
1. Introduction
Laboratory studies have shown that transient stress changes from passing elastic waves can lead to weak-
ening of faults and triggering of slip (Johnson et al., 2008, 2012; Savage & Marone, 2008; Xia et al., 2013). 
On the field scale, there are numerous well-documented examples of a reduction of seismic velocity during 
large earthquakes (Gassenmeier et al., 2016; Hobiger et al., 2014; Schaff & Beroza, 2004). A common mech-
anism contributing to these phenomena is the nonlinear elastic behavior of rocks. Due to the granular and 
cracked microstructure of rocks, the elastic modulus decreases (i.e., the rock softens) when the dynamic 
strain is greater than ∼10−6 (Guyer & Johnson, 1999; Johnson et al., 2004; Ostrovsky & Johnson, 2001).

Nonlinear softening is particularly important to understand where the geologic processes depend on the 
strength of the rock (e.g., earthquakes). The nonlinear elastic response depends on the physical environ-
ment of the rock, including the confining pressure (Rivière et al., 2016; Shokouhi et al., 2020; Zinszner 
et al., 1997), pore fluid saturation (Van Den Abeele et al., 2002; Zinszner et al., 1997), humidity (Tadavani 
et al., 2020), and temperature (Johnson, 2006; Johnson et al., 2004). Thus, careful measurements of the 
dynamic nonlinear elastic modulus decrease under in situ conditions are required if we are to understand 
how rock nonlinearity influences geologic processes.

Laboratory studies have shown that, for a given strain amplitude, the magnitude of the nonlinear elastic 
response decreases with increasing confining pressure (Brunet et al., 2008; Johnson & Jia, 2005; Rivière 
et al.,  2016; Zinszner et al.,  1997). These studies have been performed on dry and saturated sandstones 
and limestones (Rivière et al., 2016; Zinszner et al., 1997) as well as glass bead packs (Brunet et al., 2008; 
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phenomenon known as dynamic nonlinear rock weakening. Using rock samples from the Alpine Fault in 
New Zealand, we investigate how rock weakening varies with distance to the fault and depth in the Earth. 
We do this using lasers to generate and record ultrasonic waves in our rocks in the laboratory. Close to the 
fault (<30 m), fractured and granular cataclasite rocks show a 3% reduction in strength (shear modulus) 
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that the amount of weakening in the cataclasites decreases; rock weakening is strongest in the several 
hundred meters below the surface. For rocks further from the fault, we do not observe any weakening. 
The nonlinear changes in rock strength we observe, though they may appear small, are important for 
understanding processes such as the triggering of critically stressed faults by seismic waves and fault 
rupture propagation.
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Johnson & Jia, 2005). Several studies also use compressed fault gouge powder in frictional strength exper-
iments to investigate how rock nonlinearity affects triggered fault slip (Johnson et al., 2008, 2012; Savage 
& Marone, 2008; Xia et al., 2013). However, no measurements of the nonlinear elastic response have been 
made to date on whole rocks from the core and shear zones of a fault. This is important, as the microstruc-
ture of fault rocks is controlled by processes that vary with distance to the fault slip zone (e.g., fracturing, 
grain comminution, and hydrothermal alteration) as well as the imprinted ductile deformation processes 
that occurred at greater depth (e.g., mylonitization). We therefore expect to see varying degrees of rock non-
linearity throughout a fault zone.

We study a series of rocks from the Alpine Fault, a major plate-boundary fault in South Island, New Zealand 
(Norris & Cooper, 2007; Sutherland et al., 2017, Figure 1). Using a unique laboratory apparatus (Simpson 
et al., 2019), we record ultrasonic waveforms and compare the coda waves to calculate how the shear mod-
ulus changes as a function of dynamic strain at varying confining pressures. Our aim is to determine the 
existence and, if so, the dependence of dynamic rock nonlinearity on depth and proximity to the fault slip 
zone. Understanding the spatial variation of elastic modulus softening will provide insight into how rock 
nonlinearity affects processes such as coseismic velocity decreases, earthquake triggering, and dynamic 
fault weakening.

SIMPSON ET AL.

10.1029/2021GL093862

2 of 10

Figure 1. The samples investigated in this study are from the Alpine Fault. (a) Location of the Alpine Fault in the 
South Island of New Zealand, along with the location of the samples taken from outcrops and DFDP-1. (b) Cross 
section representative of the hanging wall of the central Alpine Fault, showing the progression of lithologies towards 
the principal slip zone. The thicknesses of the lithological units are approximately to scale (Norris & Cooper, 2007). (c) 
Micro-CT images of the three cataclasites showing microstructural differences among samples and sealing minerals 
due to hydrothermal alteration.
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2. Methods
2.1. Samples

We use the same rock samples studied in Simpson et al. (2020), where the lithology is described in detail. 
In order of decreasing distance to the principal slip zone (PSZ), these rocks are a schist, protomylonite, my-
lonite, ultramylonite, and three cataclasites (Figure 1). The schist and mylonites are collected from surface 
outcrops, whereas the three cataclasites are taken from drill core retrieved from the Deep Fault Drilling 
Project (DFDP-1) boreholes (Townend et al., 2009; Toy et al., 2015). The first cataclasite (denoted 1B) comes 
from the DFDP-1B borehole at a depth of 112.5 m below the surface, while the other cataclasites are from 
the DFDP-1A borehole at depths of 84.2 and 84.8 m (denoted 1A-1 and 1A-2, respectively). The distances of 
the cataclasites from the PSZ are 15.6, 6.55, and 5.95 m for 1B, 1A-1, and 1A-2, respectively.

All rock samples have very similar mineralogy, consisting mainly of mica, quartz, and feldspar, with some 
chlorite and calcite from hydrothermal alteration in the cataclasites (Boulton et al., 2017; Charoensawan 
et al., 2021; Simpson et al., 2020). Microstructurally, the schist and mylonites are foliated with centimeter to 
sub-millimeter bands of mica and quartz/feldspar. Microstructural imaging and porosity estimation show 
that pores are mainly low aspect ratio microfractures, sub-nanometer in scale, with porosities no greater 
than 4% at atmospheric pressure (Adam et al., 2020; Charoensawan et al., 2021; Simpson et al., 2020). In 
contrast, the cataclasites consist of sub-millimeter comminuted grains with varying degrees of hydrothermal 
alteration (Figure 1c; Boulton et al., 2017). Porosity ranges from 5.4% to 22% at atmospheric pressure, and 
is characterized by microfractures and pores with multiple aspect ratios within comminuted grain bands.

Computerized tomography data (Figure 1c) on the cataclasite samples were acquired with a Phoenix X-ray 
micro-CT scanner at Delft University of Technology. Acquisition used 130 kV, 0.5 mA. For the 25-mm di-
ameter cylindrical cores, images were reconstructed with automatic gain control and 9/10 beam hardening. 
The resulting images have a resolution of 30–40 microns.

2.2. Experimental Procedure

We perform wave propagation experiments at increasing ultrasonic microstrains to quantify dynamic non-
linearity. To generate and record elastic waves, we use the laser ultrasonics method (Scruby & Drain, 1990, 
see Simpson et al., 2019 for a detailed explanation of the apparatus). The room-dry samples are encapsu-
lated in a thin brass jacket and aligned with their cylinder axis in the horizontal direction. Infrared pulses 
(<10 ns duration) from a high-power pulsed laser are absorbed on the end face of the sample. The resulting 
rapid thermoelastic expansion creates a source of ultrasonic waves. These waves are recorded on the op-
posite face of the sample using a laser Doppler vibrometer. We simultaneously record waveforms of both 
absolute particle velocity and displacement, digitized at 100 MS/s.

For each experiment, the power of the pulsed laser is increased from 10% to 100% at 10% increments, cor-
responding to energies of ∼50 to 500 mJ/pulse, respectively. For a given laser power, the dynamic strain 
induced in the samples varies due to differences in the absorption and conversion of infrared light to elastic 
waves. We estimate the peak dynamic strain ɛm in a manner similar to nonlinear resonant methods using 
the following expression (e.g., Renaud et al., 2011):

   ,m
m m

AkA
l

 (1)

where k is the wavenumber, Am is the maximum particle displacement amplitude recorded in the wave-
forms (corresponding to the first surface wave arrival), and l is the sample (path) length. Expression (1) as-
sumes a monochromatic sinusoidal perturbation with a wavelength of 2l. Analyzing the frequency content 
of our recorded signals shows that the peak of the power spectral density coincides with the fundamental 
resonant mode with a wavelength of 2l. Thus, expression (1) provides a reasonable lower bound for the peak 
strain induced in the sample at each laser power.

Previous studies have shown that the nonlinear elastic response of rocks is very sensitive to temperature 
fluctuations (Gallot et al., 2015; Johnson et al., 2004; Ten Cate et al., 2002). In our experiments, absorption 
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of the laser pulse slightly increases the thermal energy of the sample. We take several steps to avoid changes 
in temperature affecting the nonlinear response. First, we deliver only five pulses to the sample at each 
power level, spaced 0.1 s apart. This provides an adequate signal-to-noise ratio in our waveforms but limits 
the total heating. Furthermore, we wait 60 s before progressing to the next power level to allow any thermal 
energy to dissipate.

To explore the dependence of nonlinearity on depth, the experiments are performed inside the pressure 
vessel described in Simpson et al. (2019). Experiments are conducted at isotropic confining pressures of 0 
(atmospheric), 0.1, 0.2, 0.5, 1, 2, 5, and 10 MPa. These pressures were chosen to be at approximately regular 
intervals on a logarithmic scale, as we expect nonlinearity to decrease exponentially with depth (Rivière 
et al., 2016; Sens-Schönfelder et al., 2019). Data are acquired on the first downwards cycle of pressure after 
an increase to 15 MPa in order to suppress hysteresis effects. Every time the pressure is decreased, we hold 
the pressure constant for 12 h before the next acquisition. This time delay allows the rock to reach an equi-
librium after the pressure change and ensures we are not measuring velocity changes caused by nonlinear 
slow dynamics (Johnson & Jia, 2005; TenCate, 2011).

Samples studied under pressure are encapsulated in a jacket in order to prevent the confining gas entering 
the pore spaces. The jacket consists of a 150 μm-thick brass shim applied to the sample, sealed with a thin 
layer of epoxy. This jacket has a minimal effect on the absolute wavespeed and frequency content of the 
recorded ultrasound, but these effects do not change with pressure (Simpson et al., 2019). The jacket does 
not contribute to the nonlinear response as its materials are far less nonlinear than the rock itself and it is 
bonded uniformly to the sample with epoxy.

Velocity changes are determined using the dynamic time warping (DTW) method (Durán et al., 2019; Mike-
sell et al., 2015). This method has an advantage over cross correlation methods, as it estimates the absolute 
time shift Δt between waveforms at every sampling point, eliminating the need to average Δt over a window. 
To obtain a robust measure of the relative time delay (Δt/t), we average the DTW relative time lags between 
40 and 140 μs in the coda of each waveform. In doing so, we assume that the relative time delay (and hence 
velocity change) is constant over the duration of the coda. Percentage time delays are calculated relative to 
the adjacent waveform at higher power, and are then transformed to reflect the percentage difference rela-
tive to a common reference. We use the standard error of the mean as an estimate of the uncertainty in the 
average percentage time delay between waveforms. Prior to performing the DTW, a digital low-pass filter at 
100 kHz is applied to all waveforms.

Since the elastic modulus M is proportional to the square of velocity v, we can calculate the relative change 
in modulus to first-order using the following relationship:

  
Δ Δ Δ2 2 ,M v t
M v t

 (2)

where t is time and Δ represents the perturbation of the respective variable. Hence, we obtain the relative 
change in modulus ΔM/M from the relative time delay in the waveforms, Δt/t. For our small samples, the 
coda is largely composed of scattered waves propagating around the surface of the sample. These waves are 
most sensitive to the shear properties of the rock (Adam et al., 2013), implying the modulus M is mostly 
representative of the shear modulus.

3. Results
3.1. Atmospheric Pressure

First, we measure the nonlinear change in shear modulus for all samples under atmospheric pressure con-
ditions. Figure 2a shows the waveforms for the 1A-1 cataclasite as a function of increasing laser power. The 
ultrasound amplitudes (particle velocity) at 100% power are ∼1 order of magnitude greater than those at 
10% power. Using expression 1, the estimated strain at 10% and 100% is 0.2 and 2.1 microstrain, respectively. 
In the coda, the waveforms at higher laser powers show an obvious delay compared to those at lower pow-
ers, indicative of decreasing velocity at higher source powers. In this case, the velocity decreases by ∼0.8%, 
corresponding to a 1.6% reduction in shear modulus.
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Figure 2b shows the change in shear modulus with increasing laser power for all samples under atmospher-
ic pressure conditions. The values have been transformed to show the decrease relative to the waveforms 
recorded at 30% power (waveforms below this power suffered from poor signal-to-noise ratios). The three 
cataclasite samples from the fault core display obvious decreases in shear modulus for increasing source 
power. In contrast, the four schist and mylonitic samples located further from the fault core display no 
change in shear modulus, within the margin of error. For the cataclasites, the magnitude of ΔM/M increases 
as the distance to the fault decreases.
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Figure 2. Results of experiments at atmospheric pressure. (a) Waveforms as a function of increasing source laser 
energy for the 1A-1 cataclasite. Arrows highlight the increasing time delay as the laser power increases. (b) Change in 
shear modulus as a function of laser power for all rocks. All shear modulus decreases are relative to the shear modulus 
at 30% laser power. Shaded regions indicate uncertainty estimates, and the linear color scale corresponds to the 
approximate distance of each sample to the principal slip zone.
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3.2. Measurements Under Pressure

We perform experiments under pressure on two of the cataclasites, 1A-1 and 1B (Figure 3). We do not per-
form any experiments on the schist and mylonites under pressure, as our atmospheric pressure results sug-
gest there will not be a shear modulus change at these strain amplitudes under higher pressures. The largest 
strain recorded at 30% laser power is chosen as the reference. A linear interpolation between points is then 
used to align the data at all pressures with this reference. For the 1A-1 cataclasite, the magnitude of the 
shear modulus change ΔM/M reduces by approximately the same amount between each step in pressure. 
In contrast, the differences between ΔM/M at different pressures are not as regular for the 1B cataclasite. 
For this sample, the total reduction in shear modulus ranges from 0.8% to 1.1% for pressures up to 1 MPa. 
However, the total reduction in shear modulus abruptly decreases to only 0.2% at 2 MPa before staying close 
to 0% at higher pressures. The maximum recorded strain at a given laser power varies as pressure changes 
because radiation losses increase as pressure increases (Simpson et al., 2019).

To quantify how the elastic nonlinearity of these cataclasites changes with pressure, we fit an exponential 
curve in a similar manner to Rivière et al. (2016). This model has the mathematical form:

 
   

 0 0

Δ exp ,M PA
M P

 (3)

where M0 is the reference modulus, P is pressure, A is an amplitude coefficient, and P0 is a characteristic 
pressure. Theoretically, P0 is independent of the strain amplitude and is descriptive of the intrinsic nonlin-
ear properties of the rock. We use a linear interpolation to estimate the change in modulus at several strain 
amplitudes for each pressure and fit expression 3 to these data to find P0 (Figure 4). Qualitatively, ΔM/M 
decreases much more rapidly with pressure for 1A-1 compared to 1B. The value of P0 for 1A-1 is very similar 
for all curve fits, with an average of 1.00 ± 0.23 MPa. In contrast, the characteristic pressure for 1B is over 
twice as high, with an average of 2.31 ± 1.60 MPa. This means that for a given strain amplitude, elastic 
nonlinearity persists to greater pressures for 1B compared to 1A-1. However, the error in P0 for 1B is almost 
70%, in contrast to the 23% error in 1A-1.

4. Discussion
The dynamic nonlinear shear modulus reduction depends on the microstructural properties of the rocks. 
In turn, these are governed by their location within the fault zone. The schist and mylonites do not display 
any nonlinear shear modulus change at the presented strain levels (Figure 2b). We believe this is due to 
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Figure 3. Shear modulus decrease (ΔM/M) as a function of peak strain at different confining pressures for cataclasites 1A-1 (left panel) and 1B (right panel). 
ΔM/M is relative to the strain at 30% laser power.
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the relative lack of distributed “soft” bonds between grains that are responsible for nonlinear elastic effects 
(Johnson et al., 2004; Ostrovsky & Johnson, 2001). While most of the porosity is composed of low-aspect 
grain contacts and nanofractures in these rocks (Adam et al., 2020), total porosity is less than 4%. This is in 
contrast to previous studies reporting nonlinear elastic effects, mostly on sandstones with 15%–25% poros-
ity which commonly have uncemented granular textures (Renaud et al., 2013; Winkler & McGowan, 2004; 
Zinszner et al., 1997). Although the porosity of schists and mylonites is low at the core scale, at the Alpine 
Fault these lithologies would contain macroscale open and gouge-filled fractures (Williams et al., 2018), 
which become more prevalent towards the damage zone (Simpson et al., 2020). It is likely that these frac-
tures would cause nonlinear effects in these rocks at the field scale.
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Figure 4. Modulus change as a function of pressure at fixed strain amplitudes for the 1A-1 and 1B cataclasites. Solid 
lines show the results of fitting expression 3 to the data at each strain level. The estimated characteristic pressure values 
(P0) from the fit for each strain are shown in the inset tables.
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Conversely to the schist and mylonite observations, all three cataclasites show a reduction in modulus at 
1–2 microstrains at atmospheric pressure. Fracturing at the fault core causes increased porosity in the form 
of fractures and open contacts between comminuted grains in the cataclasites. These features are visible in 
Figure 1c and scanning electron microscope images of similar DFDP-1 cataclasites (Boulton et al., 2017). 
The abundance of these damage features produces greater elastic nonlinearity in these rocks. Among the 
cataclasites, differences in the nonlinear response are attributable to the complex microstructure and hy-
drothermal alteration (Boulton et al., 2017). The micro-CT image of sample 1B shows significant pore space 
sealing by high-density minerals such as calcite and chlorite that result from hydrothermal alteration (white 
in micro-CT images in Figure 1c) with one clear fracture running through. We suggest that increased hydro-
thermal alteration in this rock seals the comminuted grains and fractures, reducing grain-contact sliding, 
which is a proposed mechanism to nonlinear rock weakening (Sens-Schönfelder et al., 2019). This results in 
a weaker nonlinear response for 1B compared to 1A-1 and 1A-2, which have fewer cemented grains.

Results of the experiments under pressure reveal further differences in the origin of nonlinear elasticity 
between the samples (Figure 3). The 1A-1 sample has small grains with no large fractures, meaning the 
compliant grain contacts and fractures responsible for nonlinearity are distributed through the sample. As 
pressure increases, these grain contacts and microfractures stiffen and close, leading to a regular decrease 
in ΔM/M with pressure. This behavior is qualitatively similar to the reduction of nonlinearity with pressure 
in Berea sandstone (Rivière et al., 2016) and glass bead packs (Brunet et al., 2008; Johnson & Jia, 2005), 
both of which have similar porosities and distributed grain contacts. In contrast to 1A-1, the 1B sample has 
several centimeter-long fractures that are open at atmospheric pressure. As pressure begins to increase, the 
fracture walls close, increasing the number of weak contact points (Adam et al., 2020; Batzle et al., 1980). 
It is likely that the number of compliant contacts contributing to the nonlinearity is maximum at 0.5 MPa, 
where we observe the greatest change in modulus. As pressure increases further, these contact points stiffen 
and the fractures may fully close, resulting in the sudden reduction of ΔM/M between 1 and 2 MPa. Since 
grain contacts are mostly sealed with hydrothermal alteration minerals in sample 1B, we believe most, if 
not all, of the nonlinearity originates from larger fractures. Others (Bonner & Wanamaker, 1991; Shokouhi 
et al., 2020) have observed similar behavior (albeit at lower frequencies), where single artificial fractures 
generated elastic nonlinearity in low-porosity (<1%) granite samples.

Estimates of the characteristic pressure (expression 3) provide a quantitative measure into how elastic non-
linearity decreases with depth in a fault zone. Figure 4 shows that the characteristic pressures are nearly the 
same at all strain amplitudes, confirming that P0 is governed by only the physical rock properties. For 1A-1, 
the characteristic pressure of 1.00 ± 0.23 MPa corresponds to a 63% reduction in shear modulus softening 
for every ∼150 m in depth at a constant strain amplitude. In comparison, Rivière et al. (2016) found that the 
characteristic pressure for dry Berea sandstone was nearly 8 times greater, at 7.7 MPa. The reason for this 
large difference is likely due to the greater abundance of compliant grain boundaries and fractures in the cat-
aclasites compared to the Berea sandstone, causing the cataclasites to exhibit greater sensitivity to increases 
in pressure. We note that the low characteristic pressure is consistent with rapid changes in other parameters 
such as permeability (Carpenter et al., 2014) and P-wave velocity (Simpson et al., 2020) at shallow crustal 
pressures (<10 MPa) for these cataclasites. While our model fits the data well for 1A-1, the exponential model 
does not adequately describe the change in ΔM/M for 1B due to nonlinearity arising from several centime-
ter-long fractures. In that case, the characteristic pressure reflects the pressure where the cracks close.

The low characteristic pressures we observe are consistent with previous laboratory (Johnson & Jia,  2005; 
Zinszner et al., 1997), field (Rubinstein & Beroza, 2005; Sens-Schönfelder & Eulenfeld, 2019; Wu et al., 2009), and 
numerical (Juarez & Ben-Zion, 2020) studies that show nonlinear shear modulus decreases from large dynamic 
strains are confined to the top several hundred meters of the crust. While these shallow changes are important 
for explaining phenomena such coseismic velocity decreases, our results do not preclude the possibility of non-
linear weakening in these rocks influencing fault processes at greater (nucleation) depths. At the fault plane, we 
expect the high-porosity and poorly consolidated (Townend et al., 2013) fault gouge to exhibit even more nonlin-
earity than the cataclasites (e.g., Johnson et al., 2008; Xia et al., 2013). Additionally, we emphasize that our obser-
vations represent a lower bound on nonlinear shear modulus reduction. High pore fluid pressures in the core of 
fault zones (Sutherland et al., 2017) reduces effective pressure, increasing the depth to which elastic nonlinearity 
persists (Johnson & Jia, 2005; Shokouhi et al., 2020). Also, the presence of pore fluids and higher temperatures 
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are likely to significantly increase the nonlinear response in rocks (Johnson, 2006; Johnson et al., 2004; Tadavani 
et al., 2020; Van Den Abeele et al., 2002). These factors are particularly important at the Alpine Fault, which has 
an anomalously large temperature gradient and an above-hydrostatic pore fluid pressure gradient in the hanging 
wall (Sutherland et al., 2017). Future experiments will investigate the effects of fluids and high temperatures 
to provide more insights into how elastic nonlinearity operates in realistic fault rocks under in situ conditions.

5. Conclusions
Laboratory measurements of dynamic elastic nonlinearity on dry rocks spanning the fault core, shear, and 
metamorphic zones reveal that the fault zone processes influence the magnitude and nature of elastic non-
linearity at the Alpine Fault, New Zealand. Within the damage zone (<30 m from the PSZ), cataclasites 
present a 3% reduction in shear modulus at 1–2 microstrain at low confining pressures. Further from the 
cataclasites, we observe no nonlinear reduction in shear modulus at these strains. Measurements under 
pressure suggest that nonlinearity in the cataclasites is confined to the top several hundred meters of the 
crust, but higher strains and temperatures, as well as fluid effects, remain to be investigated as factors in the 
role of nonlinear elasticity for earthquake nucleation and dynamic triggering.

Data Availability Statement
All experimental data and software used in this study is available via the DOI: https://doi.org/10.17608/
k6.auckland.c.5373245.v1 (Simpson et al., 2021).
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