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Deep wastewater injection-induced seismicity has led to 

over a thousand Mw>3 earthquakes and four Mw>5 

earthquakes in Oklahoma over the last ten years. The 3 

September 2016, Mw5.8 Pawnee, Oklahoma, earthquake 

was the first induced seismic event worldwide, that the 

authors are aware of, where liquefaction was observed and 

documented, raising concerns regarding the liquefaction 

risk posed by future induced earthquakes. Determining the 

suitability of current variants of the simplified procedure 

for evaluating the regional liquefaction hazard caused by 

induced earthquakes is part of an ongoing study. A detailed 

site characterization campaign examining profiles where 

liquefaction was and was not observed following the 2016 

Mw5.8 Pawnee, Oklahoma, earthquake is part of this study. 

The purpose of this paper is to present an overview of the 

sites targeted as part of this testing, and a summary of 

results from the site characterization campaign.
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Figure 1 – Acceleration response spectra for the Zalachoris and 

Rathje (2019) (ZR19) GMPE for induced events in OK, TX, and KS and 

the Hassani and Atkinson (2015) (HA15) GMPE for natural events in 

the Central and Eastern US.

The epicenter of the 3 September 2016, Mw5.8 Pawnee, 

Oklahoma, earthquake, was located about 15 km northwest of 

Pawnee, OK. The Pawnee event was the strongest recorded 

earthquake in Oklahoma history. The U.S. Geological Survey 

(USGS) ShakeMap of peak ground acceleration (amax) for the 

Pawnee event is shown in Figure 2 [5]. Inferred amax values were 

as high as 0.36g within 5 km of the earthquake epicenter, 

decreasing to less than 0.06g at a distance of approximately 40 

km.

Figure 2 – USGS ShakeMap for 2016 Mw5.8 Pawnee, OK earthquake 

showing contours of inferred amax. Liquefaction Sites 1,2, 3, and 4 

identified during post-earthquake reconnaissance [6,7] are also 

indicated.

Post-earthquake reconnaissance [6,7] identified four sites where 

liquefaction manifestations were observed (Figure 3). 

Manifestations observed included sand boils, cracking with sand 

ejecta, and possible lateral spreading.

Figure 3 – Photos of liquefaction taken following the 2016 Pawnee, OK 

earthquake. Photos from Site 1, 2, and 4 courtesy Dan Ripley, Rick Rice, 

and Martin Williams, respectively; photo from Site 3 is from [7].

A preliminary site investigation was conducted at the Pawnee 

liquefaction sites in January 2019. The primary purpose of the 

preliminary investigation was to gather existing information on 

the liquefaction sites and accurately determine areas where 

liquefaction features were and were not observed in order to 

select locations for full site characterization (Figure 4). These 

determinations were made using GPS-tagged photos and 

personal communication with property owners. 

A detailed site characterization campaign was conducted to 

examine profiles where effects of liquefaction were and 

were not observed following the 3 September 2016, Mw5.8 

Pawnee, Oklahoma, earthquake. Characterization efforts 

included CPT, MASW, and HVSR testing. 

Site characterization results are being used to evaluate the 

suitability of current liquefaction evaluation procedures to 

estimate liquefaction potential for induced events and to 

develop new induced seismicity-specific liquefaction 

evaluation procedures. 

Figure 4 – Identified liquefaction areas and test locations selected for 

additional testing.
The stress-based “simplified” liquefaction evaluation 

procedure [1,2] is the most widely used approach to 

evaluate liquefaction potential worldwide. However, the 

procedure is semi-empirical, with the empirical aspects of it 

derived from data from moderate-sized tectonic 

earthquakes in active shallow-crustal tectonic regimes (e.g., 

California). As a result, the suitability of the procedure for 

evaluating the liquefaction hazard due to induced 

seismicity in stable continental tectonic regimes is 

questionable. Induced earthquakes, earthquakes caused by 

human activity such as wastewater injection, are generally 

smaller in magnitude and have different ground motion 

characteristics than the tectonic earthquakes typically of 

interest in liquefaction assessments [3,4] (Figure 1). 

Additionally, the geologic profiles/soil deposits in areas in 

the US experiencing the highest rate of induced seismicity 

(e.g., Oklahoma) differ from those used to develop the 

empirical aspects of the simplified procedure. These 

differences in ground motion characteristics and geology 

can affect site response to shaking and risk of liquefaction. 

Figure 5 – CPT, MASW, and hand auger test locations at Sites 1 and 2.
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Horizontal-to-Vertical Spectral Ratio (HVSR) tests were conducted 

at each site to determine fundamental site frequency (fo) and to 

constrain small-strain shear wave velocity (Vs) models 

determined from subsequent Multichannel Analysis of Shear 

Wave (MASW) data inversions. For Sites 2, 3, and 4, located along 

the Arkansas River, fo was approximately 3 Hz, while it was 0.86 

Hz at Site 1, located along Black Bear Creek. This may be 

indicative of thinner/stiffer alluvium deposits and shallower 

bedrock along the Arkansas River, as compared to profiles along 

Black Bear Creek. 

Full characterization of Sites 1 and 2 was completed in November 

2019. Characterization included cone penetration tests (CPT) and 

MASW tests. Test locations are shown in Figure 5. CPT results for 

liquefaction sites at Site 1 and Site 2 are shown in Figure 6. Factor 

of safety against liquefaction (FSliq) for the Pawnee event was 

estimated using the Central/Eastern US (CEUS) model from [8].
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Figure 6 – CPT test results from areas of observed liquefaction at 

Site 1 (CPT-02) and Site 2 (CPT-04).


