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Figure 1 (right)
State of stress in North America (Lund Snee & 
Zoback, 2020). Black lines are SHmax orientations, 
mostly from wellbore measurements or aligned 
microseismic events defining hydraulic frac-
tures. The background depicts the style of fault-
ing using the Aϕ parameter (Simpson, 1997).

• �e state of stress (Fig. 1) determines
which faults are most likely to pro-
duce damaging earthquakes.

• Like natural earthquakes, induced
seismicity usually occurs on the most
favorably oriented faults (e.g., Lund
Snee & Zoback, 2016; Skoumal et al.,
2019).

• Knowing only the orientation of the
maximum horizontal principal stress
(SHmax) and the relative stress magni-
tudes (faulting regime, Aϕ) is su�-
cient for most purposes.

• Very little stress information is avail-
able in Minnesota and throughout
the Upper Midwest (Fig. 2).

• Seismicity rates are low in this area,
but damaging earthquakes can be in-
duced by changes in �uid pressure.

• Minnesota contains large population
centers, two nuclear power stations,
and other critical facilities (Fig. 3).

• We plan to re-enter inactive bore-
holes (Fig. 3) to determine the state
of stress and other geophysical data.

Motivation: Stress data are very limited in the Upper Midwest

Log inactive boreholes for stress, lithology, and geophysical parameters
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Determining fault sensitivity for natural and induced seismic hazards

Log previously obtained drill core
• �e Minnesota Geological Survey and

Department of Natural Resources (MN
DNR) maintain extensive drill core li-
braries (Fig. 4).

• Geophysical measurements will be ob-
tained on core from selected wells dis-
tributed across the state (not necessari-
ly from the boreholes to be re-entered).

• Measurements to be collected include
uncon�ned compressive strength (Fig.
5) and ultrasonic P- and S-wave veloci-
ties (Fig. 6) at surface conditions (mea-
surement at borehole conditions is
possible at greater cost).

• Recently, the Minnesota Geological Survey released an updated map (Fig. 7) of major faults and geologic units
in the crystalline basement (Chandler et al., 2020).

• Earthquakes are most likely to occur within the crystalline basement (i.e., below the sedimentary cover).

• By mapping SHmax orientations and the style of faulting (Aϕ), it will be straightforward to determine which of
those faults are most likely to cause earthquakes in today’s stress �eld and their sensitivity to �uid pressure per-
turbations (Fig. 7).

• This analysis can be done probabilistically; e.g., using Fault Slip Potential (FSP) software (Walsh et al., 2017).

• �e data and analysis will be bene�cial for characterizing induced seismicity hazards at potential sites for
low-temperature geothermal development or energy or carbon storage.

• �e State of Minnesota main-
tains a database of inactive wells
(Fig. 3). About 184 with depths
>1 km are candidates for stress
measurement. Such deep bore-
holes will also be valuable for
seismic site characterization.

• Re-entering existing wells is a
cost-e�ective way to obtain
high-quality stress data
(~$25–70k for 5–7 wells).

• SHmax orientations can be readily
measured in boreholes using
image logs.

• In subvertical wells, borehole
breakouts form perpendicular to
SHmax and drilling-induced tensile
fractures form parallel to SHmax.

• Logging tools will include:
■ An acoustic micro-imager to 

obtain oriented images of the 
wellbore wall;

■ Standard wireline logging 
tools: Full-waveform sonic, 
formation resistivity, natural 
gamma, �uid temperature/re-
sistivity, and 3-arm caliper for 
identifying in-hole hazards.

Figure 7 (left)
Draft, updated geologic map of the 
crystalline basement of Minnesota 
by the Minnesota Geological 
Survey (Chandler et al., 2020). 
Black lines are faults. Dikes are not 
shown. Full legend and description 
of map units are available from 
Jirsa et al. (2012).

Despite its importance for characterizing seismic hazards, the state of stress is poorly understood in 
much of the Upper Midwest and Great Plains. A project is in development to re-enter and log inactive 
boreholes in Minnesota to determine stress orientations, rock properties, and other geophysical parame-
ters. �is e�ort will also involve geophysical logging of previously obtained core samples.
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Figure 2 (below)
State of stress in the Upper Midwest (after Lund 
Snee & Zoback, 2020, 2022). Focal mechanisms 
are from Saint Louis University (Herrmann et al., 
2011). Map extent is shown on Fig. 1.

Figure 3 (above)
Map of inactive boreholes in Minnesota with depths ≥ 500 m (orange dots), 
from the Minnesota Geological Survey. Many are candidates for re-entry.

Figure 6 (below left)
Photo of oscillator at the Univer-

sity of Minnesota for wave speed 
measurements of drill core. 

Figure 5 (below right)
Photo of rock mechanics test 

system (MTS) at the University of 
Minnesota for rock strength 
measurements of drill core.
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Fig. 2

Figure 4 (right)
Photo of core at the Minnesota 

Geological Survey.

Additional applications
• Well log data will be used to determine near-surface seismic velocities for earthquake ground motion prediction.

• Image logs will also be used to determine orientations of natural fracture populations.

• Fluid content and temperature will be logged to support groundwater modeling and low-temperature geother-
mal energy development.

• Lithologies and rock properties in boreholes and core will be valuable for mineral resource exploration, seismic
hazard analysis, prospecting for carbon/energy storage and low-temperature geothermal energy.
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