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Estimates of earthquake temperature rise, frictional
energy, and implications to earthquake energy budgets
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Abstract Coseismic temperature rise is a fundamental state variable that changes dramatically during
earthquakes due to frictional heating, however in situ temperatures are notoriously hard to measure. The de-
velopment of multiple paleotemperature proxies over the last twenty years has led to an increasing number of
coseismic temperature measurements collected across a variety of faults. Here we present the first compila-
tion of coseismic temperature rise measurements and frictional energy estimates to investigate the contribu-
tion of frictional heating to the earthquake energy budget and how this varies over different fault and earth-
quake properties. This compilation demonstrates that coseismic temperature rise increases with the depth of
faulting until ~5 km, and below this depth remains relatively constant. Frictional energy, similarly, increases
with depth until ~5 km. However, frictional energy is remarkably similar across the faults studied here, with
most falling below 45 MJ/m?. Our results suggest that dynamic weakening mechanisms may limit frictional
energy during coseismic slip. We also demonstrate a basic difference between small and large earthquakes
by comparing frictional energy to other components of the earthquake energy budget. The energy budget for
small earthquakes (<1-10 m of displacement) is dominated by frictional energy, while in large events (>1-10
m of displacement), frictional, radiated, and fracture energy contribute somewhat equally to the earthquake
energy budget.

Non-technical summary Duringan earthquake, frictional resistance can lead to generation of very
high temperatures as both sides of the fault slide past each other rapidly. Understanding these temperatures
and the energy that is dissipated as heat (the frictional energy) provides insight into how earthquakes start,
propagate, and what leads to their arrest. Recently, more and more methods to address this have been de-
veloped, leading to a growing database of earthquake temperature measurements and frictional energy esti-
mates. In this study we present the first compilation of these data. We find that earthquake temperature rise
increases with the depth of faulting to ~5 km, and below this depth it remains fairly constant. We also find
that frictional energy is remarkably similar across the faults studied here with most falling below 45 MJ/m?
(for reference, 0.08 MJ is required to heat a single cup of coffee). This suggests that faults become very weak
and slide more easily during earthquake slip, limiting the energy that is dissipated as heat. Our results demon-
strate a basic difference between small earthquakes (<1-10 m of slip), where the earthquake energy budget
is dominated by frictional heating, and large earthquakes (>1-10 m of slip) where energy is more equally split
between frictional heating, radiating seismic waves, and damage (fractures).
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seismic temperature rise is effectively a metamorphic

Temperature exerts a fundamental control on both the
chemical and mechanical behavior of faults. During
earthquakes, rapid frictional heating from fault slip can
lead to a large increase in the in-situ near-fault temper-
ature. These temperature spikes can have a profound
effect on fault rheology, chemical disequilibria, and the
rates of chemical reactions, leading to changes in fault
strength, structure, and mineralogy (Reches and Lock-
ner, 2010; Di Toro et al., 2011; Noda and Lapusta, 2013,
Collettini et al., 2014). Although geologically brief, co-
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process, however, very few observational estimates of
coseismic temperature rise exist.

In addition to shedding light on chemo-mechanical
processes during earthquakes, quantifying tempera-
ture rise during earthquake slip also allows us to place
constraints on the earthquake energy budget. This is a
key component in understanding earthquake physics as
it controls a rupture’s ability to grow and provides in-
formation on what processes facilitate rupture propaga-
tion or lead to its arrest. The earthquake energy budget
comprises dissipative (frictional and fracture energy)
and radiated energy (Figure 1; Kanamori and Heaton,
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2000). Portions of the earthquake budget that are re-
lated to stress drop can be measured or inferred from
seismology, however the frictional energy depends on
the absolute shear stress level during the earthquake.
As seismology does not measure absolute stresses, we
rely on measurements of coseismic temperature rise
from frictional resistance to quantify frictional energy
(Kanamori and Heaton, 2000). With the development of
paleotemperature proxies and the installation of bore-
hole observatories, a number of frictional energy es-
timates for different faults have been made (Pittarello
etal., 2008; Fulton et al., 2013; Savage and Polissar, 2019;
Coffey et al., 2021, 2022).

A

Q

Stress, o

Ee Er

Q
1 \\ \

Er

Displacement

Figure 1 Simplified example of the earthquake energy
budget based upon Kanamori and Heaton (2000) including
frictional energy (Eg), fracture energy (Eg), and the energy
radiated as seismic waves (Er). The hatched area is the
breakdown energy (Cocco and Tinti 2005), here itis depicted
as equal to fracture energy, but it may also include frictional
energy.

Here, we present a compilation of earthquake tem-
perature and frictional energy estimates from a suite of
fault types. The data are from a variety of paleotem-
perature proxies, but rely heavily on biomarker thermal
maturity (Polissar et al., 2011; Savage et al., 2014; Shep-
pard et al., 2015; Savage and Polissar, 2019; Coffey et al.,
2019; Rabinowitz et al., 2020; Coffey et al., 2021, 2022).
This compilation is the first attempt to understand the
frictional energy component of the earthquake energy
budget from an observational perspective and enables
exploration of how energy is partitioned into different
sinks depending upon earthquake depth and other pa-
rameters.

2 Coseismic temperature rise and
earthquake paleothermometry

During an earthquake, frictional resistance along a fault
can lead to the generation of very high temperatures.
The temperature rise (AT) that occurs during an event
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depends on various fault and earthquake properties:

T vt

AT (1)

pcp 2a
where 7 is shear stress (the product of normal stress and
friction minus pore pressure), p is density, c, is heat ca-
pacity, t is time, v is slip velocity, and a is the half width
of the slipping layer. Equation 1 illustrates the essen-
tial parameters that relate temperature rise to faulting
and earthquake slip. The absolute temperature rise is
also influenced by heat diffusion away from the slipping
surface (Lachenbruch, 1986) and the full equations that
include heat diffusion can be found in Supplementary
Material S1.

When solving Equation 1 for depths below a cou-
ple of kilometers and for pore pressures that follow an
assumed regular hydrostat, heat generation for even
moderate-size earthquakes can easily create tempera-
tures that melt all or some of the minerals present.
Evidence of this melt is preserved in the rock record
as pseudotachylyte, crystallized frictional melt that has
long been considered a robust recorder of coseismic
slip (Sibson, 1973, 1975). However, pseudotachylyte
is famously underrepresented in outcrop (Kirkpatrick
et al., 2009) and absent on faults shallower than ~3 km
depth (Sibson and Toy, 2006). This dearth of pseudo-
tachylyte has been attributed to alternative dynamic-
weakening mechanisms, such as thermal pressuriza-
tion, that can make faults so weak during earthquakes
that they did not achieve significant temperatures (Rice,
2006). Theoretical analyses of dynamic weakening have
been supported by dozens of high-speed friction experi-
ments, which demonstrated that faults weaken dramat-
ically at fast slip rates (Di Toro et al., 2011). Although
it is very likely that faults are weak during earthquakes,
more recent studies have also suggested that evidence
of pseudotachylyte can be difficult to observe in out-
crop, especially when the pseudotachylyte itself has un-
dergone retrograde reaction to other minerals (Kirk-
patrick and Rowe, 2013). Whether faults lack pseudo-
tachylyte or it is obscured in outcrop, it is clear that
developing additional thermal proxies for faults would
shed light on earthquake mechanics. Recently, a greater
range of techniques has been applied to study coseis-
mic temperature rise (Rowe and Griffith, 2015). In
addition to pseudotachylyte these include thermal de-
composition of calcite, vitrinite reflectance, (U-Th)/He
of hematite and other minerals, and mineralogic/tex-
tural zoning (Pittarello et al., 2008; Sakaguchi et al.,
2011a; Kirkpatrick et al., 2012; Collettini et al., 2013;
Ault et al., 2015; Rowe and Griffith, 2015). For exam-
ple, microstructural evidence of carbonate dissociation
has been used to argue that temperatures greater than
~750 °C were achieved during earthquakes (Rodriguez-
Navarro et al., 2009; Collettini et al., 2013). Vitrinite,
a type of kerogen found in bituminous coal, has been
widely applied in the hydrocarbon industry as its re-
flectance increases with increasing thermal maturity,
which is a function of time and temperature. Vitri-
nite reflectance has also been shown to be sensitive to
shorter, earthquake-duration heating and has been ap-
plied to quantify coseismic temperature rise in settings
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Figure2 Examplesofa)thermal maturity and b) maximum temperature from Coffey etal. (2019) as a function of the distance
from the slipping layer. Profiles are modeled to fit measured biomarker (MPI-4) data shown by the blue pointsin a). Gray lines
are 10,000 Monte Carlo iterations of the modeled thermal maturity and temperature profiles, and the red line is the mean. c)
A simplified fault zone schematic showing the Principal Slip Zone (PSZ), gouge zone, and damage zone. d) photograph of a

fault zone from the Muddy Mountain thrust in Nevada, USA.

such as the Nankai trough (Sakaguchi et al., 2011b).
(U-Th)/He dating of hematite along fault surfaces has
demonstrated that the thermal conditions occurring
during earthquake slip are sufficient to reset U-Th/He
ages along very localized surfaces (hundreds of pum
thick) and that these reset ages can be used to model and
constrain coseismic temperatures (Ault et al., 2015; Mc-
Dermott et al., 2017; Ault et al., 2019; Armstrong et al.,
2022).

In addition to these paleotemperature proxies,
biomarkers have been increasingly used over recent
years to investigate frictional heating, and they provide
us with a robust and widely-applicable tool to explore
coseismic temperature rise. Biomarkers are the molec-
ular remains of past organisms that accumulate in
sedimentary rocks over time. When heated, their abun-
dance and molecular structure is systematically altered
to achieve more thermally-stable configurations or
products. This alteration can occur under earthquake
temperatures and durations (Savage et al., 2018). While
burial heating will also increase biomarker thermal
maturity, comparing the difference in thermal maturity
between fault zone and off-fault background samples
reflects how much of the thermal maturity of the fault
zone is due to temperature rise during the earthquake
(Polissar et al., 2011; Savage et al., 2014; Savage and
Polissar, 2019). Temperature can be calculated from
biomarker thermal maturity because the kinetics for
numerous biomarker reactions have been established
from heating experiments (Sheppard et al., 2015;
Rabinowitz et al., 2017). As a result, we can forward
model temperature rise and biomarker reaction for a
range of appropriate earthquake and fault parameters
(Equation 1, Supplementary Material S1) to best fit the
thermal maturity signal measured within a localized

3

slip layer. For example, Figure 2 shows the best-fitting
temperature model for one biomarker thermal matu-
rity parameter, MPI-4 (methylphenanthrene index),
for the Muddy Mountain thrust (Figure 2c¢). Biomarker
thermal maturation is strongly temperature dependent,
and larger events with the greatest temperature rise
will dominate the maturity signal (Coffey et al., 2019).
Because of this relationship and field observations of
variability in displacement across different earthquakes
on the same fault patch (Nicol et al., 2016), we assume
that any biomarker heating signal present is a result
of the largest earthquake the fault has experienced.
As a result, estimates from biomarkers on the faults
compiled here are likely upper bounds on temperature
and frictional energy.

Three biomarker thermal maturity ratios are utilized
in the dataset compiled here: the methylphenanthrene
index (MPI-4) calculated from methylphenanthrene iso-
mers (Coffey et al., 2019; Polissar et al., 2011; Savage
et al., 2014), the Carbon Preference Index (CPI) calcu-
lated over Cys-C3s n-alkanes (Rabinowitz et al., 2017;
Coffey et al., 2021; Rabinowitz et al., 2020), as well
as the alkenone unsaturation ratio (U%;) and concen-
trations from long-chain alkenones (Rabinowitz et al.,
2017, 2020). More detailed information on the relevant
thermal maturity parameters can be found in Supple-
mentary Material S2.

Uncertainties in temperature estimates from
biomarkers relate to uncertainties in the biomarker
reaction kinetics, as well as the slip velocity, principal
slip zone (PSZ) thickness, displacement, and shear
stress during the event. The temperatures required for
measurable biomarker reaction require seismic slip
speeds, which limits the possible sliding velocity range
(Savage et al., 2018). Slip zone thickness is measured
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Figure3 Compilation of earthquake temperatures with depth color-coded by proxy type. Symbols are mean and error bars
are the 95% confidence intervals a) Earthquake temperature rise above background (i.e., does not include ambient tempera-
ture). b) Maximum temperature (temperature rise plus ambient temperature). Temperature rise during earthquakes is higher
on more deeply buried faults because of increasing shear strength from increasing normal stress with depth. Open symbols

are minimum bounds on temperature rise and maximum temperature.

in the field (Figure 2c); however, thickness may vary
along a fault, and where possible we couple each
temperature estimate with a measured thickness from
the specific point along the fault that was sampled.
Finally, although we typically do not know shear stress
or displacement, we can place broad constraints on
shear stress using in situ regional stress estimates
and lab estimates of frictional weakening (e.g Collet-
tini et al., 2009; Jeppson et al., 2010). Observational,
experimental, and theoretical work of the last two
decades has found that shear strength on large faults is
most likely low during earthquake slip (Di Toro et al.,
2011; Fulton et al., 2013; Rice et al., 2014). Simple
models of earthquake slip based on Equation 1 (also
in Equations 1 and 2 in Supplementary Material S1)
demonstrate that if slip indeed localizes onto very thin
layers as is often observed in the field (millimeter-scale
or thinner; Figure 2¢) and friction values were constant
at ~0.6 as found in static friction experiments (e.g.
Byerlee 1978), faults would reach unrealistically high
temperature even during moderate earthquakes (Rice,
2006). High-velocity friction experiments confirmed
that after a run-in phase of high friction, fault strength
should drop dramatically for most rock types (Di Toro
etal., 2011; Chang et al., 2012; Rubino et al., 2017). This
drop in friction is a function of the thermal weakening
displacement, Dy, (Di Toro et al., 2011):

Dy, = ao)® (2)

where a and b are experimentally derived coefficients.
As aresult, the shear stress (7) will evolve during sliding
according to (Seyler et al., 2020):

_ 5
T = Tss T+ (Tp - Tss)e Pin (3)

where Tgg is the steady-state shear stress, 7p is the peak
shear stress, and J is the slip accumulated after the peak
shear stress. Because of this, the average shear stress
during sliding will be lower for larger displacements as

4

Dy, is a lower fraction of total slip in these events, and
more slip occurs at lower friction. In our models, we
assume that shear stress evolves following Equation 3
and that normal stress is equal to overburden less hy-
drostatic pore pressure. We can then iterate the aver-
age friction as displacement increases and use this in
our thermal models to define a shear stress range (Cof-
fey et al., 2022).

3 Frictional Energy and the Earth-
quake Energy Budget

The energy expended during an earthquake is a func-
tion of the stress drop, Ao, residual (dynamic) stress
and total displacement, D, during the event. The avail-
able potential energy related to the stress drop due to
the displacement, AW, is:

AW = 1/2(AcD) (4)

A simplified schematic of this is shown in Figure 1.
Progress of the earthquake is delineated by the bold
line and begins at some initial stress, o;. As the
earthquake proceeds, stress drops to a final value, o,
over some displacement, D. During this time elastic
strain energy in the volume around the slip surface is
broadly converted into dissipative and radiated energy
(Kanamori and Heaton, 2000). Radiated energy goes
into the propagation of seismic waves, while dissipated
energy includes fracture energy, which encompasses
plastic deformation at the rupture tip and off-fault dam-
age, as well as frictional energy, which is required to
overcome frictional resistance (Kanamori and Brodsky,
2004; Kanamori and Rivera, 2006; Lambert et al., 2021,
Viesca and Garagash, 2015).

Determining all components of the earthquake en-
ergy budget is difficult, as each component is estimated
through different analyses. Radiated energy can in prin-
ciple be determined from analysis of seismic waves.
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The available energy, AW, depends on calculation of
stress drop. The portion of the energy budget that is
available energy less the radiated energy is often con-
sidered to go to fracture energy, but some of this en-
ergy can go to the dissipation of heat. As a result, some
authors use the term breakdown energy as a more ag-
nostic term because it is impossible to determine the
amount of heat dissipation from seismological mea-
surements (Cocco and Tinti, 2008; Lambert and La-
pusta, 2020; Cocco et al., 2023). This distinction is im-
portant to note here because some of the temperature
rise we measure could have in fact been part of the
breakdown energy.

Coseismic temperature rise can be used to quantify
the frictional energy dissipated during slip. We use the
temperature proxies outlined above to identify seismic
layers and quantify coseismic temperature rise. Fric-
tional energy, Er, is an integration of the product of ve-
locity and shear stress, which is the total displacement
during the earthquake, D:

EF: 7D (5)

When referring to the frictional energy throughout
the results of this study we are reporting frictional en-
ergy density (MJ/m?) and emphasize that this will in-
clude any heat dissipated as part of the breakdown en-
ergy. Once the temperature rise, thickness of the fault,
and the rock thermal and material properties have been
established, the only unknown from Equation 1 is the
product of the shear stress and displacement. We do not
need to solve for shear stress and displacement to esti-
mate temperature and frictional energy as their product
is the important parameter. However, our estimate of
shear stress from depth of faulting and frictional weak-
ening across many rock types allows us to evaluate fric-
tional energy as a function of displacement, and there-
fore earthquake size.

4 Thermalevidence of coseismicslipin
faults

We compile estimates of coseismic temperature rise to
synthesize what has been learned from investigations
into coseismic temperature rise to date. We also com-
pile estimates of frictional energy for the same faults
where available, and for those faults where frictional
energy has not been reported, we establish our own
constraints based on our forward modeling described
above. This compilation was made using a variety of
thermal proxies, fault types, and tectonic settings and is
presented in Table 1. New temperature estimates from
biomarker thermal maturity are measured on the: Hun-
dalee fault, Spoleto fault, Monte Maggio fault, and a
thrust within the Marin Headlands (Supplementary Fig-
ure 1). We compare the temperature rise and frictional
energy from these studies to fault and earthquake prop-
erties to explore any relationships that exist and the im-
plications that some of these properties may have on
earthquake rupture.

We estimate both absolute temperature and tem-
perature rise (absolute temperature less the ambi-
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ent temperature when independently calculated) dur-
ing earthquake slip. We find that temperature rise
ranges between 280 - 1350°C and the maximum tem-
perature achieved by the fault ranges from ~280°C
to 1450°C (Table 1; Figure 3). The lowest measur-
able temperatures (besides null results, which for the
biomarker proxy depends on background thermal ma-
turity but is usually less than ~500°C) were found in the
Nankai frontal thrust using vitrinite reflectance (Sak-
aguchi et al., 2011b), while the highest temperatures oc-
curred along the Pasagshak megathrust (Alaska) from
biomarker measurements and the presence of pseudo-
tachylyte (Rowe et al., 2005; Savage et al., 2014). The
Pasagshak megathrust is unique in this dataset as it was
exhumed from 12 - 14 km depth and has developed at
least six pseudotachylyte layers, making it the deepest
fault with the most evidence of frictional melt of the
faults analyzed here.

We expect that fault strength increases with depth
as a function of normal stress and frictional strength
(Sibson, 1977; Byerlee, 1978), which would lead to an
increase in both maximum temperature and tempera-
ture rise with increasing depth. Figure 3 demonstrates
that both temperature rise and maximum temperature
increase with depth down to ~5 km, below which tem-
perature is more or less constant. This relationship be-
tween temperature and depth is apparent even though
we are likely comparing earthquakes with different dis-
placements (Supplementary Figure 2). Sibson and Toy
(2006) showed a similar relationship between depth and
temperature by demonstrating that pseudotachylyte is
nearly absent in faults that were active at burial depths
above ~3 km. If all other parameters except depth are
held constant, a continued increase in temperature with
depth is expected due to increasing normal stress and
hence, shear strength. The observed nearly constant (or
only subtly increasing) temperatures at depths below ~5
km may reflect that the faults in our database are mostly
pseudotachylyte bearing at these depths. Once melting
temperatures are achieved, melt lubrication may pre-
vent further temperature rise (Ujiie et al., 2007; Kirk-
patrick et al., 2012).

5 Earthquake Energy Budget

We combine frictional energy estimates from our
biomarker studies with previous estimates from the lit-
erature and these are plotted in Figure 4. Frictional en-
ergy across all of the faults in this study varies from 0.9
- 228 MJ/m? (this range includes the 95% confidence in-
terval limits of these estimates). This is generally higher
than frictional energy estimates from laboratory exper-
iments which range from 500 J/m? - 5 MJ/m? but involve
displacements orders of magnitude lower than those
considered in this compilation (Passelegue et al., 2016;
Aubry et al., 2018; McBeck et al., 2019). The lowest fric-
tional energy in our study occurs along faults of the
frontal thrust of the Nankai subduction zone, which has
amean frictional energy of 2.5 MJ/m?, (95% confidence
interval: 0.9 - 3.8 MJ/m?), while the highest occurs along
the Pasagshak megathrust with a range of 105 - 228
MJ/m?. The Pasagshak megathrust is a clear outlier,
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PSZ thick- Displace- Burial Maximum . 0 Frictional
Fault ness(mm) ment (m) Depth (m) T(0) T(0) Trise (°C) energy (MJ/m?) Proxy Source
Nankai megasplay 10 12.0(7.7-19.9) 271 <20 340-440 340-440 16.2 (13.4-18.4)  Vitrinite reflectance Sakaguchi et al. (2011a)
Papaku 0.1-2 11-15 300 10 820 (450-1270) 810 (440-1260)  8-13 Biomarkers wmowﬂ et al. (2019); Coffey et al.
Nankai frontal thrust 2 6.7(1-19.1) 438 <20 280-380 280-380 6.5(3.1-10.1) Vitrinite reflectance Sakaguchi et al. (2011b)
Biomarkers. borehole Brodsky et al. (2020); Fulton et al.
Japan trench 2.6-48 50 820-835 0 700-1100 700-1100 20-86 ’ (2013); Rabinowitz et al. (2020);
measurement
Sunetal. (2017)
M%MQJ damage 0.1-0.5 1000-2000 45 700-1200 650-1150 3.8(2-74) Hematite (U-Th)/He WCO_MM al. (2015); McDermott et al.
Muddy Mountain 0.8-20 035 2000 60 760-1090 700-1030 6.7 (3.5-10.7) Biomarkers Mw_nﬂ%@w;mma& (1977); Coffey
Biomarkers.  carbon- Collettini et al. (2014); Kaneko
Monte Maggio 01-1 1.8(0.1-4.7) 2000 42 650-1400 508-1358 8.8(1.6-18) b et al. (2016); Carpenter et al.
ate decomposition
(2014)
Spoleto 03-1 09(0.062.0)  2000-3000 50 650-1300 600-1250 6.6 (1.2-10.6) Biomarkers, Collettini et al. (2013)
decarbonation
Punchbowl 03-20 1-4 2000-4000 95 460-1060 365-955 2-25 Biomarkers Chester et al. (2005); Savage and
Polissar (2019)
Skeeter 0.25-10 1(0.01-1.5) 2400-6000  110-160  1100-1450 940-1340 7.8(2.5-11.7) Pseudotachylyte Kirkpatrick et al. (2012), this study
Central San Andreas  0.1-18 0.3-5 3000 90 840 (670-1100) 750 (580-1010) 8.2 (2.8-15.2) Biomarkers Coffey et al. (2022)
Nojima 1-3 2 3000-5000 110-160  1230-1280 1090-1140 17.4 (6.6-26.2) Pseudotachylyte Otsuki et al. (2003), this study
Marin Headlands 1-4 0.2 (0.1-0.5) 6000-8000 126 1000 (800-1270) 874 (674-1044) 6.3 (4.2-7.0) Biomarkers Regalla et al. (2018), this study
Hundalee 10-30 1.6(0.9-2.2) - 10 640 (500-900) 630 (490-890)  14.2 (1.3-19.7) Biomarkers Williams et al. (2018)
9000- Di Toro and Pennacchioni (2005);
Larghe 6 0.3-2 11000 250 1200-1450 950-1200 27 (22.8-32.9) Pseudotachylyte Pittarello et al. (2008)
) Meneghini and Moore (2007);
Pasagshak 30-50 1-8 12000- 260 1100-1430 840-1170 105-228 Biomarkers, Rowe et al. (2011); Savage et al.
14000 Pseudotachylyte (2014)
Shimanto' (Mugi) >0.6-1.5 - 3200-4000 170-190  >1100 >910-930 - Pseudotachylyte Ujiie et al. (2007)
Shimanto' (Okitsu) >0.6-1.5 - 4000-6000  230-270  >1100 >830-870 - Pseudotachylyte Ujiie et al. (2007)

Table 1 Thickness and number of PSZs observed as well as lithologies of each fault compiled here. Values reflect what was reported in the source for that data and are either a
single value, which likely has considerable uncertainties, or a range that incorporates uncertainties. Values in brackets are 95% confidence intervals.

"Temperature and thickness data from Ujiie et al. (2007) for the two localities in the Shimanto accretionary complex are minimum bounds and no upper limit is given. We do not model displacement
or frictional work here as a result of this uncertainty.
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Figure 4 Depth plotted against frictional energy for faults in this compilation. Inset a), as outlined by the red box, shows
frictional energy as a function of depth but only for those faults with a frictional energy < 50 MJ/m?2. This only excludes the
Pasagshak megathrust and highlights a slight trend in frictional energy at shallower depths (< ~5 km).

and as described above, it is unique in this dataset due
to the thickness of pseudotachylyte that formed. The
rest of the faults in this dataset have frictional energy
that falls below 45 MJ/m?, with most below 26 MJ/m?,
suggesting a tendency for frictional energy to remain
within a narrow range despite differences in displace-
ment, depth, fault type, lithology, or ambient temper-
ature. While frictional energy varies over a relatively
narrow range, we see a weak relationship between fric-
tional energy and depth, similar to coseismic tempera-
ture rise, frictional energy increases slightly with depth
until ~5 km (Figure 4). The exception to this trend is the
Tohoku earthquake, where rapid fault zone drilling cap-
tured the temperature decay after that earthquake (Ful-
ton et al., 2013).

By estimating the average shear stress during the
earthquake (Equation 3), we can also estimate the earth-
quake displacement and compare frictional energy to
values of fracture and radiated energy calculated from
other studies. We used estimates from (Ye et al., 2016),
which are included in their supplement. Radiated en-
ergy is estimated from the ground velocity spectra ac-
cording to (Venkataraman and Kanamori, 2004). G, a
proxy for fracture energy, which we refer to as break-
down energy, that is calculated as follows:

G, = 05(1 - T]R)AUED (6)

where 7 is the radiation efficiency estimated from the
ratio of measured radiated energy to available potential
energy, Ao is the energy-related stress drop, and D is
the average slip.

All components of the energy budget increase with
displacement, however the frictional energy increase
is subtle compared to the other components (Figure 5).
Radiated energy is generally slightly lower than break-
down energy for a given displacement and can reach
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values of up to 20 MJ/m? when normalized by the rup-
ture area. The breakdown energy on the other hand
reaches values as large as 140 MJ/m? but generally falls
below 100 MJ/m?. Frictional energy (0.9 - 228 MJ/m?)
tends to locate toward the higher end of both the break-
down and radiated energy at a given displacement, al-
though at high displacements frictional and breakdown
energy become more similar.

The limited range of frictional energy values com-
pared to breakdown and radiated energy may re-
flect a self-limiting process due to temperature-driven
changes in fault strength. As sliding occurs at earth-
quake slip rates, friction evolves to a lower steady-state
value over some thermal weakening distance, Dy, (Di
Toro et al., 2011; Paola et al., 2011). Accordingly, a large
fraction of the total frictional energy should be released
during the initial period of sliding before D}, is reached.
Sliding after this distance dissipates little energy be-
cause the fault is weak, so that the total frictional en-
ergy increases only slightly for larger earthquakes (if at
all). Weakening also explains the lack of relationship
observed between frictional energy and depth for faults
below~5 km (Figure 4), because Dy, is smaller at higher
normal stresses, and low friction is achieved with less
total slip (Seyler et al., 2020). We acknowledge that fault
weakening was assumed in our displacement estimates
from biomarkers, however the consistency in frictional
energy estimates in our field data require that frictional
energy is not strongly dependent on displacement (e.g.
if friction was at a constant level throughout the earth-
quake, frictional energy should increase linearly with
displacement).

Using the values of breakdown, radiated, and fric-
tional energy from Figure 5, we have put together a
representative complete earthquake energy budget for
small (<1-10 m of displacement) and large (>1-10 m of
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Figure5 G’isbreakdown energy and consists of fracture energy and some unknown component of frictional energy (Aber-
crombie and Rice, 2005), Eg is the radiated energy, and Eg is the frictional energy. Eg and G’ are from Ye et al. (2016). Ef is
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small (<1-10 m of displacement) to large earthquakes (>1-10 m of displacement)

displacement) events (Figure 6). The distinction at 1-10
m displacement, i.e., between small and large events,
corresponds to the displacement where frictional en-
ergy is no longer the dominant energy sink (Figure 5).
We suggest that as earthquakes get large and friction is
low, a greater fraction of the total energy can go towards
radiating seismic waves and towards deformation such
as plastic deformation at the rupture tip and off-fault
damage. Dedicating less energy to frictional resistance
might allow earthquakes to keep propagating. Although
our frictional energy dataset is small, it covers a range
of depths, lithologies, fault thicknesses, and slip dis-
tances, suggesting that the basic relationships observed
are fundamental and not the result of biases in the faults
sampled. This observation of low friction at large dis-
placements is what has been proposed from high ve-
locity friction experiments and the efficacy of dynamic
weakening mechanisms (Di Toro et al., 2011; Viesca and
Garagash, 2015; Lambert et al., 2021), however the re-
sults from this study are the first that show this from
field data. Our results provide insight into fundamental
differences between small and large earthquakes, con-
tributing to an integrated view of the earthquake energy
budget and improving our overall understanding of how
energy is partitioned during earthquakes.

6 Conclusions

Temperature rise and frictional energy have been com-
piled for newly analyzed and previously studied faults
that reflect a range of different tectonic settings, depths,
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and earthquake sizes. This dataset has been used to
better understand the role of frictional heating during
earthquakes and place the first broad constraints on the
total earthquake energy budget. Temperature rise in-
creases with depth of faulting, which is likely a conse-
quence of increasing normal stress. However, below ~5
km depth, temperature rise no longer increases, sug-
gesting a temperature limit through thermal weakening
mechanisms. While frictional energy increases some-
what with displacement, the increase is remarkably
small across different faults, suggesting that dynamic
weakening limits the frictional work along most faults
to values below 45 MJ/m?. Along with frictional en-
ergy estimates, we have aggregated radiated and break-
down energy estimates and created an integrated view
of the earthquake energy budget as a whole. In do-
ing this, we demonstrate a fundamental difference in
the way energy is partitioned between small and large
earthquakes. For small earthquakes, the energy bud-
get is dominated by frictional energy, whereas for large
earthquakes, frictional, breakdown, and radiated en-
ergy contribute more equally to the total budget as a
consequence of rapid frictional strength reduction with
accumulating slip. These findings are an important ad-
vancement in understanding the energy required for
earthquake rupture.
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