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The October 3, 2009 (01:16:00 UTC), Olancha M5.2 earthquake caused extensive liquefaction as well as
permanent horizontal ground deformation within a 1.2 km2 area earthquake in Owens Valley in eastern
California (USA). Such liquefaction is rarely observed during earthquakes of M≤5.2. We conclude that
subsurface conditions, not unusual ground motion, were the primary factors contributing to the liquefaction.
The liquefaction occurred in very liquefiable sands at shallow depth (b2 m) in an area where the water table
was near the land surface. Our investigation is relevant to both geotechnical engineering and geology. The
standard engineering method for assessing liquefaction potential, the Seed–Idriss simplified procedure,
successfully predicted the liquefaction despite the small earthquake magnitude. The field observations of
liquefaction effects highlight a need for caution by earthquake geologists when inferring prehistoric
earthquake magnitudes from paleoliquefaction features because small magnitude events may cause such
features.
+1 650 329 5163.
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1. Introduction

Liquefaction is the loss of strength and stiffness of saturated loose sand
caused by pore-water pressure buildup as the sand contracts when
shaken. It is common in earthquakes with moment magnitudes (M)
greater than 6 and frequently causes damage, but it is rarely associated
with earthquakes ofM≤5.2. In fact, descriptions of liquefactionhave been
published for only four earthquakes with instrumentally determined
M≤5.2 (Kuribayashi and Tatsuoka, 1975; Ambraseys, 1988; Sims and
Garvin, 1995; Galli, 2000). None of these occurrences have been
comprehensively studied from both geological and geotechnical perspec-
tives. The smallest event, and the only one for which liquefaction was
mapped and described in detail, is an M4.6 aftershock of the 1989 Loma
Prieta, California, earthquake (Sims and Garvin, 1995). It liquefied very
susceptible sediments in a nearby tailings pond. (After submission of this
manuscript, itwasbrought to theauthors attention that theApril 15, 2010,
Randolph, Utah,M4.6 earthquake caused liquefaction of alluvial deposits
along a 1 km stretch of the Bear River (C.B. DuRoss, pers. comm., 2010))
Our report documents an unusual occurrence of liquefaction of natural
sediments caused by a small magnitude earthquake, the October 3, 2009
(01:16:00 UTC), Olancha, California, M5.2 earthquake (Fig. 1), and
assesses how well current engineering practice predicts its occurrence.
Observations of liquefaction at very small earthquake magnitudes
have application to both geotechnical engineering and geology. For
geotechnical engineering, these observations provide guidance on the
thresholdmagnitudeatwhich liquefactionpotential shouldbe considered
inpractice.Databases (Cetinet al., 2004;Moss et al., 2006) that areusedby
engineers to support the primary empirical procedures for predicting
liquefaction (Seed and Idriss, 1971) include only one earthquake with
Mb6, the1981M5.9Westmorland, California, earthquake. In addition, the
database on which many predictions of liquefaction-induced horizontal
displacements arebasedcontainsnoearthquakeswithMb6.4 (Youdet al.,
2002). Thus, none of these databases provide empirical guidance to
establish lower magnitude bounds for engineering design. For geology,
the observation of liquefaction during small magnitude earthquakes
provides a threshold magnitude at which liquefaction features might be
generated in the field. Earthquake geologists often use paleoliquefaction
features exposed in excavations across active faults to recognize and date
prehistoric earthquakes. Geologists may even rely exclusively on
paleoliquefaction features to identify prehistoric earthquakes in areas
where active faults are not exposed at the land surface (Obermeier et al.,
2005).

2. Olancha earthquake

The 2009 Olancha M5.2 earthquake was part of an earthquake
swarm that was located in eastern California between the northeast
edge of the Coso Range and the southwest edge of Owens Valley
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Fig. 1. Map of Owens Valley, California (USA), showing liquefaction zone caused by the October 3, 2009 (01:16:00 UTC), Olancha M5.2 earthquake. Dots show epicenters of the
earthquake swarm, colored by indicated date interval. Red andwhite “beach ball” symbols show fault plane solutions, i.e., orientation of nodal planes and direction of slip, of theM5.2
and October 9 M4.3 events. Red quadrants in beach ball are compressional first arrivals of seismic waves. The M4.3 event was recorded at the portable (LIQ) and permanent
accelerographs (HWR, LPA, and OLA) and was used to estimate ground motion at LIQ during the October 3 event.
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Fig. 2. Photographs of liquefaction features. (A) Small sand boils caused by eruptions of
liquefied soil. Note alignment along ground cracks. Tape measure scale is 91 cm (B)
Ground crack with vertical offset of 3 to 4 cm (notebook is 13×20 cm).
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(Fig. 1). The swarm lies within the Walker Lane Belt, a 100-km-
wide zone of active crustal deformation characterized by both
mainshock–aftershock sequences and swarm activity (Hauksson and
Unruh, 2007). Geodetically determined crustal deformation consists of
oblique extension with a right-lateral shear component of ~5.9 mm/
year along the southern part of the Owens Valley Fault Zone (McCaffrey,
2005). Rupture of part of the fault zone in 1872, which is ~9 kmwest of
the swarm, caused one of the largest earthquakes (M~7.6) in California
history (Ellsworth, 1990; Slemmons et al., 2008) (Fig. 1). The
earthquake swarm started gradually in April 2009, with 11 events of
M≥1.3 preceding an M4.7 event on May 23. The M4.7 event was
followed by 165 aftershocks ofM≥1.3 that formed a northwest striking
aftershockdistribution. The sequence resumedonOctober 1withaM5.0
event followed by aM5.2 on October 3 (Fig. 1), and sevenM~4 events.
The latter events included an M4.3 on October 9 (Fig. 1), which was
recorded on a portable seismic network that we deployed in the
liquefaction area. The part of the sequence after October 1, with 570
events of M≥1.3, occurred at depths ranging from 3 to 10 km, and
formed a parallel northwest trend, located 2.5 km to the west of the
trend in May, near the northwest striking Centennial Flat Fault (Jayko,
2009) (Fig. 1). No surface rupture was observed along the fault. In
addition, some aftershocks of the M5.2 earthquake formed a northeast
trend of cross faulting that was orthogonal to the two primary
northwest trends of seismicity. Fault plane solutions of theMN4 events
exhibited pure strike–slip faulting on northwest striking or northeast
striking nodal planes, consistent with the aftershock trends.

3. Liquefaction

Liquefaction during the Olancha M5.2 earthquake occurred at the
southeastmargin of the former Owens Lake (Fig. 1). The area is now a salt
flat or playa as the result of diversion during the last century of theOwens
River and Sierra Nevada streams into the Los Angeles Aqueduct. We
observed liquefaction features along the margin of the playa in an area
where an active alluvial fan is depositing coarser grained sediment over
fine-grained lake beds. Liquefaction features included ground cracks and
sand boils ranging in diameter from meter-size to centimeter- to
millimeter-size (Fig. 2). Liquefaction was irregularly distributed within
an approximately 2-km-long and 0.6-km-wide N10E trending zone. The
epicentral distance from the M5.2 earthquake to the liquefaction zone
ranged from 2.7 to 3.9 km. We note that the maximum distance of
liquefaction to the seismic source, ~3.9 km, lies on the boundary of the
curve proposed by Ambraseys (1988, Fig. 67). One of the authors (Jayko)
first inspected the liquefaction zone 17 h after the M5.2 earthquake and
most of the sand boils were still wet and appeared fresh, indicating that
they were caused by the M5.2 event. Jayko observed a few drier, salt-
crusted, and buried sand boils that may have been associated with the
M5.0 event that occurred 56 h earlier on October 1.

Our field investigation focused on a 0.5-km-long subarea in the
southern part of the liquefaction zonewhere cracks showed a preferred
orientation that we interpret to be caused by lateral spreading, i.e.,
permanent horizontal ground deformation. The predominant orienta-
tion of the ground cracks within the subarea was N15°E, with
orientations ranging fromN15°WtoN20°E.Most of the cracks exhibited
extension with openings ranging from 1 to 4 cm, and were parallel to
slope contours suggesting a downslope movement. The gradient of the
topographic slope in the subarea is 3%. Lengths of ground cracks ranged
from 2 to 20 m. We also observed a 2- to 3-m-wide graben in the
subarea with vertical offsets of 2 to 3 cm across its bounding ground
cracks (Fig. 2B). Aggregate extension across the head of the lateral
spread is unknown, and no toe or zone of compression was observed.

4. Ground motion estimation

We estimated ground motion in the subarea during the M5.2 event
based on a recording of the October 9 M4.3 event with the portable
accelerograph (LIQ) (Fig. 1). LIQ was deployed after the liquefaction was
observed. Estimation was necessary because the closest permanent
accelerograph,OLA,was18 kmfromthe liquefactionzone(Fig. 1). LIQwas
deployed on October 8 at the same location where we subsequently
conducted subsurface exploration, approximately 3.7 km southwest of
the epicenter of theM5.2 event. Ground motion at LIQ was estimated for
theM5.2 event by scaling peak values recorded for theM4.3 aftershock by
the ratio of similar peak values recorded for theM5.2mainshock andM4.3
aftershock at three permanent accelerographs. The three accelerographs,
OLA, LPA, and HWR, were between 18 and 33 km away (Fig. 1). Ratios of
peak values for themainshock to the aftershock of the vector component
of horizontal peak ground acceleration (PGA) ranged from 2.37 to 4.34.
Multiplying PGA recorded at LIQ during the M4.3 aftershock, 0.073 g, by
the ratios at the three permanent stations yields an average of
PGA=0.23 g, and a range of 0.17 to 0.32 g for the M5.2 event. PGA is
consistent with a recent ground motion prediction equation for western
United States earthquakes (Boore and Atkinson, 2008). The equation
predicts amedian of PGA=0.20 g for aM5.2 earthquake at 3.7 km and an
average 30-m-deep shear-wave site velocity of 200 m/s; PGA at one
standard deviation ranges from 0.12 to 0.32 g.

Our approach for estimating PGA assumes fault plane solutions
and the propagation paths to the permanent accelerographs are
similar for the mainshock and the aftershock; the ratio is an estimate
of the ratio of their source strengths. We feel that the assumption is
valid because the epicenters of the M4.3and M5.2 events were only
0.6 km apart and the earthquakes had comparable fault plane
solutions (Fig. 1). In addition, the M4.3 had a focal depth of 9.2 km
as compared to 9.0 km for the M5.2.
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5. Subsurface exploration

We measured geotechnical properties of soil to a depth of 2.0 m
next to the portable accelerograph site LIQ. Grain-size distributions
were determined for soil samples that were collected with two hand
auger borings, B10 and B12, and with a hammer driven core sampler
at B10 (Fig. 3B). We also measured in situ peak and residual
resistances with a field vane that was inserted into each open auger
hole before sampling (Fig. 3A). Soft ground conditions in the
liquefaction area prevented access of our truck-mounted geotechnical
exploration system.

The soil samples indicate that the surficial geology consists of a
thin cover of fluvial wash and beach sand deposits that overlie fine-
grained lake sediment. The uppermost 0.5 to 0.9 m consists of brown
pebble- to medium-grained bedded wash deposits. The sediment in
the interval of 0.9 to 1.6 m is a gray silty sand beach deposit. The
average fines content of the gray sand layer is 13.8±6.7%. The
sediment below approximately 1.6 m is a dark greenish gray, very
plastic, soft clayey silt with 28% of the particle sizes smaller than 5 μm.
Fig. 3. Vertical profile of soil properties at site LIQ (see Fig. 1) based on samples from
borings B10 and B12 and coring. (A) In situ peak and residual vane shear resistances.
(B) Median-diameter grain size and fines content (percentage with diameter less than
0.075 mm). Soil properties of sand boils are plotted at the surface. Depth interval from
0.9 to 1.4 m is inferred to have liquefied.
Thewater table in the borings was 0.46 m deep, which is near the base
of the fluvial wash deposits. The shallow water table is probably a
permanent condition. Active springs discharge at numerous locations
near the historic lake shoreline along the southern edge of the playa.

We infer that gray sand from 0.9 to 1.4 m liquefied. First the sand
boils were predominantly gray colored. Second, median diameter grain
sizes (d50) of sand boil samples, 0.144 mm, overlap with median grain
sizes in this depth interval, 0.131–0.350 mm (Fig. 3B). Third, vane shear
measurements indicate that the weakest and loosest sand in the soil
column is between 0.9 and 1.4 m (Fig. 3A). Peak and residual vane shear
resistances, respectively, are 14.6±11.3 and 5.1±3.2 kPa. Fourth, the
sediment in this interval is fine-grained sand to silty sand with fines
(b0.075 mm) contents of 15.2±8.1%. This sediment favorably com-
pares to liquefiable sands at other liquefaction sites (International
Navigation Association, 2001). And fifth, the inferred shallow source
depth is consistent with the small diameter (b100 mm) of many sand
boils and the absence of field evidence such as splatter from highly
pressurized ejecta. Both field observations suggest that liquefaction-
induced pore-water pressure was low and of short duration when the
soil liquefied.When a soil strata liquefy, pore-water pressure rises to the
total overburden stress (Holzer and Youd, 2007). Thus, the shallower
the liquefaction, the lower the water pressure and head that drives the
venting water and slurry that create the sand boils.

6. Liquefaction potential analysis

Because reports of liquefaction at small earthquake magnitudes
are rare, we tested how well the internationally used Seed–Idriss
simplified procedure (Seed and Idriss, 1971) predicted the Olancha
liquefaction. We used the popular National Center for Earthquake
Engineering Research (NCEER) version of the procedure for the
analysis (Youd et al., 2001). This standardized engineering procedure
relies on field penetration tests to evaluate liquefaction potential. In
the procedure, penetration resistance and seismic loading are plotted
on a chart and compared to the liquefaction strength of sandy soil that
is based on many case histories (Youd et al., 2001). The standard
penetration test (SPT) is the most common field penetration test used
in engineering practice to assess liquefaction potential. In the SPT, a
standardized soil sampler is hammered into the soil and the number
of blows required to advance the sampler one foot is counted. The
field blow count is normalized for stress and corrected for a variety of
factors (Idriss and Boulanger, 2008).

We inferred blow counts from residual vane shear resistance
because as noted we could not drive our geotechnical exploration
system into the study area and measure penetration resistance. We
assumed that residual vane shear resistance in the sand approximates
residual shear strength, and used a recent correlation of residual
strength with SPT blow counts (Idriss and Boulanger, 2008). The
average residual vane shear resistance in the inferred liquefaction
interval, 5.1 kPa, implies a normalized, corrected, clean-sand-equivalent
blow count [(N1)60CS] of 5 blows/ft; residual vane shear resistances at
one standard deviation, 1.9 and8.3 kPa, implyblowcounts ranging from
3.5 to 8.0 blows/ft, respectively. These inferred low blow counts are
consistent with our field observation that the shear vane tended to fall
into the sand under its ownweight upon being lowered into the hole. In
our experience, sands that cannot support even modest field loads
generally have lowfieldblowcounts, typically ~2 blows/ft or less. Afield
blow count of 2 blows/ft with a fines content of 15.2% yields an (N1)60CS
of 6.7 blows/ft.

The simplified procedure predicts soil should have liquefied in the
0.9- to 1.4-m depth interval at LIQ during the M5.2 Olancha
earthquake (Fig. 4). In Fig. 4, the ordinate is the cyclic stress ratio,
which is an average seismic load computed from PGA and vertical
effective stress; the abscissa is the normalized, corrected, clean-sand-
equivalent blow count (Youd et al., 2001). The simplified procedure is
referenced to a M7.5 earthquake, and a magnitude scaling factor
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Fig. 4. Prediction of liquefaction potential of silty sand in the 0.9 to 1.4 m depth interval at
LIQ basedon theNCEERversion of the Seed–Idriss simplifiedprocedure (Youd et al., 2001).
Cyclic stress ratiomeasures strengthof earthquake shaking; blowcount is a function of soil
density. Normalized, corrected, clean-sand-equivalent blow count, (N1)60CS, was inferred
fromresidual shear resistance. Boundary curves for anM5.2 earthquakeare shown for both
lower and upper bound MSFs recommended by the NCEER version.
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(MSF) is used to adjust for different magnitudes. We computed the
M5.2 liquefaction boundary curve with both the lower and upper
bound MSFs recommended by the NCEER version (Youd et al., 2001).
The lower bound MSF produces a more conservative prediction than
does the upper bound MSF, and is therefore more commonly used in
engineering practice. The prediction of liquefaction potential at LIQ
with the upper bound MSF is more ambiguous, but the proximity of
the observed point to the boundary curve would prompt additional
investigation in most applications of the simplified procedure.

7. Conclusions

Liquefaction and lateral spreading during the Olancha M5.2
earthquake provided a rare opportunity to investigate the factors that
contribute to liquefaction during small magnitude earthquakes.
Liquefaction during small magnitude earthquakes presumably depends
on the presence of either or both very susceptible soil and anomalously
high ground motion. We conclude that the liquefaction was a
consequence of site conditions and did not result from anomalously
large ground motion. Both the shallow water table and the presence of
shallowvery liquefiable sandswere theprimary factors that contributed
to the liquefaction. Field-based estimates of PGA were near median
values of western United StatesM5.2 earthquakes.

For engineering practice, successful prediction of the Olancha
earthquake liquefaction with the Seed–Idriss simplified procedure is
encouraging. Although only a single case history, the procedure worked
for a much smaller earthquake than those in the case history database
on which the procedure is based.

For earthquake geology, the shallowness (b2 m) of the deposits
that liquefied, i.e., the source beds, may provide criteria for potentially
recognizing when paleoliquefaction features may have been caused
by small earthquakes, although documentation in additional small
earthquakes is needed. The associated source beds of the paleolique-
faction features should be observable in most trenches and outcrops,
which usually extend to 2-m depths. Shallow source beds for
liquefaction features do not preclude larger earthquakes, but are at
least consistent with small magnitude earthquakes. In any case, our
study, when combined with the other observations of liquefaction
during small earthquakes, indicates that paleoliquefaction features
need not imply either large earthquake magnitude or large ground
motion.
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