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ABSTRACT
The Eglington fault is one of several intrabasinal faults in the Las Vegas Valley, Nevada, 

USA, and is the only one recognized as a source for significant earthquakes. Its broad warp 
displaces Late Pleistocene spring deposits of the Las Vegas Formation, which record hydro-
logic fluctuations that occurred in response to millennial- and submillennial-scale climate 
oscillations throughout the late Quaternary. The sediments allow us to constrain the timing 
of displacement on the Eglington fault and identify hydrologic changes that are temporally 
coincident with that event. The fault deforms deposits that represent widespread marshes that 
filled the valley between ca. 31.7 and 27.6 ka. These marshes desiccated abruptly in response 
to warming and groundwater lowering during Dansgaard-Oeschger (D-O) events 4 and 3, 
resulting in the formation of a pervasive, hard carbonate cap by 27.0 ka. Vertical offset by 
as much as 4.2 m occurred after the cap hardened, and most likely after younger marshes 
desiccated irreversibly due to a sudden depression of the water table during D-O event 2, 
beginning at 23.3 ka. The timing of displacement is further constrained to before 19.5 ka as 
evidenced by undeformed spring deposits that are inset into the incised topography of the 
warp. Coulomb stress calculations validate the hypothesis that the substantial groundwater 
decline during D-O event 2 unclamped the fault through unloading of vertical stress of the 
water column. The synchroneity of this abrupt hydrologic change and displacement of the 
Eglington fault suggests that climatically modulated tectonics operated in the Las Vegas Val-
ley during the late Quaternary.

INTRODUCTION
Glacial to interglacial mass changes on the 

landscape driven by melting glaciers and the 
regression of pluvial lakes have been shown 
to increase seismicity on preexisting faulted 
terrains (Hetzel and Hampel, 2005; Hampel 
and Hetzel, 2006; Hampel et al., 2007). The 
load released on the underlying substrate upon 
removal of both solid and liquid water bodies 
was sufficient to produce fault displacement 
at sites throughout the Basin and Range prov-
ince of North America and elsewhere (Ham-
pel et al., 2007; Lagerbäck and Sundh, 2008). 
Here, we introduce a Late Pleistocene land-
scape saturated with water, yet never occupied 
by glaciers or pluvial lakes, as an analogous 
setting in which climate may have acted as the 
mechanism of fault displacement during the 
last glacial period.

During the Late Pleistocene, springs and 
desert wetlands covered at least ∼1425 km2 of 
the extensional basin of the Las Vegas Valley in 
southern Nevada, USA (Harrill, 1976). Hundreds 
of meters of sediment held considerable amounts 
of groundwater as a result of increased effec-
tive precipitation, particularly during the peak of 
the last glaciation (Haynes, 1967; Quade, 1986; 
Springer et al., 2015, 2018). Centennial-scale 
warming associated with Dansgaard-Oeschger 
(D-O) events caused water levels in the valley 
to drop several times during this period, most 
notably after groundwater reached its apex dur-
ing the Last Glacial Maximum (Springer et al., 
2015). Warming during D-O event 2, which 
started at ca. 23.3 ka and lasted several centu-
ries (Andersen et al., 2006), resulted in a sudden 
and dramatic lowering of the groundwater table 
throughout the Las Vegas Valley. We  hypothesize 

that this drop released a significant stress load 
and triggered movement on one of the preexist-
ing intrabasinal faults of the Las Vegas Valley 
fault system (Bell, 1981; Slemmons, 1998; Page 
et al., 2005), namely the Eglington fault.

Here, we provide the first firm constraints 
on the timing of the most recent displacement 
on the Eglington fault. We also determine the 
amount of displacement and propose a mecha-
nism that is supported by both the geologic evi-
dence and the timing of climatic and hydrologic 
changes recorded by the sediments that compose 
the Las Vegas Formation, a Middle Pleistocene 
to early Holocene sequence of groundwater-dis-
charge deposits representing springs and desert 
wetlands that have occupied the valley for at 
least the past 500 k.y. (Fig. DR1 in the GSA 
Data Repository1; Springer et al., 2018). Resolv-
ing the timing, magnitude, and mechanism of 
displacement on the Eglington fault is essential 
in refining current seismic hazard estimates in 
this growing metropolitan area.

THE EGLINGTON FAULT
The Eglington fault is a blind normal fault 

at depth with no brittle surface deformation ob-
served along its 11 km length. Displacement was 
propagated to the surface as a broad warp with 
convex west curvature, deforming the sediments 
of the Las Vegas Formation with reported verti-
cal offset of 10–30 m (Haynes, 1967; Bell, 1981; 
Ramelli et al., 2011). Although largely obscured 
by urbanization, the trace of the fault is still ex-
posed in its northeasternmost segment, near its 
terminus, where this study took place (Fig. 1).

The Eglington fault is likely related to a pre-
existing structure at depth, given that its surface 
expression coincides with a gravity ridge bound-
ing two gravity lows (Plume, 1989;  Langenheim 
et al., 2001, 2005). In addition, seismic  reflection 

1GSA Data Repository item 2020170, additional details on methods, and other supporting information, is available online at http://www.geosociety.org/
datarepository/2020/, or on request from editing@geosociety.org. Downloadable files of the data presented in the Data Repository can be found at https://doi .org/10.5066/
P9URNORV
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data show that it overlies large extensional base-
ment offsets (∼200 m) buried beneath ∼2 km 
of Cenozoic basin-fill alluvium (Langenheim 
et al., 1998).

There is a lack of consensus as to the mech-
anism and timing of displacement of the Eg-
lington fault, and few studies have addressed its 
paleoseismic history (e.g., dePolo et al., 2013). 
The 2014 update of the U.S. Geological Survey 
(USGS) national seismic hazard model classi-
fies it as a late Quaternary fault of tectonic ori-
gin with a slip rate estimate of 0.16 mm/yr, and 
identifies it as the only fault within the Las Vegas 
Valley fault system that is considered a seis-
mic source of earthquakes (M >6), contributing 
significantly to the probabilistic ground-motion 

hazard for the Las Vegas Valley (Petersen et al., 
2014; Haller et al., 2015). The Eglington fault 
displacement history has also been attributed 
to aseismic processes, including climatically 
driven dewatering and subsequent differential 
hydrocompaction of fine-grained sediments at 
the interface with coarse-grained alluvial fan 
deposits (Maxey and Jameson, 1948; Mifflin, 
1998). While differential compaction can oc-
cur in these settings and has been documented 
with respect to historical subsidence related to 
groundwater withdrawal in the Las Vegas Valley 
(Bell, 1981), the spatial distribution of the Las 
Vegas Formation sediments along the Eglington 
fault does not support this hypothesis (Amelung 
et al., 1999).

AMOUNT OF DISPLACEMENT
Widespread marshes that occupied the Las 

Vegas Valley during the last full glacial period 
are represented by bed D2 of the Las Vegas For-
mation—a unit that is discernibly warped by 
the Eglington fault in our study area. Bed D2 is 
the most geographically extensive unit within 
the formation, dates to between ca. 31.7 and 
27.6 ka, and typically consists of 1–2 m of white 
to gray silts with interbedded black mats and 
a prominent, thick (∼1 m), hard groundwater 
(i.e., non-pedogenic) carbonate cap at the top 
(Springer et al., 2015, 2018) (Fig. DR1).

To determine the amount of offset of bed 
D2, we used both lidar data and a high-precision 
Trimble GPS system to measure the position 
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Figure 1. Landsat image of Las Vegas Valley, Nevada, USA, from 2017 CE with locations of all known Quaternary faults from the U.S. Geologi-
cal Survey (USGS) Quaternary fault and fold database (https://www.usgs.gov/natural-hazards/earthquake-hazards/hazards/faults/, accessed 
05 August 2019). Landsat image is courtesy of USGS Earth Resources Observation and Science Center (https://www.usgs.gov/centers/eros). 
Inset: Location of Las Vegas Valley in southern Nevada (red star).
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and elevation of the carbonate cap on both the 
up- and downthrown sides of the fault. We found 
that this bed is offset vertically by as much as 
4.2 m (Fig. DR2).

TIMING OF DISPLACEMENT
The Las Vegas Formation sequence provides 

a detailed and nearly complete record of dy-
namic hydrologic changes for the past ∼40 k.y., 
including cycles of wetland expansion and 
contraction that correlate tightly with abrupt 
warming during D-O events as well as other 
millennial and submillennial climatic oscilla-
tions (Springer et al., 2015, 2018). The congru-
ence of the Las Vegas Formation deposition with 
Northern Hemispheric climatic events allows us 
to constrain the timing of surface deformation 
and inferred displacement of the Eglington fault 
on these time scales.

The fault deforms the deposits of bed D2, 
including the hard carbonate cap at the top of the 
unit. This extensive cap represents a sequence 
of events during the last full glacial period in 
which carbonate-rich silts and clays were de-

posited in marshes and wet meadows starting 
at ca. 31.7 ka, followed by rapid depression of 
the water table, desiccation of the wetlands, and 
case hardening under warm, dry conditions asso-
ciated with D-O events 4 and 3 that center at ca. 
28.8 and 27.7 ka, respectively (Andersen et al., 
2006) (Figs. 2–3). Based on the age of bed D2 
and assuming a duration of 500 yr for each of 
these D-O events (Andersen et al., 2006), desic-
cation of the wetland and concomitant hardening 
of the carbonate cap at the top of bed D2 were 
complete by ca. 27.0 ka. Displacement along the 
Eglington fault must have occurred after the cap 
hardened, post–27.0 ka.

Shortly after this time, the water table in the 
Las Vegas Valley rose again, and groundwater 
levels reached their maximum height (at or 
near the surface), creating widespread marshes 
represented by bed D3, between ca. 25.8 and 
24.5 ka (Springer et al., 2015, 2018). Along the 
valley axis, bed D3 has largely been stripped, 
but its extensive marginal facies is preserved 
in the western parts of the valley overlying bed 
D2. Based on its distribution and stratigraphic 
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Figure 2. Conceptualized conditions at ground 
surface in the Las Vegas Valley study area 
(Nevada, USA), pertinent stratigraphic units 
of Las Vegas Formation, and position of water 
table (shown in blue and marked by inverted tri-
angle) and Eglington fault. (A) At ca. 24 ka, water 
tables in Las Vegas Valley reached their maxi-
mum height, extensive marshes provided water 
source for megafauna, bed D3 sediments had 
been deposited on top of hard carbonate cap of 
bed D2, and there was no deformation on Egling-
ton fault. (B) Between ca. 23.3 and 23.0 ka, water 
tables dropped between 10 and 33 m, which trig-
gered displacement on fault, deforming bed D2. 
This irreversible drop in water table led to ero-
sion throughout the valley, and sediments of 
bed D3 were largely stripped, exposing warped 
carbonate cap of bed D2. (C) Today, water tables 
are low, bed D3 has been completely eroded, 
and bed D2 is broken up and heavily dissected. 
Within warp, D2 cap is offset vertically by as 
much as ∼4.2 m, and undeformed sediments 
of beds E0, E1a, E1d, and E2c are inset 2–4 m into 
incised topography of bed D2.
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Figure 3. Displacement on the Eglington fault (Nevada, USA) compared to hydrologic records 
of the Las Vegas Formation and timing of climatic fluctuations interpreted from oxygen isotope 
(δ18O) data from Greenland ice cores. Top panel: Timing and rate of fault displacement, includ-
ing our preferred scenario that displacement occurred in response to significant drop in water 
table and concomitant unloading of vertical stress during and post– Dansgaard-Oeschger 
(D-O) event 2 and deposition of bed E0 between 23.3 and 19.5 ka (thick dark line). Alternatively, 
displacement between 27.0 (post–D-O event 3) and 19.5 ka is also shown (thin gray line). Middle 
panel: Discrete discharge events shown in green, and intervening aridification shown in tan 
(after Springer et al., 2015, 2018). Identifiers above green bars refer to beds of the Las Vegas 
Formation. Black filled circles are calibrated radiocarbon ages with uncertainties presented 
at 2σ (95%) confidence level that were published previously (Springer et al., 2015, 2018); red 
filled circles denote ages reported here for the first time (Table DR5 [see footnote 1]). Ground-
water discharge flow regimes represented by Las Vegas Formation sediments. Bottom panel: 
δ18O data from Greenland ice core records using GICC05 chronology (Andersen et al., 2006).
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position elsewhere, bed D3 was certainly pres-
ent in the Eglington area, but has been eroded 
away (Fig. 2).

Dramatic lowering of the water table 
throughout the valley occurred later, coinci-
dent with D-O event 2, beginning at ca. 23.3 ka, 
marking the final collapse of the last full-glacial 
marshes that dominated the landscape. Exten-
sive erosion, commonly several meters or more, 
occurred at this time. Importantly, D-O event 2 
also marks the timing of a fundamental change 
in the hydrology of the valley, as groundwater 
discharge flow regimes shifted from marshes 
and wet meadows to point-source discharge 
through faults resulting in spring-fed streams 
and minor spring pools. This pattern began at 
23.0 ka and prevailed through the rest of the 
Pleistocene and into the early Holocene (Spring-
er et al., 2015, 2018).

Near the Eglington fault, the reinitiation 
of spring discharge at 23.0 ka is recorded by 
deposits of bed E0 (Fig. 3). Soft-sediment de-
formation is observed in this unit dating to ca. 
19.7 ka, possibly as a result of ground motion 
(Fig. DR3). The fault acted as a conduit for ris-
ing groundwater, and flat-lying, undeformed 
sediments of bed E0 (19.5–19.4 ka) are inset 
2–4 m into the deformed and subsequently in-
cised topography of bed D2 (Fig. 2). Additional 
undeformed spring-discharge units, including 
beds E1a (ca. 15.5 ka) and E1d (13.5–13.4 ka), are 
also inset into bed D2 within the warp. Finally, 
bed E2c, an early Holocene spring-fed fluvial 
system with extensive tufa formation that dates 
to 10.6–8.5 ka, drapes unbroken over the warp 
(Figs. DR4–DR5). Together, these inset units 
show that incision of the warp, and hence dis-
placement, must have occurred prior to 19.5 ka, 
and there is no evidence that the fault has been 
active since that time (Fig. 3).

Bed D2 and the multiple, undeformed inset 
units of the Las Vegas Formation provide ro-
bust constraints on the timing of displacement, 
and also allow us to calculate maximum slip 
rates during the Late Pleistocene. The geologic 
evidence suggests that up to 4.2 m of vertical 
offset occurred after 27.0 ka, and most likely 
after 23.3 ka, but before 19.5 ka. A slip rate of 
0.6 ± 0.1 mm/yr is the most conservative esti-
mate if deformation took place between 27.0 and 
19.5 ka. Our preferred scenario, however, is that 
all of the displacement occurred during and after 
D-O event 2, between 23.3 and 19.5 ka, result-
ing in a slip rate of 1.1 ± 0.2 mm/yr (Fig. DR6).

CLIMATE CHANGE AS A MECHANISM 
OF FAULT DISPLACEMENT

The abrupt transition to warm conditions 
during D-O events at the end of the last full 
glacial period, particularly during D-O event 2, 
occurred within decades to centuries. In the Las 
Vegas Valley, dramatic lowering of groundwater 
levels occurred in temporal synchroneity with 

these warming events, which removed a signifi-
cant load over a preexisting fault structure in 
a short amount of time. We estimate that the 
minimum and maximum amounts of ground-
water drawdown during the warming of D-O 
event 2 were 10 and 33 m, respectively, which 
means that the mass released was 7.11 × 1012 
to 2.35 × 1013 kg, equivalent to removal of a 
∼5–16-m-deep water body across the entire Las 
Vegas Valley (Fig. DR7). We hypothesize that 
this triggered movement on the Eglington fault 
through unloading of vertical stress, akin to in-
duced seismicity related to the removal of gla-
cial ice or pluvial lakes elsewhere in the Great 
Basin.

Was the vertical load released by the rapid 
drop in water-table levels during D-O event 2 
enough to unclamp the Eglington fault? What 
are the hydrogeologic parameters that would al-
low this to occur in the Las Vegas Valley? If the 
removal of the water mass is the only consid-
eration, then a reduction in pore-fluid pressure 
would more than counter the effects of the di-
minished normal stress and the fault would not 
slip. In the Las Vegas Valley, however, there is a 
confining layer between the near-surface aquifer 

and the Eglington fault (Maxey and Jameson, 
1948; Plume, 1989), so the pore pressure on the 
fault remained constant, regardless of variations 
in surface hydrology. With that established, we 
evaluated Coulomb stress changes over a wide 
range of dip angles (40°–70°), coefficient of 
friction values (0.1–0.7), and water-table drop 
estimates (10–33 m). The results show that the 
sudden vertical load change caused by ground-
water withdrawal promotes Coulomb failure on 
the Eglington fault for all dip angles when coef-
ficient of friction values exceed 0.55. When co-
efficient of friction values are between 0.45 and 
0.55, the results are variable and are dependent 
on the dip angle. Displacement is inhibited for 
all dip angles when coefficient of friction values 
are less than 0.45 (Fig. 4; Table DR8 in the Data 
Repository).

All of the available evidence, including the 
climatic and hydrologic history of the Las Ve-
gas Valley recorded in the Las Vegas Formation 
sequence, suggests that climatically modulated 
tectonics is responsible for the most recent dis-
placement on the Eglington fault. Geologic evi-
dence constrains the timing of displacement to 
between 27.0 and 19.5 ka, but it likely  occurred 

Figure 4. Summary of 
Coulomb stress changes 
(Δσf) for the Eglington 
fault (Nevada, USA) over 
a wide range of dip angles 
(40°–70°), coefficient of 
friction values (0.1–0.7), 
and water-table drop 
estimates (10 m, upper 
panel; 33 m, lower panel). 
Changes in Coulomb 
stress fields were suffi-
cient in both magnitude 
and direction to promote 
displacement for all dip 
angles when coefficient 
of friction values exceed 
0.55.
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coincident with a substantial and irrevers-
ible drop in groundwater levels in a relatively 
narrow window of time during and after the 
abrupt warming of D-O event 2, between 23.3 
and 19.5 ka, in one or more earthquake events. 
Coulomb stress-change calculations support 
the hypothesis that this sudden release of the 
groundwater load activated the fault, causing 
it to slip and deform the deposits of the Las 
Vegas Formation by as much as ∼4.2 m verti-
cally. There is no evidence of displacement on 
the Eglington fault subsequent to 19.5 ka. With 
respect to the future seismic potential of the 
Eglington fault, the data and observations pre-
sented here should be incorporated in updates 
of the USGS national seismic hazard model for 
the Las Vegas Valley.
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