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ABSTRACT

We describe and interpret a large, cylindrical, sedimentary structure, 5.1 m long and 1.2 m in diameter
exposed in a tributary to Lovell Wash, near Lake Mead in southern Nevada. It occurs within the mid-Mio-
cene Horse Spring Formation. We interpret this structure to be a seismically triggered clastic pipe. Clastic
pipes are common and well-studied in the Jurassic of the Colorado Plateau; however, no such structures
have previously been recognized in the Miocene of southern Nevada; thus, this is a highly anomalous
feature in this region. The Horse Spring consists of fluvial and lacustrine sediments deposited in a basin
that formed during Miocene extension of the Basin and Range Province. Abundant *Ar/*Ar-dated tufts
in this formation permit us to date the injection of the Lovell Wash clastic pipe at about 13.7 Ma. Paleoliq-
uefaction features and intrastratal folds and faults in the Horse Spring document the occurrence of large
earthquakes during its deposition. An earthquake on the nearby Las Vegas Valley shear zone most likely
triggered the injection of the Lovell Wash clastic pipe. Motion within this shear zone began roughly 13
Ma, initiating dextral faulting within the nascent Walker Lane—Eastern California shear zone, which now
accommodates approximately 20% of the relative motion between the Pacific and North American plates.
The Lovell Wash clastic pipe thus represents a harbinger of the development of the Walker Lane—Eastern

California shear zone and the divergence of the Pacific and North American plates.

INTRODUCTION

We describe and interpret a large cylindrical sedi-
mentary structure that is 5.1 m long and 1.2 m in di-
ameter, exposed in a short tributary to Lovell Wash in
the Muddy Mountains area of southern Nevada. This
structure, which lies within the mid-Miocene Horse
Spring Formation, plunges perpendicular to the steeply
dipping bedding of that formation (Figure 1).

Lovell Wash is a popular destination for Las Ve-
gas-based hikers and geology field trips (e.g., Rowland,
2025), due to engaging rock exposures, a slot canyon

(Anniversary Narrows), the ruins of a 1920s-era bo-
rate mine (the Anniversary Mine), stromatolites in the
Horse Spring Formation (Hickson et al., 2022), and the
puzzling cylindrical structure shown in Figure 1. The
purpose of this paper is to describe and interpret this
cylindrical structure and place it in the context of exten-
sional tectonics within the Lake Mead region. Methods
involved field observations and measurements, micro-
scopic examination of thin sections made from a ran-
domly oriented sample of the structure, and a review of
the literature in which similar structures are described
and interpreted. This structure is succinctly mentioned
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Figure 1. The Lovell Wash clastic pipe is injected into the Miocene Horse Spring Formation, Muddy Mountains area, south-
ern Nevada. The clastic pipe is perpendicular to bedding. The rod that is 1.5 m long and calibrated in dm.

in the description of Stop 2.2.6 of Hickson et al. (2022),
a field guide focused on Miocene and modern microbi-
alites. Those authors interpreted the structure to be the
product of seismic shaking, but without further discus-
sion. We are not aware of any other published mention
of this pipe.

We interpret this structure to be a seismically trig-
gered injectite. Through the processes of liquefication
and fluidization, water-saturated siliciclastic sediment
is sometimes injected into adjacent bodies of rock, re-
sulting in distinctive soft-sediment deformation struc-
tures called injectites (Hurst et al., 2011; Wheatley et
al., 2016; Wheatley and Chan, 2018). These processes
can be driven by a variety of mechanisms, including a
relatively rapid increase in overburden pressure (e.g., a
landslide or submarine slump), diagenetic changes, and
seismic shaking (Obermeier et al., 1992, 2005; Munson
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et al., 1995; Davies et al., 2006; Hurst et al., 2011; Lun-
ina and Gladkov, 2016; Wheatley et al., 2016; Lunina,
2019). In the case of the Lovell Wash pipe, seismic shak-
ing is the only plausible causal mechanism. There are
no massive debris-flow strata in the Lovell Wash section
that could have caused a rapid increase in overburden
pressure. Nor is there reason to suspect a unique diage-
netic history in the source bed that could have resulted
in a sudden, powerful upward injection of sediment.
There are three general categories of injectites: (1)
tabular and wedge-shaped clastic dikes and sills, (2)
cylindrical, pillar-shaped clastic pipes that are orient-
ed at a high angle to the bedding within the host rock,
and (3) irregular-shaped bodies with no distinct shape
(Hurst et al., 2011; Wheatley et al., 2016). We interpret
the injectite described and interpreted in this study to
be a clastic pipe. Clastic pipes have been most intensive-
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ly studied in the Colorado Plateau region, where they
are abundant in Jurassic deposits (Netoff and Shroba,
2001; Netoff, 2002; Chan et al., 2007, 2019; Wheatley
et al., 2016; Wheatley and Chan, 2018; Wheatley et al.,
2019). Interest by geologists in clastic pipes, as well as
other injectites, has been stimulated in part by their un-
usual appearance, but also by economic interests: some
sandstone pipes in New Mexico have been shown to
contain uranium (Schlee, 1963), and injectites of vari-
ous morphologies sometimes serve as hydrocarbon res-
ervoirs (Hurst and Cartwright, 2007). No clastic pipes
have previously been reported in Miocene deposits of
southern Nevada, so the discovery of a large pipe in this
region captured our interest, leading to this study.

THE LOVELL WASH CLASTIC PIPE

The Lovell Wash clastic pipe is rooted in a poorly
exposed source bed at its lower end and abruptly ter-
minated at its upper end (Figure 2). The exposure (N.
36°13.137', W. 114°42.257"), is just outside the bound-
ary of Lake Mead National Recreation Area (LMNRA),
approximately 35 km east of downtown Las Vegas (Fig-
ure 3). The site is accessible from Northshore Road in
LMNRA, via the Callville Wash North unpaved road
and unpaved Anniversary Mine road. A high-clearance
vehicle is recommended.

Stratigraphically, this structure occurs near the base
of the Lovell Wash Member of the Horse Spring For-
mation (Figure 4), which is a mixture of fluvial and la-
custrine strata (Bohannon, 1984; Hickson et al., 2010,
2022; Lamb et al,, 2010). The pipe plunges 43° N., 43
W., perpendicular to the bedding, which dips 47° to
the southeast. It is composed of quartz siltstone (Figure
5A). The presence of abundant, radiometrically dated
tuffs in the Horse Spring permit us to date the causative
earthquake at 13.7 £ 0.2 Ma (Figure 4A).

In thin section, evenly spaced curved lines are seen,
which are about 0.5 mm apart (Figure 5B). We interpret
these curved lines to be relict flow laminae. The sam-
ple from which this thin section was made was not ori-
ented relative to the orientation of the pipe, so we are
unable to document the direction of flow through the
orientation of the flow laminae. However, because the
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source bed is at the bottom of the column and the top
is abruptly terminated (Figure 2), there is no doubt that
the flow direction was stratigraphically upward. The
associated strata consist of thinly bedded sandstone,
siltstone, and mudstone (Figure 4). Stratigraphically,
about 20 m below the interval with the clastic pipe is
the top of an about 200-m-thick interval of lacustrine
carbonate—the Bitter Ridge Limestone Member of the
Horse Spring Formation (Figure 4A). As discussed be-
low, these stratigraphic characteristics likely influenced
the seismic response of these sediments to a large earth-
quake, and the triggering of the injection of the Lovell
Wash clastic pipe.

Well-sorted, water-saturated, granular layers of sed-
iment are especially susceptible to liquefaction (Ober-
meier et al., 2002; Tuttle et al., 2019), and the Lovell
Wash clastic pipe exhibits a felicitous combination of
such susceptibility factors. The stratigraphic context of
the source bed, having been buried beneath several me-
ters of overlying strata, provided the confining pressure
that caused the liquefied sediment to burst violently up-
ward as a clastic pipe. Due to a fortuitous confluence
of stratigraphy and geomorphology, the Lovell Wash
injection pipe is well exposed. However, the source
bed of the pipe is not well exposed, so we are unable to
document lateral variations and sedimentary structures
within that bed.

Figure 6 provides a series of diagrammatic sketches
that illustrate our reconstruction of the sequence of events
that led to the creation of the Lovell Wash clastic pipe. We
infer that a large earthquake occurred on a nearby fault,
intensively shaking the grains in a saturated layer of silt.
Shifting silt grains reduced the interstitial volume available
for pore water, causing an increase in pore-water pressure
(cf. Obermeier et al., 2001, 2002). The water-saturated,
silty sediment was fluidized and forcefully expelled up-
ward, incorporating fragments of wall rock, and creating
the cylinder of quartz siltstone. A ‘sand blow’ is presumed
to have formed on the surface, 5.1 m above the top of the
source bed; however, erosion presumably planed off the
exposed top of the pipe. A succession of new strata was
subsequently deposited. The entire section was later tilted
47° to the southeast during Miocene folding, causing the
injection pipe to plunge 43° to the northwest.

2026 Volume 13
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Figure 2. Top margin of the clastic pipe, showing its flat ter-
mination, parallel to bedding. Units of calibrated rod are dm.

TECTONIC CONTEXT

There is abundant evidence that the Horse Spring
Formation was deposited during a time of active seis-
micity. The southern Nevada region experienced large-
scale westward extension in the range of 300% to 400%
during the Miocene Epoch (Wernicke et al., 1988). Be-
tween about 17 and 10 Ma, the Frenchman Mountain/
Rainbow Gardens/Sunrise Mountain structural block,
which lies on the east side of Las Vegas Valley (Fig-
ure 3), was translated about 60 km westward, from its
pre-extension position near Gold Butte, and tilted about
50° to the east. This movement occurred on a system
of kinematically coupled detachment faults, left-later-
al strike-slip faults (Lake Mead fault system), and the
right-lateral Las Vegas Valley shear zone (Anderson,
1973; Bohannon, 1979; Nelson and Jones, 1987; Due-
bendorfer et al., 1989; Duebendorfer and Wallin, 1991;
Duebendorfer and Black, 1992; Duebendorfer and
Simpson, 1994; Sonder et al., 1994; Fryxell and Dueben-
dorfer, 2005; Lamb et al., 2010, 2015, 2022; Anderson,
2012; Rowland, 2022). The Las Vegas Valley shear zone
is the longest fault system in this region (Figure 3). As
noted above, it is a major right-lateral, strike-slip fault
zone that exceeds 100 km in length (Longwell, 1974;
Wernicke et al., 1982; Langenheim et al., 2001; Faulds
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and Henry, 2008). The resulting morphologically com-
plex basin that formed between the western edge of the
Colorado Plateau and the Frenchman Mountain/Rain-
bow Gardens/Sunrise Mountain block (Figure 3) was
filled with fluvial and lacustrine deposits of the Miocene
Horse Spring Formation (Bohannon, 1984; Hickson et
al., 2010; Lamb et al., 2010; 2022), which ranges in age
from approximately 11.8 to 16.5 Ma in the Lovell Wash
area (Figure 4A). Modern Lake Mead partially occupies
this same basin today.

The conspicuous role of faulting in the development
of the Horse Spring basin has long been recognized (e.g.,
Anderson, 1973; Castor, 1993; Cakir et al., 1998; An-
derson, 2012; Lamb et al., 2022). At least three horizons
within the Horse Spring Formation (identified in Figure
4) contain seismically generated features: (1) intrastratal
folding and faulting in the informally named Anniver-
sary Mine limestone, within the Lovell Wash Member
(Figure 4B), (2) the Lovell Wash clastic pipe (Figure 4C),
and (3) dish and pillar structures in the Thumb Mem-
ber (Figure 4D). Abundant tuft beds provide high-res-
olution **Ar/*Ar dating within this formation (Hickson
et al.,, 2010; Lamb et al., 2015). Revised age calculation
standards for **Ar/*Ar dating will probably cause these
ages to change slightly (Z.W. Anderson, Utah Geologi-
cal Survey, personal communication, 2023).

Dish and pillar structures can form without seismic
shaking (Lowe and LoPicolo, 1974; Mills, 1983); how-
ever, in this case the deformation is so pronounced that
seismic shaking is almost certainly the causative agent.
Tests for distinguishing seismic from non-seismic
soft-sediment structures include (1) whether the struc-
ture formed suddenly, and (2) whether the features oc-
cur in a tectonic setting in which seismicity is a plausi-
ble explanation (Wheeler, 2002). There is little question
that the deformation occurred abruptly, and this region
was tectonically very active in the mid-Miocene, when
these sediments were deposited.

The intrastratal folding and faulting in the Anniver-
sary Mine Limestone (N. 35°12.973', W. 114°42.376")
(Figure 4B), originally reported by Castor (1993), also
support the inference of recurring seismicity. These
features are confined to discrete stratigraphic intervals,
and the combination of brittle and ductile deformation

2026 Volume 13
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Figure 3. Index map and generalized geologic map showing faults that were active during deposition of the lower half of the
Lovell Wash Member of the Horse Spring Formation. The Las Vegas Valley shear zone extends northwestward, beyond the

length shown. Modified from Anderson (2012, Figure 4.6).

indicates that the sediments were only partially lith-
ified. The conspicuous evidence of shear strain, along
with the fact that these features are contained within
a narrow stratum, leads us to conclude that they were
seismically induced by ground shaking.

The large size of the Lovell Wash clastic pipe in-
dicates that it was triggered by a relatively high-mag-
nitude event that involved lengthy ground shaking.
Earthquakes with a moment magnitude (Mw) of 7.5 or
greater occur only on reverse, strike-slip, or oblique-slip
faults, rather than normal faults. Earthquakes on conti-
nental normal faults have smaller maximum moment
magnitudes, rarely exceeding 7.0 Mw (Muldashev et
al., 2022), apparently due to the weakness of the litho-
sphere in extension. In contrast, it is not uncommon for
long strike-slip faults to have magnitudes of about 8 Mw
(Neely and Stein, 2021). Furthermore, earthquakes with
magnitudes of 7.5 Mw or above occur only on strike-
slip faults with rupture lengths of 100 km or greater
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(Wells and Coppersmith, 1994). The left-lateral Lake
Mead fault system (Figure 3), although it was active in
the mid-Miocene, is too short to be a strong candidate
to have produced an earthquake large enough to trigger
the injection of the Lovell Wash clastic pipe.

The severity of earthquake shaking and seismically
induced liquefaction is greatest near the fault rupture
surface; attenuation with distance from this surface ap-
proximates a logarithmic function (Youd and Perkins,
1987). Thus, the causative fault of the Lovell Wash clas-
tic pipe must have been in the vicinity of the liquefac-
tion structure. Anderson (2012) and Lamb et al. (2022)
have conducted detailed analyses of the structural his-
tory of the basin in which the upper part of the Horse
Spring Formation was deposited. In the region of the
Lovell syncline, where the Lovell Wash clastic pipe oc-
curs, the Las Vegas Valley shear zone is the only strike-
slip fault that is long enough to plausibly generate an
earthquake strong enough to trigger an injection pipe

2026 Volume 13
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as large as the Lovell Wash clastic pipe (Dee et al., 2024);
it also occurs within a few km of the pipe (Figure 3). We
conclude, therefore, that it is highly probable that seis-
micity within the Las Vegas Valley shear zone triggered
this liquefaction event.

Empirical data indicate that a strike-slip fault of
about 100 km—comparable to the Las Vegas Valley
shear zone— would be capable of generating an earth-
quake in the magnitude 7.5 to 7.8 range (e.g., Wells and
Coppersmith, 1994). An earthquake in this magnitude
range would be expected to produce a peak ground ac-
celeration (PGA) of about 0.2 g at a distance of 20 km

Geology of the Intermountain West
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Figure 5. Thin section photomicrographs
of a sample of the Lovell Wash clastic pipe;
plane-polarized light. (A) High-magnifica-
tion image showing silt grains. (B) Lower
magnification image showing curved lami-
nae interpreted to be relict flow laminae.

at a site with an average shear-wave velocity in the top
30 m (Vs30) of 760 meters/second (m/s) (Boore et al,,
2014). A PGA value of 0.2 g above the minimum PGA
threshold of 0.1 to 0.15 g is considered to be required to
cause liquefaction in susceptible sediments (de Magis-
trisetal., 2013). A Vs30 value of 760 m/s corresponds to
the boundary between National Earthquake Hazard Re-
duction Program (NEHRP) Site Classes B (rock) and C
(very dense soil or soft rock) (Petersen et al., 2023). The
soft, saturated sediments at the location of the Lovell
Wash clastic pipe would have had much lower shear-
wave velocities, resulting in higher PGAs than 0.2 g for
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a magnitude 7.5 to 7.8 earthquake at a distance of 20
km.

An earthquake rupturing the entire length of the Las
Vegas Valley shear zone would have generated strong
ground motion for a significant duration. Assuming a
typical rupture velocity for strike-slip earthquakes of 2.5
km/s (Chounet et al., 2018), and a rupture length of 100
km, a unilateral rupture initiating at one end of the fault
would have taken 40 seconds to propagate the length of
the fault, all the while releasing seismic energy, causing
the ground to shake, and possibly inducing liquefaction.
A bi-lateral rupture initiating in the middle of the fault
would have ruptured for a shorter duration but released
seismic energy from both rupture fronts simultaneously.

The Lovell Wash clastic pipe formed in low-seis-
mic-velocity, fluvial sediments—the basal strata of the
Lovell Wash Member of the Horse Spring Formation
(Figure 4). However, these fine-grained siliciclastic
deposits overlie (a few meters below) carbonate-dom-
inated, higher seismic velocity, lacustrine deposits of
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Figure 6. Schematic 4-stage model for
the development of the Lovell Wash
clastic pipe.
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REPRCN

the Bitter Ridge Limestone Member. The seismic im-
pedance contrast between the deeper carbonate and
shallower siliciclastic strata would have amplified the
seismic waves and trapped seismic energy, resulting in
reverberations and resonance at the natural period of
vibration of the sediment column (e.g., Gunn, 2018).
Consequently, a magnitude 7.5 to 7.8 earthquake in the
Las Vegas Valley shear zone likely would have generated
ground motions for tens of seconds that exceeded the
threshold for liquefaction at the location of the Lovell
Wash injection structure.

IMPLICATIONS FOR EARLY SHEAR-ZONE
SEISMICITY BETWEEN THE PACIFIC AND
NORTH AMERICAN PLATES

The Lovell Wash clastic pipe, along with other evi-
dence of large earthquakes that occurred during depo-
sition of the Horse Spring Formation, contributes to
an emerging story of mid-Miocene plate-boundary
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Figure 7. Location and age of the Lovell Wash clastic pipe
in the context of the development of the San Andreas fault
system and the Walker Lane-Eastern California shear zone.
Modified from Faulds and Henry (2008).

dynamics and the creation of the Walker Lane-Eastern
California shear zone (Figure 7). The Walker Lane is a
system of dextral faults—including the Las Vegas Valley
shear zone—in the western Great Basin; it is a northern
extension of the Eastern California shear zone. Togeth-
er, these dominantly dextral fault systems accommo-
date about 20% of the relative plate motion between the
Pacific and North American plates, and they transfer
this interplate motion east of the Sierra Nevada block
(Thatcher et al., 1999; Dixon et al., 2000; Kreemer and
Hammond, 2007; Faulds and Henry, 2008). The north
60° west-trending Las Vegas Valley shear zone is parallel
to the San Andreas fault system; it developed inboard—
east of the Sierra Nevada—of where the San Andreas
and associated faults first became organized into a
through-going system (Faulds and Henry, 2008). Thus,
the seismic events that triggered the Lovell Wash clastic
pipe represent the early stage of major plate-boundary
events between the Pacific and North American plates.

ACKNOWLEDGMENTS

We gratefully acknowledge helpful comments by
Zach Anderson (Utah Geological Survey) and Craig
Depolo (Nevada Bureau of Mines and Geology) on a

Geology of the Intermountain West

103

very early, pre-submission draft of this paper, in ad-
dition to Geology of the Intermountain West reviewers
Margorie Chan (University of Utah), Bart Kowallis
(Brigham Young University), and Doug Sprinkel (Az-
teca Geosolutions), and Tom Chidsey (Utah Geological
Survey). Thanks to Rod Metcalf (University of Nevada
Las Vegas) for assistance with the thin section photomi-
crographs, to Tom Hickson and Lisa Lamb (both Uni-
versity of St. Thomas, St. Paul, Minnesota, for discus-
sions about Horse Spring Formation stratigraphy, and
to Jeff Cuneo (independent researcher) for encouraging
us to focus our attention on the Lovell Wash clastic pipe.

REFERENCES

Anderson, R.E., 1973, Large-magnitude late Tertiary strike-
slip faulting north of Lake Mead, Nevada: U.S. Geolog-
ical Survey Professional Paper 794, 18 p., https://doi.
org/10.3133/ pp794.

Anderson, Z.W., 2012, Structural and basin evolution of the
eastern Gale Hills, Lake Mead Miocene extensional do-
main, Nevada: Flagstaff, Northern Arizona University,
M.S. thesis, 209 p.

Bohannon, R.G., 1979, Strike-slip faults of the Lake Mead
region of southern Nevada, in Armentrout, ].M., Cole,
M.R., and TerBest, H., Jr., editors, Cenozoic paleogeog-
raphy of the Western United States, Pacific Coast Paleo-
geography Symposium 3: Society for Sedimentary Geol-
ogy (SEPM), Pacific Section, p. 129-139.

Bohannon, R.G., 1984, Nonmarine sedimentary rocks of
Tertiary age in the Lake Mead Region, southwestern Ne-
vada and northwestern Arizona: U.S. Geological Survey
Professional Paper 1259, 72 p., 1 plate, various scales.

Boore, D.M., Stewart, J.P,, Seyhan, E., and Atkinson, G.M,
2014, NGA-West2 equations for predicting PGA, PGV,
and 5% damped PSA for shallow crustal earthquakes:
Earthquake Spectra, v. 30, no. 3, p. 1057-1085, https://
doi.org/10.1193/070113eqs184m.

Cakir, M., Aydin, A., and Campagna, D., 1998, Deformation
pattern around conjoining strike-slip fault systems in the
Basin and Range, southeast Nevada—the role of strike-
slip faulting in basin formation and inversion: Tectonics,
v. 17, no. 3, p. 344-359.

2026 Volume 13



A Clastic Pipe in the Miocene Horse Spring Formation of Southern Nevada—Implications for Shear-Zone Seismicity
Between the Pacific and North American Plates
Stephen M. Rowland and Jerry L. King

Castor, S.B., 1993, Borates in the Muddy Mountains, Clark
County, Nevada: Nevada Bureau of Mines and Geology,
Bulletin 107, 31 p.

Chan, M., Netoff, D., Blakey, R., Kocurek, G., and Alvarez, W.,
2007, Clastic-injection pipes and syndepositional defor-
mation structures in Jurassic eolian deposits—examples
from the Colorado Plateau, in Hurst, A., and Cartwright,
J., editors, Sand injectates—implications for hydrocar-
bon exploration and production: American Association
of Petroleum Geologists Memoir 87, p. 233-244, https://
doi.org/10.1306/1209867M871350.

Chan, M.A., Hasiotis, S.T., and Parrish, J.T., 2019, Enigmatic clas-
tic pipes swarms and implications for fluidization dynamics
in aeolian deposits: Sedimentology, v. 66, p. 513-535.

Chounet, A., Valée, M., Causse, M., and Courboulex, E,
2018, Global catalog of earthquake rupture velocities
shows anticorrelation between stress drop and rupture
velocity: Tectonophysics, v. 733, p. 148-158.

Davies, R.J., Huuse, M., Hirst, P.,, Cartwright, J., and Yang, Y.,
2006, Giant clastic intrusions primed by silica diagene-
sis: Geology, v. 34, p. 917-920.

de Magistris, EP, Lanzano, G., Forte, G., and Fabbrogino, G.,
2013, A database for PGA threshold in liquefaction oc-
currence: Soil Dynamics and Earthquake Engineering,
v. 54, p. 17-19

Dee, S., Ramelli, A.R., dePolo, C.M., and Mahan, S.A., 2024,
Surficial geology and Quaternary fault map of the Las
Vegas Valley, Clark County, Nevada: Nevada Bureau of
Mines and Geology Map 193, 121 p., scale 1:50,000.

Dixon, T.H., Miller, M., Farina, F., Wang, H., and Johnson,
D., 2000, Present-day motion of the Sierra Nevada block
and some tectonic implications for the Basin and Range
province: Tectonics, v. 19, p. 1-24.

Duebendorfer, E.M., Beard, L.S., and Smith, E.I., 1989, Resto-
ration of Tertiary deformation in the Lake Mead region,
southern Nevada: the role of strike-slip transfer faults,
in Faulds, J.E., and Stewart, J.H., eds., Accommodation
Zones and Transfer Faults: The Regional Segmentation
of the Basin and Range Province: Geological Society of
America Special Paper 323, p. 127-148.

Duebendorfer, E.M., and Black, 1992, Kinematic structures
in continental extension—an example from the Las Vegas
Valley shear zone, Nevada: Geology, v. 20, p. 1107-1110.

Duebendorfer, E.M., and Simpson, D.A., 1994, Kinemat-

Geology of the Intermountain West

104

ics and timing of Tertiary extension in the western
Lake Mead region, Nevada: Geological Society of
America Bulletin, v. 106, p. 1057-1073, https://doi.or
g/10.1130/0016-7606(1994)106<1057:KATOTE>2.3.
CO:;2.

Duebendorfer, E.M.,and Wallin, E.T., 1991, Basin develop-
mentandsyntectonicsedimentationassociated withki-
nematically coupled strike-slip and detachment fault-
ing, southern Nevada: Geology, v. 19, p. 87-90, https://
doi.org/10.1130/0091-7613(1991)019<0087:BDAS-
SA>2.3.CO:;2.

Faulds, J.E, and Henry, C.D., 2008, Tectonic influences
on the spatial and temporal evolution of the Walker
Lane—an incipient transform fault along the evolving
Pacific-North American plate boundary, in Spencer,
J.E., and Titley, S.R., editors, Ores and orogenesis—
circum-Pacific tectonics, geological evolution, and
ore deposits: Arizona Geological Society Digest 22,
p. 437-470.

Fryxell, J.E., and Duebendorfer, E.M., 2005, Origin and
trajectory of the Frenchman Mountain block, an ex-
tensional allochthon in the Basin and Range Prov-
ince, southern Nevada: The Journal of Geology, v.
113, p. 355-371, https://doi.org/10.1086/428810.

Gunn, D.A., 2018, Ground motion amplification, in
Bobrowsky, P., and Marker, B., editors, Encyclo-
pedia of engineering geology: Online, https://doi.
org/10.1007/978-3-319-12127-7_146-1.

Hickson, T.A., Ness, A.]., and Lamb, M.A., 2010, Mio-
cene tectonics and climate in the Lake Mead region
revealed by Horse Spring Formation carbonates,
in Umbhoefer, P.J., Beard, L.S., and Lamb, M.A., ed-
itors, Miocene tectonics of the Lake Mead region,
central Basin and Range: Geological Society of
America Special Paper 463, p. 121-145, https://doi.
org/10.1130/2010.2463(06).

Hickson, T.A., Theissen, K.M., and Lamb, M.A., 2022,
Microbialites right under our noses—Miocene and
modern lakes near Las Vegas, Nevada, USA, in Jiang,
G., and Dehler, C., editors, Field excursions from Las
Vegas, Nevada—guides to the 2022 GSA Cordilleran
and Rocky Mountain Section meeting: Geological So-
ciety of America Field Guide 63, p. 109-124, https://
doi.org/10.1130/2022.0063(06).

Hurst, A, and Cartwright, J., editors, 2007, Sand injectates—

2026 Volume 13



A Clastic Pipe in the Miocene Horse Spring Formation of Southern Nevada—Implications for Shear-Zone Seismicity
Between the Pacific and North American Plates
Stephen M. Rowland and Jerry L. King

implications for hydrocarbon exploration and produc-
tion: American Association of Petroleum Geologists
Memoir 87, p. 1-19.

Hurst, A., Scott, A., and Vigorito, M., 2011, Physical char-
acteristics of sand injectites: Earth Science Reviews,
v. 106, p. 215-246, https://dx.doi.org/10.1016/jearsci-
rev.2011.02.004.

Kreemer, C., and Hammond, W.C,, 2007, Geodetic con-
straints on areal changes in the Pacific-North American
plate boundary zone—what controls Basin and Range
extension?: Geology, v. 35, p. 943-947.

Lamb, M.A., Martin, K.L., Hickson, T.A., Umhoefer, PJ., and
Eaton, L., 2010, Stratigraphy and age of the Lower Horse
Spring Formation in the Longwell Ridges area, south-
ern Nevada—implications for tectonic interpretations,
in Umbhoefer, PJ., Beard, L.S., and Lamb, M.A., editors,
Miocene tectonics of the Lake Mead region, central Basin
and Range: Geological Society of America Special Paper
463, p. 171-201, https://doi.org/10.1130/2010.2463(08).

Lamb, M.A., Beard, L.S., Hickson, T., Umhoefer, P, Dunbar,
N., Schleicher, J., and McIntosh, W., 2015, Late Oligo-
cene-early Miocene landscape evolution of the Lake
Mead region during transition from Sevier contraction
to Basin and Range extension: Geological Society of
America Bulletin, v. 127, no. 7/8, p. 899-925, https://doi.
org/10.1130/B31144.1.

Lamb, M.A., Hickson, T.A., Umhoefer, P.J., Anderson, Z.W.,
Pomerleau, C., Souders, K., Lee, L., Dunber, N., and
McIntosh, W., 2022, Middle Miocene faulting and basin
evolution during central Basin and Range extension—a
detailed record from the upper Horse Spring Forma-
tion and red sandstone unit, Lake Mead region, Nevada,
USA: Geosphere, v. 18, p. 1394-1434.

Langenheim, V.E., Grow, J.A., Jachens, R.C., Dixon, G.L., and
Miller, J.L., 2001, Geophysical constraint on the location
and geometry of the Las Vegas Valley shear zone, Neva-
da: Tectonics, v. 20, p. 189-209.

Longwell, C.R., 1974, Measure and date of movement on Las
Vegas Valley shear zone, Clark County, Nevada: Geolog-
ical Society of America Bulletin, v. 85, p. 985-990.

Lowe, D.R., and LoPicolo, R.D., 1974, The characteristics and
origins of dish and pillar structures: Journal of Sedimen-
tary Research, v. 44, no. 2, p- 484-501.

Lunina, O.V,, 2019, An overview of clastic dikes—signifi-

Geology of the Intermountain West

105

cance for earthquake study: Geodynamics and Tectono-
physics, v. 10, p. 483-506.

Lunina, O.V., and Gladkov, A.S., 2016, Soft-sediment de-
formation structures induced by strong earthquakes in
southern Siberia and their paleoseismic significance:
Sedimentary Geology, v. 344, p. 5-19.

Mills, P.C., 1983, Genesis and diagnostic value of soft-sed-
iment deformation structures—a review: Sedimentary
Geology, v. 35, p. 83-104.

Muldashev, L.A., Pérez-Gussinyé, M., and Soboleyev, S.V.,,
2022, Modeling of continental normal fault earth-
quakes: Geochemistry, Geophysics, Geosystems, v. 23,
no. 12, p. 1-19, article €2022GC010615, https://doi.
org/10.1029/2022GC010615.

Munson, P.J., Munson, C.A., and Pond, E.C., 1995, Paleoliq-
uefaction evidence for a strong Holocene earthquake in
south-central Indiana: Geology, v. 23, no. 4, p. 325-328.

Neely, J.S., and Stein, S., 2021, Why do continental normal
fault earthquakes have smaller maximum magnitudes?:
Tectonophysics, v. 809, article 228854, https://doi.
org/10.1016/j.tecto.2021.228854.

Nelson, M.R., and Jones, C.H., 1987, Paleomagnetism and
crustal rotations along a shear zone, Las Vegas Range,
southern Nevada: Tectonics, v. 6, no. 1, p. 13-33.

Netoff, D., 2002, Seismogenetically induced fluidization of
Jurassic erg sands, south-central Utah: Sedimentology,
v. 59, p. 65-80.

Netoff, D.I., and Shroba, R.R., 2001, Conical sandstone land-
forms cored with clastic pipes in Glen Canyon National
Recreation Area, southeast Utah: Geomorphology, v. 39,
p. 99-110.

Obermeier, S.F, Martin, J.R., Frankel, A.D., Youd, T.L., Mun-
son, PJ., Munson, C.A., and Pond, E.C., 1992, Liquefac-
tion evidence for strong Holocene earthquake(s) in the
Wabash Valley of southern Indiana-Illinois, with a pre-
liminary estimate of magnitude: U.S. Geological Survey
Open-File Report 92-406, 70 p., https://doi.org/10.3133/
0fr92406.

Obermeier, S.E, Pond, E.C., and Olson, S.M., 2001, Paleoliq-
uefaction studies in continental settings—geologic and
geotechnical factors in interpretations and back-analy-
sis: U.S. Geological Survey Open-File Report 01-29, 53 p.

Obermeier, S.E, Pond, E.C., Olson, S.M., and Green, R.A.,
2002, Paleoliquefaction studies in continental settings,

2026 Volume 13



A Clastic Pipe in the Miocene Horse Spring Formation of Southern Nevada—Implications for Shear-Zone Seismicity
Between the Pacific and North American Plates
Stephen M. Rowland and Jerry L. King

in Ettensohn ER., Rast, N., and Brett, C.E., editors, An-
cient seismites: Geological Society of America Special
Paper 359, p. 13-27.

Obermeier, S.E, Olson, S.M., and Green, R.A., 2005, Field
occurrences of liquefaction-induced features—a primer
for engineering geologic analysis of paleoseismic shak-
ing: Engineering Geology, v. 76, p. 209-234.

Petersen, M.D., Shumway, A.M., Powers, PM,, Field, E.H., et
al., 2023, The 2023 US 50-state national seismic hazard
model—overview and implications: Earthquake Spectra,
v. 40, no. 1, p. 1-84.

Rowland, S.M., 2022, Geology of Frenchman Mountain and
Rainbow Gardens, southern Nevada, USA, in Jiang,
G., and Dehler, C., editors, Field excursions from Las
Vegas, Nevada—guides to the 2022 GSA Cordilleran
and Rocky Mountain Section Meeting: Geological So-
ciety of America Field Guide 63, p. 23-43, https://doi.
Org/IO.l130/2022.0063(02).

Rowland, S.M., 2025, Desert archaeology and extensional
tectonics—the field trip, in Miller, D.M., and Rowland,
S.M,, editors, Desert archaeology and extensional tec-
tonics, 2025 Desert Symposium Field Guide and Pro-
ceedings Volume, p. 6-33.

Schlee, J.S., 1963, Sandstone pipes of the Laguna area,
New Mexico: Journal of Sedimentary Petrology, v. 33,
p. 112-123.

Sonder, L.J., Jones, C.H., Salyards, S.L., and Murphy, K.M.,
1994, Vertical axis rotations in the Las Vegas Valley shear
zone, southern Nevada—paleomagnetic constraints on
kinematics and dynamics of block rotations: Tectonics,
v. 13, no. 4, p. 769-788.

Thatcher, W., Foulger, G.R,, Julian, B.R., Svarc. J., Quilty,
E., and Bawden, G.W.,, 1999, Present-day deformation
across the Basin and Range Province, Western United
States: Science, v. 283, p. 1714-1718.

Tuttle, M.P,, Hartlieb, R., Wolf, L., and Mayne, PW., 2019,
Paleoliquefaction studies and the evaluation of seismic
hazard, in Porfido, S., Alessio, G., Gaudiosi, G., and
Nappi, R., editors, New perspectives in the definition/
evaluation of seismic hazard through analysis of the
environmental effects induced by earthquakes: Geosci-

Geology of the Intermountain West

106

ences (Special Issue), v. 9, no. 311, p. 1-61, https://doi.
org/10.3390/geosciences9070311.

Wells, D.L., and Coppersmith, K.J., 1994, New empirical re-
lationships among magnitude, rupture length, rupture
width, rupture area, and surface displacements: Seismo-
logical Society of America Bulletin, v. 84, p. 974-1002.

Wernicke, B., Spencer, J.E., Burchfiel, B.C., and Guth, P.L.,
1982, Magnitude of crustal extension in the southern
Great Basin: Geology, v. 10, p. 499-502.

Wernicke, B., Axen, G.J., and Snow, J.K., 1988, Basin and
Range extensional tectonics at the latitude of Las Vegas,
Nevada: Geological Society of America Bulletin, v. 100,
p. 1738-1757, https://doi.org/10.1130/0016-7606(1988)
100<1738:BARETA>2.3.CO:;2.

Wheatley, D.E, Chan, M.A., and Sprinkel, D.A., 2016, Clas-
tic pipe characteristics and distributions throughout
the Colorado Plateau—implications for paleoenviron-
mental and paleoseismic controls: Sedimentary Geol-
ogy, V. 344, p. 20-33, https://dx.doi.org/10.1016/j.sed-
ge0.2016.03.027.

Wheatley, D.F, and Chan, M.A., 2018, Clastic pipes and
soft-sediment deformation of the Jurassic Carmel For-
mation, southern Utah, U.S.A.—implications or pipe
formation mechanisms and host rock controls: Journal
of Sedimentary Research, v. 88, p. 1076-1095.

Wheatley, D.E, Seiler, WM., and Chan, M.A., 2019, The
wind-swept nautilus, enigmatic clastic pipes, and toad-
stool landforms—geologic features of the Paria Plateau,
in Milligan, M., Biek, R.E, Inkenbrandt, P., and Nielsen,
P, editors, Utah geosites: Utah Geological Association
Publication 49, 11 p., https://doi.org/10.31711/geosites.
vlil.67.

Wheeler, R.L., 2002, Distinguishing seismic from nonseismic
soft-sediment structures—criteria from seismic-hazard
analysis, in Ettensohn ER,, Rast, N., and Brett, C.E., ed-
itors, Ancient seismites: Geological Society of America
Special Paper 359, p. 1-11.

Youd, T.L., and Perkins, D. M., 1987, Mapping of liquefaction
severity index: Journal of Geotechnical Engineering, v.
113, p. 1374-1392.

2026 Volume 13



