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 4 

S1. Thermal modelling 5 

 To constrain the temperature rise associated with a given MPI4 and CPI, heat 6 

generation and diffusion equations (Carslaw & Jaeger, 1959; Lachenbruch, 1986) for a fault 7 

are coupled with the reaction kinetics for MPI4 and CPI (Rabinowitz et al., 2017; Sheppard et 8 

al., 2015). The adiabatic temperature rise that occurs depends on properties of the fault zone, 9 

inside the fault zone it is as follows: 10 
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  14 

where x is distance from the midpoint of the fault, t is time, t* is the duration of the event, 𝜏 is 15 

shear stress, v is slip velocity, a is the half-width of the slip layer, 𝜌 is density, c is heat 16 

capacity, 𝛿 is thermal diffusivity, and 𝑖2𝑒𝑟𝑓𝑐 is the second integral of the complementary 17 

error function. 𝐻(𝜍) is the Heaviside function evaluated for 𝜍 = 𝑡 − 𝑡∗. Parameters used in 18 

this calculation can be found in Supplementary table 1. Thermal diffusivity of material on 19 

either side of the slip surface is assumed to be the same. Outside of the actively slipping 20 

layer, temperature rise is described as: 21 
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Supplementary Table 1 – thermal and fault parameters used to model heating in the new 25 

faults measured here 26 

Fault 
cp 

(J/K.kg) 
𝛼 (s-1) 

𝜌 

(kg/m3) 
z (m) 

2a 

(mm) 
Reference 

Spoleto 962 1.3E-06 2710 2500 0.3 - 1 
Collettini et al. (2013), 

Waples & Waples, (2004) 

Marin 860 0.9E-06 2700 6000 1 - 4 

Robertson (1988), Di 

Toro et al. (2011), 

Regalla et al. (2018), 

Waples & Waples (2004) 

Nankai 910 1.00E-06 2000 271, 438 10, 2 

Saffer et al. (2017), Di 

Toro et al. (2011), 

Waples & Waples (2004), 

Sakaguchi et al. (2011) 

Hundalee 775 1.3E-06 2600 1000 - 10000 10 - 20 
Williams et al. (2018), 

Waples (2004) 

Nojima 

(Mugi, 

Okitsu) 

1090 0.8E-05 2600 
3200-4000, 

4000-6000 
0.6-1.5 

Ujiie et al. (2007), 

Waples & Waples, 

(2004), Robertson (1988) 

Skeeter 1040 1.5E-6 2800 4200 0.25-1 

Kirkpatrick et al. (2012), 

Heuze (1983), Waples & 

Waples, (2004) 

Wasatch 

Damage 

Zone 

980 0.9E-6 2800 1500 0.1-2 

Mcdermott et al. (2017). 

Heuze (1983), Waples & 

Waples, (2004) 

 27 

In most of these faults shear stress and displacement are unknown, we use a range of 28 

reasonable shear stress values calculated using estimates of depth and a uniform distribution 29 

of friction between peak and steady state friction estimated from the literature. A uniform 30 

distribution of displacements is also used to model the possible events on the fault. In the 31 

case of the Hundalee fault, we have estimates of displacement from the Kaikoura sequence 32 

and by using a coefficient of variation of 0.5 (Hecker et al., 2013) we use this to guide 33 

thermal modelling. However, we do not know the depth that these faults are active so we use 34 

a uniform distribution of depths along with friction to model the possible heating scenarios 35 

here. Temperature profiles are then coupled with biomarker reaction kinetics (Sheppard et al., 36 

2015; Rabinowitz et al., 2017) using the Easy%R method (Sweeney & Burnham, 1990) 37 

modified for a single reactant.  The original Easy%R method uses multiple parallel reactions 38 

to model the complex reactions leading to vitrinite maturation.  Our modification uses the 39 

https://paperpile.com/c/AhcsgO/CGQ0


same underlying integration of reaction extent.  However, we use a single reaction to describe 40 

a particular biomarker parameter and model the extent of reaction from a time-temperature 41 

input. A Monte Carlo approach is used to propagate uncertainties in the reaction kinetics and 42 

the uncertainties in fault thickness, displacement, and shear stress. We can then identify the 43 

MPI4 and CPI profiles that best fit sample measurements and the extraction of possible 44 

coseismic temperatures. 45 

 46 

S2. Biomarker thermal maturities background: 47 

Methylphenanthrene Index (MPI-4) 48 

Methylphenanthrenes are polycyclic aromatic hydrocarbons produced by diagenesis 49 

of pre-existing organic material (Peters et al., 2007). Changes in methylphenanthrene isomer 50 

abundance occurs with increasing temperature (Szczerba & Rospondek, 2010). 2- and 3-51 

methylphenanthrene (2MP, 3MP) are thermally stable methylphenanthrene isomers and 52 

increase in abundance during heating. 9- and 1-methylphenanthrene (9MP, 1MP) on the other 53 

hand, are the thermally unstable isomers. Using the abundance of these we can quantify 54 

thermal maturity through MPI-4, as follows: 55 

𝑀𝑃𝐼 − 4 =  
3𝑀𝑃+2𝑀𝑃

3𝑀𝑃 +  2𝑀𝑃+ 9𝑀𝑃+ 1𝑀𝑃
          (3) 56 

 57 

Carbon Preference Index (CPI) 58 

n-Alkanes are linear hydrocarbons derived from a variety of sources and they, too, 59 

change in abundance with increasing temperature (Peters et al., 2007).  Biosynthetic 60 

production of long-chained n-alkanes have a preference towards odd-over-even carbon chain 61 

lengths which is quantified by the carbon preference index (CPI): 62 

𝐶𝑃𝐼 =  
𝐶25+𝐶27+𝐶29+𝐶31+𝐶33

𝐶26+𝐶28+𝐶30+𝐶32+𝐶34
         (4) 63 
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When heated, cracking reactions and the production of n-alkanes without this carbon 64 

preference occur, leading to a reduction in CPI. 65 

 66 

S3. Sampling and Analytical Methods 67 

New biomarker thermal maturity results presented in this paper were measured on 68 

samples from the Hundalee, Spoleto and Monte Maggio faults, as well as a thrust in the 69 

Marin Headlands (Regalla et al., 2018), and a normal fault in the hanging wall of the Nankai 70 

subduction zone. Samples were collected along transects across the fault with material 71 

collected from the slipping layer and the surrounding less deformed wall rock (e.g. Coffey et 72 

al. 2019). 73 

The Hundalee Fault was one of the many faults that ruptured during the 2016 Mw 7.8 74 

Kaikōura earthquake, hosting 1 m and 1 - 1.2 m of vertical and horizontal displacement, 75 

respectively. Five shear zones containing localised slip layers were identified within the fault 76 

zone along Te Moto Moto Stream (Birches 1 locality of Williams et al. 2016) and samples 77 

were collected from within and outside of these shear zones. The Spoleto and Monte Maggio 78 

faults are reverse and normal faults respectively, located in the Northern Apennines of Italy. 79 

They occur within limestone formations and each have a millimeter scale polished slipping 80 

layer. Samples were collected at outcrops of each of these faults, within the polished layer 81 

and into the wall rock. Evidence of coseismic heating along both of these faults has been 82 

identified previously by (Carpenter et al., 2014; Collettini et al., 2013) who identified 83 

evidence of decarbonation reaction products using Scanning Electron Micrograph (SEM) 84 

analysis. The Marin Headlands terrane is located just north of San francisco and consists of 85 

an exhumed accretionary wedge with over ten imbricate sheets of low grade metabasalt, 86 

chert, and greywacke. Eight samples across one of these imbricate thrusts were collected for 87 

biomarker analysis. Finally, the Nankai Trough is located off the coast of Honshu, Japan, and 88 

https://paperpile.com/c/AhcsgO/ZSeX
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accommodates subduction of the Philippine Sea plate beneath the Eurasion plate. IODP EXP 89 

365, a part of the Nankai Trough Seismic Zone Experiment (NanTroSEIZE) drilled into the 90 

accretionary complex here, sampling the hanging wall of the megasplay. Numerous smaller 91 

faults were identified within the core collected and one of these, between 350 - 400 m depth, 92 

was sampled for biomarker measurement. 93 

A brief overview of laboratory methods for biomarker analysis is given here and a 94 

more detailed description, including instrument procedures and solvents used can be found in 95 

Coffey et al. (2019). Material collected from each of the outlined faults was subsampled if 96 

any localized features or structures were present. Then samples were crushed with a mortar 97 

and pestle and Accelerated Solvent Extraction (ASE) was used to separate out the Total Lipid 98 

Extract (TLE) of each sample. A recovery standard was added to each TLE. Standard silica 99 

gel column chromatography procedures were applied to separate the TLE into aliphatic, 100 

ketone, and polar fractions. Gas chromatography mass spectrometry was used on the aliphatic 101 

and ketone fractions to measure the abundance of alkane and methylphenanthrene molecules, 102 

from which thermal maturity ratios could be calculated.  103 

 104 

S4. Calculating displacement and average friction 105 

When calculating displacement and frictional work using the thermal modelling 106 

methods outlined in this paper, we employ an average friction and stress during slip. This 107 

average value takes into account that friction will evolve from some static friction to steady-108 

state lower friction over a thermal weakening distance. As a result the average friction during 109 

slip is displacement dependent (smaller displacements will have higher average friction), and 110 

an average friction value is coupled to each displacement during thermal modelling . Average 111 

stress is calculated according to Seyler et al. (2020): 112 



𝜏 =  𝜏𝑠𝑠   + (𝜏𝑝 − 𝜏𝑠𝑠)𝑒
−

𝛿

𝐷𝑡ℎ         (1) 113 

where 𝜏𝑠𝑠 is the steady state shear stress, 𝜏𝑝 is the peak shear stress, and 𝛿 is the slip 114 

accumulated after the thermal weakening distance, 𝐷𝑡ℎ. The total displacement is divided up 115 

into 1000 bins and the friction and stress in each bin is calculated to compute the average. As 116 

the displacement and 𝛿 increases, the average friction will decrease as more time is spent 117 

sliding at lower friction. The thermal weakening distance, 𝐷𝑡ℎ, is calculated using values 118 

reported in Seyler et al. (2020). Where friction is known and reported in past studies, it is 119 

used to calculate the peak and steady-state shear stress. Where it is not known a uniform 120 

distribution of static friction between 0.55 - 0.65 and dynamic friction of 0.1 - 0.3 is used.  121 

 122 

Supplementary Figures 123 

 124 

Supplementary Figure 1: Biomarker thermal maturity results for the a) Marin Headlands 125 

fault, b) the Spoleto thrust, c) the Monte Maggio fault, d) a thrust fault in the hanging wall of 126 

the Nankai subduction zone, and e) strands of the Hundalee Fault. No clear thermal maturity 127 



signal was observed in the Spoleto thrust or Monte Maggio fault, however reaction products 128 

of thermally driven decarbonation have been identified along these faults (Collettini et al., 129 

2013, 2014). This may be because decarbonation is occurring at temperatures below what is 130 

required for methylphenanthrene reaction in these conditions (~500°C) 131 

 132 

 133 

Supplementary Figure 2: Plots of a) temperature rise and b) maximum temperature against 134 

earthquake displacement. No clear relationship between coseismic temperature and 135 

displacement is apparent.  136 

 137 
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