone is older than 12 ka. Limited 

fault scarp data collected in the present study indicate a similar age for the youngest faulting 

event (7-20 ka). A middle Holocene terrace is not displaced by faulting. A late Pleistocene 
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age of youngest fault movement is likely. Another fault scarp cuts across Buena Vista 

Valley well below the highstand of Lake Lahontan (BVV); Wallace (1978) concluded that 

this scarp is younger than 12 ka, but older than 2 ka. 

Northeastern Dixie Valley 

A series of alluvial fault scarps trend north discontinuously from the vicinity of the 

Clan Alpine Range to the southern end of the Tobin Range in northeastern Dixie Valley 

(Burke, 1967; NED, figure 14). The age of youngest movement along this fault zone is 

difficult to determine because (1) extensive portions of the scarps are modified by sapping 

related to spring activity; (2) scarps occur in fine-grained deposits, which renders 

morphologic analyses not very useful; and (3) where they do occur in coarser-grained 

alluvial deposits south of the Tobin Range, they are exclusively small. Soils data collected 

south of the Tobin Range bracket faulting between the late Pleistocene and the late 

Holocene. Morphologic analysis of fault scarps there suggest a late Pleistocene age (-20-

40 ka), but the absence of any scarps with 1 m of offset or more makes this age estimate 

very suspect. Farther south, these fault scarps evidently cross-cut pluvial shoreline 

deposits of Lake Dixie (Burke, 1967), so the age of the youngest movement along this 

fault zone is probably middle or early Holocene. 

Jersey Valley 

Fault scarps in alluvium are preserved at a few localities along the northwest side of 

the Augusta Mountains in Jersey Valley (JV, figure 14). Wallace (1978) indicated an age 

of greater than 12 ka for these fault scarps. Morphologic analyses of fault scarp profiles 

collected during this study suggest an age of 17 to 45 ka, but the small number of profiles 

and the poor quality of the data render this scarp age estimate suspect A soil profile 
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associated with an unfaulted alluvial fan indicates that youngest faulting is pre-middle 

Holocene in age. The poor preseIVation of fault scalps along the range front and the 

morphologic age estimates cited above suggest a late Pleistocene age for youngest faulting 

along this fault zone. 

Buffalo Valley-East Tobin Range 

The age of youngest faulting in Buffalo Valley on the east side of the Tobin Range 

(BUV, figure 14) is probably early Holocene. Wallace (1978) concluded that a set of fault 

sCalps on the upper piedmont of the valley are older than 12 ka; a second set of fault scarps 

that occur lower on the piedmont locally offset pluvial shoreline features, implying a 

post-12-15 ka age of faulting. Scalp profile data collected along the upper piedmont fault 

zone in this study indicate that fairly small, steep segments are superimposed on larger 

MRE fault scarps. Morphologic analyses of these steep segments suggest an age of about 

10 to 22 ka, although the quality of the data set is poor because all the scarp segments are 

small. Soil profile data suggest an early to middle Holocene age for terraces interpreted to 

be offset small amounts by the youngest movement These soils data indicate that both 

piedmont fault zones may have been active since the latest Pleistocene recession of the 

pluvial lake in Buffalo Valley. They could have formed in one event or in separate events. 

Sonoma Range-Grass V~lIey 

Alluvial fault scarps occur along much of the west side of the Sonoma Range in 

Grass Valley. Wallace (1978) concluded that these scalps date to roughly 12 ka. Scarp 

profiles collected along the mountain front and along a fault strand that trends out into the 

basin at Leach Hot Springs indicate a scarp age of 13 to 30 ka. The youngest faulted 

alluvial surfaces are probably of latest Pleistocene age; middle and late Holocene terraces 
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are not offset Apparently, the youngest fault movement along the Sonoma Range occurred 

in the latest Pleistocene. 

Sulphur Springs 

A nearly continuous set of fault scarps occur north and south of Sulphur Springs in 

Pumpernickel Valley. The northern portion of this fault zone is along the base of a linear 

but fairly low bedrock escarpment; the southern portion of the fault zone extends into 

young alluvium toward the center of the valley. Wallace (1978) concluded that the 

youngest movement along this fault zone occurred very recently, about 2 ka. Fault scarp 

data collected in the present study suggest a somewhat older age for the youngest faulting 

event (7-15 ka), but this age estimate is suspect because all the scarps are small. An 

alluvial fan of middle Holocene age is faulted; together with the continuity of alluvial fault 

scarps, this suggests that the most recent faulting event is of late Holocene age. An early 

Holocene age is estimated for an alluvial fan associated with a MRE fault scarp at Sulphur 

Springs, suggesting that this fault zone has had recurrent Holocene movements. 

LONGER-TERM PATTERNS OF FAULTING 

Long-term patterns of activity on faults in the CNSB provide a backdrop against 

which to consider historical and geologically short-term patterns of faulting. Morphometric 

analyses of mountain-front landforms provide a means for classifying fault zones of the 

CNSB based on relative activity over intervals of 105+ years, thereby delineating long-term 

patterns of fault activity. Landforms of mountain fronts associated with dip-slip fault zones 

reflect long-term displacement rates on the fault zones, as the impacts of faulting-induced 

base level change are recorded in the streams and hillslopes of mountain ranges and the 

alluvial surfaces of piedmonts adjacent to active faults. Characteristic landform 
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assemblages associated with different relative uplift rates pennit differentiation of fault 

zones into several classes based on their relative activity. For example, steep, straight 

mountain fronts, deep, narrow canyons, and undissected alluvial fans result from relatively 

rapid mountain uplift Sinous mountain fronts, wider canyons, and entrenched, dissected 

alluvial fans are indicative of fault inactivity. Landform parameters are measured in order 

to quantitatively assess the relative importance of uplift caused by faulting vs. fluvial 

erosion and deposition in shaping the landscape adjacent to fault zones. Measurement of 

these parameters permits differentiation of mountain fronts into activity classes ranging 

from very active (Class 1) to completely inactive (Class 5) (Bull, 1984). 

Landform parameters used to assess rates of fault activity in this study are 

sinuosities of topographic mountain front-piedmont junctions, valley cross-sectional 

shapes, and alluvial fan morphologies (after Bull, 1984). The relative dominance of uplift 

vs. erosion on the upthrown sides of fault zones was assessed by measuring mountain

front sinuosity. This measure compares the curvilinear length along the general trend of the 

mountain front with the length of a line that follows the increase in slope from the piedmont 

to the mountain hillslopes. Uplift along mountain-front fault zones tends to maintain 

topographic mountain fronts at fault zones. If uplift rates are less, erosion will result in 

local retreat of the mountain front away from the fault zone, resulting in increased sinuosity 

of the mountain front. 

The relative dominance of channel downcutting vs. lateral channel migration and 

hillslope retreat was assessed by measuring Vf ratios, which compare the width of the 

valley floor to the average height of the valley divides. Montane drainage systems serve to 

focus erosional power in streams that flow across active fault zones. Thus, stream are the 

elements of the landscape that respond relatively quickly to uplift or the lack of uplift If 

uplift rates are sufficiently high, stream erosive power is expended in channel downcutting, 
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resulting in the fonnation of deep valleys that have narrow floors and steep sides (V-shaped 

valleys). If uplift rates are low, streams will downcut less and erode laterally, and valley 

hillslopes will gradually decline (valleys become U-shaped). Vfratios are measures of 

valley cross-sectional shapes; as they are computed, lower values indicate steeper, more V

shaped valleys and thus relatively higher uplift rates. 

Extent of dissection of alluvial fans on piedmonts adjacent to fault zones provides 

further infonnation on relative uplift rates. Uplift rates must be relatively high to maintain 

deposition of alluvial fans immediately adjacent to fault zones. Relative uplift of the 

mountain block along a fault zone generates vertical space for fan deposition as well as 

maintaining steep slopes and a high sediment yield from the mountains. Sediment supply 

to the fan apex must be sufficient to preclude long-term stream downcutting or fan 

deposition will tend to migrate downfan. If relative uplift rates are lower, then less space is 

available for fan deposition along the fault zone, and sediment yields may be less as well. 

In these situations, inactive fans typically are found at the mountain front with active stream 

channels entrenched into them; extensive young fans may be located farther down the 

piedmont, away from the mountain front. 

Landfonn parameters were measured using 1:250,000-, 1:24,000- and 1:62,500-

scale topographic maps, locally supplemented with aerial photographs (see table 22 for 

parameter measurements). Mountain-front sinuosities were initially measured using 

1 :250,000-scale topographic maps in order to make a preliminary assessment of relative 

fault activity. Mountain fronts found with sinuosity values of more than about 1.6 are 

considered to be inactive (Class 4+), and most were not evaluated using larger-scale maps. 

Mountain fronts with sinuosities of less than about 1.6 were measured in more detail using 

1 :24,000- or 1 :62,OOO-scale topographic maps. Valley floor-valley divide height (VO 

ratios were calculated for several drainages along the fault zones; Vf ratios were found to be 

"___________ _ ____ .. __ J 
I 
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FAULT ZONE CLASS SINUOSITY Vf ALLUVIAL 
Segment 2° Detailed RATIOS FAN DISSECTION 

MCM S 2 1.1 1.17 0.2-0.3 mod 
N 3 1.2 1.68 mod 

SS 1-2 1.02 1.10 0.4-0.8 min 

FP S 3 1.2 1.82 0.2-0.3 mod 
N 2 1.01 1.24 0.1-0.3 min·mod 
W 2 1.08 1.27 0.2-1.1 mod 

DVS S 4+ 1.83 deep 
SC 3 1.22 1.83 0.7 min·mod 
N 2 1.08 1.34 0.1-1.4 min 

DVC S 2 1.41 1.40 0.2-1.25 min 
C 1 1.05 1.16 0.4 min 

DVN* 1 1.01 1.08 0.1-0.4 min 

NED* 3 1.18 1.62 0.2-3.6 mod·deep 

WSR S 4+ 2.11 mod·deep 
C 2 1.08 1.15 0.1-0.2 mod 
N 4+ 1.94 mod 

MIG S 1-2 1.01 1.06 0.2-0.3 min 
N 3 1.05 1.35 0.7 mod·deep 

EAG S 2 1.08 1.06 0.2 min·mod 

WDS S 3 1.18 1.59 mod 
N 2 1.01 1.34 0.3-0.5 min-mod 

Table 22. Selected landfonn parameters measured from mountain fronts associated with 
late Quaternary fault scarps in the CNSB. Fault zones are divided into sections based on 
distinct changes in mountain front morphology. Mountain front sinuosities were measured 
initially using 1 :250,OOO-scale topographic maps to distinguish relatively active (Class 3 or 
less) from relatively inactive (Classes 4 and 5) fault zones; larger scale topographic mapt 
(1 :24,000 or 1 :62,500 scale) were then used to further analyze the relatively active fault 
zones. Alluvial fan dissectrion determinations were made adjacent to mountain fronts; 
minimal (min) dissection is less than about 3 m, moderate (mod) dissection is about 3 to 10 
m, and deep dissection is more than 10 m. Asterisks (*) indicate data obtained from 
Fonseca (1988). 

- ----------
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FAULT ZONE CLASS SINUOSITY Vf ALLUVIAL 
Segment 2° Detailed RATIOS FAN DISSECTION 

CLA S 3 1.10 1.64 mod 
C 2 1.32 1.40 0.3-0.6 min-mod 
N 2 1.01 1.13 0.1-0.2 min-mod 

JV* 2 1.20 1.22 0.1-0.4 min-mod 

BUV S· 2 1.06 1.28 0.1-0.5 mod 
C 2 1.18 1.09 0.1-0.2 mod 
N 3 1.23 1.31 0.1-0.3 deep 

Pv* P 2 1.09 1.19 0.1-0.5 mod 
T 2 1.13 1.20 0.1-0.3 mod-deep 

WER*4 1.51 2.18 deep 

SON 
S 3 1.34 1.59 mod 
C 3 1.57 1.60 0.4 mod-deep 
N 2-3 1.32 1.37 0.2 mod 

SUS 1-2 1.01 1.02 n.a. min 

Table 22. (Continued). 

--------. ------- -.. --
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rather variable and not entirely consistent with the other measured landform parameters. 

Alluvial fan dissection was assessed adjacent to mountain fronts. Dissection categories 

used are minimal « 3 m), moderate (3-10 m), and deep (> 10 m). 

Mountain front fault zones were differentiated into relative activity classes using 

numerical values of S and Vf ratios and assessments of alluvial fan dissection near the 

moutain fronts. The most aC.tive fault zones (Class 1) are distinguished by detailed 

sinuosity values of less than 1.1, Vf ratios of 0.5 or less, and minimal fan dissection. 

Somewhat less active Class 2 fault zones have detailed sinuosity values of 1.1-1.4, Vf 

ratios of less than 0.6, and minimal or moderate fan dissection. Class 3 fault zones have 

detailed sinuosity values of 1.3-1.8, Vf ratios up to 1.0, and moderate fan dissection. 

Inactive fault zones (Class 4+) were determined from preliminary sinuosity measurements; 

their landform parameters were not quantitatively evaluated in detail (see above). 

Landfonn analyses conducted in the CNSB indicate a wide range of relative activity 

along fault zones that have had late Quaternary movements. For purposes of this 

discussion, fault zones are classified by their most active section. Of the 18 fault zones 

analyzed in some detail, only the central and northern portions of the eastern front of the 

Stillwater Range in Dixie Valley (DVC and DVN) are unequivocally very active (Class 1; 

see figure 21). Several other possible Class 1 fault zones are strikingly linear and have 

minimal fan dissection (SS, MIG, and SUS). However, the total relief across these fault 

zones is far less that of DVC and DVN, indicating that if they are very active fault zones 

they have become so relatively recently. Each of the Class 1 fault zones has probably been 

active during the Holocene; DVC and SUS have likely had recurrent movements during this 

interval. 

Fairly active (Class 2) fault zones are more common than very active fault zones in 

the CNSB. Ten of the 18 fault zones analyzed are have sections that are at fairly active. 



CLASS 1 

CLASS 2 I I 

CLASS 3 1--1 

CLASS4+ ~ 

50km 

Figure 21. Classification of mountain fronts in the CNSB by relative 
fault activity, based on measurement of landform parameters. Class 
1 is most active and Class 4 + is least active during the Quaternary. 
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Six of these fault zones have probably ruptured in the Holocene. including the 1915 

Pleasant Valley. 1954 Fairview Peak, and 1954 Dixie Valley events. Evidence summarized 

earlier indicates that prior movements along the Pleasant Valley and Fairview Peak fault 

zones occurred about 20 ka; suggesting that recurrence intervals between faulting events 

along Class 2 fault zones are typically 10 to 30 k.y. The southern Dixie Valley fault zone 

ruptured previously in the middle Holocene. but ruptures in this area evidently are 

distributed in time and space between a piedmont and a mountain-front fault zone. Prior to 

1954. substantial portions of the mountain-front fault zone ruptured previously during the 

late Pleistocene (Bell and Katzer. 1990). 

Very few Holocene or latest Pleistocene ruptures have occurred along relatively 

inactive fault zones in the CNSB (Class 3 or greater) Holocene rupture probably occurred 

along only one Class 3 fault zone (NED). and much of the rupture there was probably in 

the piedmont south of the mountain-front fault zone. Probable latest Pleistocene ruptures 

occurred along one Class 3 (SON) and one Class 4 (WER) fault zone. There clearly are 

many other inactive fault zones (Classes 3 through 5) in the CNSB (Fonseca. 1988) that 

have not had latest Quaternary ruptures and were not analyzed. The excellent agreement 

between locations of latest Quaternai"y faulting events and relatively active fault zones 

indicates that (1) patterns of young faulting are consistent with longer-tenn patterns; and (2) 

quantitative analysis of landfonn parameters is a good predictor of potential locations for 

surface ruptures. 

DISCUSSION - IMPLICATIONS FOR FAULT BEHAVIOR AND SEISMIC 

HAZARD IN THE CNSB 

Age estimates for paleoseismic events based on geomorphic studies illuminate some 

of the details of Holocene-latest Pleistocene faulting. These data provide evidence with 

. -- ------- --1 



142 

which to begin to evaluate hypotheses of spatial and temporal clustering of faulting events 

in the CNSB, regional rates of occurrence of large earthquakes in the CNSB, and the 

frequency of recurrent movement on individual fault zones. Integration of historic, 

Holocene, and longer-term patterns of faulting permits some speculation concerning future 

seismic hazard in the CNSB. 

Spatial Patterns of Faulting 

Uncertainties in age estimates derived from morphologic fault scarp analyses and 

soil-profIle development indices obviously limit the clarity with which patterns of 

paleoseismicity can be discerned. The uncertainty in age estimates increases with 

increasing fault scarp age, and fault-scarp preservation generally decreases with age. The 

resolution of age estimates presented in this study is not sufficient to demonstrate the 

existence of temporal/spatial clusters of faulting analogous to the historical pattern, because 

fault scarp age estimates would likely overlap if young paleoseismic events occurred within 

1 or 2 k.y. of one another. However, patterns of faulting can be evaluated at a relatively 

coarse scale (late, middle, and early Holocene, and late Pleistocene; see figure 22). 

Even at this modest level of detail, nearly continuous belts of faulting in the CNSB 

like the historical pattern are virtually precluded at least through the Holocene. It appears 

that only two large paleo seismic events occurred in the CNSB during the past 3 k.y., in 

central Dixie Valley and along the Sulphur Spring fault zone (figure 22A). Faulting likely 

occurred along the Eastgate fault zone, and two or more events probably ruptured most or 

all of the Stillwater Range in Dixie Valley between about 3 and 7 ka (figure 22B). Large 

earthquakes probably occurred between 7 and12 ka in Buffalo Valley and along the Sand 

Springs Range; faulting may have occurred along the Monte Cristo Mountains, the 

Middlegate fault zone, the Sulphur Springs fault zone (figure 22C). Faulting probably 

I ----.----- -. ------- - -I 



A) 0.1 to 3.5 ka 

50km 

Figure 22. Spatial patterns of faulting in the CNSB for 
intervals of the Holocene and late Pleistocene. Bold solid 
lines with ends indicate fault zones that likely ruptured 
during each interval; narrower solid lines with ends might 
have ruptured during each interval. Solid lines without 
ends are approximate traces of historical ruptures. 
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B) 3.5to 7 ka 

SOkm 

Figure 22. (Continued). 
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C) 7to 12 ka 

50km 

Figure 22. (Continued). 
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D) 12 to 25 ka 

50km 

Figure 22. (Continued). 
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occurred along the Buena Vista Valley and Northeastern Dixie Valley fault zones sometime 

in the early or middle Holocene. 

Many large earthquakes could have occurred between about 12 and 25 ka (figure 

22D). Uncertainties in age estimates of this age are sufficiently great to prohibit serious 

assessment of spatial or temporal clusters of faulting. However, it is intriguing that the 

Pleasant Valley, Fairview Peak, Clan Alpine Range, and Sonoma Range fault zones yield 

similar mean morphologic fault scarp ages (mean tc/e· values between 17 and 22 ka), and 

Hanks and Wallace (1985) derived an age estimate of 18 ka for faulting along the west side 

of the Stillwater Range in Buena Vista Valley. Age constraints do not exist for late 

Pleistocene faulting in Dixie Valley, but no matter what happened in Dixie Valley it is 

possible to construct a belt of surface rupture in the late Pleistocene with these faults. 

Possible Temporal Clustering of Faulting Events 

The occurrence of three large earthquakes in the past 75 years in the CNSB clearly 

represents a temporal burst of activity. Apparently, about 2 k.y. elapsed between the 

occurrence of the youngest prehistoric large earthquake (Sulphur Springs or central Dixie 

Valley) and the historical events. The average rate of occurrence of large earthquakes in the 

CNSB during the Holocene is about 1 to 2 events/k.y.; five events have occurred in about 

the past 3 k.y., probably three to five events occurred between 3 and 7 ka, and two to 

seven events could have occurred between about 7 ,and 12 ka. Age constraints on even the 

youngest paleoseismic events are not sufficient to evaluate how closely spaced in time they 

may have been, so the possibility of previous temporal clusters during the Holocene in the 

CNSB cannot be rigorously evaluated. However, morphologic fault scarp age estimates 

for middle and late Holocene paleoseismic events in a broader region of central Nevada 

-- ._--- ---



148 

suggest that faulting events in the CNSB may have been part of temporal clusters of fault 

activity between about 2 to 3 ka and 5 to 6 ka (see chapter 2, chapter 5). 

Recurrence Intervals on Individual Fault Zones 

The frequency of recurrent movements on individual fault zones in central Nevada 

can be assessed using Holocene-late Pleistocene histories of movement on the fault zones 

and longer-term relative rates of faulting deduced from landform analyses. Of the 18 fault 

zones or segments of fault zones considered in this study, only three have ruptured 

repeatedly during the Holocene (DVS, DVC, and probably SUS). The eastern front of the 

Stillwater Range, where faulting has recurred during the Holocene, stands out as the most 

active late Quaternary fault zone in the CNSB (Class 1; see above); thus, both shon- and 

longer-term assessments indicate high rates of fault activity there. The topographic 

escarpment associated with the Sulphur Springs fault zone is modest, indicating that if this 

fault zone is as active as the Stillwater Range front in Dixie Valley it has only recently 

become so. 

Longer recurrence intervals are indicated for the other fault zones of the CNSB. 

The 1915 Pleasant Valley and 1954 Fairview Peak surface ruptures occurred along Class 2 

fault zones. Prior to the historical faulting events, these fault zones were last active in the 

latest Pleistocene, and landform analyses Indicate that these fault zones are somewhat less 

active than the Stillwater Range (Class 2). Almost all of the other Class 2 mountain fronts 

in the CNSB have experienced one rupture in the past 20 k.y., but none has had recurrent 

movement. These data suggest that recurrence intervals of 10 to 30 k.y. may typify Class 

2 mountain fronts in central Nevada. One young (latest Pleistocene) faulting event 

occurred along a relatively inactive (Class 4) fault zone (WER); it probably represents 

movement along a fault zone that ruptures very infrequently, but happens to have ruptured 



in the past 25 k.y. Surface ruptures have also occurred on fault zones that are not 

associated with major topographic escarpments (SUS and EAG, for example). These 

events may represent movements along fault zones which have only recently become 

active. 

Present Seismic Hazard in the CNSB 
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Conclusions reached in this paper concerning the timing and frequency of Holocene 

faulting in the CNSB offer framework within which to consider the current potential for 

large earthquakes and the reality of "seismic gaps". The absence of evidence for 

synchronous, N-S-trending belts of faulting in the CNSB during the Holocene argues 

against the concept of seismic gaps. However, belt-like faulting could have occurred in the 

late Pleistocene (15-25 ka); if this is actually the case, then it may be that belt-like faulting 

patterns recur over a time interval somewhat longer than the Holocene. Historical large 

earthquakes clearly represent a temporal burst of activity far above the long-term average 

rate of surface-rupture occurrence. Evidence for other temporal clusters of faulting in the 

CNSB during the Holocene is not overwhelming. Looking at a large region of central 

including the CNSB, however, it is possible that clusters of events have occurred in the late 

and middle Holocene (see chapters 2 and 5). These possible earlier clusters could have had 

as many as 9 events, but 3 or 4 events are more likely. Thus, if there actually have been 

several temporal clusters similar to the historical pattern of faulting earlier in the Holocene, 

it is possible that more large earthquakes could occur in central Nevada in the near future. 

Predicting which fault zones might be candidates for future earthquakes is very 

speculative. The best criteria to use in evaluating the potential for future rupture on any 

fault zone in the CNSB are the long-term (-105 yr) rate offaulting and the time since last 

movement on the fault zone. Assessment of long-term rates of faulting summarized above 
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indicates that the Stillwater range-front fault zone in Dixie Valley is the most active in the 

CNSB. However, almost all of this fault zone has ruptured in the late Holocene, which 

probably decreases the likelihood of surface rupture there in the near future. Other fault 

zones of the CNSB that are somewhat less active than the Stillwater range front (Class 2 

mountain fronts) and have not ruptured during the Holocene may actually be the best 

candidates for future surface ruptures. A number of fault zones are about as active on a 

long-term basis as Pleasant Valley and Fairview Peak, and have not ruptured for as long or 

longer than these fault zones. Thus, fault zones along the Augusta Range in Jersey Valley 

(JV), the west side of the Desatoya Range (WDS), the Clan Alpine Range in Edwards 

Creek Valley (CLA), the Sonoma Range in Grass Valley (SON), and the Stillwater Range 

in the Carson Sink (WSR) could be considered prime candidates for future large surface

rupturing earthquakes if the CNSB continues to be a zone of elevated seismicity. 

- -------- -~ 



CHAPTER 5. HOLOCENE FAULTING IN CENTRAL NEVADA: 

IMPLICATIONS FOR FAULT BEHAVIOR, EXTENSIONAL STRAIN, 

AND SEISMIC HAZARD 

INTRODUCTION 
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Seismic activity in the interior of the northern Great Basin during this century has 

been concentrated in the 300-km-long central Nevada seismic belt (CNSB; see figure 23). 

Four large ~7) earthquakes have produced a nearly continuous N-S zone of surface 

ruptures, leaving only a 4O-km-long gap along the Stillwater Range in Dixie Valley. Four 

other earthquakes that produced minor surface ruptures and at least 2000 earthquakes larger 

than M 4 (Eddington et ai, 1987) have also occurred in the CNSB. No surface ruptures 

have occurred farther east in Nevada during the historical period, although basin-range 

physiography and late Cenozoic nc)'nnal faults exist across the state. This curious 

concentration of fault activity within a portion of the Great Basin raises a number of 

intriguing questions concerning the character of extensional tectonism there: (1) How 

characteristic is the historical pattern of faulting of longer-tenn rates of earthquake 

occurrence and deformation rates? (2) Is faulting in the interior of the Great Basin 

typically concentrated in temporal/spatial clusters like the faulting of this century? (3) 

What recurrence intervals between ruptures typify individual fault zones? (4) What 

extensional strain rates can be inferred from geologic studies of prehistoric surface faulting? 

The ultimate objective of the geomorphic and geologic studies detailed in this 

dissertation is to provide insight into the character of fault behavior in the extensional 

domain of the northern Great Basin and its implications for seismic hazard in the region. 

Although intriguing, the historical record comprises a very short interval; it is extremely 



Figure 23. Location map of the area studied in the Great Basin. All 
the large historical earthquakes of the Great Basin have occurred in 
central Nevada and eastern California (in black). Shaded areas have 
Holocene fault scarps, hachured areas have late Quaternary fault scarps 
but few or no Holocene scarps, and unpatterned areas do not have 
reported late Quaternary fault scarps (modified from Wallace, 1984). 
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difficult to assess long-term rates of large earthquake occurrence, the nature of fault 

behavior and interaction, and the geologic rate of extension in this region using such a 

limited data set Integrated studies of fault scarp morphology, soil development and 

Quaternary stratigraphy conducted across a broad portion of central Nevada (42,000 km2; 

see figure 24) provide a reasonably accurate chronology of large earthquake occurrence in 

central Nevada during the past 12,000 years. Spatial and temporal patterns of large 

earthquake occurrence inferred from this chronology of faulting in central Nevada are a 

template against which to (1) consider the significance of rates and patterns of historical 

faulting; (2) evaluate hypotheses of regional fault behavior and interaction that have been 

proposed previously; and (3) assess the current seismic hazard in the region. The record of 

faulting is relatively long and covers a large portion of central Nevada, so the behavior of 

many faults can be evaluated, and their cumulative effect averaged together. Thus, this is a 

geologic data set that is appropriate for estimating the rate at which central Nevada is 

extending, and it is probably superior to any geologic information that has been used 

previously to estimate active extensional strain rates in the interior of the Great Basin. 

Previous Work 

Previous geologic studies of late Quaternary faulting in central Nevada provide a 

substantial framework that facilitated this regional analysis of fault behavior. These 

studies, however, have either focused on movement histories of individual fault zones or 

have lacked sufficient temporal resolution to assess the possibility of prehistoric 

temporaVspatial clusters analogous to the historical pattern. Locations of Quaternary fault 

scarps across most of the area of this report were documented by Slernrnons (1967), 

Wallace (1979), Dohrenwend (1982), Bell (1984), and Stewart and Carlson (1976). The 

former four workers also provided general age estimates for most recent movements along 
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Figure 24. More detailed location map for central Nevada 
showing fault zones and tectonic domains discussed in this 
chapter. Most fault zones are identified in figures 3 and 
12. Others are as follows: GAR, Garfield Flat; PES, 
Petrified Spring; ETY, east Toiyabe Range; HIS, 
Hickison Summit; RF, Rattlesnake Flat; ROY, Roylston 
Hills. 
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fault zones. More detailed studies of late Quaternary faulting have been conducted along 

several fault zones in central Nevada Fault displacement of latest Pleistocene shorelines in 

Dixie Valley was documented by Thompson and Burke (1973). Other studies focusing on 

the late Quaternary history of faulting have recently been completed in central Dixie Valley 

(Hecker, 1985), southern Dixie Valley (Bell and Katzer, 1987; 1990), northern Dixie 

Valley and Pleasant Valley (Fonseca, 1988), and along the Wassuk Range in the Walker 

Lane (Demsey, 1987) (see figure 24 for locations). Many of the results of these studies are 

integrated into this regional analysis. 

The curious concentration of historical surface-rupturing earthquakes within a 

portion of the Great Basin that contains numerous late Quaternary fault scarps led to the 

formulation of several hypotheses concerning fault behavior in the region. Slemmons 

(1967) concluded that there may be a tendency for faulting to be concentrated in N-S

trending zones in this region over relatively shon (-102 to 103 years) intervals, after which 

the zones are quiescent for much longer intervals. Wallace (1978) further postulated that 

the N-S continuity of historical faulting is the response of the brittle near-surface zone (the 

upper 15 km or so of the crust) to localization of extensional strain in the lower crust, 

which undergoes ductile deformation. The implication of this model is that surface faulting 

will continue to occur in the CNSB until no major gaps remain; the gap considered most 

likely to fIll is along the Stillwater Range in central and nonhern Dixie Valley (the Stillwater 

seismic gap; Wallace and Whitney, 1984). Recently, Thenhaus and Barnhard (1989) 

proposed that faulting will continue within domains where most fault blocks have the same 

tilt (tilt domains; Stewart, 1980) until similar amounts of extension have occurred from N 

to S across the domain. They suggested that the fault zone in Grass Valley along the 

Sonoma Range, nonh of the 1915 Pleasant Valley surface rupture, is a gap that may be 

filled by a large earthquake (the Sonoma seismic gap). Wallace (1984b; 1987) made the 
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more general obselVation that faulting in the Great Basin tends to concentrate in areas of 

various shapes over intelVals of 1()2-1()4 years; the CNSB is a short-term example of this 

behavior. 

Attempts to use geologic data to characterize the regional frequency of occurrence of 

large earthquakes and rates of extensional strain have been severely limited by an 

inadequate knowledge of recurrence inteIVals and displacement on individual faults. 

Detailed analyses of individual fault zones indicate recurrence intelVals of a few thousand to 

about 10,000 years between faulting events (Wallace, 1984a; Hecker, 1985; Bell and 

Katzer, 1987; Demsey, 1987; Fonseca, 1988). It is not clear, however, how representative 

these fault zones are of the larger region. A regional analysis of young fault scarps in 

north-central Nevada by Wallace (1978) indicates that large earthquakes occur far less 

frequently over 1()3-1()4 year intelVals than is suggested by the historical record. His data 

indicate that 10-12 large earthquakes occurred over about the past 12 k.y. in a 20,000 km2 

region that includes the northern CNSB, in sharp contrast to the 4 large earthquakes that 

have occurred historically in the CNSB. 

Geologic data available for estimating rates of active extension are even less 

adequate. The detailed studies of fault zones cited above provide information on late 

Quaternary vertical displacement rates along some faults, but again, how representative 

these faults are of the central Nevada region is uncertain. The faulted shoreline features in 

Dixie Valley were used to estimate the strain rate across the interior of the Great Basin 

(Thompson and Burke, 1974; Greensfelder et al, 1980). The critical assumption made was 

that the extension rate estimated for Dixie Valley is representative of typical basins and 

ranges across the Great Basin. The extensional strain rate in central Nevada estimated from 

about 10 individual fault slip rates is much lower than the rates extrapolated from Dixie 

Valley (Eddington et al, 1987). Although the fault slip data used in their strain rate estimate 



157 

are not listed in their paper, the general paucity of fault-slip mtes throughout the western 

U.S. resulted in the use of slip mtes avemged over widely different intervals in their 

analysis (10 k.y. to 10 m.y.; Eddington et ai, 1987). 

IDENTIFICATION AND ANALYSIS OF HOLOCENE PALEOSEISMIC 

EVENTS 

The robustness of this regional analysis of Holocene paleoseismicity depends on 

adequate identification of fault zones with possible Holocene movement and application of 

appropriate geomorphic methods to estimate the ages of these movements. For the most 

part, previous mapping of faults cutting Quaternary alluvium was used to identify 

candidates for possible latest Quaternary fault movements. Previous mapping was 

supplemented with aerial reconnaissance, aerial photo interpretation, and ground 

reconnaissance along mountain fronts. Morphologic data were collected from fault scaI].)s, 

and preliminary assessments made of the recency of fault movement. Further morphologic 

data were acquired and soil profiles associated with faulted or unfaulted alluvial surfaces 

were usually described if the scarps were interpreted to be fairly young. Estimates of the 

ages of young paleoseismic events used in this chapter are derived from analyses of these 

data. 

Identification of Holocene and Latest Pleistocene Faults 

Fault zones with possible Holocene or latest Pleistocene ruptures were identified 

using pre-existing maps, interpretation of aerial photogmphs and topogmphic maps, and 

field reconnaissance. The excellent quality of mapping of Quaternary faults in much of the 

region covered by this study facilitated identification of young paleoseismic events. The 

1 :500,OOO-scale state geologic map (Stewart and Carlson, 1978), which provides complete 
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Figure 25. Map showing previous detailed Quaternary 
fault mapping in central Nevada. 
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coverage, identifies many faults offsetting Quaternary deposits in central Nevada. 

Quaternary deposits are not mapped in great detail, however, so only limited infonnation 

on the age of youngest fault movements can be derived from the map. Several high

quality ,larger-scale maps of Quaternary faults that cover much of central Nevada provide 

substantial infonnation on the age of youngest fault movements (figure 25). Wallace 

(1978; 1979) mapped and studied late Quaternary faults in much of north-central Nevada 

assigning late Quaternary scarps to general age categories of less than 2 ka, less than 12 ka, 

about 12 ka, greater than 12 ka, and much greater than 12 ka. In the present study, data 

were collected only along scarps in the first four age categories. Surface age estimates 

were used to assess ages of youngest faulting in the Walker Lake (Dohrenwend, 1982) and 

Reno (Bell, 1984) lOx 20 quadrangles. Based on the ages of youngest faulted alluvial 

surfaces, they divided fauIts into historic, Holocene, and one or more Pleistocene age 

categories. Fault zones analyzed in the present study were chosen in part based on the 

conclusions of these workers regarding recency of fault movements. 

Reconnaissance investigations were conducted to identify any other fault zones in 

the study area that may have had young surface ruptures. These investigations involved 

interpretation of aerial photographs and topographic maps and ground reconnaissance 

excursions to detennine if late Quaternary alluvium is displaced along fault zones. In areas 

not covered by intennediate-scale Quaternary fault maps, more extensive reconnaissance 

studies were conducted. Much of the southeastern quarter of the study area was 

investigated in this manner. 

The record of large Holocene paleo seismic events with pronounced surface 

ruptures developed for this study is likely to be nearly complete. As recognition of 

paleoseismic events depends on preservation of the physical evidence of faulting, however, 

the ability to recognize paleoseismic events decreases with smaller and older surface 

---.- .--. ..--.. --- -. 



160 

ruptures. Three factors are of prime importance when considering the potential for fault 

scarp preservation: (1) the size and length of the original surface ruptures; (2) the relative 

importance of vertical vs. lateral surface displacement; and (3) the tendency for deposition 

and erosion to mask or obliterate fault scarps with time. 

The earthquake-size threshold of recognition for paleoseismic events in central 

Nevada is most likely between M 6.5 and 7. Of the eight historical surface ruptures of the 

CNSB, the four largest events (pleasant Valley, Cedar Mountain, Fairview Peak, and Dixie 

Valley) produced tens of kilometers of surface rupture, with up to several meters of surface 

displacement. The Dixie Valley event was the smallest of these, with a magnitude of 6.8 

(Dozer, 1989). The remaining historical surface ruptures, the largest of which (Aug. 1954 

Rainbow Mountain) also had a magnitude of 6.8 (Dozer, 1989), all had small amounts of 

surface displacement. It is highly unlikely that these smaller ruptures would be 

recognizable as paleoseismic events several thousand years in the future. 

Surface ruptures with a dominant lateral sense of movement are less likely to be 

recognized as paleoseismic events because they make a more subtle imprint on the 

landscape. The 1932 Cedar Mountain earthquake produced tens of kilometers of surface 

ruptures and up to about 2 m of surface displacement. However, the primary sense of 

displacement is right-lateral (Gianella and Callaghan, 1934; Bell et ai, 1988). Surface 

ruptures associated with this event are very complex, have relatively little vertical surface 

displacement, and for the most part occur in the middle of several basins. After several 

thousand years, a surface rupture like the Cedar Mountain event would be very difficult to 

detect. 

Surface processes of deposition and erosion tend to bury or remove fault scarps, so 

the potential for preservation of fault scarps also is a function of the physiographic setting 

of the scarps and scarp age. Along fault zones that closely follow topographic mountain 
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fronts, alluvial scarps may fonn primarily across heads of alluvial fans adjacent to 

mountain canyons. If this is the case, then the initial extent of scarps will be limited and 

they may be subject to relatively rapid erosion and deposition after they are fonned. The 

preservation potential is far greater for scarps that cut piedmont alluvial fan surfaces, 

particularly if the fan surfaces are abandoned and isolated from active alluvial fan 

processes. The longer a scarp has been in existence, the greater the chance that some 

combination of erosion and deposition has obscured it. There is a general tendency 

amongst the scarps studied in central Nevada for poorer preservation and less lateral 

continuity of surface ruptures with increasing scarp age. It is therefore possible that the 

record of paleoseismic events is increasingly less complete for the late, middle, and early 

Holocene, but the numbers of events recogized do not systematically decrease through 

these intervals. 

Estimation of Ages of Holocene Paleoseismic Events 

Several geomorphic and geologic approaches were utilized concurrently to estimate 

the ages of young paleoseismic events in central Nevada. Morphologic analyses of fault 

scarps were the primary tools used to estimate scarp ages where suitable fault scarps exist. 

The details of the processes used to derive age estimates for young paleoseismic events 

from fault scarp profiles are described in Chapter 2. Mean scarp ages were determined for 

fault wnes or segments of long fault zones. The average uncertainty in the age estimates, 

dermed as ± one standard deviation of the scarp age estimates about the mean, ranges from 

13 to 43 percent; the average uncertainty is about 29 percent This average uncertainty 

translates into about ± 1 k.y., 2 k.y., and 4 k.y. for 3 ka, 7 ka, and 12 ka fault scarps, 

respectively. 
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Scarp-age estimates were complemented with the use of soil development to 

estimate ages of faulted and unfaulted surfaces. Indices of soil development were 

calibrated using soils of known age and used to estimate ages of alluvial surfaces along 

young fault zones. Soil development index values for dated soils increase fairly 

systematically with soil age, permitting discrimination of soils of late Holocene, middle 

Holocene, early Holocene-latest Pleistocene, and late Pleistocene age (see Chapter 3). 

Soils associated with faulted or unfaulted alluvial surfaces along fault zones were assigned 

to one of these age categories, thereby constraining age estimates for paleoseismic events 

independently of scarp morphology. 

Independent numerical constraints on fault scarp age, including tephra deposits, 

datable organic material, and pluvial shorelines, exist along a few fault zones. Tephra 

deposits from Mono Craters eruptions (0.6-1.6 ka; Davis, 1978) were found along a 

number of fault zones, as was the 6.8 ka Mazama tephra. Shorelines formed by the latest 

highstand of pluvial Lake Lahontan (12.5 ka; Benson and Thompson, 1987) constrain the 

ages of some paleoseismic events in west-central Nevada. Shorelines associated with 

smaller pluvial lakes in central Nevada (estimated age, 15.5 ka; see Chapter 2) also provide 

constraints on the age of youngest rupture along some fault zones. In addition, previous 

studies supplied information on the ages of several Holocene surface ruptures. 

The resolution of these combined dating approaches varies from fault zone to fault 

zone. In general, however, both scarp- and soils-based age estimates permit assignment of 

paleoseismic events to categories of late Holocene (0.1-3.5 ka), middle Holocene (3.5-7 

ka), early Holocene (7-12 ka), and late Pleistocene (>12 ka). Uncertainty in the summary 

age estimates for a number of paleoseismic events causes them to overlap two of these 

categories. In these situations, events are considered most likely to have occurred during 

the interval in which their mean age estimate falls, but they are also included in calculation 

I 
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of the maximum number of events that might have occurred in the interval that they overlap 

into. Mean fault scarp age estimates are utilized in more speculative evaluations of possible 

temporal clusters of faulting during the middle and late Holocene. 

Tectonic Domains 

The region of study extends through several areas with different physiographic and 

structural characteristics that can be considered potentially distinct neotectonic domains 

(figure 25). The southernmost portion of the study area is within the Walker Lane zone, a 

region of complex physiography and right-lateral, left-lateral and normal faults (Stewart, 

1988). In west-central Nevada, the Walker Lane is dominated by major faults with 

kilometers of right-lateral displacement (Hardyman et al, 1984), but it also contains 

predominantly nonnal faults with thousands of meters of throw (Dohrenwend, 1982). 

Physiography more typical of the Basin and Range province, characterized by fairly regular 

north- to NE-trending basins and ranges, dominates north of the Walker Lane. However, 

the predominant orientation of range-block tilting switches from west to east across a 

structural zone that extends from the northern end of Dixie Valley east-southeastward 

across Nevada. It has been suggested that accommodation zones between tilt domains are 

profound structural discontinuities, with contrasting directions and possibly rates of strain 

on either side of them (Thenhaus and Barnhard, 1989). In order to investigate whether 

these substantial changes in structural and physiographic characteristics are associated with 

changes in fault behavior and rates of faulting, the entire study region was subdivided into 

three tectonic domains, the Walker Lane (domain WL), a central domain (DVTY), and a 

northern domain (PVCZ) (see figure 24). 

, ------------ --- ----- ---- -I 
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The general patterns of Holocene faulting in time and space in central Nevada can 

be evaluated using the age estimates for young paleoseismic events listed in table 23. 

Based on these age estimates, rates of faulting were calculated for various intervals of the 

Holocene in the three tectonic domains defined above. Spatial and temporal patterns of 

faulting can be used to evaluate the possibility of clusters of fault activity in portions of 

central Nevada during the Holocene over intervals ranging from 1()2 to 1()4 years. 

Comparison of Short- and Long-term Rates of Faulting 

The frequency of occurrence of large earthquakes has varied in time and space in 

central Nevada during the Holocene (tables 24 and 25). In the 2000 years prior to this 

century, it is likely that only one large earthquake (SUS I, table 23) occurred in central 

Nevada. The frequency of occurrence of large earthquakes during portions of the 

Holocene and the entire Holocene in each of the tectonic domains was 10-20 times less than 

the historical frequency (table 25). About 27 to 36 large surface ruptures have occurred 

during the past 12 k.y. in central Nevada, an average of one event per 300-450 years. 

From this evidence, it is clear that the historical rate of faulting is far above background 

levels in central Nevada; it is a temporal cluster or burst of fault activity. 

There have been substantial variations in the frequency of large-earthquake occurrence 

within and between domains during the late, middle, and early Holocene. Variations in 

rates for different intervals in the same domain usually are less than a factor of two (table 

25). The outstanding exception to this assertion is the late Holocene period in the central 

domain (DVTY), when the frequency of large-eanhquake occurrence was very low. This 

domain, which has by far the largest area of the three, apparently had only one 
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FAULT DOMAIN AGE OF fAULTING 
ZONE SOILS SCARPS 

sus P <MH <2# 
PIM W LH-MH 2.0-2.8 
DVC D MH 1.4-3.7 LATE 

WAN1 W LH 1.6-3.6 HOLOCENE 
COR P MH 1.8-4.3 

LM W LH 1.9-4.8 

BES W n.d. 2.5-4.8 
RSR P MH 2.9-4.7 
IHF W LH 3.2-5.9 

WAD W LH-EH 3.6-6.5 MIDDLE 
DVN D MH 3.8-6.6 HOLOCENE 
GRV P MH 4.2-7.5 
EAG D LH-EH 4.1-8.0 
DVS D MH 5.9-6.8+ 
BUV P MH 10 to 20 
BVV D n.d. 2 to 12# 

GAR W H n.d. 
CRV P n.d 5.8-9.4* 

WAN2 W MH 5.8-9.8 
DVNE D LH-LP n.d. 
SS D MH-EH 4to 40 EARLY 

MCM D MH-EH n.d. HOLOCENE 
SUS P MH-EH n.d. 
ETY D EH n.d. 
ETY D EH n.d. 
PES W <LP 8 to 13 

MIG D n.d. 6 to 25 
VIG 0 MH-EH 8.8-16.4 EARLY (?) 

WAE W n.d. 9.9-16.0 HOLOCENE 
HIS D n.d. 7 to 24 

WER P >MH 9 to 25 
RF W n.d. 8 to 25 

ROY W n.d. 9 

Table 23. Age estimates for Holocene paleoseismic events in central Nevada; scarp age 
estimates, soils, independent constraints. Abbreviations for fault zones are explained in 
figure 24; abbreviations for domains are W, Walker Lane, D, Dixie Valley-Toiyabe Range, 
and P, Pleasant Valley-Cortez Range. Bold characters indicate whether morphologic fault 
scarp analyses (numbers) or soil-profile development (letters) provide the primary basis for 
estimating the age of the paleoseismic event Age-interval abbreviations are LH, late 
Holocene, MH, middle Holocene, EH, early Holocene, and LP, late Pleistocene. Age 
abbreviations separated by a dash (MH-EH) indicate that surfaces of these estimated ages 
bracket the age of faulting. Symbols with scarp age estimates indicate the following: (#), 
age estimate from Wallace (1977); (+), younger than 6.8 ka Mazama tephra; (*), may be 
part of COR rupture and not separate event 
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INTERVAL NUMBER OF M -7 EARTHQUAKES 
By Domain 

Wl DVTY PVCZ All 

0-0.1 ka 1 2 1 4 

0.1-3.5 ka 3 1 2 6 
2t05 1 2 to 3 5to 9 

3.5 - 7 ka 3 4 3 10 
1 to 6 2to 5 2 to 4 4 to 15 

7-12 ka 3 4 2 9 
1 to 6 2to 9 1 to 4 4 to 19 

0-7 ka 7 7 6 20 
7to 9 5to 8 5to 7 17 to 24 

0-12 ka 10 1 1 8 29 
10 to 13 10 to 14 7to 9 27 to 36 

Table 24. Estimates of the number of large earthquakes that have occurred during the 
Holocene in central Nevada. The rationale for differentiating the tectonic domains of 
Walker Lane (WL), Dixie Valley-Toiyabe Range (DVTY), and Pleasant Valley-Cortez 
Range (PVCZ) are discussed in the text Bold numbers represent the number of events 
whose mean scarp age or best soil age estimates fall within a given interval. Numbers in 
plain text represent the minimum and maximum events permitted by the uncertainties in age 
estimates for paleo seismic events. 

---~-~- ----~-- -~ -
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INTERVAL FREQUENCY OF LARGE EARTHQUAKE 
OCCURRENCE BY DOMAIN 

(events I k.y. I 1000 km2) 

WL DVTY PVCZ ALL 

0-0.1 ka 1.09 0.99 0.82 0.96 

0.1-3.5 ka 0.10 0.01 0.05 0.04 

3.5-7 ka 0.09 0.06 0.07 0.07 

7-12 ka 0.07 0.04 0.03 0.04 

0-7 ka 0.11 0.05 0.07 0.07 

0-12 ka 0.09 0.05 0.05 0.06 

Domain Area 9,200 20,300 12,200 41,700 
(km2) 

Table 25. Frequency of occurrence of large (M-7) earthquakes per unit area for different 
intervals of the Holocene. 



168 

large earthquake (DVC) in the late Holocene prior to the 1954 Fairview Peak and Dixie 

Valley ruptures. Normalized for area, the long-tenn frequency of large earthquakes during 

the Holocene varies substantially between domains. The Walker Lane has had the highest 

rate~. of surface-rupture occurrence in each interval of the Holocene. During the prehistoric 

intervals, large earthquakes in the Walker Lane area have occurred at rates 1.5 to 2 times 

those of the northern domains. In the Walker Lane, any given 20 Ian by 50 Ian area would 

on average experience about 1 surface rupture per 10 k.y. In the northern domains, a 

similar area would have about 1 surface rupture per 20 k.y. 

Spatial and Temporal Patterns of Faulting 

Combining information on the ages of paleoseismic events with the spatial locations 

of faulting events permits assessment of the possibility of temporal-spatial clusters of 

faulting across a region that includes several sets of basins and ranges. Probable spatial 

distributions of faulting events in central Nevada during the late, middle, and early 

Holocene are shown in figures 26A-C. Considering the most likely faulting scenarios, 

shown by heavy solid lines on each figure, there is no evidence for belts of fault activity 

analogous to the historical pattern. Adding paleoseismic events that might have occurred 

during each interval, there is little suggestion of continuous, N-S-trending belts of faulting. 

This evidence implies that the continuity of the historical belt of faulting is unusual. 

The patterns of Holocene faulting in central Nevada are consistent with a 

nonuniform temporal and spatial distribution of faulting, however. Wallace (l984b; 1987) 

has argued that faulting in the Great Basin is typified by clusters of activity in time and 

space, over intervals ranging from 1()2 to lQ4 years. Paleoseismic activity has been 
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B) 3.5 to 7 ka 

Figure 26. (Continued). 
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B) 7 to 12 ka 

Figure 26. (Continued). 
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concentrated in the Walker Lane domain relative to the northern domains throughout the 

Holocene; this has been particularly true of the late Holocene. Fault activity in the central 

domain (DVTY) has varied in time and moved about in space, but has generally been 

concentrated in the western third of the domain. Only one faulting event likely occurred 

during the late Holocene, in Dixie Valley. During the middle Holocene, several events 

OCCUlTed in the northwestern portion of the domain, while during the early Holocene, 

activity apparently was concentrated in the southwestern portion of the domain. With the 

exception of early Holocene faulting along the Toiyabe Range in Big Smoky Valley, there 

probably have been no Holocene faulting events in the eastern half of the central domain. 

This area contains at least seven late Pleistocene fault scarps, indicating that it is active on a 

longer-:term basis. The northern domain (PVCZ) has been fairly active in the middle and 

late Holocene, but apparently had very few early Holocene paleoseismic events. 

Mean fault scarp age estimates from the entire central Nevada region suggest the 

possibility of temporal pulses of activity during the middle and late Holocene. Evidence 

discussed above indicates that the historical surface ruptures represent a pulse of activity 

after a -2 k.y. interval with little faulting. Three paleoseismic events likely occurred from 2 

ka to 3 ka (PIM, WAN1, and DVC); mean fault scarp ages for the three paleoseismic 

events cluster between 2.4-2.6 ka (figures 27 and 28). Mean scarp ages further suggest 

that temporal clusters of three events each might have OCCUlTed between 3.3-3.8 ka, 4.5-

5.2 ka, and 5.8-6.4 ka. Fault scarp age range estimates (± one standard deviation about the 

mean) are sufficiently broad to permit (1) more paleoseismic events in any particular 

cluster, or (2) no prehistoric temporal clusters at all. However, the historical surface 

ruptures are clearly a burst of activity, and it is intriguing that there are several clusters of 

mean fault scarp age estimates that suggest analogous prehistoric fault behavior. 
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Figure 27. Histogram of fault scarp age estimates. Age range estimates from each fault 
zone, based on one standard deviation about the mean scarp age estimate, are stacked 
together in the histogram. The total histogram illustrates the maximum possible number 
events tha could have occurred during any short interval; the actual number of events most 
likely was less than that. Mean scarp age estimates, shown by bars at the base of the 
histogram, show possible temporal clusters around 2.5 ka, 3.3-3.8 ka, 4.5-5.2 ka, and 
5.8-6.4 ka. 



174 

NNE 
30( 300 

? 
PV 

...... . .. . ...... 

.-.. 20( ···ovc <·:: 200 
E 
~ .._. 
w 
0 

DV 

z 
<C 
1-en -c FP 

10( 100 

CM 

ssw 
0 

0 1 2 3 4 5 6 7 

AGE (ka) 

Figure 28. Representation of estimates for ages of paleoseismic events since past 7 ka 
projected onto a SSW-NNE line through the study area in central Nevada. Age range 
estimates are shown by boxes with light shading; increasingly dark shading is used where 
N-S geographical positions and age estimates for fault zones overlap. Mean fault scarp 
ages are shown by heavy lines bisecting the boxes. Lighter dashed lines illustrate the ages 
and number of events that could have occurred in postulated temporal clusters. 
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IMPLICATIONS FOR REGIONAL FAULT BEHAVIOR 

The chronology of Holocene faulting in central Nevada outlined above has a 

number of implications for fault behavior in the interior of the Great Basin. Some aspects 

of the Holocene record of faulting are fairly well demonstrated by the data presented in 

earlier chapters of this dissertation; other possibilities regarding fault behavior are only 

suggested by the data. The following discussion of fault behavior illustrated by Holocene 

patterns of faulting is arranged hierarchically, so that elements are progressively more 

speculative as one proceeds. 

Belts of Fault Activity? 

The clearest implication of the Holocene faulting patterns is that extension is not 

typically accommodated by activation of N-S-trending belts of faulting analogous to the 

historical pattern. Even with the uncertainty in the dating methods used in this study, it is 

not feasible to reconstruct continuous belts of faulting during the late, middle, or early 

Holocene. Continuous belts of faulting may recur over intervals longer than the Holocene, 

however. The precision of fault scarp age estimates decreases substantially for pre

Holocene time, but it is possible to reconstruct a fairly continuous belt of faulting between 

about 15 and 20 lea in the area of the historical ruptures (see Chapter 4). 

Spatial and Temporal Concentrations of Fault Activity? 

Holocene faulting in central Nevada apparently has been characterized by spatial 

and temporal clusters of fault activity over 103-1 ()4 yr intervals. The Walker Lane portion 

of the study area has consistently experienced higher rates of fault activity than the central 

and nonhern domains throughout the Holocene. The data presented here provide no basis 

for assessing whether this pattern is typical of very long-term (1 OS-I ()6 yr) patterns offault 
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activity, or whether it is an unusual concentration of fault activity. Within the large central 

domain, fault activity has been focused in the western portion of the domain throughout the 

Holocene; most of the eastern half of the domain is devoid of Holocene surface ruptures. 

In both the central and northern tectonic domains, there have been substantial temporal 

variations in rates of fault activity in different portions of the Holocene. The most extreme 

example is the central domain, which most likely has experienced more surface ruptures in 

the past 40 years than in the preceding 3500 years. The northern domain evidently 

experienced little paleoseismic activity in the early Holocene, but has been relatively active 

since then. These data imply that rates of faulting vary over several-k.y. intervals. 

Region-Wide Temporal Clusters of Faulting? 

Even more intriguing is the tendency for mean fault scarp age estimates for the 

whole region to cluster in several short intervals of the middle and late Holocene. 

Including the historical faulting events, there may have been as many as five temporal 

clusters of three or more large seismic events over that period. These possible clusters of 

fault activity suggest that (1) faults interact in some fashion such that rupture on one fault 

tends to cause other faults across the region to rupture, and some of them do; or (2) clusters 

of faulting represent the response of the brittle crust to nonuniform temporal stress levels or 

strain rates. 

The possibility that fault ruptures tend to trigger ruptures on other fault zones was 

investigated using a simple empirical model of fault interaction (T. Wallace, Univ. of 

Arizona, written cornm., 1988). The study region iss assumed to have 40 late Quaternary 

faults, each with an average inter-rupture interval of 20 k.y. Actual inter-rupture intervals 

are normally distributed about 20 k.y., but all occur within 2o±5 k.y. There is no 

probability of another rupture occurring in the first 15 k.y. after a rupture event, but rupture 
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Figure 29. Schematic of assumed probability of fault rupture occurrence and the impact of 
modest fault interaction. Late Quaternary faults are assumed to have inter-rupture intelVals 
normally distributed about 20 k.y.; faults rupture every 15 and 25 k.y. Fault interaction is 
modelled by assuming that rupture on any fault in the region moves all other faults a 
specified distance (really, time) along their own inter-rupture curves, thus increasing their 
potential for rupture. 



178 

will then occur sometime during the next 10 ky. (figure 29). At any particular time, a fault 

is somewhere on its cumulative probability curve; either it has the potential to rupture (past 

15 ky.) or will not rupture (prior to 15 ky.). Possible fault interaction is modeled by 

assuming that a faulting event in the region moves all other faults a specified distance 

(actually time) along their cumulative probability curves. If the interaction level was 1.0, 

one fault rupture would cause every other fault in the region to rupture. With an interaction 

level of 0, there is no fault interaction. 

The model was run for several different levels of fault interaction. Positions of 

individual fault zones on their cumulative probability curves were randomized initially. A 

level of fault interaction was specified, and the model was run for 150 k.y. Estimates for 

the timing of individual rupture events for the last 40 k.y. of the runs were grouped by 

thousand,year intervals and plotted in histograms (figures 30A and 30B are examples). 

Even with no simulated fault interaction (interaction level 0), there are peaks of fault activity 

with as many as seven events!k.y.; these peaks are separated by 103- to 1()4 -year intervals 

with fewer events. However, there is only one k.y. interval in the model that has no 

faulting events. An interaction level of only 0.17 results in higher, generally more widely 

spaced peaks of fault activity. One to two k.y intervals without faulting events are much 

more common in this model. 

The Holocene history of faulting in central Nevada could be modeled by either no 

fault interaction or modest fault interaction (figure 30). The model run with an interaction 

level of 0.17 predicts clusters with more events than there is clear evidence for in central 

Nevada, and clusters are fairly widely spaced in time. However, the -2 ky. interval with 

one or no faulting events in the late Holocene is relatively unlikely if there is no fault 

interaction. This simple model of fault interaction will be modified to include faults with 

--- ------ --I 
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Figure 30. Simple models of fault interaction and temporal clustering of large earthquakes 
in central Nevada. 

A) Modeled temporal distribution of faulting assuming no fault interaction. 
B) Modeled temporal distribution of faulting assuming that each faulting event 

increases the probability of rupture on other faults in the region somewhat (17%). 
C) Temporal distribution of mean age ~stimates for Holocene paleoseismic events 

in central Nevada Stipple pattern includes age estimates not based on morphologic fault 
scarp analyses. Mean age estimates (disregarding the substantial uncertainty associated 
with them) suggest temporal clusters of large earthquakes. 
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different inter-rupture periods, in order to examine whether the middle and late Holocene 

paleoseismic record can be more closely duplicated. 

IMPLICATIONS FOR EXTENSIONAL STRAIN RATES 

Extensional strain rates provide a Convenient means for assessing deformation rates 

in portions of central Nevada, as well as providing important constraints on estimates.of 

extensional strain rates across the Great Basin. Extensional strain rates for different 

intervals were obtained for each tectonic domain and the central Nevada region as a whole. 

Seismic moments released in all individual faulting events recognized in this study were 

estimated from parameters including rupture length and swface displacement Seismic 

moments were then summed and rates of moment release per year calculated for various 

intervals of the Holocene. Rates of moment release were then converted to strain rates 

using a formula developed by Anderson (1979). Strain rates determined in this manner can 

then be used to assess possible variations in strain rates between domains and for different 

intervals during the Holocene. These strain rate data provide a sound estimate of the 

extensional deformation that has been expressed as swface faulting over a broad region and 

a fairly long interval, so it is a reasonable geologic data base with which to assess the rate 

of extension across the nonhern Great Basin. 

Seismic Moment - Strain Rate Relationships 

Geologic parameters were used to calculate seismic moments for each of the fault 

zones that may have ruptured during the Holocene in central Nevada (table 26). Parameters 

used are fault zone length and width, and average displacement. These parameters are used 

to obtain seismic moment through the relationship 
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Mo = !lAS, 

where Mo is seismic moment, !l is the shear modulus, whose value is about 3 x 1010 N m-2 

(Thatcher et al, 1975), , A is fault plane area, and S is average slip on the fault (Brune, 

1968). Fault area is estimated from fault zone length, fault zone dip, and the depth of the 

seismogenic zone. 

A range of seismic moment values were estimated for each fault zone because of 

uncertainties in the geologic parameters used in the estimates. Fault zone length is 

estimated from the total length of the zone of mapped surface ruptures; although there is 

some uncertainty in fault length estimates, only one length was used for each fault zone. 

Displacement is estimated from fault scarp profiles where they are of sufficient quality. 

Little information exists to constrain displacement estimates on a number of the fault zones; 

in those cases, bracketting values of 1 and 2 m of slip per event were used. 

A simple crustal model was used to estimate fault plane geometries (figure 31). 

Only the upper 15 km of the crust is likely involved in earthquake activity, based on the 

deepest hypocentral depths reported (Dozer, 1989). Below 15 km, the crust evidently 

deforms aseismic ally. Fault zones are considered to be planar (not listric) to the base of the 

seismogenic zone, based on several studies of historical large earthquakes in the northern 

Basin and Range (Stein jUld Barrientos, 1985; Doser, 1986). Fault zone dips vary with 

fault type. All faults in the two northern tectonic domains are considered to be primarily 

normal faults with dips of about 45°. The Walker Lane domain includes strike-slip, 

oblique-slip, or normal faults, based on previous mapping (Hardyman et al, 1984) and the 

topography associated with them. Strike-slip faults have little or no relief across them, 

while normal faults are associated with obvious basins and ranges; oblique-slip faults have 

substantial relief across them, but are known to have major Cenozoic strike-slip 



displacements as well. Strike-slip faults are considered to dip between 70° and 90°, 

oblique-slip faults between 45° and 70°, and nonna! faults 45°. 

Rates of seismic moment release were detennined for various intervals of the 
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Holocene by summing individual seismic moments over an interval and dividing by interval 

length (table 26). These moment rates were then converted into strain rates using the 

relationship developed by Anderson (1979): 

where E is the strain rate, Mo is the moment rate, k is an empirical constant with a value of 

about 0.75, ~ is the shear modulus, and It, 12, and 13 are the length, width, and depth of 

the seismogenic region. Thus strain rates effectively nonnalize rates of moment release for 

area. 

Maximum, minimum, and preferred moment and strain rates were estimated for 

each tectonic domain for the late, middle, and early Holocene, as well as for the past 12 

k.y. (table 27). Minimum strain rate estimates result from using assumptions that minimize 

estimates of moment release for individual faulting events combined with assumptions that 

minimize the number of faulting events during an interval. Maximum strain rates were 
I 

obtained in the opposite fashion. Preferred strain rate estimates are derived from the most 

likely number of faulting events during an interval; maxima and minima are obtained using 

maximizing and minimizing assumptions for moment release in individual events. 

Regional strain rates determined in this fashion are not precise estimates of the 

actual extensional strain in the region, because of the rough assumptions that are made in 

the calculations. Many geologic parameters are not closely constrained, which adds 

uncertainty to strain rate estimates. Two factors may tend to cause the strain rate to be 
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Figure 31. Fault models used to estimate seismic moment release and strain rates. The 
seismogenic crust is assumed to be 15 Ian deep across all of central Nevada, based on the 
deepest hypocentral depths in the region. All faults are assumed to be planar, consistent 
with geodetic and seismic modeling of several nonnal faulting events in the northern Basin 
and Range province (Stein and Barrientos, 1985; Dozer, 1986). Faults from domains 
DVTY and PVCZ are assumed to be predominantly nonna! faults with dips of 45°. 
Depending on the physiographic setting associated with them, faults from domain WL are 
assumed to be predominantly nonnal (WAN, for example), predominantly strike-slip 
(BES, for example), or intermediate (PIM, for example). Strike-slip faults are assumed to 
dip 70° to 90°, and intermediate faults are assumed to dip 45° to 70°. 



184 

FAULT Age of length slip dip Moment (N*m) Mw 
ZONE faulting (km) (m) (degrees) (E+19) 

(ka) min max 

DOMAIN WL 
CM 0.1 50 2 90, 70 4.50 4.79 7.1 

PIM 2.1-2.7 25 1,2 70,45 1.20 3.18 6.7 - 7.0 
WAN1 1.4-3.6 50 2,3 45 6.36 9.55 7.2 - 7.3 

LM 1.9-4.7 30 2 45 3.82 3.82 7.0 

BES 2.5-4.7 25 1,2 90, 70 1.13 2.39 6'.7 - 7.0 
IHF 3.2-5.8 15 1,2 70,45 0.72 1.91 6.5 -6.9 

WAD 3.6-6.4 20 2 45 2.55 2.55 6.9 - 7.0 

WAN2 5.8-9.6 50 2,3 45 6.36 9.55 7.2 - 7.3 
GAR H 20 1,2 90, 70 0.90 1.92 6.6 - 6.9 
PES EH 20 1,2 90, 70 0.90 1.92 6.6 - 6.9 

WAE 9.9-15.9 15 1,2 45 0.95 1.91 6.6 - 6.9 
ROY EH? 15 1,2 70,45 0.72 1.91 6.5 - 6.9 
RF EH? 5 1,2 45 0.32 0.64 6.3 - 6.6 

DOMAIN DVTY 
DV 0.1 40 2 45 5.09 5.09 7.1 
FP 0.1 50 2,4 45 6.36 12.73 7.2 - 7.4 

DVC 1.4-3.6 40 2,3 45 5.09 7.64 7.1 - 7.2 

DVN,DVC 3.8-6.4 40 2,3 45 5.09 7.64 7.1 - 7.2 
DV5 5.9-6.8 40 2 45 5.09 5.09 7.1 
EAG 4.4-8.0 20 2 45 2.55 2.55 6.9 
BVV MH-EH 20 1,2 45 1.27 2.55 6.7 - 7.0 

NED MH-EH 15 1,2 45 0.95 1.91 6.6 - 6.8 
5S EH 30 1,2 45 1.91 3.82 6.8 - 7.1 

MCM EH 15 1,2 45 0.95 1.91 6.6 - 6.9 
ETY EH 80 1,2 45 5.09 10.18 7.1 - 7.4 

MIG EH? 20 1,2 45 1.27 2.55 6.7 - 7.0 
VIG 8.8-16.4 25 1,2 45 1.59 3.18 6.8 - 7.1 
HIS EH? 20 1,2 45 1.27 2.55 6.7 - 7.0 

Table 26. Estimation of moment release in Holocene earthquakes in central Nevada. 
Minimum and maximum moment estimates were derived using different assumptions about 
average fault displacement and fault plane dip. Fault length estimates are based on the 
length of preserved surface displacement (fault scarps) along fault zones. They may 
consistently underestimate actual rupture length, as evidence of small displacements near 
the ends of surface ruptures may not be preserved. 
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FAULT Ago of length slip dip Momant (N*m) Mw 
ZONE faulting (km) (m) (degrees) (E+19) 

(ka) min max 

DOMAIN PVCZ 
PV 0.1 60 2 45 7.64 7.64 7.2 

SUS1 LH 15 1.2 45 0.95 1.91 6.6 - 6.8 
COR 1.9-3.5 40 2 45 5.09 5.09 7.1 

RSR 2.9-4.7 40 1.2 45 2.55 5.09 6:9 - 7.1 
BUV M-I 30 1.2 45 1.91 3.82 6.8 -7.0 
GRV 4.2-7.4 45 2.3 45 5.73 8.59 7.1 - 7.3 

SUS2 EH 15 1.2 45 0.95 1.91 6.6 - 6.8 

CRV 5.8-9.4? 10 1.2 45 0.64 1.27 6.5 -6.7 
WER EH? 20 1.2 45 1.27 2.55 6.7 - 7.0 

Table 26. (Continued) 



186 

systematically underestimated: (1) length of paleo seismic events may be underestimated 

because the ends of surface ruptures commonly are complex and have small surface 

displacements, and may not be preseIVed for long; and (2) earthquakes less than about M 6 

3/4 generally are not recognizable as paleoseismic events, so their moment release and their 

contribution to extensional strain in not included in the estimates detennined here. 

The absence of smaller earthquakes in the geologic record may not greatly aff~t the 

accuracy of strain rate estimates. There are probably about ten times as many earthquakes 

with each unit of decrease in magnitude in Nevada (Greensfelder et aI, 1980). However, 

seismic moment release decreases by about 32 times with each unit decrease in magnitude 

(Hanks and Kanamori, 1979), so the contribution of small earthquakes to extension in 

Nevada likely is not very significant A comparison of extensional strain rates calculated 

from all historical earthquakes greater than M 4 in central Nevada (Greensfelder et al, 1980; 

Eddington et al' 1987) with the strain rate calculated using the geologic parameters of the 

four large surface ruptures indicates that a higher strain rate is obtained using geologic 

parameters (table 28). 

Temporal and Spatial Variations in Moment and Strain Rates 

There apparently have been substantial variations in seismic moment rates and 

extensional strain rates dUring ponions of the Holocene. Moment rates calculated for the 

historical period and the late (0.1 to 3.5 ka), middle (3.5 to 7 ka), and early (7 to 12 ka) 

Holocene for each of the three tectonic domains express the amount of seismic energy 

released in each domain nonnalized to a yearly basis; they therefore provide a good 

measure of variations in seismic activity in each domain during the various inteIVaIs (table 

26). As noted above, maximum, minimum, and preferred moment and strain rates were 

calculated for each domain and the whole region over various portions of the Holocene. In 
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the following discussion, however, the average preferred values for moment and strain 

rates are utilized. 

The moment rates of the historical period are one to two orders of magnitude higher 

than the preferred moment rates calculated for any of the earlier intervals, which is 

consistent with evidence presented above that the historical frequency of faulting is far 

above the long-tenn average. Within each domain, moment rates calculated for the late, 

middle, and early Holocene vary up to a factor of three. These variations probably 

represent true variations in seismic activity over several thousand year long intervals. It is 

apparent, for example, that more seismic activity occurred in the Walker Lane area than in 

the northern tectonic domains during the late Holocene. In the middle Holocene, more than 

three times as much seismic moment was likely released in the central tectonic domain 

(DVTY) than in the Walker Lane. 

Extensional strain rates calculated from moment rates effectively normalize the rate 

of fault activity for area and provide a means for estimating the rate at which central Nevada 

is extending. The only factor considered to vary between the three tectonic domains 

defined in this study is domain area; therefore, calculation of strain rates facilitates 

comparison of rates of deformation in the domains and the region as a whole over various 

portions of the Holocene. 

Strain rates in eac;h domain have evidently varied substantially between intervals, 

reflecting variations in rates of paleoseismic activity (table 27). Again, the historical strain 

rate in each domain is at least an order of magnitude greater than any longer-term strain 

rate. The varying contributions of each domain to the strain rate of the whole region are 

graphically illustrated in figure 32. These data strongly imply that concentrations of 

extensional strain have shifted between the three tectonic domains during the late, middle, 

and early Holocene. The strain rate in the Walker Lane was higher than either of the 
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INTERVAL no. of Moment (N*m/yr) Strain Rate (e/yr) 
Rate 

events 
min max min max 

DOMAIN WL 

0-0.1 ka 1 4.S0E+17 4.79E+17 B.1SE-08 B.6BE-OB 

0.1-3.S ka 3 3.3SE+16 4.B7E+16 6.06E-09 B.B2E-09 
2t05 2.22E+16 6.13E+16 4.03E-09 1.11 E-OB 

3.S - 7 ka 3 1.2SE+16 1.9SE+16 2.27E-09 3.SSE-09 
1 to 6 7.27E+15 6.32E+16 1.32E-09 1.15E-OB 

7-12 ka 3 1.63E+16 2.6BE+16 2.96E-09 4.BSE-09 
1 to 6 1.80E+15 3.57E+16 3.26E-10 6.46E-09 

0-12 ka 10 2.37E+16 3.46E+16 4.29E-09 6.27E-09 
10 to 13 2.37E+16 3.83E+16 4.29E-09 6.9SE-09 

DOMAIN DVTY 

0-0.1 ka 2 1.1SE+1B 1.7BE+1B 9.40E-OB 1.46E-07 

0.1-3.S ka 1 1.S0E+16 2.2SE+16 1.23E-09 1.84E-09 

3.S-7 ka 4 4.00E+16 S.09E+16 3.2BE-09 4.1 BE-09 
2t05 2.91 E+16 S.66E+16 2.39E-09 4.6SE-09 

7-12 ka 4 l.BSE+16 3.69E+16 1.S2E-09 3.03E-09 
2 to 10 1.40E+16 6.49E+16 1.1SE-09 5.33E-09 

0-12 ka 11 3.29E+16 4.03E+16 2.70E-09 3.31E-09 
9 to 14 2.86E+16 S.S7E+16 2.3SE-09 4.57E-09 

Table 27. Paleoseismic events, moment rates, and strain rates calculated for tectonic 
domains in central Nevada for various intervals of the Holocene. Minimum moment and 
strain rates were obtained using the minimum number of events and assumptions that result 
in calculation of the minimum moment release in these events. Maximum values were 
obtained using the maximum number of events and maximum moment release. Moment 
and strain rates in bold type were obtained using the preferred estimate of the number of 
events during an interval; minimum and maximum values there reflect different 
assumptions concerning moment release in these events. 
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INTERVAL no. of Moment Rate (N*m/yr) Strain Rate (e/yr) 
events 

min max min max 

DOMAIN PVCZ 

0-0.1 ka 1 7.64E+17 1.04E-07 

0.1-3.5 ka 2 1.78E+16 2.06E+16 2.43E-09 2.81 E-09 
2t03 1.78E+16 3.56E+16 2.43E-09 4.86E-09 

3.5-7 ka 3 2.91E+16 5.00E+16 3.97E-09 6.83E"-09 
1 to 4 S.45E+15 5.36E+16 7.45E-10 7.33E-09 

7-12 ka 2 3.18E+15 6.36E+15 4.35E-10 8.69E-10 
1 to 4 1.91E+15 2.86E+16 2.61E-10 3.91E-09 

0-12 ka 8 2.12E+16 2.94E+16 2.90E-09 4.02E-09 
7t09 2.07E+16 3.16E+16 2.83E-09 4.31E-09 

Table 27. (Continued). 
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Figure 32. Strain rates for the three tectonic domains and the entire study area averaged 
over various portions of the Holocene. Strain rates used are preferred (not maximum or 
minimum) rates. Strain rates vary substantially between intervals in all domains; average 
strain rates for the entire study area vary much less. 
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northern domains in both the late and early Holocene; in the middle Holocene, the nonhern 

domain had the highest strain rate. Averaged over the entire Holocene (0-12 ka), the 

central and nonhern domains have nearly identical strain rates, while the strain rate in the 

Walker Lane area has been substantially higher. 

The rate of extensional strain averaged over the whole region during each interval of 

the Holocene has been less variable. The average strain rate for the past 12 k.y. is 3.7 x 

10-9. Excluding the historical rate, long-tenn strain rates vary only from about 2.2 x 10-9 

in the early Holocene to 3.8 x 10-9 in the middle Holocene. This modest variability in 

region-wide strain estimates increases confidence in the individual interval estimates. It 

also implies that extensional strain rates across a fairly large region are reasonably constant 

when sampled over a several-k.y. interval. 

Comparison of Short- and Long-Term Extensional Strain Rates in the 

Northern Great Basin 

Estimates of extensional strain rates derived from paleoseismic studies in central 

Nevada are a reasonable measure of long-tenn extension that can be compared with 

estimates derived from other data sources. Data sources that have been used previously to 

estimate strain rates in portions of the Great Basin or the entire nonhern Great Basin cover 

a variety of time windows and domain areas (table 28). The differences in strain rates and 

extensional deformation rates determined using these different data sources suggest that 

rates of extensional defonnation in the Great Basin may be subject to substantial temporal 

variations. 

Several short-tenn measures of extension in the Great Basin yield similar strain rates. The 

shortest-tenn, widest area measure of extensional strain is satellite geodesy, which 

provides a record of extension that is less than a decade long. Four years of satellite 



Location Data Type 

Great Basin satellite 
geodesy 

Northern historical 
Nevada seismicity 

Central historical 
Nevada seismicity 

Central 4 historical eqs 
Nevada geologic 

parameters 

Dixie faulted 
Valley shoreline 

Wassuk faulted 
Range shoreline 

North-central paleoselsmic 
Nevada events 

Central 
Nevada 

paleoseismic 
events 

Interval 

(yrs) 

4 

50 

80 

100 

12 k.y. 

12 k.y. 

12 k.y. 

12 k.y. 

Domain 

Area (km2) 

"'250,000 

84,000 

50,000 

20,000 
42,000 

40 
20 

40 
20 

22,000 

42,000 

192 

Strain Rate Assumptions 

(per yr) (Source) 

1.43E-08 province-wide 
extension 

(Minster and 
Jordan 1987) 

2.8E-08 (Greensfelder 
et a11980) 

3.2E-08 (Eddington 
et a11987) 

2.3E-07 4 events 
1.1 E-07 (this study) 

2 E-08 10m of extension 
5 E-08 (Thompson and 

Burke1973) 

1.5E-08 7 m of extension 
2.9E-08 (from Demsey 1987) 

3.2E-09 10-12 M ... 7events 
(from Wallace 1978) 

3.7E-09 28 surface ruptures 
(this study) 

Table 28. Extensional strain rates for central Nevada estimated from a geologic and 
seismologic data sources. Geologic parameters used to estimate moments for the four 
largest historical earthquakes provide the highest strain rate estimates. Strain rates derived 
from seismological studies of somewhat larger portions of central Nevada are smaller by a 
factor of 2 to 4. Strain rates inferred from two faulted pluvial shorelines (12 ka) are similar 
to estimates derived from historical seismicity. Strain rates are derived from Holocene 
paleoseismic activity in central Nevada are lower by nearly a factor of 10; these rates are 
probably most representative of long-term regional extensional strain. 
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geodetic data from the early 1980's were utilized by Minster and Jordan (1987) to estimate 

an extensional strain rate across the northern Great Basin of about 1.4 x 10-8 (table 28). 

Historical seismicity provides a slightly longer-tenn measure of defonnation. Two studies 

that utilized slightly different data bases derived similar strain rate estimates from moment 

release in historical earthquakes in central Nevada (Greensfelder et al, 1980; Eddington et 

al, 1987). These strain rate estimates for portions of Nevada are about 2 times the strnin 

rate derived for the whole northern Great Basin by satellite geodesy. An estimate of the 

strain rate over the past century derived from geologic parameters of the four largest 

earthquakes in central Nevada is substantially higher, but it applies only to a narrow portion 

of the Great Basin. 

Several sources of geologic data can be used to estimate -1()4-yr extensional strain 

rates, including the evidence presented in this study. An estimate of Holocene strain across 

Dixie Valley was obtained from fault displacement of shoreline features of the -12 ka 

pluvial lake that occupied the valley (Thompson and Burke, 1974); this estimate is similar 

to the strain rates inferred from historical seismicity in central Nevada (table 28). In lieu of 

other geologic data sources, this strain rate has been extrapolated across the northern Great 

Basin to obtain a Holocene strain rate (Greensfelder et ai, 1980). This strain rate was 

found to be higher than the strain rate obtained through analyses of historical seismicity in 

the northern Great Basin: A slightly smaller estimated strain rate was calculated in this 

study from similar pluvial shoreline displacement along the Wassuk Range (data from 

Demsey, 1987). Both of these data sources are essentially single point measurements; they 

were measured in areas of maximum displacement along fault zones that have had recurrent 

Holocene movement. The vast majority of the fault zones in central Nevada have had zero 

or one rupture during the Holocene and much less Holocene displacement than these two 
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fault zones. It is very likely that regional strain rates are substantially overestimated using 

shoreline-displacement data from Dixie Valley and the Wassuk Range. 

Two semi-independent paleoseismic data sources yield very similar estimate 

regional strain rates over the Holocene in central and northern Nevada. Although 

assumptions used to estimate paleoseismic moments limit the precision of these data 

sources, they have the major advantage of averaging strain over a broad region and a long 

inteIVal. The extensional strain rate estimated for central Nevada during the Holocene from 

the data set presented in this study is nearly an order of magnitude less than the strain rates 

obtained from any of the above methods (table 28). Another estimate of extensional strain 

rate was obtained using paleoseismic data from north-central Nevada (from Wallace, 

1978). He recognized 10 to 12 Holocene surface ruptures in a 22,000 km2 region that 

overlaps with the northern portion of the area covered by the present study (see figure 25). 

A strain rate was estimated from these data by assuming that each of these surface ruptures 

was a M-7 event, and the moment released in each event averaged about 4 x 1019 N"'m 

(from the Mo-Mw relationship of Hanks and Kanamori, 1979). The average of the 

maximum and minimum moment rates was determined using 12 and 10 events, and the 

moment rate-strain rate relationship used for the central Nevada paleoseismic data was 

applied to these data. The resultant Holocene extensional strain rate estimate for north-
I 

central Nevada is remarkably similar to the rate determined for central Nevada in this study 

(table 28). 

Extensional strain rates in central Nevada calculated from paleoseismic data are 

almost an order of magnitude less than rates calculated from historical seismic data. This 

result is not surprising, because it is consistent with the evidence presented earlier that the 

historical rate of faulting is about an order of magnitude higher than the 1 Q3-1 ()4-yr 

average. Long-term regional strain rates obtained by extrapolating from fault displacement 
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of two pluvial shorelines in central Nevada are similar to the historical strain rate, and thus 

are not consistent with the paleoseismic data. The places where shoreline displacement was 

measured happen to be in the central portions of two fault zones that probably are the most 

active late Quaternary faults in the region, and this likely results in substantial 

overestimation of the regional strain rate. 

Extensional Deformation Rates Across the Northern Great Basin 

The various extensional strain rates discussed in the previous section can be used to 

estimate the rate of extensional deformation across the northern Great Basin. Shon-term 

measures of extension (satellite geodesy and historical seismicity) are relatively direct 

measures of extensional deformation that have been applied to the whole northern Great 

Basin, but of course provide relatively shon time averages of the deformation. Geologic 

measures of strain discussed above (pluvial shorelines, paleoseismic events) provide a 

much longer view of extensional deformation, but apply only to a portion of the northern 

Great Basin. In order to obtain a -1()4-yr estimate of extensional deformation across the 

northern Great Basin that can be compared to shon-term measures, rationales are developed 

below to estimate geologic strain rates in a transect across the northern Great Basin. 

Extensional deformation rates for central Nevada during the Holocene can be 

obtained from the strain rates estimated from paleoseismic data. Preferred strain rate values 

for each of the tectonic domains of central Nevada (WL, DVTY, and PVCZ) and the region 

as a whole were mUltiplied by the domain width in the probable direction of extension. 

Measures of modern stress orientations indicate that the regional orientation of the 

minimum stress axis is WNW to NW (Thompson and Burke, 1973; Zoback, 1989); the 

average widths of the three tectonic domains and the whole region in that direction are 

about 140 krn. The extensional deformation rates obtained from these calculations reflect 
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the higher Holocene strain rate in the Walker Lane domain (table 29). The defonnation 

rates in the central and northern domains are essentially identical, suggesting that the 

change in regional tilt directions between them may not affect the rate of extension in this 

region. The average extensional defonnation rate calculated for the whole region is slightly 

more than 0.5 rnm/yr. This value is much more than the geological estimate of defonnation 

of 0.08 rnm/yr obtained by Eddington et al (1987), but less than the extension rate of 1 

mrn/yr calculated for Dixie Valley alone by Thompson and Burke (1973). 

The 1()4-yr rate of extension across the northern Great Basin can be approximated 

by integrating the paleoseismic strain-rate estimate from central Nevada with geological data 

from other portions of the province. Geological defonnation rates were estimated for east

west transects across the northern Great Basin using two different approaches. In the first 

approach, the defonnation rate in central Nevada (0.53 mrn/yr) was added to deformation 

rates estimated for western Nevada (0.02 mrn/yr) and the Wasatch front in central Utah 

(0.36 mrn/yr) reported by Eddington et al (1987). The resulting deformation rate,-l 

rnrn/yr, is clearly a minimum value because there is no contribution from eastern Nevada 

and western Utah. The distance across eastern Nevada and western Utah is about 400 km. 

By assuming that the strain rate in central Nevada is representative of areas farther east in 

the Great Basin, one would obtain an estimate of -2 mrn/yr of extension from the interior 

of the northern Great BaSin and -2.4 mrn/yr for the entire northern Great Basin. 

A second approach involves integrating the extension-rate estimate from central 

Nevada into the regional patterns of young faulting across the Great Basin (from Wallace, 

1984b). The rationale pursued here is that areas with similar densities of Holocene fault 

scarps may have similar Holocene strain and deformation rates. The portion of central 

Nevada covered by this study composes about one-half of the area in western 
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DOMAIN WIDTH STRAIN DEFORMATION 
(km) RATE RATE 

(per yr) (mm/yr) 

WL 140 5.2BE-09 0.74 

DVTY 140 3.25E-09 0.46 

PVCZ 135 3.46E-09 0.47 

ALL 140 3.76E-09 0.53 

Table 29. Defonnation rates (extension in mm/yr) calculated from average Holocene strain 
rates for central Nevada. "Widths" are representative of the total distance across the 
tectonic domains in a WNW-ESE direction. 
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and central Nevada where Holocene fault scarps are common (see figure 23). Another 

zone where Holocene scarps are common, western Utah, is of similar width as the study 

area in central Nevada. A reasonable estimate of the extensional defonnation in the interior 

of the northern Great Basin during the Holocene is three times the rate detennined for 

central Nevada, or -1.5 mm/yr. Holocene vertical slip rates estimated for the central 

Wasatch fault zone range from about 1-2 mm/yr (Machette, 1987). Holocene slip-rate data 

for the northern Sierra Nevada frontal fault zone is much less precise (1. Bell, Nevada 

Bureau of Geology, written comm., 1990); 1 mm/yr of extensional deformation may be a 

reasonable estimate. Making the same assumptions about fault geometries as were made 

for the central Nevada data (45°-dipping fault planes), these vertical slip-rate data are 

equivalent to horizontal extension rates across the fault zones. Summing these extension 

values, the average rate of extension across the northern Great Basin during the Holocene 

ranges from 3.5-4.5 mrn/yr. 

Reasonable estimates of extension rates across the northern Great Basin derived 

from paleoseismic information are far less than any shorter-term measures of extension 

(table 30). There are several possible explanations for the discrepancy. Paleoseismic data 

is limited only to large, surface rupturing earthquakes. Some seismic moment, and 

therefore extensional deformation, will be missed by paleoseismic analyses. On a regional 
I 

basis, the frequency of earthquake occurrence increases by about a factor of 10 with each 

unit decrease in magnitude (Greensfelder et al, 1980). Because the decrease in energy 

release is about 32 times for each unit decrease in magnitude, however, the total moment 

contribution of all earthquakes between M 4 and M 6.5 is probably no more than 40% of 

the moment released in large, surface-rupturing earthquakes. This is not enough to account 

for the differences between paleoseismic and historical deformation rates in the Northern 
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DATA INTERVAL EXTENSIONAL DATA 
TYPE DEFORMATION SOURCE 

RATE (mm/yr) 

satellite early 9.7±2.1 Minster and 
geodesy 1980's Jordan (1987) 

historical 1900's 8.4-10 Eddington et al 
seismicity (1987) . 

faulted 0-12 ka 8 Thompson and 
pluvial Burke (1974) 

shoreline 

paleoseismic 0-12 ka 2.5-4.5 this study 
events 

1? (Sierra Nevada front) 
0.5 (western Nevada) 
0.5 (central Nevada) 
0.5 (western Utah) 
1-2 (Wasatch front) 

paleoseismicity 0-12 ka 3.5-6.5 this study 
(M<6.5 included) 

Table 30. Comparison of extensional defonnation rates across the northern Great Basin 
derived from several different data sources. Rates of extensional defonnation derived from 
analyses of satellite geodetic data obtained during the 1980's, historical seismicity, and one 
faulted latest Pleistocene pluvial in Dixie Valley are similar. Estimates of extensional 
defonnation derived from paleoseismic data are substantially smaller, even when an attempt 
is made to include "missed" extension resulting from earthquakes of M 6.S or less. 
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Great Basin. Aseismic defonnation could be used to account for the remainder of the 

discrepancy. However, e:gtension rates estimated from seismicity (Eddington et al, 1987) 

and geodetic infonnation (Minster and Jordan, 1987) are very similar (table 30), indicating 

that aseismic defonnation has not been important over the historical period. 

Long-tenn extension rates may actually be substantially less than short-tenn 

extension rates. Defonnation rates calculated from historical seismicity are an average over 

about the past 80 years, and include the four large surface ruptures. Much of the 

extensional deformation over this interval has occurred in central Nevada (Eddington et al, 

1987), reflecting these large earthquakes. Satellite geodetic data represents an average 

across the northern Great Basin over four years in the early 1980's, when no large 

earthquakes occurred there. The agreem~:iiofvery short-term (geodetic) and short-tenn 

(seismic) measures of defonnation indicates that during the historical period the strain rate 

across the whole Great Basin has been fairly constant whether or not large earthquakes 

have occurred. This suggests that the large earthquakes represent the response of the 

seismogenic crust to ductile defonnation in the lithosphere beneath, which has proceeded at 

a fairly constant rate during the historical period (suggested by Wallace, 1981; 1984a). 

Alternatively, the geodetically determined defonnation rate may reflect continued relaxation 

of the lower crust and mantle lithosphere to the near-surface deformation associated with 

the historical large earthquakes (f. Wallace, oral comm., 1990). 

The differences between short- and long-tenn indicators of extensional defonnation 

raise the interesting possibility that the historical period may be characterized by unusually 

high rates of strain and extensional defonnation. It is difficult to arrive at a paleoseismic 

estimate of the extensional defonnation rate that is much more than one-half of the historical 

rate. It is therefore conceivable that the historical deformation rate really is twice as high as 

the long-term average. The four large historical earthquakes in central Nevada, and 

I ------------ - .------ - -, 
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possibly the 1872 Owens Valley earthquake in eastern California as well, may represent a 

burst of activity that is higher than the long-tenn average when the entire Great Basin is 

considered. If the historical faulting has been driven by a pulse of extensional deformation, 

then the satellite geodetic data from the 1980's suggests that we are still in an interval with 

elevated strain rates, and more large earthquakes could occur in the Great Basin. 

IMPLICATIONS FOR SEISMIC HAZARD IN CENTRAL NEVADA 

The contrast between the frequency of occurrence of large earthquakes during the 

historical period with the long-term average clearly indicates that central Nevada has 

experienced a burst of fault activity during the past 100 years. It is not clear whether this 

burst of fault activity is complete, or whether we are still in an interval when more large 

earthquakes will occur. Geologic or geomorphic studies will likely never provide 

information to resolve this uncertainty; only time will tell. From the perspective of 

emergency management, it is prudent to assume that the chances of having more large 

earthquakes in central Nevada remain fairly high. Aspects of the geologic and geodetic data 

presented above do provide enough information with to make educated speculations on the 

current state of seismic hazard in central Nevada, however. 

Fault zones that have been active during the late Quaternary but have not ruptured 
I 

recently probably have the greatest likelihood of producing large earthquakes in the near 

future. All of the fault zones that have been active during the Holocene evidently have 

recurrence intervals of thousands to tens of thousands of years between major displacement 

events. There is very little chance that faults that have ruptured historically will rupture for 

thousands of years. Most faults that last ruptured in the middle and late Holocene are 

probably not likely to rupture, either. Fault zones with demonstrated recurrent Holocene 

movements may be exceptions to this general statement However, the fault zones that may 
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be most likely to rupture are those with geomorphic evidence of long-tenn activity (see 

Chapter 4, for example) that have not ruptured since the early Holocene or late Pleistocene. 

Various portions of central Nevada have experienced more faulting during the late 

Holocene than others, suggesting that they may remain areas with elevated seismic hazard 

levels. The Walker Lane domain has been the site of the most late Holocene faulting 

events; if this trend continues, it may be an area where more faulting events will occm: in 

the near future. Almost all of the Holocene activity in the central domain has occurred in 

the western portion, suggesting that more earthquakes may occur there. In the northern 

domain, Thenhaus and Barnhard (1989) suggested that the fault zone along the west side of 

the Sonoma Range may be a seismic gap where rupture would occur to provide uniform 

extension in this tilt domain. There is no evidence that similar patterns have occurred 

elsewhere in this domain during the Holocene. However, the mean morphologic fault 

scarp age estimates for the Sonoma Range fault zone and the prehistoric fault scarps along 

the 1915 Pleasant Valley rupture are very similar, so ruptures on these fault zones may 

characteristically be closely spaced in time. 

The temporal distribution of mean fault scarp age estimates for late and middle Holocene 

surface ruptures suggests that bursts of fault activity analogous to the historical pattern may 

have occurred previously. These possible temporal clusters were assessed in an effort to 

evaluate the likelihood of more large earthquakes in the historical cluster. Morphologic 

fault scarp age estimates suggest that each of the four possible prehistoric clusters 

comprised three large e~quakes. However, the uncertainties in scarp age estimates 

permit as many as six to nine large earthquakes in the various clusters (table 31). The 

number of historical large earthquakes obviously is more than the preferred number of 

events in the prehistoric clusters, but much less than the largest number of events possible. 

The estimated moment release in the historical cluster is likewise between the preferred 

------ -- .--- ... - --
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Interval No. of Mo (N*m) 
Age events most likely possible 

0-0.1 ka 4 2.69E+20 

2.4-2.6 ka 3 to 6 1.6SE+20 2.73E+20 

3.3-3.8 ka 3 to 6 9.40E+19 1.77E+20 

4.5-5.2 ka 3 to 7 S.9SE+19 2.43E+20 

5.8 to 6.4 ka 3 to 9 1.4SE+20 3.61E+20 

Table 31. Numbers of paleoseismic events and moment release estimates for possible 
temporal clusters of faulting during the middle and late Holocene in central Nevada. Bold 
numbers indicate the number of paleoseismic events whose ~ fault scarp age estimate 
falls within the designated interval; these events are considered most likely to comprise 
possible temporal clusters. More events could have occurred during the possible clusters; 
plain numbers indicate the total number of paleoseismic events whose fault scarp age range 
estimates overlap with ~e middle of each interval. The number of large seismic events in 
the historical period is consistent with the most likely number of events in possible earlier 
temporal clusters; the estimated seismic moment released in the historical events is greater 
than the most likely estimates of seismic moment release in earlier temporal clusters. 
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moment release and the maximum moment release estimated for the possible prehistoric 

clusters (table 31). 

Finally, the probable differences between long- and short-term strain and 

defonnation rates in the northern Great Basin may have significance for seismic hazard 

evaluation. As outlined earlier, the rate of extensional defonnation across the northern 
. 

Great Basin over the past century and the past decade are consistent, and both are alJ<?ut 

twice as high as the 1()4-yr rate inferred from paleoseismic studies. If this difference is 

real, then the historical period is one of elevated strain rates, and geodetic data from the 

1980's indicates that the relatively high strain rate is continuing. If the historical 

earthquakes are a localized response of the seismogenic crust to region-wide elevated strain 

rates, then we are likely still within an interval of relatively high rates of faulting. 

Alternatively, if seismic defonnation controls the elastic response of the underlying lower 

crust and mantle lithosphere, then the high strain rates of the 1980's may simply be a 

response to large earthquakes that have already occurred. 

SUMMARY 

Integrated geomorphic and geologic studies to estimate the ages of young 

paleoseismic events provide a reasonably accurate chronology of Holocene faulting in 

Nevada Temporal and spatial patterns of faulting inferred from these studies shed some 

light on fault behavior in the extending Great Basin. In central Nevada, large earthquakes 

have occurred at a much higher rate during past century than the long-tenn average rate, 

indicating that the historical pattern is a temporal cluster of faulting events. There is no 

clear evidence of N-S-trending belts of surface ruptures analogous to the historical faulting 

through the Holocene; it is most likely that alignment of faulting events in distinct belts is 

an unusual occurrence in central Nevada There is a strong suggestion that temporal and 



, . 't. 

205 

spatial concentrations of fault activity have occurred over several thousand year intervals in 

different parts of central Nevada. Some areas have had a number of faulting events in 

portions of the Holocene, while other areas have had no Holocene events. Mean fault 

scarp age estimates suggest the possibility of previous temporal clusters of faulting over 

short (200-500 yr intervals) in central Nevada during the middle and late Holocene. If 

these clusters are real, then faults likely interact in some fashion or respond to changes in 

stress magnitudes or regional strain rates. Finally, extensional strain rates in central 

Nevada for the Holocene, calculated from moment estimates for paleoseismic events, imply 

that the geologic rate of extension across the Great Basin is substantially lower than some 

previous estimates. 
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