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This study aims to assess whether luminescence emission from fault gouge samples from the San
Andreas Fault Observatory at Depth (SAFOD) can be used to determine the age distribution of distinct
deformation microstructures. Such age determination could help constrain some of the proposed
micromechanical models for shear localization in fault gouge, in addition to providing more accurate
time constraint on the seismic cycle itself. The mechanism by which previously trapped charge is reset in
minerals in fault gouge is thought to be a combination of frictional heating and mechanical deformation,
and these processes may be localized to grain surfaces. An added dating complexity specific to deep
samples is the high ambient temperature conditions, which act as a barrier to charge storage in lower
energy trapping sites. In this work luminescence experiments are being conducted on minerals from
whole-rock samples of intact fault gouge from the SAFOD Phase III core. Initial studies indicate (i) the
thermal and radiation history of the mineral lattice can be assessed with TL, (ii) trap resetting is evident
in both TL and IRSL data, (iii) a small charge-trapping window between drill hole ambient temperature of
w112 �C and higher energy lattice excitation via rupture events is evident in TL data from w300 to
400 �C, and we tentatively link the source of IRSL to TL within this 300e400 �C region, (iv) IRSL data have
low natural intensity but good luminescence characteristics, and (v) SAR IRSL De data have high over-
dispersion but demonstrate ages ranging from decades to centuries may be measured.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

One of the interesting issues facing scientists who work with
fault gouge is the ability to unravel the age distribution of the
different microstructures in the gouge (e.g., clay alteration seams
vs. coarser cataclasites, earthquake-related fractures, syntectonic
mineral growth; Chester and Chester, 1998; Faulkner et al., 2003).
The age distribution of deformation microstructures could help
constrain some of the proposed micromechanical models for shear
localization in fault gouge, for example identifying the relative
effect of stress-driven mass transfer processes (e.g., pressure solu-
tion) (Chester and Chester, 1998; Gratier et al., 2011; Holdsworth
et al., 2011; Janssen et al., 2011) vs. friction-controlled processes
(Carpenter et al., 2011; Lockner et al., 2011) in active creeping zones.
Presently, the only reliable tool for such analysis is the use of cross-
cutting relationships (e.g., Lin et al., 2001; Chester et al., 1993), for
example the observation, in creeping zones, of cross-cutting
: þ1 785 532 5159.
.
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cleavages (Gratier et al., 2011), cross-cutting veins
(Mittempergher et al., 2011), or deformed clasts embedded in such
creeping zones (Hadizadeh et al., in press), although a limited
number of studies have attempted to determine the absolute age of
gouge components. Among these studies include the application of
trapped charge dating techniques to fault gouge minerals. The
mechanism by which previous trapped charge may be reset in
minerals in fault gouge is thought to be either frictional heating or
mechanical deformation, or a combination of these. Additionally,
these processes may be localized to grain surfaces (Takeuchi et al.,
2006).

Only a handful of luminescence studies have attempted to
directly date active faults by studying either liquefaction features
(e.g., Banerjee et al., 1997; Porat et al., 2007; Thomas et al., 2007) or
fault gouge (e.g., Singhvi et al., 1994; Ding and Lai, 1997; Banerjee
et al., 1999; Mukul et al., 2007). Despite consistent TL and radio-
carbon ages (Singhvi et al., 1994) and agreement between TL and
infrared stimulated luminescence (IRSL) data (Banerjee et al., 1999),
the resetting of the luminescence signal in fault gouge is often
doubted. Some studies indicate no evidence for resetting in fault
gouge (e.g., Fukuchi and Imai, 1998; Toyoda et al., 2000), while
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Fig. 1. IRSL signals from a 3-mm aliquot of 175e250 mm un-etched K-feldspar from
slice F4 (disc SAF-F408-3). Inset: SAR IRSL growth curve for the same aliquot.
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others suggest a grain size dependence with finest grains most
likely reset (e.g., Rink et al., 1999; Ulusoy, 2004; Takeuchi et al.,
2006).

The availability of samples from the NSF EarthScope San
Andreas Fault Observatory at Depth (SAFOD) Phase III drilling
provides a unique opportunity to study luminescence properties of
fault gouge from the well-documented seismically active sections
of the San Andreas Fault zone, where the drill well casing is
currently being deformed by fault creep. Notwithstanding the
challenges to luminescence dating of deep SAFOD samples such as
high ambient temperature conditions due to geothermal gradient,
adequate resetting, and possible highly fractured mineral grains,
age determination of fault gouge has an important contribution to
understanding earthquake mechanics and as an earthquake
predictive tool. The SAFOD experiment presents an ideal laboratory
to study small-scale temporal resolution of comminution due to
creep motion as well as numerous episodes of earthquake rupture.
The aim of this work is to assess whether luminescence emission
from fault gouge samples from the SAFOD can be used to determine
the age distribution of distinct deformation microstructures. Our
approach in this preliminary study was to measure grains from
disaggregated rock slices. In future work we aim to investigate
methods of surface dating of intact samples (e.g., Greilich et al.,
2005) which have the advantage of spatially resolving equivalent
dose (De) and dose-rate data and matching these grain-for-grain to
accurately assess age data from the sample surface.

2. SAFOD sample description

A sample of SAFOD core material from Hole E, Run 1, Section 2
(E12) (http://www.earthscope.org/data/safod_core_viewer) of
Phase III of the drilling program was obtained for luminescence
analyses. The sample was an intact cuboid sectioned from a larger
sample #3, originally obtained by the Gratier/Hadizadeh groups.
The sample had dimensions ofw23 � 19 � 16 mm, with a complex
assemblage of mm-sized minerals and a small fault clearly visible.
The measured depth (MD) or depth along the drill core at the
sample position was 3143 m. The true vertical depth (TVD) was
2604 m below the surface. At this locality the ambient temperature
is estimated to be w112 �C. This value is obtained from a combi-
nation of extrapolated borehole temperatures (Williams et al.,
2005; Schleicher et al., 2008) and thermal gradient values. Thin
section SEM analyses performed by the Gratier group specifically
on this sample and on further samples from the SAFOD damaged
zone and from the two main creeping zones (Gratier et al., 2011;
Hadizadeh et al., in press) show that the mineral assemblage is
a mixture of quartz, K-feldspar, NaeCa-feldspar, calcite, chlorite-
mica phyllosillicates, Fe and Ti oxides, and pyrite.

3. Luminescence studies

3.1. Sample preparation

Sample preparation was carried out under very low intensity
w590 nm lighting to minimize removal of luminescence signals
from quartz and feldspar minerals. Investigations deliberately
focused on the half of the sample not cut by the small fault (Fig. S1),
leaving the side intersected by the fault intact for future
measurements. A slow-speed water-cooled rock saw was used to
sub-sample the SAFOD sample. Slices of w2 mm thickness were
removed from the exterior surfaces (Fig. S1B). This was done to
minimize any prior optical (laboratory white lights or daylight) or
thermal (from previous rock sawing) reduction of luminescence
from the sample (Fig. S2). The interior stubwas then sliced into four
w2 mm slices (Fig. S1C). Slice F4, from the interior closest to the
center of the sample, and F3 the next slice in sequence were chosen
for grain preparation for luminescence analyses. Exterior slice D0-1
(w0.5 g) was prepared to provide preliminary dosimetry data. This
slice was crushed to a fine powder using an agatemortar and pestle
in preparation for ICPMS and ICPOES elemental analyses.

Slices F3 and F4 were very gently disaggregated; applying
pressure between finger and thumb was sufficient to release
grains from the slice matrix. The samples were sieved to obtain
a 175e250 mm grain size fraction and washed in 10% HCl acid. The
resulting sieve fractions were subdivided to produce polymineral
(no further treatment), K-rich feldspar (<2.58 g cm�3 lithium
metatungstate, LMT), and etched K-rich feldspar (<2.58 g cm�3

LMT and 40 min 10% HF wash). Silkospray and spray templates
were used to mount aliquots of grains 3 mm in diameter on
stainless steel discs. Due to the small sample size grain yields were
generally very low, particularly for the un-etched and etched K-
feldspar, for which only 15 and 2 aliquots were prepared,
respectively.

3.2. Measurements

Luminescence measurements were made using a Risø TL/OSL-
DA-20 automated reader (Bøtter-Jensen et al., 2003). Optical
stimulation used 870D40 nm infrared diodes at w117.9 mW cm�2

(22 Vishay TSFF5200 at 90% power) while holding the sample at
50 �C. All TL measurements were carried out with a heating rate of
50 �C s�1. A calibrated 90Sr/90Y beta source (w0.16 Gy s�1) was used
to administer laboratory radiation doses. All luminescence signals
were detected in the near-UV to blue spectral range (335e440 nm
at 50% transmission; 320e470 nm at 10% transmission) using 2mm
Schott BG-39 and 4 mm Corning 7e59 filters with an EMI 9235QB
photomultiplier tube. The etched K-feldspar grains showed no
natural IRSL shinedown, so further measurements concentrated on
the polymineral and un-etched K-feldspar grains.

3.3. Resetting and potential traps for dating

Aliquots of polymineral grains from slice F4 were used to
investigate possibilities of luminescence resetting. Some explor-
atory sequential IRSL then TL measurements were conducted. The
natural IRSL signal (Fig. S3) is weak and could correspond to a small
proportion of trapped charge, poor luminescence sensitivity, or
absence of suitable grains for IRSL. In contrast, IRSL from the same
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aliquot subsequent to w16 Gy beta has a more familiar decay
(Fig. S3). Un-etched K-feldspar aliquots show similar characteristics
(Fig. 1). These qualitative observations possibly suggest the natural
IRSL does correspond to a relatively small proportion of trapped
charge andmay therefore indicate resetting by a past rupture event.

Corresponding TL data for the polymineral grains is shown in
Fig. 2. The ratio of natural-to-artificial TL indicates that the natural
TL peak rising rapidly after w400 �C represents a large residual
dose, corresponding to a value in excess ofw16 Gy. Betweenw300
to 400 �C in the natural TL signal a small peak is present; this small
peak represents a dose perhaps 1e2 orders of magnitude lower
than the large residual. We expect the ratio of natural-to-artificial
TL to rise in this temperature region because the small peak is
accumulating on the tail of the large residual. These data may
suggest the following interpretations: a past rupture event is
associated with the initial rise of the large residual (cf. for thermal
Fig. 2. TL signals from a 3-mm aliquot of 175e250 mm polymineral grains from slice F4.

Fig. 3. Effect of prior IR on TL. An aliquot of un-etched K-feldspar from slice F3 was
heated to 500 �C, given a dose of w75 Gy, preheated to 250 �C for 60 s, exposed to IR
for times indicated, and TL measured to 500 �C. Reproducibility was checked by
repeating the first (0 s IR) measurement (TL curve not shown). Data subsequent to
preheat and IR exposure are compared to TL measured from the same aliquot after the
same beta dose but without preheat or IR exposure (gray dashed line).
exposure in Spencer and Sanderson, 1994, in press) and has
removed TL to w400 �C; charge has subsequently accumulated in
traps corresponding to TL <400 �C, but this trapping is in compe-
titionwithw112 �C eviction. Depending on the duration ofw112 �C
eviction, a small energy window is available for trapping datable
charge.

From our observation of the low intensity natural IRSL signal
(Fig. S3 and Fig. 1) we suspect that the small energy window
available for trapping charge for TLmay also trap charge that can be
stimulated by IR exposure. To explore the relationship between
IRSL and TL further the effect of prior IR on TL after preheating was
examined on an un-etched K-feldspar aliquot of F3, in a comparable
experiment to Murray et al. (2009). The results of this experiment
in Fig. 3 show significant IR depletion of the annealed TL at
w315 �C; in the TL data without preheating or IR exposure clearly
identifiable peaks are absent. Murray et al. (2009) observe the most
significant IR effect on their recognizable TL peak at w410 �C, and
tentatively identify the source of IRSL with this TL peak.

Thew410 �C peak is absent in our data, but in contrast a possible
link between IRSL source and the annealed TL “peak” at w315 �C is
indicated. This is consistentwith theenergywindowbetweenw300
to 400 �C (Fig. 2), andwe believe this relationshipmay still persist at
Fig. 4. Radial plot of De data from K-feldspar aliquots from slice F4. 2-sigma band
positioned on Central Age Model result.



Table 1
Measured elemental concentrations of U, Th, Rb from ICPMS and K2O from ICPOES, and calculated total dose-rate for 175e250 mm un-etched K-rich feldspar.

Sample Crushed slicea U (ppm) Th (ppm) Rb (ppm) K2Ob (%) Dose-ratec (mGy a�1)

SAFOD-3 D0-1 1.70 � 0.26 5.90 � 0.59 118 � 11.8 3.67 � 0.18 4.81 � 0.40

a Sampling details in Section 3.1 and Fig. S1C.
b Converted to K% by atomic abundance.
c Measured moisture content and calculated dose-rate due to cosmic rays were negligible. Internal Kwas taken as 12.5% (after Huntley and Baril, 1997)�5% and internal Rb

of 0.035� 0.015% (fromAitken, 1998, p. 42) using absorbed dose fractions afterMejdahl (1979). Negligible internal alpha dosewas assumed. Alpha efficiency for external alpha
was taken as 0.2 � 0.1 (consistent with Balescu and Lamothe, 1994; Duller et al., 1995). Dose-rate conversion factors from Adamiec and Aitken (1998).
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preheats higher than 250 �C or for preheating duration greater than
60 s. The relationship between IRSL and TL in these samples will be
explored in more detail in future work. For the purposes of this
study, further examination of dating feasibility concentrated on IRSL
signals and is discussed in the following section.

3.4. Toward dating of K-feldspar single aliquots

A single-aliquot regenerative-dose (SAR) procedure similar to
Martins et al. (2010) was used to investigate the suitability of un-
etched K-rich feldspar from the F4 slice for IRSL dating. This SAR
procedure used a preheat of 250 �C for 60 s, a test-dose of 1.6 Gy,
regenerative and test-dose IRSL measurements for 100 s at 50 �C,
and an IRSL hotbleach for 40 s at 290 �C. Dose recovery test data and
equivalent dose (De) data were generated using this procedure.

The natural IRSL of the K-feldspar has low intensity but good
response to a 4.8 Gy regenerative dose (Fig. 1). The dose response is
linear with good recycling and low recuperation characteristics
(Fig. 1, inset). Dose recovery tests were promising with 3 out of 4
aliquots tested able to recover known dose within 10% tolerance
limits (Fig. S4).

Eight SAR IRSL De values were measured from K-feldspar from
slice F4. These are shown on a radial plot (Galbraith, 1990) in Fig. 4.
The data show quite a degree of scatter, which could be due to the
influence of successive rupture events, a heterogeneous radiation
field, variation in signal stability, or partial resetting. If a single
rupture event is assumed, the Central Age Model (Galbraith et al.,
1999) gives a De of 0.67 � 0.10 Gy with sb of 42%.

Dose-rate from ICP analyses of crushed slice D0-1 suggests
a value of 4.81 � 0.40 mGy a�1 (Table 1), resulting in an OSL age of
139 � 12 years before 2010. Because of small sample size, hetero-
geneity of grain matrix, and various assumptions used in the
calculation, the dose-rate assessment can only be viewed as
approximate but is a reasonable working value to allow estimation
of possible age range that can be measured. The largest historical
MW7.9 Fort Tejon earthquake occurred in 1857, and there is
a possibility that even at this early stage of our investigations the
IRSL data could match this date. Furthermore, the small doses
involved add support to a link between the small charge-trapping
window identified in TL data with the source of measured IRSL.

A further consideration is that charge accumulating in the IRSL
trap(s) may be depleted by the w112 �C isothermal, and hence
whether the 250 �C 60 s preheat is sufficient to anneal the natural
IRSL. This was tested with K-feldspar aliquots of F3 with the 250 �C
60 s preheat and a higher preheat of 290 �C for 60 s. These
preliminary data are consistent with the F4 results (Fig. 4) and
suggest, albeit at an early stage of exploratory measurements, that
any imbalance between natural and regenerative charge may have
a small or negligible effect on De.

4. Conclusions

In this study we have investigated IRSL and TL properties of
polymineral and K-feldspar aliquots extracted from a small sample
of fault gouge from SAFOD drill core. Initial studies indicate (i) the
thermal and radiation history of the mineral lattice can be assessed
with TL, (ii) trap resetting is evident in both TL and IRSL data, (iii)
a small charge-trapping window between drill hole ambient
temperature of w112 �C and higher energy lattice excitation via
rupture events is evident in TL data from w300 to 400 �C, and we
tentatively link the source of IRSL to TL within this 300e400 �C
region, (iv) IRSL data have low natural intensity but good lumi-
nescence characteristics, and (v) SAR IRSL De data have high over-
dispersion but demonstrate ages ranging from decades to centu-
ries may be measured.
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