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Abstract  

 

Clay minerals are abundant in fault gouges and isotope dating of the radiogenic noble gases that they 

contain may be used to constrain timing of fault initiation, reactivation and to estimate recurrence 

intervals of earthquakes. The potential influence of fault slip and ambient temperature on the isotope 

signature of authigenic clay minerals, however, remain unknown. This study reports measurements of 

the K-Ar isotope signature of samples that have been sheared experimentally at sub-seismic slip rates 

within a range of ambient temperatures, as well as of samples undergoing standardised clay heating 

degas experiments in the  investigation and comparison of the influence of sub-seismic frictional slip 

and external heating on clay gouge. The age data confirm that the sub-seismic frictional slip of clay 

gouge affects the clay microstructures and releases radiogenic 
40

Ar. The experimental data indicate 

that radiogenic 
40

Ar release due to external heating can be disregarded until ~ 350°C, which is 

supported by Ar diffusion modelling. Frictional slip at sub-seismic slip rates and at room temperature 

results in a significant radiogenic 
40

Ar loss of ~ 56 % and the remaining clay will inherit ~ 44 % of 

radiogenic 
40

Ar. Sub-seismic frictional slip experiments at imposed elevated temperatures from 150 to 

450°C increase the amount of radiogenic 
40

Ar loss and decrease the amount of inherited radiogenic 

40
Ar. At a relatively high temperature of 450°C, about 16% of radiogenic 

40
Ar will be present in the 

remaining sample portion, reinforcing the importance of rigorous clay grain size separation processes 

required prior to fault gouge dating. 

 

Keywords – timing of faulting, frictional slip experiments, K-Ar dating, clay-rich gouge.  
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1 Introduction 

 

Near-surface deformation related to tectonics is accommodated by faults. Numerous studies have 

described the geological nature of faults in relation to their tectonic and seismic environments in the 

upper crust (e.g. Hobbs et al., 1976; Scholz, 2002). Holdsworth et al. (1997) provide a geological 

review of dating fault movements in general. Some of the wide variety of processes active in fault 

zones are: (1) fragmentation of host rocks, grain-size reduction and subsequent authigenesis of clay 

minerals (illite, smectite, chlorite) and muscovite, (2) secondary heating and melting of host rocks by 

frictional deformation, and (3) mineral vein formation initiated by fluids associated with fault motions 

affecting their isotopic signatures (Holdsworth et al., 1997). In order to estimate recurrence intervals 

of earthquakes, reliable isotopic dating and thermochronological methods are required for complex 

fault rocks and their formation processes through time (Tagami, 2012).  

 

Subduction zones are rich in clay minerals (Vrolijk, 1990) and host major earthquakes (magnitude ≥ 

8) releasing seismic energy (Lallemand and Funiciello, 2009; Ritsema et al., 2012). The onset of 

seismic behavior in this context is often linked to the smectite to illite transition at around 75-150°C 

(Pytte and Reynolds, 1988) within fault gouge (Figure 1). Fault zones can contain synkinematic 

authigenic illite, which can be dated by conventional K-Ar (e.g. Lyons and Snellenberg, 1971). 

Numerous studies have subsequently applied the K–Ar and Rb-Sr method (Kralik et al., 1992; Vrolijk 

and van der Pluijm, 1999; Choo and Chang, 2000; Zwingmann and Mancktelow, 2004; Sasseville et 

al., 2008; Zwingmann et al., 2010a, b; Zwingmann et al., 2011; Pleuger et al., 2012; Hetzel et al., 

2013; Isik et al., 2014; Zwingmann, 2014; Viola et al., 2016; Babaahmadi et al., 2019) to constrain the 

timing of complex fault histories from the Mesoproterozoic (e.g. Viola et al., 2013) to the Neogene 

(Zwingmann et al., 2010a). Some studies apply the 
40

Ar/
39

Ar method (e.g. van der Pluijm et al., 2001; 

Solum et al., 2005; Haines et al., 2008; Duvall et al., 2011) to date fault formation by total fusion 

40
Ar/

39
Ar ages and no plateau 

40
Ar/

39
Ar fault gouge illite ages are reported in the literature. In addition, 

the use of Argon as a temporal tracer for large scale geological processes such as the deformation 

related to large grained muscovite has been discussed by Lee (2009) and Kramar et al. (2003), but no 

studies report the effect of sub-seismic frictional slip on the isotopic signature of Argon within fine 

grained clay gouge. 

 

Fault slip processes and their influence on the isotopic signatures of fine grain clay formations in fault 

zones remain poorly understood. Identifying the effects of: (1) fault frictional processes at sub-seismic 

slip velocities during earthquake nucleation and (2) further deformation and shear heating during 

earthquake propagation, on the radiogenic isotopic signature and, therefore, the potential of partial or 

complete reset of the initial isotopic signature, is a fundamental pre-requisite for dating fault motion 

by noble gas methods which assume no inheritance of radiogenic Ar in K-Ar dating (e.g. Hamilton et 
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al., 1988; Meunier et al., 2004). Detailed discussion of applications of K-Ar and 
40

Ar/
39

Ar dating 

focussing on clay minerals can be found in: Clauer et al. (2012), Clauer (2013), van der Plujim and 

Hall (2014) and Zwingmann (2014). Fault zone clay minerals are sheet silicates characterized by their 

small grain size (<2 μm or finer), thus requiring specialized separation and analytical methods for 

isotopic dating. Meunier et al. (2004) highlight that in the dating of authigenic clay mineral 

crystallization the following points need to be investigated and addressed: (1) contamination effects, 

i.e., mixing with other K-bearing phases which is a crucial part in fault zones due to cataclasis, (2) Ar 

closure, i.e., loss or capture of radiogenic 
40

Ar during crystallization, (3) the duration of K 

accumulation, and (4) initial clay mineralogy (illite, illite-smectite). Viola et al. (2016) and 

Zwingmann et al. (2010a) highlight, in particular, the importance of addressing the contamination 

issue and stress the validity of ages within the finest fractions (<0.1 micron or finer).  

 

The influence of both sub-seismic and seismic slip on the isotope signature of fault rocks has not been 

widely studied. Sato et al. (2009) performed high-speed frictional sliding experiments on gabbroids 

and found that a complete reset of the K-Ar age only occurred in glass produced by melting (i.e. 

pseudotachylyte). These experiments, having a duration of the order of several tens of seconds, were 

performed at room temperature and the high temperatures attained during the experiment were the 

result of frictional heating. The temperatures reached in the experiments of Sato et al. (2009) of up to 

~1100°C were significantly higher than the classical closure temperature of the muscovite (illite) K-

Ar system (~ 350 ± 50°C, Purdy and Jäger, 1976.). It remains unclear whether the isotope signature 

can also be affected by longer durations (> several minutes) of frictional sliding at sub-seismic slip 

rates and ambient temperatures similar to the K-Ar closure temperature.  

 

In this paper we investigate the effect on the K-Ar isotope signature of fine grained illite of frictional 

sliding at sub-seismic slip rates for durations of more than 1 hour and at in-situ fault temperatures. We 

analyse the isotope signature of illite-quartz gouge samples that were previously sheared in the 

experiments by Den Hartog et al. (2012). In order to reliably constrain the timing of brittle 

deformation, it is important to investigate whether the inherited radiogenic 
40

Ar isotope signature of 

the host rock was fully or partial reset. The retention of radiogenic 
40

Ar in fine-grained clay minerals 

such as illite, occurring in newly formed or reactivated clay rich fault zones is however difficult to 

measure in nature. Detailed comparative investigations of the influence of sub-seismic frictional slip 

versus ambient temperature on the isotopic signatures of illite under constrained experimental 

conditions such as normal stress, sliding velocity, shear strain and controlled temperature have been 

lacking so far and discussed in this study.  

 

The shear experiments were performed at an effective normal stress of 170 MPa, a pore fluid pressure 

of 100 MPa at ambient temperatures of 150-500°C and low sliding velocities relevant to earthquake 
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nucleation and/or slow slip events (1-100 µm/s). In these experiments the frictional heating was 

negligible and the elevated temperatures were imposed to simulate the increase in the in-situ 

temperature with depth. Our study thus provides an understanding of how processes active during 

frictional sliding or shearing at sub-seismic slip rates affect the isotopic signature of fine grained illite 

minerals. The frictional data are compared with a simplified and standardised step heating degas 

experiment of the glauconite GLO standard (Odin et al., 1982) and an undeformed sample portion of 

the Rochester shale (Folk, 1962), to investigate the influence of cataclasis and ambient heating on clay 

gouge.  

 

2 Material and methods 

 

2.1 Sample material 

 

The starting material used for the friction experiments consisted of illite-rich Rochester Shale of 

Silurian age (Folk, 1962), sieved to a grain size below 106 m (Ikari et al., 2009). Saffer and Marone 

(2003) reported the same material to contain 59% illite clay, 23% quartz, 9% kaolinite/dickite clays 

and 4% plagioclase. X-Ray Diffraction (XRD) analysis by Den Hartog et al. (2012) showed similar 

results but with minor chlorite instead of plagioclase and kaolinite/dickite. The grain size distribution 

of a sample portion of the Rochester shale was investigated using a Malvern Mastersizer 2000. All 

sample identifications are listed in Table 1. 

 

2.2 Friction experiments: apparatus and procedure 

 

Rotary shear experiments were performed by Den Hartog et al. (2012) using the hydrothermal ring 

shear machine, which was described in detail by those authors. In this machine the sample is 

sandwiched between two roughened pistons located in an internally heated pressure vessel filled with 

distilled water, which forms the pore fluid phase. Normal stress is applied to the sample in excess of 

the pore fluid pressure measured in the vessel via a pressure-compensated upper loading piston so that 

the effective normal stress is equal to the axially applied stress. Rotation of the vessel and lower 

piston allow shearing of the sample at a constant rate, while the shear stress generated is measured 

externally via the non-rotating upper piston. Shear displacement (resolution ± 1 m), axial 

displacement (± 0.05 m), normal force (± 0.05 kN) and torque (better than ± 6 Nm) were measured 

externally and the corresponding signals logged together with the pore fluid pressure (± 0.005 MPa) 

and temperature (± 1°C) signals, at 1-100 Hz. Shear displacement was corrected for machine 

distortion;  torque and normal force data for the wet experiments were corrected for seal friction to 

obtain the shear stress (τ),  effective normal stress (σn
eff

) acting on the sample and the apparent friction 

coefficient (μ = τ/ σn
eff

, ignoring cohesion). 
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The samples selected for this study were sheared at an applied (effective) normal stress of 170 MPa, a 

fluid pressure of 100 MPa and temperatures of 150°C, 250°C, 350°C and 450°C. The sliding velocity 

imposed during shear was stepped between 1, 10 and 100 m/s. Note that these are sub-seismic slip 

rates relevant for the initiation of earthquakes and/or slow slip events. Each sample was at the 

experimental temperature for approximately 3.5 hours in total. After completion of the ring shear 

experiments, Den Hartog et al. (2012) dried the sample assembly at a low temperature of 50°C for 12-

24 hours and recovered the sample. Den Hartog et al. (2012) performed microstructural analysis of the 

samples, before and after deformation. These results have been reported by those authors and is 

outside the scope of the current manuscript. 

 

2.3 K-Ar dating methods 

 

Detailed accounts of the conventional K-Ar method have been given in numerous textbooks (e.g. 

Dalrymple and Lanphere, 1969, McDougall and Harrison, 1999). Conventional K-Ar dating was used 

instead of 
40

Ar/
39

Ar dating, since the latter, especially regarding fine-grained clay minerals, is affected 

by 
39

Ar recoil during sample irradiation (Clauer et al., 2012) and requires non-standardized 

corrections. Given the hygroscopic nature of clays, special care was taken in the preparation of both K 

and Ar sample splits. For K analysis by atomic absorption spectrophotometry (Varian Spectra AA 50), 

two sample portions of approximately 50 mg were dried overnight in an oven at 100°C and reweighed 

using a six-digit balance (Mettler AT20). The sample aliquots were dissolved in HF and HNO3. The 

measured dry weight was used in the calculation of the K concentration. The pooled error of duplicate 

K determinations of all samples and standards is better than 2%, (2σ), which reflects the long-term 

precision of K measurement of two international standards. Ar isotopic determinations were 

performed using a procedure similar to that described by Bonhomme et al. (1975). For Ar analysis by 

noble gas spectrometry, ~20 mg sample splits were loaded into clean Mo foil (Goodfellow 

molybdenum foil, thickness 0.0125mm, purity 99.9%), weighed and subsequently heated to 80°C 

overnight to remove moisture, and reweighted using a Mettler AT20 balance. The measured dry 

weight was used in the K-Ar age calculation. Samples were stored in a desiccator prior to loading into 

the argon-extraction vacuum line. Once loaded, the samples were heated under vacuum at 80°C for 

several hours to reduce the amount of atmospheric Ar adsorbed onto the mineral surfaces during 

sample handling. Argon was extracted from the test portions by fusing them in a furnace attached to 

the vacuum line, which also contains an on-line 
38

Ar spike pipette. The isotopic composition of the 

spiked Ar was measured with a high sensitivity on-line VG3600 mass spectrometer. The 
38

Ar spike 

was calibrated against standard biotite GA1550 (McDougall and Roksandic, 1974). Blanks for the 

extraction line and mass spectrometer were systematically determined and the mass discrimination 

factor was determined periodically by airshots (small amounts of air for 
40

Ar/
36

Ar ratio measurement). 
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During the course of the study, 7 international standards (2 GLO, 3 HD-B1 and 2 LP-6) and 4 airshots 

(small amounts of air for 
40

Ar/
36

Ar ratio measurement) were analyzed. The results are summarized in 

Table 2. The error for argon analyses was below 1.00 % and the average 
40

Ar/
36

Ar value of the 

airshots yielded 296.38  0.28. The general error for argon analyses is below 1% (2σ) based on the 

long-term precision of Ar measurements of the international standards. The K-Ar ages were 

calculated using 
40

K abundance and decay constants recommended by Steiger and Jäger (1977). The 

age uncertainties take into account the errors during sample weighing, 
38

Ar/
36

Ar and 
40

Ar/
38

Ar 

measurements and K analysis.  

2.3.1 Stepwise heating degassing experiment of Rochester shale and GLO standard 

 

The kinetics of radiogenic 
40

Ar release of clay minerals such as glauconite and illite have been 

investigated in detail by Hassanipal and Wampler (1996). Here, a simplified controlled stepwise 

heating experiment on an undeformed sample portion of the Rochester shale (sample 1931) at 150, 

250, 350 and 450°C prior to total fusion at 1300°C, was carried out to investigate the release of 

radiogenic 
40

Ar at the relevant low temperature steps. The experimental results enable us to 

distinguish between the release of radiogenic 
40

Ar by thermal heating alone and by sub-seismic 

frictional processes at different ambient temperatures. 

 

The analytical steps for the Rochester shale sample degassing experiment involved an initial line 

blank measurement with the resistance furnace at 150 ºC before sample admittance, the sample 

outgassed for 40 min; the resistance furnace switched off at the 30 min point to eliminate further 

outgassing, and the normal gas clean-up procedure followed after that. The same procedure was 

followed for the subsequent heating steps but with a longer outgassing period of 55 min to avoid 

temperature overshoot of the furnace. The variation in outgassing times was corrected by time-

adjusting the blank. 

 

In order to investigate the radiogenic 
40

Ar release of the Rochester clay at low temperatures, an 

additional stepwise heating experiment was carried out on a sample portion of the international clay 

standard GLO (Odin et al., 1982). A GLO split was degassed in 100°C temperature steps from 100 to 

900°C and ultimately at 1300°C. The analytical steps for the GLO experiment involve measurements 

of line blanks at room temperature and a standardised collection time once the listed temperature 

value was achieved. Any slight variation in collection time (owing to avoiding temperature overshoot) 

was compensated by subtracting a time-adjusted blank. The step heating released gas aliquots were 

38
Ar spiked to calculate radiogenic 

40
Ar content in units of mol/g and step ages (Table 3).  
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2.3.2 Argon diffusion modelling  

 

Illite age dating is mainly applied to samples from sedimentary environments and does not consider 

fault zone conditions (Zwingmann et al., 2010b). Authigenic illite formed during brittle faulting is 

fine grained and the grain size fraction <0.1 µm (or finer) is interpreted to be most reliable as it is 

deficient of contamination sources (Viola et al., 2016). If local temperatures above 1000 °C have been 

reached during seismic slip, Ar retention of fine-grained illite will be affected because noble gases are 

liable to be lost as the result of thermal diffusion and exchange with hydrothermal fluids (Hunziker et 

al., 1986; Villa, 1998; Zwingmann, 2014).  

 

In order to investigate whether flow of low temperature fluids due to seismogenic pumping after fault 

slip could overprint the measured ages of the samples, basic Ar diffusion modelling similar to the 

approach by Huon et al. (1993) was carried out. The modelling approach was used to investigate:  (1) 

five different maximum grain sizes comprising: 100, 45, 10, 2 and 0.1 µm, (2) temperature ranges 

from 100 to 500 °C and (3) geological very short timeframes of: 100, 300 and 1000 years. The grain 

size values were selected based on laser granulometry data of the Rochester clay material used in the 

experiments. 

 

A 100-year timeframe was selected as minimal overprint time in constraining the lower boundary 

condition. A 300-year time frame was selected as an average reoccurrence interval of a seismic event 

from a large earthquake (magnitude ~8, Alpine Fault, New Zealand, earthquake ruptures every 200–

400 years; Townend et al., 2009). A 1000 year timeframe was in addition applied in constraining 

upper boundary conditions. Because the shape of fine-grained clay minerals (fibres vs. plates) will 

strongly influence diffusion, cylindrical and plane geometric shapes were selected for modelling. The 

original parameters listed in Huon et al. (1993, p. 174) were used in this study (Do 6.03 × 10
-7

 cm
2
/s; 

Ea 40×10
3
 cal/mol; Wijbrans and McDougall, 1986).  

 

3 Results 

 

3.1 Laser particle experiments 

 

The overall grain size of the Rochester shale portions in our study ranges from ~ 0.9 to 190.8 µm. The 

Ds(10), Ds(50), and Ds(90) values are 2.2, 10.4 and 62.9 respectively. The Ds(50) value is defined as 

the median size, below which half of the grain-size population by volume area lies; Ds(10) and Ds(90) 

are similarly defined (Allan, 2012). The manufacturer (Malvern) specifies errors for the Dv50 value 

of ± 3% and for the Dv10 and Dv90 values of ± 5%.  

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

9 

 

3.2 Friction experiments 

 

The evolution of μ with shear displacement as measured and reported by Den Hartog et al. (2012) is 

shown in Figure 2 for the selected samples. The friction experiments showed a rapid increase in μ 

with shear displacement, until apparent yielding at a displacement of ~1 mm. This was followed by 

significant slip-hardening superimposed on the velocity steps. The friction coefficient increased with 

ambient temperature, reaching final values of 0.68, 0.75, 0.81 and 0.91 at 150°C, 250°C, 350°C and 

450°C, respectively. Note also that the friction coefficient varied systematically with sliding velocity 

in each experiment (Figure 2), indicating predominantly stable sliding at 150°C and 450°C, 

potentially unstable sliding at 350°C and transitional behaviour at 250°C. A detailed account of this 

velocity dependence of friction is discussed by Den Hartog et al. (2012) and lies beyond the scope of 

the current study. 

 

3.3 K-Ar dating 

 

In total, 14 K-Ar ages were obtained including that of the unsheared the Rochester shale, which 

yielded a Silurian age of 421.4 ± 8.4 Ma as described by Folk (1962). The age data are summarised in 

Figure 3 and Table 1. 

 

3.3.1 K-Ar dating results of sheared samples 

 

Sub-seismic shearing of the Rochester shale at room temperature (20°C) resulted in a radiogenic 
40

Ar 

loss of 55.6 % and corresponding artificial illite gouge age value of 206.1 ± 4.1 Ma. Shearing at an 

ambient temperature of 150°C resulted in a similar radiogenic 
40

Ar loss of 52.6 % and illite gouge age 

value of 218.3 ± 5.0 Ma. A temperature of 200°C during shear resulted in a significant radiogenic 
40

Ar 

loss of 72.9 %, yielding a substantially reduced age value of 135.3 ± 2.8 Ma. At 250°C,  a comparable 

radiogenic 
40

Ar loss of 67.3 % was measured, resulting in an illite gouge age value of 155.0 ± 3.1 Ma. 

Frictional sliding at 350°C resulted in a radiogenic 
40

Ar loss of similar proportions, i.e. 69.9 % and a 

lower illite gouge age value of 139.5 ± 2.8 Ma. Finally, at 450°C radiogenic 
40

Ar was significantly 

reduced by 83.8 % resulting in the lowest artificial illite gouge age value of 74.7 ± 1.5 Ma. These 

radiogenic 
40

Ar and age values are summarized in Figure 4A and Table 1.  

 

Overall, the K content ranged from 4.72% for sample split 1935 (shearing 450°C) to 4.29% at sample 

split RSRS 07 (sheared at 200°C). The average K content of the sample portions obtained by shearing 

at 4.54% ± 2% was lower than the original Rochester shale whole rock K concentration of 4.69% ± 

2%, but identical within error. The pooled error of duplicate K determinations of all samples and 

standards is better than 2%, (2σ) (Table 1). 
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3.3.2 K-Ar dating results of stepwise heated samples  

 

Stepwise heating of the unsheared Rochester shale to 150°C did not release a measurable amount of 

radiogenic 
40

Ar (Figure 4B). Increasing the temperature to 250°C released 0.2 % of radiogenic 
40

Ar, 

resulting in a step age value of 0.8 ± 0.0(2) Ma. Increasing the temperature to 350°C resulted in a 

similar radiogenic 
40

Ar loss of 1.7 % and a step age of 8.0 ± 0.2 Ma. A temperature of 450°C reduced 

the radiogenic 
40

Ar content by 7.6 %, yielding a partially-reset artificial illite gouge age value of 50.2 

± 0.6 Ma (Figure 3). The remaining sample portion was fused at 1300°C and the final radiogenic 
40

Ar 

content analyzed, yielding 87.4% and an artificial illite gouge age of 373.2 ± 7.46 Ma. Combining the 

radiogenic 
40

Ar of all heating steps results in an age of 420.9 ± 8.6 Ma, which is identical within error 

of the analysed sample portion of the Rochester shale. The radiogenic 
40

Ar values and age values are 

listed in Table 1. 

 

The low temperature degassing stepwise heating results of the Rochester shale sample were compared 

to the thermal degassing of a sample split of the international clay standard GLO (Odin et al., 1982).  

At temperatures ranging from 100 to 300°C, GLO releases insufficient amounts of radiogenic 
40

Ar: 

0.5, 0.4 and 0.6% of the total, respectively, which does not allow calculation of reliable step age 

values. At 400°C, 5.8 % radiogenic 
40

Ar was released resulting in an age value of 5.9 ± 0.8 Ma. The 

500°C step released 20.9 % of total radiogenic 
40

Ar resulting in an age value of 21.5 ± 0.3 Ma. 

Significant release of radiogenic 
40

Ar commences at temperatures ranging from 600 to 700°C; 30.6 

and 39.7% per step and age values of 31.9 ± 0.4 Ma and 40.8 ± 0.6 Ma, respectively. At 800°C release 

of radiogenic 
40

Ar drops to 1.1% and an age value of 1.1 ± 0.2 Ma. Similar to the low temperature 

steps, steps of 900 and 1300°C release insignificant amounts of radiogenic 
40

Ar with values of 0.2% 

each which does not allow calculation of reliable step age values. Combining the reliable heating step 

analyzes from 400 to 800°C, an age of 98.85 ± 1.39 Ma was obtained, which differs by 4% from the 

listed GLO age (Odin et al., 1982). The radiogenic 
40

Ar values are summarized in Figure 5 and listed 

in Table 3 with corresponding age values.   

 

3.4 Ar diffusion modelling 

 

The results of Ar diffusion calculations are summarized in Figure 6 and Table 4. For a 100 year 

overprint time, the modelling indicates that diffusion starts to affect the clay mineral gouge ages from 

300°C. The smallest < 0.1 µm grain size fraction is affected by a thermal overprint by up to 32 % 

radiogenic 
40

Ar loss at this temperature and within this time window. A potential thermal overprint of 

the 2-100 µm grain size fraction is negligible under these conditions. At 400 and 500°C, the <0.1 µm 

fraction is predicted to be fully reset in 100 years. If the temperature increases above a hypothetical 
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350 °C, the <0.1 µm fraction would start to recrystallize to muscovite (Purdy and Jäger, 1976) and 

experience reset and complete 
40

A loss over the period of 100 years. A 400°C temperature overprint 

over 100 years will likewise affect the <2 µm fraction with up to 22% radiogenic 
40

Ar loss, whereas 

the coarser fractions remain unaffected. A 500°C, overprint over 100 years will reset the 0.1 µm and 2 

µm grain size fractions and also significantly affect the 10 µm grain size fraction with up to 30 % 

radiogenic 
40

Ar loss, whereas the coarser fractions remain unaffected.  

 

For an intermediate 300 year overprint time frame, radiogenic 
40

Ar loss is predicted to occur within 

the 0.1 µm grain size fraction and partially reset by 50% in a 300°C temperature range. At 400°C it 

will fully reset the age of the 0.1 µm fraction and partially reset that of the 2 µm fraction by 37% . A 

temperature of 500°C is predicted to completely reset the age of the 0.1 µm and 2 µm grain size 

fractions and partial reset that of the 10 µm fraction by 48 %. At this high temperature, the age of the 

coarser 45 µm and 100 µm grain size fractions are predicted to be partially reset, to 12 and 7 % 

respectively over the 300 year time span. 

 

For the longest overprint time used, i.e. 1000 year, 
40

Ar diffusion calculations indicate that 

temperatures of 300 to 500°C will thermally disturb ages of the finest 0.1 µm illite grain size fractions, 

with a change in 
40

Ar concentration as high as 78 % at 300 °C and full reset at 400 and 500°C. Similar 

to the 300 year overprint range, the 2 µm and 10 µm fractions will suffer significant radiogenic 
40

Ar 

loss of up to 60 and 14 % respectively, at a 400°C temperature over 1000 years. A temperature of 

500°C temperature will recrystallize and reset the 0.1 µm and 2 µm grains size fractions and the 10 

µm grain size fraction by 75 %. The high temperature would further affect the 45 µm and 100 µm 

grain size fractions with a partial reset of 22 and 10 %, respectively. 

 

4 Discussion 

 

Despite the fact that clay minerals are abundant in fault gouges, friction experiments at low slip 

velocities simulating earthquake nucleation, and at elevated ambient temperatures, have not been 

previously combined with Argon dating in investigating the effect of frictional deformation processes 

on the isotopic signatures of clay minerals. Therefore, the question remains what the potential 

influence of mechanical friction and temperature is on the isotope signature of clay minerals and to 

determine quantitative details on the loss of radiogenic noble gases during mechanical grinding and 

shearing.  

 

4.1 Comparison of frictional slip and heating age dating results 
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The isotopic signatures of the gouges after the friction experiments at sub-seismic slip rates show a 

distinct pattern. At room temperature, the Rochester Shale loses 55.6 % of its radiogenic 
40

Ar by 

shearing (Figure 4A). This temperature step is geologically unrealistic but can be used as a baseline 

value. An experiment with similar shear conditions at 150°C was observed to lose a similar amount of 

radiogenic 
40

Ar, i.e. 52.6 %. The room temperature and low temperature 150°C experiments on 

average yielded a loss of ~ 54 % radiogenic 
40

Ar. Shearing at an ambient temperature equal to the 

illite resetting temperature of 200°C (Hunziker et al., 1986) resulted in an increased radiogenic 
40

Ar 

loss of 72.9 %. 67.3 and 69.9% of radiogenic 
40

Ar was released with shearing at the higher ambient 

temperatures of 250 and 350°C,  respectively (average loss 200 - 350°C experiments, 70.0 %). At 

450°C, a high amount of 83% radiogenic 
40

Ar was released from the Rochester shale sample split 

(Figure 4A). The data suggest that brittle faulting and shearing does not fully reset the radiogenic 
40

Ar 

isotope signatures of the host rock shale at low temperatures up to 450°C simulating the conditions 

similar to earthquake generation. 

 

One possible explanation for the loss of additional radiogenic 
40

Ar in the sheared samples compared 

to the stepwise heated samples may be the grain size reduction in the sheared samples. A smaller 

grain size reduces the 
40

Ar diffusion distance, increasing the 
40

Ar loss in a given amount of time. Den 

Hartog et al. (2012) report a decrease in the quartz grain size due to the shearing of the samples used 

in the current study. However, their TEM observations suggest that the phyllosilicate grain size 

decreases for the sheared samples compared to the unsheared sample, but not with increasing ambient 

temperature at which the shear experiments were performed. It is thus unclear whether a smaller grain 

size in the sheared samples as compared to the stepwise heated samples may explain the additional 

loss of radiogenic 
40

Ar in the sheared samples. 

 

Stepwise heating of the unsheared Rochester Shale showed a classical increase of release of 

radiogenic 
40

Ar with temperature (Figure 3, 4B). The release of radiogenic 
40

Ar started with the 

endothermic release of adsorbed and interlayer water at ~ 100-200°C (Foldvari, 2011). Hunziker et al. 

(1986) reported an estimated illite resetting temperature of ~ 260 ± 30°C, which was not documented 

within the 250°C heating step in our analysis. A temperature of 350°C resulted in the release of 

insignificant amounts of radiogenic 
40

Ar and might correspond to the general muscovite blocking 

temperature of ~ 350 ± 50°C (Purdy and Jäger, 1976). The low temperatures for illite resetting and 

blocking temperature steps might require longer timeframes compared to the applied heating 

experiment and whole rock Rochester shale sample splits. About 10 % of radiogenic 
40

Ar was 

released at 450°C and 87.4 % during the final 1300°C step. The release of radiogenic 
40

Ar was 

compared with a temperature controlled degassing experiment of a GLO sample split (Odin et al., 

1982), which confirms a similar low temperature degassing pattern between 100 to 500°C (Figure 5). 
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Figure 3 compares age values calculated from the heating and shearing experiments. As anticipated 

and confirmed with the GLO degassing experiment, low temperature steps from 150 to 350°C do not 

release significant amounts of radiogenic 
40

Ar, and an age calculation based on this radiogenic 
40

Ar 

release is meaningless. At 450°C about 10.7 % of radiogenic 
40

Ar is released by heating alone, 

whereas shearing releases a substantial amount of 83.8% resulting in meaningless illite age values of 

50.5 ± 1.0 compared to 74.7 ± 1.5 Ma. 

 

4.2. Time and temperature range required to fully reset K-Ar age of Rochester shale 

 

Argon diffusion modelling allows the time and temperature ranges required to fully reset fault gouge 

clay material to be constrained. As discussed above, for a shear experiment at an ambient temperature 

of 150°C, ~ 47 % of radiogenic 
40

Ar remains in the gouge. The grain size of the Rochester shale as 

indicated by laser particle size measurements varies from ~ 0.9 to 190.8 µm. Minor amounts of 0.1 

µm clay particles would potentially be fully reset in the 300°C temperature region in a 100 to 300 year 

timeframe (Figure 6). Coarser <2 µm particles would require a higher temperature in the 400°C region 

to be reset (Figure 6). Coarser 10 to 100 µm particles would require temperatures of around 500°C in 

a 100 to 300 year timeframe to be fully reset (Figure 6). The amount of inherited radiogenic 
40

Ar in 

excess of the baseline room temperature experiment value decreases as discussed with increasing 

ambient experimental temperature. For the 200 to 350°C shearing experiments ~ 27%, 33% and 30% 

radiogenic 
40

Ar would be inherited respectively, at each temperature. To reset with an average of 30%  

radiogenic 
40

Ar being inherited, a <0.1 µm fraction would require exposure of 300°C for about 100 

years. Coarser <2 µm particles would require exposure of 400°C for about 300 years, whereas coarser 

10 µm particles would require exposure of 500°C for about 100 years. Coarser clay particles from 45 

to 100 µm would not be significantly affected in timeframes from 100 to 300 years. In a 1000 year 

timeframe and a temperature in the region of 500°C, a 45µm particle would lose ~22% radiogenic 

40
Ar whereas the coarsest 100 µm fraction would experience ~ 10 % of radiogenic 

40
Ar loss by 

diffusion (Figure 6). Regarding the shearing experiment conducted at the highest ambient temperature 

of 450°C, the amount of inherited radiogenic 
40

Ar is ~16%, which can be reset at temperatures from 

300 to 400°C in the grain size range of <0.1 to 10µm. Coarser 45 and 100µm particles would require 

higher temperatures of 500°C to partial or fully reset the inherited radiogenic 
40

Ar content. 

 

4.3. Implications for fault zone clay dating 

 

The effects of sub-seismic sliding on the isotope signature of fine-grained clay minerals remain 

unknown. Different approaches have been applied regarding clay minerals in the constraint of 

temperature ranges during faulting within subduction zones. Regional heating during burial normally 

results in increasing steady temperature whereas temperature changes during seismogenic slip are fast 
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and can dissipate quickly. Schleicher et al. (2015) discusses the use of smectite as a proxy for 

maximum temperature in fault zones. Their detailed study  focussed  on the response of natural 

smectite to seismogenic heating within the 2011 Tohuku earthquake, Japan Trench and concluded that 

temperatures during the coseismic slip did not exceed a frictional heating temperature of 200°C. 

Fulton et al. (2013) had previously mentioned that conditions during coseismic slip within the Tohuku 

earthquake could involve a maximum peak temperature of 1250°C associated with a low frictional 

coefficient of 0.08 within a very narrow 1 mm slip zone. The smectite heating experiments by 

Schleicher et al. (2015) suggests that larger slip zones did not reach temperature of 175-200°C within 

a 2 to 60 cm spatial range from the slip zone. Yamaguchi et al. (2011) discusses the occurrence of 

illite and illite-smectite within the offshore Japanese Nankai Through megasplay fault systems  and 

suggest that higher temperatures during coseismic slip have caused the transformation of smectite to 

illite by frictional heating and, further to that, suggest seismic slip might propagate to very shallow 

levels along megasplay systems. However, smectite does not contain K and can therefore not be dated 

by the K-Ar method.  Coseismic slipping at low temperatures of 175-200°C documented by 

Schleicher et al. (2015) in combination with results obtained in this study indicate that a temperature 

effect and Ar diffusion on the clay gouge isotope signature would be negligible. The existing clay 

minerals could inherit a significant amount of radiogenic 
40

Ar in the range of 27-47%. The amount of 

inheritance is grain size dependent and, therefore it is of paramount importance to separate fine-

grained clay mineral fractions with  sizes of <0.1 µm or less to avoid inheritance of radiogenic 
40

Ar, 

as discussed in the literature (e.g. Clauer and Chaudhuri, 1995, Hamilton et al., 1989, Zwingmann, 

2014, Viola et al., 2016). 

 

An alternative scenario was conjectured in a study focussing on the Eastern European Alps 

(Mancktelow et al., 2015); mechanical grinding of protolith muscovite during cataclastic faulting  

resulting in radiogenic 
40

Ar loss within fault gouge. The grain size of large protolith muscovite can be 

mechanically reduced by cataclasis and grinding in the fault zone, influencing the apparent age via 

grain size dependent loss of radiogenic 
40

Ar during physical deformation and comminution in a 

hydrothermal environment involving seismogenic pumping (Dodson, 1973; Villa 1998), after faulting. 

Radiogenic 
40

Ar loss would be caused by damage to the crystal lattice via grain size reduction as well 

as by the decreased diffusion distance in such defect rich grains. Also, it has been shown in our study 

that mechanical grinding of shale whole rock portions at room temperature result in the illite particles 

losing a significant amount of radiogenic 
40

Ar. Fault gouge formation might involve elevated 

temperatures with radiogenic 
40

Ar diffusion and clay authigenesis occurring at the same time and 

temperature interval. The 260-280°C temperature range for which radiogenic 
40

Ar loss in fine grained 

muscovite may start to be significant is also well within the temperature range of 125-350°C for 2M1 

illite formation in epithermal conditions (Velde 1965; Schleicher et al., 2006). Mancktelow et al. 

(2015) discussed whether an age range reflects extended activity on the fault or simply a mixture of 
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authigenic young clay, reflecting the time of actual movement, and older protolith grains, which may 

be partly reset by Ar-loss during grain deformation and fluid rock interaction in the cataclastic fault 

zone. Until now, direct measurement of radiogenic 
40

Ar loss by shearing and grinding during fault 

formation had not been investigated.  The current study might assist in the evaluation of the influences 

of: (1) cataclasis and (2) ambient temperature increases on the isotopic signatures of authigenic fault 

zone minerals. In the European Alps study, a mixture of comminuted, sheared and ground partially 

reset protolith muscovite grains and authigenic new illite, whose minimum age is given by the 

youngest ages from the finest fractions, was studied and, in this case, only the youngest ages would 

have a geological significance.  

The potential influence of: (1) cataclasis, (2) shearing under ambient temperatures on simplified grain 

size fractions ranges (0.1, <2 and <100 µm) and (3) influence of post faulting subsequent seismogenic 

pumping (Sibson, 1973) on the authigenic fault zone minerals is highlighted in a simplified summary 

model (Figure 7) based on the new results obtained in this study. The data reinforce the importance of 

detailed clay mineral characterization, grain size separation to <0.1 µm or finer to avoid potential 

inheritance of radiogenic 
40

Ar from the protolith (e.g. Viola et al., 2016), when using the K-Ar dating 

method. 

 

5 Conclusion 

 

The isotopic signature of fault rocks can be affected by a range of fault processes. The influence of 

these processes on the isotopic signatures on fine grain clay formations in fault zones remain poorly 

understood. In this study, we compared and reported the release of radiogenic 
40

Ar due to frictional 

slip at sub-seismic slip rates, compared this data with standardised heating degas experiments and an 

initial unsheared sample, to investigate and compare the influence of shearing and heating on illite 

gouge. The age data confirm that the shearing of clay gouge at sub-seismic slip rates affects the clay 

microstructures and releases radiogenic 
40

Ar. The experimental data suggest that radiogenic 
40

Ar 

release due to heating can be disregarded until ~ 350°C, which is supported by Ar diffusion modelling. 

Shearing at room temperature  resulted in a significant radiogenic 
40

Ar loss of ~ 56 % from the 

Rochester shale and the remaining clay will inherit ~ 44 % of radiogenic 
40

Ar. Shear experiments at 

increased ambient temperature from 150 to 450°C  increased the amount of radiogenic 
40

Ar loss and 

decreased the amount of inherited radiogenic 
40

Ar. At a relatively high temperature of 450°C, ~ 16% 

of radiogenic 
40

Ar will still be present in the remaining sample portion. In order to avoid inheritance 

of radiogenic 
40

Ar, extensive grain size separation to sizes <0.1 µm or smaller is required. As 

seismogenic pumping and hydrothermal fluids often circulate in fault zone networks, elevated 

temperatures are often recorded which might partially reset inherited radiogenic 
40

Ar in clay gouge 

minerals.  
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7 Figures 

 

Figure 1. Concept introduction figure with geological background (A), frictional deformation (B) and 

shear heating (C). MSZ: main slip zone; HT: high temperature; MT: medium temperature; 

LT: low temperature, *
40

Ar: radiogenic 
40

Ar. 

Figure 2. Evolution of μ with shear displacement as measured by Den Hartog et al. (2012). Evolution 

of the friction coefficient with shear displacement for the samples used in the current 

analyses. The experiment at room temperature (RSRS26) was performed at a constant 

sliding velocity of 10 µm/s, while the sliding velocity was stepped in the experiments at:  

150°C, 200°C, 250°C, 350°C and 450°C (RSRS73, RSRS07, RSRS18, RSRS38 and 

RSRS40, respectively). The location of a change in velocity is indicated for all velocity 

stepping experiments using vertical “ticks” and the corresponding velocity steps are 

indicated in µm/s for the experiment at 450°C only. The order of velocity steps is the same 

for all other velocity stepping experiments, but the experiment at 350°C does not have the 

final step at 10 µm/s. 

Figure 3. K-Ar age plot comparing frictional deformation with the simple heating experiment. T: 

temperature results. Temperature ranges from: (1) Foldvari (2011), (2) Hunziker et al. 

(1986), (3) Purdy and Jäger (1976). Physical properties (4) from Den Hartog et al. (2012): 

R1 VS: regime 1 velocity-strengthening at 150–250ºC; R2 VW: regime 2 velocity- 

weakening at 250–400ºC; R3 VS: regime 3 velocity-strengthening at 400–500ºC from Den 

Hartog et al. (2012). Age errors for low temperature analyses not visible at scale. 

Figure 4. Comparison of radiogenic 
40

Ar data (A) frictional deformation experiment and (B) heating 

experiment (RS Rochester shale, TF* Total Fusion). Geographic location mentioned in the  

discussion has been added as guidelines with known temperature ranges (European Alps, 

Japan trench, Nankai trough). 

Figure 5. GLO degassing experiment comparing radiogenic 
40

Ar release per temperature step with 

radiogenic 
40

Ar release of limited low temperature stepwise heating experiment of the 

Rochester shale sample (1931). 

Figure 6. Argon diffusion summary plot for selected grain size ranges (<0.1-100 µm), temperature 

values (150-500°C) and timeframe (100, 300, 1000 a).  

Figure 7. Simplified potential radiogenic 
40

Ar sources in fault gouge. 
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8 Tables 

 

Table 1. K-Ar age data and sample identification (D: duplicate, N.D. not determined). 

Table 2. K-Ar standard and airshot data. K-Ar standards: HD-B1 (Hess and Lippolt, 1994), LP6 and 

GLO (Odin, G. and 35 collaborators, 1982). 

Table 3. GLO stepwise heating experiment K-Ar data. 

Table 4. Argon diffusion calculation results (a: years), 1.0 = 100% loss. 
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Sample  

ID 

K 

(%) 

Rad 
40

Ar  

(mol/g) Rad 
40

Ar (%) 

Age 

(Ma) 

Error 

(Ma) 

1931 Rochester shale (whole rock portion) 4.69 3.8611E-09 96.7 421.4 8.4 

      Sample - heating experiment temperature (°C)  

     1931 - 150° 4.69 (no signal) (no signal) N.D. N.D. 

1931 - 250° 4.69 6.7950E-12 74.3 0.8 0.0 

1931 - 350° 4.69 6.4899E-11 91.7 8.0 0.2 

1931 - 450° 4.69 2.9438E-10 94.2 35.8 0.7 

1931 - 450° D1 4.69 7.4207E-11 99.2 9.1 0.2 

1931 - 450° D2 4.69 4.5576E-11 96.0 5.6 0.1 

1931 - 450° combined values 

   

50.5 1.0 

1931 -  1300° 4.69 3.3727E-09 97.2 373.2 7.5 

      Frictional shear experiment temperature (°C)  

     RSRS26 (2250) -  21° 4.53 1.7150E-09 96.3 206.1 4.1 

RSRS73 (1932) - 150° 4.55 1.8310E-09 92.4 218.3 5.0 

RSRS07 (2258) - 200° 4.29 1.0455E-09 82.8 135.3 2.8 

RSRS18 (1933) - 250° 4.50 1.2632E-09 95.7 155.0 3.1 

RSRS38 (1934) - 350° 4.62 1.1624E-09 94.8 139.5 2.8 

RSRS40 (1935) - 450° 4.72 6.2430E-10 89.4 74.7 1.5 

 

Table 1 
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Standard  K Rad. 
40

Ar Rad. 
40

Ar Age Error Remark 

ID (%) (mol/g) (%) (Ma) [Ma] (% error to reference) 

HD-B1-113 7.96 3.3357E-10 92.38 24.0 0.4  -0.83 

HD-B1-118 7.96 3.3710E-10 91.57 24.3 0.4 +0.21 

HD-B1-120 7.96 3.3717E-10 92.05 24.3 0.4 +0.25 

LP6-132 8.37 1.9293E-09 97.22 128.2 1.9 +0.26 

LP6-127 8.37 1.9340E-09 97.63 128.5 1.9 +0.49 

GLO-143 6.55 1.1172E-09 95.82 95.8 1.5 +0.76 

GLO-150 6.55 1.1137E-09 94.50 95.5 1.5 +0.45 

       airshot ID 
40

Ar/
36

Ar +/- 

    AS109-AirS-1 294.57 0.27 

    AS114-AirS-1 297.60 0.21 

    AS114-AirS-2 297.64 0.29 

    AS116-AirS-1 295.69 0.36 

     

 

Table 2 
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Sample  

ID 

Temp 

(°C) 

K 

(%) 

Rad. 
40

Ar 

(mol/g) 

% of 

Total Rad.
 40

Ar 

Rad. 
40

Ar 

(%) 

Age 

(Ma) 

± 

(%) 

Remark 

 

AS135-GLO-DE-1 100 6.55 5.93282E-12 0.50 10.65 0.5 12.2 rejected step 

AS135-GLO-DE-2 200 6.55 4.87525E-12 0.41 11.67 0.4 7.7 rejected step 

AS135-GLO-DE-3 300 6.55 6.68678E-12 0.57 16.17 0.6 5.5 rejected step 

AS135-GLO-DE-4 400 6.55 6.75502E-11 5.74 65.80 5.9 1.4 

 AS135-GLO-DE-5 500 6.55 2.46128E-10 20.91 85.54 21.5 1.4 

 AS135-GLO-DE-6 600 6.55 3.59789E-10 30.56 90.56 31.4 1.4 

 AS135-GLO-DE-7 700 6.55 4.51535E-10 38.36 91.70 39.3 1.4 

 AS135-GLO-DE-7 1D 700 6.55 1.64288E-11 1.40 51.92 1.4 1.4 

 AS135-GLO-DE-8 800 6.55 1.28925E-11 1.10 40.41 1.1 1.4 

 AS135-GLO-DE-9 900 6.55 2.55672E-12 0.21 11.01 0.2 1.5 rejected step 

AS135-GLO-DE-10 1300 6.55 2.87616E-12 0.24 10.95 0.3 5.0 rejected step 

  

 

SUM: 1.15432E-09 100 

 

100.8 1.4 error to reference: +3.4% 

 

 

Table 3 
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Timeframe 

years 

grainsize 

(µm) 

Temperature 

100 °C 200 °C 300 °C 400 °C 500 °C 

100 0.1  0.05 0.05 0.32 1.00 1.00 

 

2  0.05 0.05 0.05 0.22 0.94 

 

10  0.05 0.05 0.05 0.06 0.30 

 

45  0.05 0.05 0.05 0.05 0.08 

 

100  0.05 0.05 0.05 0.05 0.05 

300 0.1  0.05 0.05 0.51 1.00 1.00 

 

2  0.05 0.05 0.05 0.37 0.99 

 

10  0.05 0.05 0.05 0.08 0.48 

 

45  0.05 0.05 0.05 0.05 0.12 

 

100  0.05 0.05 0.05 0.05 0.07 

1000 0.1  0.05 0.05 0.78 1.00 1.00 

 

2  0.05 0.05 0.06 0.60 1.00 

 

10  0.05 0.05 0.05 0.14 0.75 

 

45  0.05 0.05 0.05 0.05 0.22 

 

100  0.05 0.05 0.05 0.05 0.10 

 

 

Table 4 
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