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Abstract 17 

The 2019 Ridgecrest earthquake sequence produced a M6.4 foreshock on July 4 and a 18 

M7.1 mainshock on July 5, along with 23 events with magnitude greater than 4.5 in the 19 

24-hour period following the mainshock. The epicenters of the two principal events were 20 

located in the Indian Wells Valley, northwest of Searles Valley near the towns of 21 

Ridgecrest, Trona, and Argus. This paper describes observed liquefaction manifestations 22 

including sand boils, fissures, and lateral spreading features, as well as proximate non-23 
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ground failure zones, that resulted from the event sequence. Expanding upon results 24 

initially presented in a report of the Geotechnical Extreme Events Reconnaissance 25 

Association (GEER), we synthesize results of field mapping, aerial imagery, and 26 

inferences of ground deformations from synthetic aperture radar-based damage proxy 27 

maps (DPMs). We document incidents of liquefaction, settlement, and lateral spreading 28 

in the Naval Air Weapons Station China Lake US military base, and compare locations of 29 

these observations to pre- and post-event mapping of liquefaction hazards. We describe 30 

liquefaction and ground failure features in Trona and Argus, which produced lateral 31 

deformations and impacts on several single-story masonry and wood frame buildings. 32 

Detailed maps of zones with and without ground failure are provided for these towns, 33 

along with mapped ground deformations along transects. Finally, we describe incidents 34 

of massive liquefaction with related ground failures, and proximate areas of similar 35 

geologic origin without ground failure in the Searles Lake bed. Observations in this region 36 

are consistent with surface change predicted by DPMs. We anticipate that data presented 37 

in this paper will be useful for validating near-real time geospatial models and remote-38 

sensing products such as DPMs and for future liquefaction susceptibility, triggering, and 39 

consequences studies being undertaken as part of the Next-Generation Liquefaction 40 

project. 41 

Introduction  42 

The Ridgecrest earthquake sequence, including the M6.4 foreshock on July 4 and the 43 

M7.1 mainshock on July 5, 2019, occurred on faults formerly considered as part of the 44 

greater Little Lake Fault Zone, now differentiated after the recent earthquakes and 45 



3 
 

referred to as the Salt Wells Valley Fault Zone for the M6.4 event, and the Paxton Ranch 46 

Fault Zone for the M7.1 event (Dawson et al., 2020). These are part of the Eastern 47 

California Shear Zone (ECSZ), a northward extension of the right-lateral southern San 48 

Andreas fault tectonic regime that continues northward through the Owens Valley towards 49 

Walker Lane. This zone is bordered to the east by the extensional Basin and Range 50 

province. As shown in Figure 1, developed areas locally affected by the sequence include 51 

the Naval Air Weapons Station China Lake, the City of Ridgecrest, and the two nearby 52 

towns of Trona and Argus in the adjacent Searles Valley. An extensively investigated 53 

feature of these events was substantial surface rupture along the causative faults, which 54 

is presented by Ponti et al. (2020) and Dawson et al. (2020). In this paper, we describe 55 

significant liquefaction-related effects, as well as proximate areas without ground failure, 56 

in Searles Valley and Indian Wells Valley.  57 

Following the M6.4 event on July 4, 2019, multi-agency reconnaissance teams deployed 58 

to the epicentral area to collect perishable information such as ground failure features 59 

and related effects on buildings and infrastructure. The information presented in this 60 

paper represents composite findings from the following teams deployed in the field at 61 

various points in time with different focuses and objectives and utilizing a variety of 62 

different reconnaissance tools: 63 

● Geotechnical Extreme Events Reconnaissance (GEER) team (Stewart et al., 64 

2019; Brandenberg et al. 2020b): on-ground mapping and aerial imagery by means 65 

of small Uninhabited Aerial Systems (sUAS) focusing on earthquake effects in 66 

Trona, Argus, and some portions of the surface fault rupture features (July and 67 

August 2019); 68 
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● U.S. Geological Survey (USGS) and California Geological Survey (CGS) team: on-69 

ground mapping, helicopter overflights, aerial and ground surface photography 70 

focusing on the Naval Air Weapons Station China Lake in Indian Wells Valley (July 71 

through September, 2019); 72 

● National Aeronautics and Space Administration (NASA)-supported team: on-73 

ground mapping of ground failure-related damage within the Searles Lake area 74 

(November 2019; Zimmaro and Hudson 2019). 75 

The main objectives of this paper are to: (1) document occurrences of liquefaction and 76 

adjacent areas of non-ground failure, so as to facilitate the utilization of this data in 77 

liquefaction databases (e.g., Brandenberg et al. 2020a; Schmitt et al., 2017); (2) 78 

demonstrate the effective utilization of multiple information sources to study liquefaction 79 

effects across a broad region with variable access; and (3) use field observations of 80 

ground failure to validate spatial data tools including near real-time liquefaction hazard 81 

maps produced by USGS and synthetic aperture radar-based damage proxy maps 82 

(DPMs) produced by the Advanced Rapid Imaging and Analysis (ARIA) team at the 83 

California Institute of Technology (Caltech) and the NASA - Jet Propulsion Laboratory 84 

(JPL). All data collected by the GEER- (Brandenberg et al., 2019 and 2020b) and NASA-85 

supported (Zimmaro and Hudson, 2019) teams presented and discussed in this paper 86 

are available on DesignSafe (Rathje et al., 2017b). Additional data from the USGS/CGS 87 

reconnaissance team, such as aerial and ground-based photos of liquefaction and other 88 

water-related ground failure features, which were observed after the M6.4 (but before the 89 

M7.1) as well as after the M7.1, are reported in the electronic supplement to this paper 90 



5 
 

(Table S1 and Figures S1-S16). A few of the ground failure features documented in this 91 

paper were also briefly noted by Jibson (2020). 92 

Near real-time damage and liquefaction maps 93 

Damage Proxy Maps  94 

Following major natural and/or anthropogenic events, the ARIA team at Caltech and 95 

NASA JPL, produces near real-time maps to identify the extent of potentially damaged 96 

areas. These DPMs are produced utilizing Synthetic Aperture Radar (SAR) images. Such 97 

techniques are based on differences in phase of radio waves returning to a moving 98 

platform. In the case of the DPMs, these platforms are satellites. DPMs are produced by 99 

comparing interferometric SAR coherence maps from before and after an extreme event 100 

(e.g., Fielding et al. 2005, Yun et al. 2011). Such maps are typically produced following 101 

major earthquakes, hurricanes, floods, and wildfires. A known issue with SAR-based data 102 

is that damage detection is challenging in areas with potential sources of noise, including 103 

vegetation coverage, steep topography, and areas where the landscape is modified over 104 

a short period of time (e.g., due to human activities). The study region in Figure 1 contains 105 

sparse plant cover. Furthermore, anthropogenic activities only occur in a small portion of 106 

this region as it mainly consists of undeveloped land that is publicly inaccessible. As a 107 

result, it provides a nearly ideal setting for validating DPM predictions.  108 

DPMs and similar SAR-based products have previously been compared against 109 

observations following recent events including the 2011 M9.1 Tohoku earthquake 110 

(Ishitsuka et al., 2012), the 2015 M7.8 Gorkha earthquake (Yun et al., 2015), the 2016 111 
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Central Italy earthquake sequence (Franke et al., 2018 and Sextos et al., 2018), and the 112 

2018 M6.6 Hokkaido earthquake (Jung and Yun, 2020). These comparisons show good 113 

general agreement between areas with building and/or ground failure damage and DPMs. 114 

However, additional high-quality observations are needed to develop formal quantitative 115 

metrics to analyze the reliability of such maps. As a result, the ground-truth data 116 

presented in this paper constitutes a valuable resource to validate DPMs and similar 117 

remote sensing products against liquefaction and related ground failure.  118 

A public DPM was released following the Ridgecrest earthquake sequence on July 12 119 

2019 (https://aria-share.jpl.nasa.gov/20190704-0705-Searles_Valley_CA_EQs/DPM/). 120 

Figure 1 shows the DPM, observed surface rupture features, and outlines of more 121 

detailed maps showing liquefaction features presented in this paper. The DPM in Figure 122 

1 covers an area of 300 by 250 km. Each pixel in the map is 25 by 30 m. This level of 123 

resolution can be used to detect regions with high damage. However, it may be too coarse 124 

to identify small damage features such as pavement cracks, individual sand boils, or 125 

damage to individual buildings. The map was created using SAR data available from the 126 

Copernicus Sentinel-1 satellites, operated by the European Space Agency (ESA).  127 

The DPM in Figure 1 is based on pre- and post-event SAR images taken before the M6.4 128 

event (on July 4, 2019) and after the M7.1 event (on July 10, 2019). During the period 129 

between the two image acquisitions, 30 earthquakes with magnitude greater than 4.5 130 

were recorded in the area (USGS, 2020). As a result, damage proxies result from the 131 

cumulative effects of multiple events. This map shows colored pixels only where 132 

coherence loss values are above the noise threshold (defined by the map developers). 133 

These colored pixels represent zones where the map identifies significant surface change 134 

https://aria-share.jpl.nasa.gov/20190704-0705-Searles_Valley_CA_EQs/DPM/
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(non-zero damage proxies). Pixels with an associated coherence loss lower than the 135 

noise threshold are not shown in the map. The map captures well the observed fault 136 

surface rupture features from both the M6.4 and M7.1 events. It also shows extensive 137 

surface change within the Searles Lake area and more distributed surface changes in the 138 

Paxton Ranch and Salt Wells Valley areas. In the remainder of the paper, we compare 139 

observed liquefaction surface manifestations to spatial data tools including DPM 140 

predictions in greater detail.  141 

USGS Liquefaction Hazard Maps 142 

As part of the Earthquake Hazards Program, the USGS developed a ground failure 143 

earthquake product to augment the Prompt Assessment of Global Earthquakes for 144 

Response (PAGER) system (Allstadt et al. 2017). Following major earthquakes 145 

worldwide, this product provides near real-time maps of earthquake-induced landslide 146 

and liquefaction probabilities. Both the liquefaction and landslide maps are derived from 147 

models that utilize ground shaking intensity as an input, which allows the maps to be 148 

rapidly generated, but which does not take into account information from remotely sensed 149 

images, as the DPMs do. 150 

Geospatial liquefaction models are used to generate the liquefaction hazard maps, which 151 

are conditioned on ground motion parameters and globally-available inputs. The two 152 

models currently used are:  153 

• Preferred model: Zhu et al. (2017) with additional modifications by Baise and 154 

Rashidian (2017) 155 

• Alternate model: Zhu et al. (2015) 156 
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Ground motion inputs are taken from ShakeMaps (Wald et al. 2005, Worden and Wald, 157 

2016), which in turn are derived from instrumental recordings, ground motion models, and 158 

site conditions estimated from topographic slope (Wald and Allen, 2007). Additional inputs 159 

related to liquefaction vulnerability include mean annual precipitation (from Hijmans et al., 160 

2005), distance from the coast (NASA Ocean Color Group; 161 

oceancolor.gsfc.nasa.gov/cms/DOCS/DistFromCoast), distance from rivers (from USGS 162 

Hydrosheds database; https://hydrosheds.cr.usgs.gov/dataavail.php), and water table 163 

depth (from Fan et al., 2013).  164 

The USGS published liquefaction hazard maps following each of the M6.4 and M7.1 165 

events. Since most of the liquefaction features were observed following the M7.1 166 

mainshock, in the remainder of the paper we compare field observations to the second 167 

USGS liquefaction hazard map.  168 

Regional Geologic Setting, Geologic Materials, and Geohydrology  169 

Indian Wells Valley and Searles Valley are located in the southwestern corner of the Basin 170 

and Range geomorphic province near its interface with the Mojave Desert geomorphic 171 

province. The northern portion of the Basin and Range province is called the Great Basin 172 

region which is approximately bounded by the Garlock fault on the south and the Sierra 173 

Nevada mountains on the west, and extends to the Colorado Plateau to the east and the 174 

Columbia Plateau to the north. The province is characterized by interior drainage with 175 

lakes and playas, and the typical horst-and-graben geologic structure (subparallel, fault-176 

bounded ranges separated by down-dropped basins) that include valleys such as Death 177 

Valley, Owens Valley, and Honey Lake Basin, and associated mountain ranges. The 178 

https://hydrosheds.cr.usgs.gov/dataavail.php
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Mojave Desert geomorphic province is bound by the Garlock fault on the north and the 179 

San Andreas fault on the southwest and extends east to the Colorado Plateau. The 180 

Mojave Desert province is characterized by a broad interior of isolated mountain ranges 181 

separated by desert plains. 182 

Indian Wells Valley and Searles Valley are both alluvial basins characterized by alluvial 183 

fan deposits on the flanks of the surrounding mountains with lacustrine deposits in the 184 

interior of the basins. The alluvial deposits are derived from the surrounding mountains 185 

which are primarily Paleozoic to late Mesozoic granitic bedrock (Kunkel and Chase, 1969) 186 

and volcanic deposits (Schweig, 1984). 187 

Indian Wells Valley contains a dry playa called China Lake which is located at an 188 

approximate elevation of 650 m above mean sea level (AMSL) (North American Vertical 189 

Datum of 1988, NAVD 88). Searles Valley also contains a playa called Searles Lake at 190 

an approximate elevation of 490 m AMSL (NAVD 88). 191 

As shown in Figure 2, there are three distinct geologic units within the Indian Wells Valley: 192 

alluvium (including some windblown dune deposits), lacustrine deposits, and playa 193 

deposits as described by Berenbrock and Martin (1991) and Bullard et al. (2019). The 194 

alluvium consists of moderately- to well-sorted gravel, sand, silt, and clay of Pleistocene 195 

and Holocene ages and continues to be actively deposited. The fines content increases 196 

and the thickness of alluvial deposits decreases toward the central portion of China Lake. 197 

Lacustrine deposits contain silt and silty clay of Pleistocene age and overlies the alluvial 198 

deposits in the center of the basin (Kunkel and Chase, 1969). Playa deposits consisting 199 

of silt and clay with occasional sand lenses overlay the lacustrine deposits are Holocene 200 
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in age, and are being actively deposited. The aeolian sand dune deposits are Holocene 201 

in age (Warner, 1975 and Lancaster et al., 2019). 202 

As shown in Figure 3 (vicinity of Trona and Argus), Searles Valley has a similar 203 

stratigraphy to Indian Wells Valley with Pleistocene and Holocene alluvium consisting of 204 

fine to coarse sand with little gravel and fines, Holocene playa silt and clay, and Holocene 205 

aeolian dune sand. However, the lacustrine deposits differ in that they contain thick 206 

evaporite deposits interbedded with lacustrine silts and clays. The evaporites consist 207 

primarily of halite, thermonatrite, thenardite, and ulexite with gypsum locally common in 208 

some units (Smith, 2009).  209 

The two valleys include two hydrographically closed groundwater basins: Indian Wells 210 

Valley and Searles Valley Groundwater Basins of the South Lahontan Hydrologic Region 211 

(California Department of Water Resources, DWR, 2003). The Salt Wells Valley 212 

Groundwater Basin is located between the two in the saddle where Highway 178 crosses 213 

the Argus Range. During the Pleistocene, the region was much wetter and these currently 214 

isolated groundwater basins were connected by the Owens River (McGraw et al., 2016). 215 

Based on data from observation wells collected in the period 1959-2019, we 216 

reconstructed the depth to ground water in the study area (Figure 1). Within the Indian 217 

Wells Valley Groundwater Basin the depth to groundwater varies from the ground surface 218 

in the center of the valley near Paxton Ranch to greater than 100 m below ground surface 219 

(bgs) on the margins of the valley (California DWR, 2020). Within the Salt Wells Valley 220 

Groundwater Basin there is groundwater at the ground surface in the center of the basin 221 

to greater than 15 m bgs along the margins (California DWR, 2020). The Searles Valley 222 
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Groundwater Basin has surface water present in the central-western portion of the 223 

Searles Lake playa associated with mining activity from the Searles Valley Minerals, Inc. 224 

Groundwater throughout the playa ranges from less than 1 m bgs to approximately 2 m 225 

bgs (California DWR, 2020). The groundwater in this basin is a brine with pH values 226 

between 9.2 and 9.5 (Smith, 1979). 227 

Sites at Naval Air Weapons Station China Lake  228 

The Naval Air Weapons Station, China Lake (NAWS) base is located within the Basin 229 

and Range geomorphic province of California, within the ECSZ. Developed areas within 230 

the NAWS China Lake are primarily within the Indian Wells Valley, located between the 231 

Sierra Nevada Mountains to the west, the Coso Range to the north, and the Argus Range 232 

to the east. Our observations of liquefaction-related ground failure features in the NAWS 233 

were focused primarily within lacustrine and playa deposits.  234 

Reconnaissance Methods 235 

Methods of recording liquefaction features included post-earthquake helicopter 236 

overflights and field geologic mapping. High-quality single-lens reflex imagery was used 237 

to record observations with GPS-enabled locations, as well as digital photos collected 238 

using ArcCollector software on iPad tablets. Both types of imagery were collected in 239 

overflight reconnaissance and during field verification. Limits of liquefaction were 240 

generally noted during overflight observations. The team performed a subsequent ground 241 

deployment targeting surface fault rupture areas. During this field deployment liquefaction 242 

features were visited on the ground, when near to surface rupture locations. Due to time 243 

constrains with helicopter overflights, available NAWS escorts, and USGS/CGS field 244 
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teams, our observations focused on primary surface rupture. Overflight reconnaissance 245 

was performed at an elevation of about 152 m above the ground surface, or less.  246 

The 3rd and 11th authors comprised the first team members to perform helicopter 247 

overflight and aerial photography on the afternoon of July 5, 2019, after the M6.4 248 

foreshock and prior to the M-7.1 mainshock. The next day, helicopter reconnaissance 249 

was again performed following the predominantly northwest-oriented surface rupture 250 

associated with the July 5, 2019 M7.1 mainshock. Several other overflights were 251 

performed on subsequent days. CGS and USGS geologists paired up daily as earthquake 252 

response teams, where the primary focus was to document and measure surface rupture 253 

and to obtain geo-located photographs of any liquefaction-related or ground failure 254 

features. Track logs of these helicopter flights are shown in Figures S17 and S18. 255 

Findings 256 

Review of the distribution of liquefaction-related features was performed by identifying 257 

liquefaction features from CGS staff photographs and entering GPS coordinates of each 258 

photo into an ESRI ArcGIS geodatabase and map. The GPS coordinates of photos taken 259 

during overflights refer to the location of the helicopter. However, we tried, when possible, 260 

to identify persistent features on the ground and report the actual location of the 261 

observation, rather than the location of the helicopter. As a result, locations of 262 

observations made during overflights refer as best as possible to their actual location on 263 

the ground. Data were subdivided into separate categories of liquefaction surface 264 

manifestations and other ground failure features such as: sand boils, lateral spreading, 265 

and seepage or springs. Areas with widespread liquefaction features were then 266 
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delineated into separate polygons, as shown in Figure 2. At each feature point, hyperlinks 267 

were set to link a specific photo file of that feature in our geodatabase currently residing 268 

at CGS, which will be made available in the future.  269 

For the NAWS base observations, Table S1 presents locations of liquefaction features 270 

observed during post-earthquake reconnaissance, grouped into Areas A-C (North Dry 271 

Lakebed Area – Paxton Ranch, Central Area – Southeast end of China Lake, and 272 

Southern Area – Salt Wells Valley, respectively). Figures S1-S16 show photos of 273 

representative liquefaction effects at selected locations discussed in this section, and 274 

listed in Table S1. 275 

As shown in Figure 2, areas of liquefaction-related ground failures from the Ridgecrest 276 

earthquake sequence are found within three primary areas on the NAWS base: Paxton 277 

Ranch, the southern end of China Lake Playa, and Salt Wells Valley. Site conditions 278 

where liquefaction features exist included saturated or very shallow groundwater levels, 279 

loose, fine-grained playa and lacustrine sediments, and areas where natural springs 280 

occur at bedrock-alluvium contacts. Also, near the southern edge of the China Lake playa, 281 

leakage from the sewage ponds and corresponding drainage channels from Lark Seep 282 

to the playa are a contributing factor. Seasonal rains collect in both the China Lake and 283 

Salt Wells Valley areas, promoting shallow groundwater conditions. 284 

Liquefaction features appeared to coincide with fault surface rupture locations in the 285 

Paxton Ranch area. Lateral spreads were prominent throughout the central portion of the 286 

small playa in this area and concentrated just inside the outer edges of the playa (Figure 287 

2 and S1). Ground failures that occurred in the Paxton Ranch area did not appear to 288 
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impact infrastructure, as these features appeared to be fairly constrained to the small, 289 

unnamed northern playa surface.  290 

In southern China Lake, springs or seeps were located within the playa deposits, 291 

approximately 35-50 m from the bedrock-alluvium contact (35.714920°, -117.592197°). 292 

Large sand boils with central openings 2-4 m in diameter were located 125-160 m west 293 

of the main M7.1 surface rupture (35.733098°, -117.582061°) as shown in Figure 2 and 294 

S8. Ground failures were noted in the China Lake area at a sewer treatment pump house, 295 

located within the eastern portion of China Lake playa, about 1.7 km west of the main 296 

M7.1 rupture. Damage to this structure included excavation backfill settlement (ring 297 

fractures) and external pipe connection dislocations. Foundation settlement was not 298 

observed, although shallow groundwater pumping extended outside the building and 299 

some external utility poles were tilted. Lateral spread features were observed along the 300 

southern end of China Lake playa near a shallow detention basin (35.723812°, -301 

117.567984°), about 70m away from the bedrock-alluvium contact (Figure S10). Other 302 

buildings located along the southern edge of the China Lake playa (35.711727°, -303 

117.601528°) exhibited foundation settlement, displaced or broken water lines, and tilted 304 

utility poles.  305 

In the Salt Wells Valley area, lateral spreads were common near channel margins, and 306 

along edges of Salt Wells Valley creek where sediments were moist to wet. Observations 307 

of liquefaction features within Salt Wells Valley did not appear to impact infrastructure at 308 

the base, and no incidents were reported to us during our reconnaissance. Some 309 

liquefaction-related features (lateral spreads and three sand boils) were observed in the 310 
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Salt Wells Valley area following the M6.4 event, but prior to the M7.1 mainshock (Figure 311 

2 and S13).  312 

Comparison to Pre-Event Susceptibility Map and Post-Event Liquefaction Hazard Map 313 

Previous studies for liquefaction potential were performed by Banks (1982), by 314 

investigating sediments within Indian Wells Valley to evaluate the possibility of seismically 315 

induced liquefaction of sediments beneath important structures at the NAWS. Banks’ 316 

study produced a susceptibility matrix that included age of deposit, soil type, and depth 317 

to groundwater. The results from that study concluded that much of the study area has a 318 

strong likelihood of liquefaction if earthquake ground motions from a set of 5 sources 319 

(Sierra Nevada, Little Lake, Airport Lake, Argus, Garlock, and background seismicity) with 320 

a 100-year event return period were to occur. As part of the study, a map was produced 321 

showing areas with near-surface sediments having high-, moderate-, and non-susceptible 322 

conditions. The Salt Wells Valley was not included in the study by Banks. Portions of the 323 

Banks map that overlapped with our study area were digitized and are included in Figure 324 

2. We find that the map successfully identified locations of liquefaction at Paxton Ranch 325 

and Southern China Lake, but that it did not predict the liquefaction effects at the margin 326 

of China Lake or in the Salt Wells Valley, and predicted large zones of liquefaction 327 

susceptibility where no effects were observed during our field visits  (i.e., false positives). 328 

This overprediction was likely influenced by the map having been derived from older 329 

groundwater depths and precipitation catalogues and having limited information on soil 330 

type information, factors which control liquefaction susceptibility. 331 
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Figure 4 shows the near real-time liquefaction probability map produced by USGS 332 

following the M7.1 mainshock. The map predicts high probability of liquefaction within 333 

China Lake, the Salt Wells Valley, and in the Paxton Ranch area. The spatial distribution 334 

of liquefaction surface manifestation in these regions seems to be consistent with the 335 

prediction of the liquefaction hazard map. In these areas the predicted probability of 336 

liquefaction ranges between 5-20%. In the western portion of Figures 4 and S18, west of 337 

China Lake, the predicted probability map does not appear to be consistent with our on-338 

ground and overflight observations.  339 

Trona and Argus 340 

Trona and Argus are situated near the northwestern margin of Searles Lake (Figure 3). 341 

Geologic features include lacustrine deposits along the margin of Searles lake, alluvial 342 

deposits upslope from the lacustrine deposits, and alluvial fans near the base of the hills 343 

to the northwest. Liquefaction features were apparent throughout this region. 344 

Reconnaissance Methods 345 

The GEER Team visited Trona and Argus July 5-7, 2019, and documented evidence of 346 

liquefaction using geotagged digital photos and ground-based mapping techniques using 347 

tape measures and GPS track logs. A Phase II GEER team subsequently visited sites of 348 

interest in Trona and Argus the following week to gather sUAS images that were 349 

processed using Structure from Motion techniques to obtain point clouds and digital 350 

elevation models. Data from these studies is publicly available and documented by 351 

Brandenberg et al. (2020b). The GEER reconnaissance effort did not focus on Searles 352 
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Lake due to access restrictions. However, a follow-up visit by a subset of the team in 353 

November 2019 with cooperation from Searles Valley Minerals Inc. expanded the 354 

locations of observed liquefaction effects (Zimmaro and Hudson, 2019). This 355 

reconnaissance effort utilized geotagged photos, GPS track logs, and ground 356 

measurements. 357 

Findings 358 

Figure 5 shows locations of observed liquefaction features (sand boils and cracks in 359 

hardscape and paving) in Trona and a portion of Searles Lake. Sand boils were 360 

encountered along the southern edge of Trona near the northern margin of Searles Lake 361 

(e.g., Figure 6a). Sand boils frequently occurred at discontinuities on the ground surface 362 

such as pavement edges, utility fixtures, pre-existing cracks (prior to earthquake 363 

sequence), and developed cracks (created as a result of the earthquake sequence). 364 

Examples of these various sand boil features are available in the accompanying 365 

supplements and Brandenberg et al. (2019; 2020b).  366 

Ground cracks caused by extensional strain due to lateral spreading were apparent near 367 

the sand boils, and throughout the investigated region (Figure 6: b, c, g). The orientation 368 

of the extensional cracks was variable. Many cracks trended toward the northeast, 369 

parallel to the lake perimeter, but other cracks were at different angles. We interpret this 370 

to indicate that the lateral spreading was predominantly toward the lakebed, but lateral 371 

movement occurred in other directions as well, possibly due to the influence of structures 372 

on ground displacements, or due to ground oscillation (Figure 6g). In addition to the 373 

extensional ground cracks, compressional features were also observed in various regions 374 
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(Figure 6: d, e, f, h), as evidenced by buckled concrete curbs, and regions where the 375 

asphalt pavement cracked and rode up over adjacent pavement.  376 

Field mapping to record locations of cracks and approximate crack widths were performed 377 

along three transects in Trona (shown in Figure 5). Transect TT1 was initiated at Mountain 378 

View Street and continued east to Jones Street, ultimately ending near the northeast 379 

corner of the Family Dollar store. Transect TT1 is approximately 325 m long with 380 

elevations (from Google Earth Pro, see Data and Resources section) that range from 506 381 

- 501 m MSL (west to east), indicating an average ground surface slope along the transect 382 

of approximately 1.6%. Figure 7 shows cumulative crack width versus distance along the 383 

transect. The sum of the ground crack widths measured along TT1 is 89 cm. Example 384 

images of ground cracks along Transect TT1 are shown in Figure 6h. We acknowledge 385 

that the sum of crack widths along a transect, as shown in Figure 7, may underestimate 386 

lateral movement, due to measurement errors or extensional features that do not manifest 387 

as cracks (Rathje et al., 2017a). 388 

As shown in Figure 5, transect TT2 was oriented in a nearly north-to-south direction, 389 

starting near the northwest limit of the ground failure region and ending at the Family 390 

Dollar parking lot. Transect TT2 is approximately 122 m long with elevations (from Google 391 

Earth Pro) that range from 503 - 500 m MSL (north to south-southeast), indicating an 392 

average gradient of approximately 2.3%. As shown in Figure 7, the sum of the ground 393 

crack widths measured along TT2 is 71 cm. Example images of ground cracks along 394 

Transect TT2 are shown in Figure 6c.  395 
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Transect TT3 was initiated at the intersection of Magnolia Avenue and Argus Avenue and 396 

continued southeast, ending at the intersection of Argus Avenue and Trona Road. 397 

Transect TT3 is approximately 53 m long and the elevation difference (from Google Earth 398 

Pro) is estimated as 2 m, indicating an average ground surface slope along the transect 399 

of approximately 4%. The sum of the ground crack widths measured along TT3 is 45 cm. 400 

Example images of ground cracks along Transect TT3 are shown in Figure 6f.  401 

The tension cracks in Trona that are documented in the transects occurred within a region 402 

that had been subject to pre-earthquake ground deformations. This was evident from 403 

patched cracks in pavement, some of which re-opened during ground shaking. To the 404 

extent possible, the field teams sought to document “fresh” cracks that they believed 405 

opened during the earthquake, and only those features are included in the transects 406 

reported in Figure 7.  407 

Liquefaction-related features were also observed in Argus (Figure 8). The ground surface 408 

in the area shown as experiencing liquefaction has a gentle slope. The ground surface 409 

exhibited extensional cracks ranging from less than a millimeter to approximately 10 cm 410 

in width. The lateral spreading features became less frequent with proximity to the hills 411 

west of Argus, and were more pervasive along the axis of a large alluvial fan (Figure 3). 412 

A photographic survey was performed along a transect on A Street (designated Transect 413 

AT1), approximately along the axis of the alluvial fan (Figure 8). The transect was 457 m 414 

long with elevations (from USGS Topographic Map, see Data and Resources section for 415 

more details) that range from 499 - 524 m MSL (east to west), indicating an average 416 

ground surface slope along the transect of approximately 5%. The extensional features 417 

were measured along Transect AT1 in Figure 8, with cumulative crack widths as shown 418 



20 
 

in Figure 7. An example of lateral displacement cracking observed along Transect AT1 is 419 

shown in Figure S19. The sum of ground crack widths measured across the 457 m-long 420 

transect was approximately 57 cm.  421 

Whereas in Trona the documented lateral spread features were co-located with or nearby 422 

sand boils or other liquefaction surface manifestations, ejected material was not observed 423 

in Argus. Figure 8b shows Transect AT1 along with the DPM produced following the 424 

earthquake sequence. The damage proxy map and ground-based field observations are 425 

in good agreement along this transect. At the intersection of A Street (AT1 transect) and 426 

Trona Road, non-zero damage proxies occur toward the southwest of the transect. At this 427 

location, the DPM helps identify the edges of this lateral spread feature. 428 

A portion of the railroad track that passes through Argus was damaged, apparently by 429 

liquefaction-related ground movements, following the earthquake sequence. This feature 430 

occurred near the intersection of three different geologic units (gravel and sand, older 431 

alluvium, and sand and silt; Brandenberg et al., 2020b). Figure S20a, b shows photos 432 

taken on July 6 while repair works were taking place. At this site, tension cracks and 433 

lateral spreading openings were visible. An orthomosaic image, point cloud, and digital 434 

elevation model of the area (produced following completion of the repair works), showing 435 

the railroad repair zone, is available on DesignSafe (Winters et al., 2019). 436 

Ground Failure Effects on Buildings 437 

Structures in the Towns of Trona and Argus appear to have been affected by liquefaction-438 

induced ground failure/movement, primarily from lateral spreading. Figure 9 shows 439 

examples of buildings that experienced damage in Trona, some of which may have been 440 
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liquefaction-related. Figure 9a shows a 2.5 cm-wide crack in the wall connecting the 441 

Esparza Restaurant and the adjacent building that occurred as a result of lateral 442 

spreading in combination with ground shaking. Figure 9b shows wall cracks on the 443 

eastern side of the Esparza Restaurant that has misaligned the door frame and caused 444 

the door to remain ajar. Figure 9c and 9d show significant displacement and cracking of 445 

a sidewalk due to lateral spreading (there is a 0.5 L plastic bottle within the crack in Figure 446 

9c). Figure 9e and 9f show structural damage in the form of large cracks in the floor slab 447 

of a museum due to lateral spreading, while Figure 9d shows a compressional crack in a 448 

sidewalk, along with damage to the adjacent building column. Figure 9h shows the 449 

Esparza Restaurant, which experienced wall cracks from lateral spreading in the M6.4 450 

event that were widened in the M7.1 event, which the GEER team photographed after 451 

each event. It is possible that some of the observed cracks pre-dated the earthquake 452 

sequence and were subsequently widened by the earthquake. The crack shown in Figure 453 

9h on the eastern wall of the Esparza Restaurant building continued up to the roof, and 454 

the roof diaphragm was pulled apart, as shown in Figure 9i. Apparent effects of 455 

liquefaction on structures also occurred in Argus where structures that were heavily 456 

damaged were located on or near the alluvial fan, which exhibited evidence of lateral 457 

spreading in the form of tension cracks. Structural damage took the form of chimney 458 

separations from buildings, masonry cracks from extensional movements, toppled walls, 459 

and punch-through in retention walls (Stewart et al. 2019). 460 
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Searles Lake 461 

Searles Lake is a source of mineral-rich resources, which are mined by Searles Valley 462 

Minerals Inc. Main extraction activities at Searles Lake are based on solution mining 463 

operations involving wells that are used to pump out brine. The brine is then processed 464 

to produce products such as salt, borax, boric acid, and sodium sulfate. Since a portion 465 

of the lake (mainly in the northwest area, next to Trona) is used continuously for mining 466 

activities, authorization is required to access the area. The first GEER team deployed in 467 

the region in July 2019 did not enter the mining zone. 468 

Reconnaissance Methods 469 

As shown in Figure 1, the DPM produced following the Ridgecrest earthquake sequence 470 

indicates significant surface change within the Searles Lake area. High concentrations of 471 

non-zero SAR-based damage proxies are typically indicative of substantial 472 

damage/ground deformation. As a result, a second team (1st and 4th authors) requested 473 

and obtained authorization to access the area on November 19 2019 to perform 474 

reconnaissance to evaluate potential ground deformations in the area. The areas of the 475 

lake visited during this reconnaissance mission are outside of the mining activity zones 476 

and no extreme weather events occurred in the time between the earthquake mainshock 477 

and field deployment. As a result, we do not anticipate that the delay impacted our ability 478 

to document liquefaction features. Reconnaissance activities were performed with the 479 

assistance of Searles Valley Minerals personnel. This reconnaissance effort was 480 

performed utilizing geotagged photos, GPS track logs, and ground measurements. 481 
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Results of this reconnaissance mission (maps and photographs) are available on 482 

DesignSafe (Zimmaro and Hudson, 2019).  483 

Since the lake area is large (roughly 16 by 9 km), priority zones were selected using the 484 

DPM (Figure S21). Non-zero damage proxies may be related to any surface changes. 485 

Since mining activities are concentrated in the northwest area of the lake, this zone may 486 

present surface changes from both earthquake-related ground failures and human 487 

activities. Our observations were made outside of the zones of mining activity, and hence 488 

are anticipated to result from earthquake-related ground failure.  489 

The DPM in Figure 10 shows non-zero damage proxies roughly aligned with the lake 490 

margins. Portions of the lake boundary that exhibit such patterns include the north-west 491 

edge of the lake and two semi-circular concentric zones in the south-west area of the 492 

lake. In the area of the lake south-west of Trona a large portion of the lake is covered by 493 

a cluster of non-zero damage proxies, while in the area south-west of Argus, a large 494 

number of proxies are aligned along the lake margin. Figure 11 shows the USGS near 495 

real-time liquefaction hazard map produced following the M7.1 mainshock. This map 496 

shows high probability of liquefaction in the central zone of the lakebed. It predicts low or 497 

no liquefaction hazard along the lake margins.  498 

Findings 499 

Figure 10 shows the track log from the reconnaissance and locations of geotagged 500 

photos. Figure 10 also provides an overview of the reconnaissance findings. Figure 12a 501 

shows a photo of the central zone of the eastern edge of the lake (Zone 1 in Figure 10). 502 

This photo was taken from the road located southwest of the linear damage zone 503 
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highlighted by the DPM. It shows a relatively narrow (about 110 m wide) zone covered by 504 

greyish ejecta with different coloration than surrounding material. This zone is potentially 505 

useful to study liquefaction susceptibility as it is a clear example of variable liquefaction 506 

performance over a short length scale. At this location the probability of liquefaction 507 

predicted by the USGS liquefaction hazard map is ~4%. 508 

Massive liquefaction was observed near the southwest edge of the lake (labelled Zone 2 509 

in Figure 10). Thousands of sand boils (Figure 12c), ground fissures and cracks (Figure 510 

12d), and abundant sand, gravel (Figure 12d,e), and brine-evaporite ejecta (Figure 12f) 511 

were observed along the relatively narrow NW-SE line depicted on the DPM. We use the 512 

term brine-evaporite to indicate that after the brine fluid was ejected onto the surface, 513 

evaporites precipitated out of the solution as it evaporated. Figure 12f shows a sand boil 514 

entirely covered by a thin brine-evaporite layer. This sand boil covers an area containing 515 

sand from two smaller (and older) boils. Two hypotheses can be formulated to explain 516 

this phenomenon: (1) both manifestations occurred during the same event - the smaller 517 

sand boils were caused by liquefaction occurring in a more surficial layer, while the brine 518 

boil occurred in a deeper layer, or (2) the two liquefaction manifestations were triggered 519 

by separate events. The correct hypothesis cannot be identified from the available data, 520 

because reconnaissance was performed following the major events in the earthquake 521 

sequence. Within Zone 2, the USGS liquefaction hazard map predicts a probability of 522 

liquefaction ranging between 5-8%. 523 

Widespread liquefaction manifested in hundreds of sand boils, cracks, and fissures was 524 

observed in the area southeast of Trona (highlighted in Figure 10). Ground movements 525 

are also indicated in this area by the DPM. Similar observations were made on the 526 
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northwest edge of the lake. In this broad north-northwestern zone of the lakebed, the 527 

USGS liquefaction hazard map predicts low (1-2%) or zero probability of liquefaction. 528 

Observations at Searles Lake confirmed ground deformation patterns reported in the 529 

DPM. The USGS liquefaction hazard map predicts liquefaction in the lakebed region but 530 

the actual observed deformation patterns are not consistent with the map. The mismatch 531 

is especially pronounced along the margin of the lakebed where liquefaction was 532 

observed at various locations, but predicted liquefaction probabilities are low. Zones 1 533 

and 2 in Figure 10 represents clear examples of DPM true positives (areas where non-534 

zero damage proxies are present and ground failure features are observed). True 535 

positives from the DPM were also observed in the area immediately southwest of Trona 536 

and at the southwest edge of the lakebed. Some spot checks were performed to identify 537 

potential true negatives (areas where colored damage proxies are not present and no 538 

ground deformations are observed). Such occurrences were observed in at least four 539 

zones in the south and southwest zones of the lakebed (labelled as “No damage” in Figure 540 

10). Neither DPM false positives (areas where non-zero damage proxies are present but 541 

no ground deformations are observed), nor DPM false negatives (areas where non-zero 542 

damage proxies are not present but ground deformations are observed) were observed 543 

at Searles Lake. However, these outcomes do not represent a comprehensive validation 544 

of the DPM at Searles Lake as many areas were not accessed and inspected. 545 

Nonetheless, these preliminary findings are encouraging regarding the effectiveness of 546 

DPMs for the no-vegetation conditions in the Searles Lake area. False positives were 547 

also observed in the USGS liquefaction hazard maps. At two of the four locations labelled 548 

as “No damage” in Figure 11 (west of Zone 1), the USGS liquefaction hazard map 549 
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predicted a relatively high probability of liquefaction of ~10%. This map correctly predicted 550 

a low (1-3%) probability of liquefaction at a location east of Zone 1, where no damage 551 

was observed. 552 

In earlier sections of this paper, we have presented many location-specific field 553 

observations and noted the degree of agreement with DPMs or USGS Liquefaction 554 

Hazard maps. Here we seek to assemble the available findings. Doing so requires that 555 

the potential liquefaction effects can be separated from other effects in the DPMs – 556 

arguably this is not the case for the China Lake sites (due to proximity to surface rupture, 557 

which produces large movements that obscure liquefaction features) and human-558 

occupied regions such as Trona and Argus (where anthropogenic effects add noise to the 559 

maps). This leaves the Searles Lake sites as providing the optimal conditions for the 560 

comparison.  561 

We focus on the southern portion of the lakebed, south of 35.74°, where we have six sites 562 

where liquefaction was observed and five sites without ground failure. For the purpose of 563 

the quantitative comparison, we use a 0.5% probability of liquefaction threshold for the 564 

USGS maps (i.e., ≥ 0.5% = liquefaction, < 0.5% = no ground failure) and pixels with 565 

colorations for the DPMs. Based on these thresholds, the “correct” predictions of field 566 

observations are made 10 of 11 times (~90%) for DPM and 5 of 11 times for the USGS 567 

map (~50%). Using a higher threshold probability of liquefaction, equal to 5%, results are 568 

similar (correct predictions are made 5 of 11 times). 569 

There are alternative means by which the utility of USGS maps can be assessed. 570 

Arguably, their purpose is not to identify specific locations of liquefaction/no-ground 571 
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failure, but rather to highlight broader regions where liquefaction may or may not have 572 

occurred. Viewed from this perspective, region-wide quantitative metrics may be useful 573 

to assess performance. Again returning to the southern region of Searles Lake (surface 574 

area of 94.8 km2), the percentage of land area identified by the DPM to have deformations 575 

is 18.7% (17.7 km2), which given the favorable performance of DPMs to field 576 

observations, can be taken as rough estimate of the percentage of land affected by 577 

liquefaction. The percentage of land area with probability of liquefaction greater than 5% 578 

and 10% from the USGS liquefaction hazard map is 57.3% (54.4 km2) and 18.0% (17.1 579 

km2), respectively. These figures broadly agree with the field performance. Hence, while 580 

the USGS maps do not predict at a high percentage the specific locations of liquefaction, 581 

they do appear to correctly asses the percentage of affected land within the broader 582 

lakebed geomorphic province. 583 

Summary and Research Significance  584 

We present liquefaction and related ground failures triggered by the 2019 Ridgecrest 585 

earthquake sequence. Observations presented in this paper were collected as a result of 586 

a multi-agency interdisciplinary collaboration between GEER, CGS, USGS, and NASA. 587 

We present data on liquefaction manifestations including lateral spread features, sand 588 

boils, pavement cracks, fissures, and sand and gravel ejecta in three regions: (1) within 589 

Naval Air Weapons Station China Lake, (2) in the towns of Trona and Argus located on 590 

the northeast margin of Searles Lake, and (3) within the interior of Searles Lake. Data 591 

collected in Trona, Argus, and the naval base were collected in July-August 2019 during 592 

the GEER deployment, while data within Searles Lake were collected in November 2019. 593 
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The latter deployment was organized using SAR-based DPMs as a guidance tool for 594 

planning and identification of priority areas.  595 

The documentation of field performance presented in this paper comprises one 596 

component of a liquefaction case history, with remaining components (not developed 597 

here) being ground motion demands and geotechnical site conditions. With future work 598 

to develop those attributes, we anticipate that the data presented here can impact future 599 

liquefaction models in the following respects:  600 

● The well-documented lateral spread features in Trona and Argus along four 601 

transects can contribute to the development of lateral spread models for “ground 602 

slope” (not free-face) conditions.  603 

● Variable ground performance with respect to the manifestation of liquefaction-604 

induced ground failure over short length scales at the edge of Searles Lake could 605 

provide valuable insights into how subtle changes in soil composition or 606 

depositional environment affect liquefaction susceptibility.  607 

● Ground failure-related building damage in Trona and Argus. Such data may inform 608 

future models for effects of soil-structure-interaction on building performance with 609 

liquefiable foundation soils. 610 

Furthermore, the data presented in this paper constitutes a valuable resource for 611 

validating SAR-based DPMs and near real-time liquefaction hazard maps. The USGS 612 

liquefaction probability maps are generated in near real-time following major earthquakes, 613 

while DPMs are produced within a matter of days following extreme events (including 614 

hurricanes, earthquakes, and wildfires). Both maps are still being calibrated and validated 615 
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against observed damage. Thus, ground truth information is key for improving these 616 

products and their reliability in detecting post-event damage. Quantitative assessment of 617 

the performance of these maps shows that DPMs identify specific locations and areas 618 

where surface change occurred. However, these maps cannot discern among different 619 

sources of deformations. The DPM performed particularly well in the southern portion of 620 

Searles Lake where earthquake-induced surface changes were mostly related to 621 

liquefaction surface manifestations. More work is needed to quantitatively correlate raw 622 

coherence loss values with the percentage land covered by liquefaction surface 623 

manifestations (i.e., by using high-resolution satellite imagery). The USGS liquefaction 624 

hazard map, does not identify specific liquefaction or no-ground failure locations 625 

accurately, but it is effective at identifying broad percentages of land with ground failure 626 

in an impacted geomorphic province (Searles lake bed). 627 

Data and Resources 628 

Moment tensors for the M6.4 and M7.1 events were retrieved from the USGS event pages 629 

at: https://earthquake.usgs.gov/earthquakes/eventpage/ci38443183/moment-tensor and 630 

https://earthquake.usgs.gov/earthquakes/eventpage/ci38457511/moment-tensor, 631 

respectively (last accessed on January 14, 2020). Fault traces from the Uniform California 632 

Earthquake Rupture Forecast, Version 3 (UCERF3) model were retrieved from the CGS 633 

open data portal at: https://data.ca.gov/dataset/cgs-map-sheet-48-fault-based-seismic-634 

sources-used-in-the-uniform-california-earthquake-rupture (last accessed on May 1, 635 

2020). The Damage proxy map used was retrieved from the NASA ARIA-JPL event page 636 

at: https://aria-share.jpl.nasa.gov/20190704-0705-Searles_Valley_CA_EQs/DPM/ (last 637 

https://earthquake.usgs.gov/earthquakes/eventpage/ci38443183/moment-tensor
https://earthquake.usgs.gov/earthquakes/eventpage/ci38457511/moment-tensor
https://data.ca.gov/dataset/cgs-map-sheet-48-fault-based-seismic-sources-used-in-the-uniform-california-earthquake-rupture
https://data.ca.gov/dataset/cgs-map-sheet-48-fault-based-seismic-sources-used-in-the-uniform-california-earthquake-rupture
https://aria-share.jpl.nasa.gov/20190704-0705-Searles_Valley_CA_EQs/DPM/
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accessed on January 14, 2020). The USGS liquefaction probability map produced 638 

following the M7.1 mainshock was retrieved from the USGS event page at: 639 

https://earthquake.usgs.gov/earthquakes/eventpage/ci38457511/ground-failure/ 640 

summary (last accessed on May 1, 2020). Observation wells data were retrieved from the 641 

California DWR database at: http://wdl.water.ca.gov/waterdatalibrary/groundwater/ 642 

hydrographs/brr_hydro.cfm?CFGRIDKEY=23361 (last accessed on May 1, 2020). The 643 

USGS topographic map was retrieved from the USGS National Geospatial Program – US 644 

Topo at: https://www.usgs.gov/core-science-systems/national-geospatial-program/us-645 

topo-maps-america?qt-science_support_page_related_con=0# (last accessed on May 1, 646 

2020). Elevation data were retrieved from Google earth pro 647 

(https://www.google.com/earth/versions/#earth-pro, last accessed on May 7, 2020). All 648 

maps were produced using QGIS (QGIS Development Team, 2020, QGIS Geographic 649 

Information System. Open Source Geospatial Foundation Project, http://qgis.osgeo.org, 650 

last accessed on January 14, 2020). A summary table of observations at the Naval Air 651 

Weapons Station, China Lake and 18 Figures showing liquefaction features at the at the 652 

Naval Air Weapons Station, China Lake and Argus are available in the electronic 653 

supplement to this paper. 654 
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al., 2020) and locations of surface change as provided on a Damage proxy map produced 820 

following the M7.1 event. Fault traces are from the Uniform California Earthquake Rupture 821 

Forecast, Version 3 (UCERF3) model (Field et al., 2014). Observation well data were 822 

obtained from California Department of Water Resources (DWR). Moment tensors were 823 

obtained from USGS (see Data and Resources Section). Outlines of detailed maps in 824 

Figures 2-3 shown.  825 

Figure 2. Surface geologic map of eastern portion of Indian Wells Valley showing 826 

locations of mapped liquefaction features. Liquefaction susceptibility zones modified from 827 

mapping by Banks (1982). 828 

Figure 3. Map of the northwestern portion of Searles Valley showing the general geologic 829 

material underlying the towns of Trona and Argus. The estimated extent of the dry Searles 830 

Lake is also depicted. 831 

Figure 4. Map of the Indian Wells Valley, observed liquefaction features, and USGS near 832 

real-time liquefaction hazard map. 833 

Figure 5. Map of Trona showing locations of observed liquefaction effects and lateral 834 

spreading measurement transects overlayed on (a) surface geology map and (b) damage 835 

proxy map. Geologic units are labeled following descriptions from Smith (2009). 836 

Figure 6. Ground failure from liquefaction in Trona. (a) Sand boil along a pavement crack 837 

created from lateral spreading (35.757483°, -117.37806°). (b, c) Extensional cracks 838 

caused by lateral spreading (35.757325°, -117.377705°; 35.75966°, -117.375892°). (d, f) 839 

Damaged asphalt from buckled curb edge (35.75936°, -117.37676°; 35.762387°, -840 
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117.372586°). (e, h) Compressional features from lateral spreading (35.75897°, -841 

117.37561°; 35.75909°, -117.37552°). (g) compressional and adjacent extensional 842 

features/cracks caused by lateral spreading and ground oscillation (35.75986°, -843 

117.37651°). 844 

Figure 7. Cumulative crack width along transects in Trona and Argus. Transection 845 

locations are shown in Figures 4 and 7.  846 

Figure 8. Map of Argus showing locations of observed liquefaction effects and lateral 847 

spreading measurement transects overlayed on (a) surface geology map and (b) damage 848 

proxy map. Geologic units are labeled following descriptions from Smith (2009). 849 

Figure 9. Ground failure effects on buildings in Trona. (a) Crack at screen wall between 850 

two buildings (35.75979°, -117.376315°). (b, h, i) Wall cracks at the eastern side of the 851 

Esparza restaurant with associated sand ejecta and roof damage (35.75957°, -852 

117.37611°). (c, g) Sidewalk pavement crack and offset likely from lateral spreading and 853 

ground oscillation (35.75982°, -117.37637°; 35.75980°, -117.37606°). (e, f) Cracks in floor 854 

slab from lateral spreading and ground oscillation (35.759802°, -117.376808°). 855 

Figure 10. Damage proxy map produced following the M7.1 event, route of the November 856 

2019 reconnaissance mission, geotagged photo locations, and reconnaissance findings. 857 

Figure 11. USGS liquefaction hazard map produced following the M7.1 event, route of 858 

the November 2019 reconnaissance mission, geotagged photo locations, and 859 

reconnaissance findings. 860 

Figure 12. (a) Narrow liquefaction ejecta zone located in the central portion of the 861 

northeast edge of Searles Lake (35.72701°, -117.27801°), (b-f) fissures, sand boils with 862 
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sand, gravel, and brine-evaporite ejecta observed towards the southwestern edge of the 863 

lake (35.694858°, -117.339622°; 35.6955°, -117.34235°; 35.695913°, -117.34113°; 864 

35.695208°, -117.340462°; 35.695217°, -117.341072°). 865 
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Figures 868 

 869 

Figure 1. Overview of the Ridgecrest 2019 earthquake sequence epicentral area showing 870 

mapped surface fault rupture features following the M6.4 and M7.1 events (from Ponti et 871 
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al., 2020) and locations of surface change as provided on a Damage proxy map produced 872 

following the M7.1 event. Fault traces are from the Uniform California Earthquake Rupture 873 

Forecast, Version 3 (UCERF3) model (Field et al., 2014). Observation well data were 874 

obtained from California Department of Water Resources (DWR). Moment tensors were 875 

obtained from USGS (see Data and Resources Section). Outlines of detailed maps in 876 

Figures 2-3 shown.  877 
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 878 

Figure 2. Surface geologic map of eastern portion of Indian Wells Valley showing 879 

locations of mapped liquefaction features. Liquefaction susceptibility zones modified from 880 

mapping by Banks (1982). 881 
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 882 

Figure 3. Map of the northwestern portion of Searles Valley showing the general geologic 883 

material underlying the towns of Trona and Argus. The estimated extent of the dry Searles 884 

Lake is also depicted. 885 
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 886 

Figure 4. Map of the Indian Wells Valley, observed liquefaction features, and USGS near 887 

real-time liquefaction hazard map. 888 
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 892 
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 893 

Figure 5. Map of Trona showing locations of observed liquefaction effects and lateral 894 

spreading measurement transects overlayed on (a) surface geology map and (b) damage 895 

proxy map. Geologic units are labeled following descriptions from Smith (2009). 896 
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 897 
Figure 6. Ground failure from liquefaction in Trona. (a) Sand boil along a pavement crack 898 

created from lateral spreading (35.757483°, -117.37806°). (b, c) Extensional cracks 899 

caused by lateral spreading (35.757325°, -117.377705°; 35.75966°, -117.375892°). (d, f) 900 

Damaged asphalt from buckled curb edge (35.75936°, -117.37676°; 35.762387°, -901 

117.372586°). (e, h) Compressional features from lateral spreading (35.75897°, -902 

117.37561°; 35.75909°, -117.37552°). (g) compressional and adjacent extensional 903 
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features/cracks caused by lateral spreading and ground oscillation (35.75986°, -904 

117.37651°). 905 

 906 

Figure 7. Cumulative crack width along transects in Trona and Argus. Transection 907 

locations are shown in Figures 4 and 7.  908 
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 909 

Figure 8. Map of Argus showing locations of observed liquefaction effects and lateral 910 

spreading measurement transects overlayed on (a) surface geology map and (b) damage 911 

proxy map. Geologic units are labeled following descriptions from Smith (2009). 912 



51 
 

 913 

Figure 9. Ground failure effects on buildings in Trona. (a) Crack at screen wall between 914 

two buildings (35.75979°, -117.376315°). (b, h, i) Wall cracks at the eastern side of the 915 

Esparza restaurant with associated sand ejecta and roof damage (35.75957°, -916 

117.37611°). (c, g) Sidewalk pavement crack and offset likely from lateral spreading and 917 
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ground oscillation (35.75982°, -117.37637°; 35.75980°, -117.37606°). (e, f) Cracks in floor 918 

slab from lateral spreading and ground oscillation (35.759802°, -117.376808°). 919 

 920 

Figure 10. Damage proxy map produced following the M7.1 event, route of the November 921 

2019 reconnaissance mission, geotagged photo locations, and reconnaissance findings. 922 
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 923 

Figure 11. USGS liquefaction hazard map produced following the M7.1 event, route of 924 

the November 2019 reconnaissance mission, geotagged photo locations, and 925 

reconnaissance findings. 926 

 927 
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 928 

Figure 12. (a) Narrow liquefaction ejecta zone located in the central portion of the 929 

northeast edge of Searles Lake (35.72701°, -117.27801°), (b-f) fissures, sand boils with 930 

sand, gravel, and brine-evaporite ejecta observed towards the southwestern edge of the 931 

lake (35.694858°, -117.339622°; 35.6955°, -117.34235°; 35.695913°, -117.34113°; 932 

35.695208°, -117.340462°; 35.695217°, -117.341072°). 933 
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