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A B S T R A C T   

Rock fracturing (cracking) is a universal process that drives and limits chemical degradation, sediment pro
duction and erosion, and deterioration of infrastructure. Despite extensive research gains in rock mechanics on 
one hand and geochronology on the other, there remains a glaring gap in our ability to understand the long term 
evolution of natural, in situ fractures. Here we develop a novel fracture exposure dating technique, grounded in 
modern advances in luminescence geochronology. We apply our new dating method to a granitic boulder from a 
glacial outwash terrace in California, US. We conclude that the longest, clast-splitting E-W fracture appeared 
shortly after the boulder’s deposit, whereas the secondary N-S fracture appeared 5 ka after the deposition, 
approximately correlating with the Last Glacial Maximum and Younger Dryas periods of the region, respectively. 
However, dating of the third fracture (<< 50 µm width) which does not fully split the rock, is ambiguous due to 
negligible daylight penetration and poor determination of fracture width. The fracture dating method presented 
herein brings with it the potential to decipher relationships that are crucial for the interpretation and modeling 
of, for example, long-term landscape and atmospheric evolution relating rock weathering to climate change and 
erosion.   

1. Introduction 

Open, high-length-to-width-ratio discontinuities in rock (hereafter 
fractures) influence landscape evolution by facilitating water infiltration 
and rock weakening, thereby making natural rocks more susceptible to 
chemical weathering and erosion. Fracture propagation at the Earth́s 
surface may occur by pressure unloading due to the removal of the 
overburden (interactions of the tectonics with topography) (Moon et al., 
2019; Moon et al., 2020), freezing mechanisms (Murton et al., 2006), 
salt hydration or crystallization (Viles and Goudie, 2007), thermal 
stresses (Collins et al., 2018; Gischig et al., 2011; McFadden et al., 2005) 
and chemical weathering (Gu et al., 2020). The increasing recognition 
that fracturing in naturally exposed rocks proceeds by subcritical 
cracking, i.e. at stress levels well below the rocḱs short-term strength 
(Eppes and Keanini, 2017) has raised new questions about the role of 
time and climate in governing rock fracture. Systematic quantification of 
the timing of episodic fracturing would allow us to directly link factors 
like changing climates to periods of fracture acceleration or stabiliza
tion. However, a lack of technology to establish precise and accurate 
fracture chronologies severely limits our assessment of the role of 

different forcing mechanisms in inducing cracking over (pre)historical 
time scales. 

In this study, we bring together the novel luminescence imaging 
techniques and the recent advances in rock surface luminescence dating 
to establish a method for measuring fracture exposure ages, i.e. the time 
elapsed since the formation of a fracture exposes the fracture walls to 
daylight. 

2. Principle of fracture exposure dating 

Investigations on optically stimulated luminescence (OSL) from 
rocks have made it possible to derive exposure or burial ages of rock 
surfaces (Sohbati et al., 2012a). In contrast to terrestrial cosmogenic 
nuclide (TCN) dating that employs accumulation/decay of nuclides, the 
latent OSL signal evolves by bleaching (signal resetting) over sub-mm to 
cm scales when a rock is exposed to daylight (Polikreti et al., 2002; 
Sohbati et al., 2011). The resultant OSL-depth profile can be calibrated 
in terms of a rock surface exposure age (Ageby et al., 2021; Bench and 
Feathers, 2022; Brill et al., 2021; Chapot et al., 2012; Freiesleben et al., 
2015, 2023; Gliganic et al., 2019; Lehmann et al., 2018; Sohbati et al., 
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2012b, 2012a) or an erosion rate (Brown and Moon, 2019; Herman 
et al., 2010; Lehmann et al., 2019; Sohbati et al., 2018). 

The novel rock surface luminescence dating (RSLD) technique pre
sents a unique opportunity for dating fractures, since luminescence in
tensity a few centimeters below the surface of a fracture can be reset 
(bleached) due to sunlight penetration. Thus, S-shaped luminescence- 
depth profiles will develop below the fracture surfaces. As in lumines
cence surface exposure dating, the position of the bleaching front (i.e., 
the zone between bleached and unbleached regions) can be used to es
timate the fracture exposure age (FEA), i.e. the time when a fracture 
fully opened to daylight penetration, provided there has been negligible 
erosion on the fracture surface. The latter can be easily checked by 
matching the opposite walls of the fracture. 

Fig. 1 depicts the fracture exposure dating principle. As soon as a 
rock is exposed to daylight (tS), latent luminescence at the rock surface 
begins to deplete, creating a bleaching front (the boundary of blue and 
red regions in Fig. 1a) that temporally progresses deeper and deeper into 
the rock. At some later time, an incipient fracture develops in the rock, 
which then rapidly propagates into a fully developed fracture, occa
sionally even splitting the rock into two. (Fig. 1b) (Collins et al., 2018). 
We define the time of this rapid opening as the FEA (tf ), since this event 
governs the maximum light flux that can enter the fracture, and hence 
dominates the luminescence bleaching process inside the fracture. This 
event is marked as a red dash line in Fig. 1c and d. Fig. 1c shows 
luminescence bleaching along and across the fracture face, in addition to 
the ongoing bleaching down the surface of the rock. Fig. 1d shows how 
the two bleaching fronts, i.e. down the surface of the rock (Xs) and across 
the surface of the fracture (Xf ), progress with time. The two bleaching 
fronts overlap immediately below the surface of the rock, however, after 

a certain depth Xf will progress independently of Xs. With appropriate 
calibration for light flux the latter front can be used as an estimator of 
how long the fracture was exposed to light, thus providing a FEA. 

A practical application of this fracture dating principle poses many 
challenges:  

1) Measurement of accurate luminescence-depth profiles around a 
fracture is not feasible using conventional luminescence exposure 
dating technique because of its poor spatial resolution; this strongly 
inhibits capturing complex optical geometries inside a fracture.  

2) Unlike rock surface dating, light flux inside a fracture is likely a 
function of fracture width, which in turn can vary with depth. 

3) One cannot rely on finding a known age fracture for light flux cali
bration, since a general method of fracture dating does not exist (the 
very subject of this article) and it is rare to find fractures that can be 
tied to specific events like earthquakes or human activity. 

We solve challenge #1 above using the discovery of non-destructive 
Infra-red photoluminescence (IRPL) signal from feldspar (Kumar et al., 
2018; Prasad et al., 2017) which has enabled 2D luminescence imaging 
of relatively large rock sections (10 cm x 10 cm) at micrometer resolu
tion (Sellwood et al., 2022, 2019) thus surpassing the limitations of the 
conventional coring-slicing techniques. Thus, IRPL potentially enables 
direct imaging of bleaching fronts at and across the fracture surfaces. 
Andričević et al. (2023) have recently demonstrated the use of IRPL 
imaging for the first time to determine light flux distribution inside 
fractures ranging from 50 micrometer to 3 mm. One important inference 
of their study, critical for the current paper, was that daylight flux does 
not scale linearly with fracture width for widths <1 mm, and above 1 
mm the flux is independent of the fracture width. As we demonstrate 
later, this inference makes it viable to develop simple calibration pro
cedures for luminescence exposure dating of fractures to overcome 
challenge #2 above. Finally, to overcome challenge #3, we develop an 
internal calibration procedure by combining luminescence and cosmo
genic exposure dating techniques. 

To estimate a luminescence exposure age, we fit a luminescence- 
depth profile with a physical model of luminescence bleaching at 
depth (Freiesleben et al., 2023; Sohbati et al., 2012b). 

L = L0e−Ae−μx (1) 

A = σφ0t, where σφ0 (s − 1) is the integral of the product σ × φ0 
(photoionization cross section × photon flux) over the relevant 
bleaching wavelength range, and it represents the effective decay con
stant of the latent luminescence at the rock surface, L0 the maximum 
luminescence signal intensity at saturation and L the remaining lumi
nescence signal at depth x (m) after an exposure time t (s). 

Model fitting (Eq. (1)) of measured luminescence depth profiles from 
an exposed rock provides the parameter value A. Thus, to determine the 
exposure age (t) we need to determine and then substitute the value 
of σφ0 into A. In the context of fracture dating, we develop a procedure 
in which we determine σφ0 at the fracture wall (σφ0fracture) using the σφ0 
from the rock surface (σφ0surface) of a known exposure age. This is 
explained bellow. 

While, σ and μ should remain constant for the same rock, the light 
flux is expected to vary between the rock surface and the fracture surface 
due to their different illumination geometries. If daylight flux inside a 
fracture differs by a factor of Kz (z is the distance from the top) compared 
to the flux at the top of the rock surface, then: 

σφ0surface = Kz σφ0 fracture (2) 

Fitting of Eq. (1) to the luminescence-depth profiles down the rock 
surface (L-Z profile) will yield the parameter value Asurface (σφ0t at the 
surface). Thus: 

Fig. 1. (a) Schematic showing the evolution of latent luminescence in an 
exposed rock. Daylight exposure gives rise to luminescence bleaching on the 
surface of the rock. The boundary between the bleached (blue) and pristine 
(red) latent luminescence denotes the bleaching front down the top surface, Xs 

of the rock. (b) Fracture formation enables daylight penetration inside the 
fracture, which in turn bleaches the latent luminescence at and across the 
fracture surface; the boundary between the bleached (blue) and pristine (red) 
latent luminescence denotes the bleaching front, Xf across the fracture surface. 
The arrows indicate the daylight irradiance (c) Conceptual diagram of expected 
fracture evolution over time. tf (red dashed line) denotes the fracture exposure 
age, that is the time when a fracture propagates exponentially to reach its final 
width. Commonly such an event will result in splitting of the rock. (d) Sche
matic evolution of bleaching depths Xs and Xf since the first exposure of the 
rock surface (ts), to daylight. With appropriate calibration Xf can be used to 
estimate the fracture exposure age (tf ). 
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σφ0surface =
Asurface

tsurface
(3) 

Similarly, fitting Eq. (1) to the luminescence-depth profiles across 
the fracture surface (L-X profile) at a given distance Z from the top 
surface will yield the parameter value Afracture(z). The fracture exposure 
age can then be derived as: 

tfracture =
Afracture(z)

σφ0 fracture
(4) 

Substituting, Eqs. (2) and 3 into 4 gives: 

tfracture =
Kz Afracture(z)

Asurface
tsurface (5) 

Therefore, we can obtain an absolute fracture exposure age if we can 
measure the calibration factor Kz using for example a laboratory simu
lation. The exposure age tsurface of the rock can be obtained using either 
luminescence or the well-established TCN dating technique. The 
respective A values can be determined experimentally by fitting the 
luminescence depth profiles and rock surface and the fracture surface. 
Finally, substituting all these values in Eq. (5) will yield the fracture 
exposure age. 

3. Luminescence-depth profiles of fractures in nature 

To test our novel dating method, a naturally fractured granitic clast 
was collected from the surface of a boulder bar of an inactive “Tioga” 
glacial outwash terrace (Rood et al., 2011) deposited during the Last 
Glacial Maximum in the vicinity of Lundy Canyon along the eastern 
flank of the Sierra Nevada Mountains in California, US. The terrace 
deposit and several other boulders on the surface have been dated with 
high confidence to 19.5 ± 1.2 ka using 10Be (Rood et al., 2011; 
LCTIO-07, recalculated - see methods). 

The selected boulder was characterized by in-situ, prominent, open 
fractures (named A, B and C in Fig. 2a, striking roughly E-W (A) and N-S 
(B and C) with high-angle dips > 45◦). Cross cutting relationships 
combined with relative fracture widths suggest the three fractures 
formed in order A, B, C. Fracture apertures in similar settings for similar 
rock types overall increase with clast exposure age (D’Arcy et al., 2015; 
Mazurier et al., 2016). Fracture A, about 4–5 mm wide, is interpreted to 
be the oldest fracture splitting the whole boulder in two halves. Fracture 
B cuts one half of the boulder in half again and was around 3 mm in 
width. Fracture C is inferred to have formed last as it was a closed 
hairline fracture (width unmeasurable) crossing only the eastern 
‘quarter’ of the boulder split by fracture B. The strikes of the three 
fractures are consistent with the two dominant modes of fracture strikes 
measured on 100 clasts of similar size on the same terrace (Berberich, 

Fig. 2. a) Image of the measured boulder. The red circles indicate the drilled cores/half-cores, from which sections (blue thick line) were taken for IRPL imaging. b- 
d): IRPL880 luminescence maps of the perpendicular sections across the three fractures. Luminescence-depth profiles were derived from the selected areas marked as 
black rectangles. The dashed curves represent a border between the unbleached and bleached regions. The black arrows represent the fracture wall exposed to 
daylight in nature. 
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2020). Such preferred orientations of exposed clasts are commonly 
observed world-wide and indicate that the stresses that formed the 
fractures were solar-induced directional thermal stresses (Adelsberger 
and Smith, 2009; Aldred et al., 2016; McFadden et al., 2005). 

All the opposite faces of the fracture matched perfectly confirming 
that there has been no erosion along the fracture surfaces. Luminescence 
measurements, described in the methods section, were performed on 
planes perpendicular to each of the 3 fractures. To calculate the 
bleaching depths, IRPL880 luminescence ratio maps were chosen (Fig. 2). 
The data are presented in false color representing Ln /Lx pixel ratio 
values ranging from unbleached (red/yellow pixels) to fully bleached 
(blue). The white regions in the ratio maps represent the non- 
luminescing regions. In fracture A and C, the fracture surface is at the 
left border (indicated with an arrow). Whereas for fracture B, two sides 
of the fracture were bound together; the fracture runs down the middle 
of the map along the associate bleached (blue) regions. 

Luminescence-depth profiles down the top surface of the rock (L-Z), 
and perpendicular to the fractured surfaces of the rock (L-X) were 
derived from the luminescence maps (Fig. 2b–d). For each profile the 
average luminescence from a single row of pixels at any given distance 
(X or Z) is plotted as a function of distance. The areas selected for 
deriving the L-X and L-Z profiles are shown as black boxes in Fig. 2. The 
L-X profile area was selected below 5 mm from the top surface to avoid 
the effect of bleaching from the top. 

We observed that the L-Z depth profiles around fracture B was shifted 
by about 1 mm compared to the L-Z profiles around Fractures A and C 
(Extended Data Fig. 5a). This suggested that the rock surface at the 
position of fracture B was recently eroded or chipped off. Visual in
spection in the field, as also evident in Fig. 2a, supports this assumption 
since the rock surface cored around fracture B exhibits a ‘fresher’ look, 
with less evidence of the orangish surface oxidation patina compared to 
the locations of the cores for Fractures A and C. Shifting the profile for B 

by 1 mm aligned all three L-Z profiles completely (Extended Data 
Fig. 5b). Due to fact that the three L-Z profiles are indistinguishable, they 
were fitted together as one data set, as seen in Fig. 3a, to obtain Asurface 
value of 3.52 ± 0.07. 

The L-X profiles, as expected, vary for the 3 fractures as seen in 
Fig. 3b, and these were fitted with the model (Eq. (1)) to drive the Acrack 
values. For fracture A we obtained an Afracture value of 2.2 ± 0.2 and for 
fracture B, 1.40 ± 0.10 (Fig. 3b). These values correspond to a depth at Z 
of 5 - 10 mm along the fracture surface. Shallow depths are taken due to 
an increased dynamic range, but the ratio remains constant even at a 
depth of 40 mm (Extended Data Fig. 6). For fracture C, bleaching is 
almost undetectable; nevertheless an Afracture value 0.8 ± 0.4 was esti
mated, despite a poor fit. 

To obtain the fracture exposure ages we need to calculate the 
remaining values of the Eq. (5), i.e. the surface age tS and the Kz factor. 
TCN exposure dating of a piece of the same boulder gave a 10Be age of 
13.1 ± 0.8 ka (details in methods). Although, the TCN age is younger 
than the average age of the terrace, it is consistent with previous ob
servations of boulder age distributions from glacial landforms, where 
potential shielding (e.g., exhumation, snow cover, boulder rotation) 
favors young outliers (Heyman et al., 2011; Putkonen and Swanson, 
2003). The relatively small size of our boulder is likely to enhance this 
effect. 

To estimate Kz a controlled laboratory experiment was set up, where 
cores (5 cm in diameter) were drilled out of the same rock, cut 
perpendicularly and positioned with spacers of 4.5 and 3 mm, to 
emulate fractures A and B, respectively (Extended Data Fig. 1). 
Luminescence-depth profiles developed under controlled bleaching 
conditions were intercompared between the top surface of the core and 
the fracture surface (see methods section). Analysis of these profiles 
gave a value of Kz =1.6 ± 0.3, for both fractures despite their difference 
in fracture width; this result confirms previous work that light flux on 

Fig. 3. (a) Depth profiles taken from the IRPL880 luminescence values from the top surface (L-Z) and (b) fracture surface at 5 - 10 mm deep (L-X), for the different 
fractures. The data were fitted with the first order model (Eq. (1) – solid curve) with a 95% confidence interval (transparent band). 

Table 1 
Calculation of fracture exposure ages.   

Fracture A Fracture B Fracture C 

Asurface 3.52 ± 0.07 3.52 ± 0.07 3.52 ± 0.07 
Afracture 2.2 ± 0.2 1.40 ± 0.10 0.08 ± 0.04 
Kz 1.6 ± 0.3 1.6 ± 0.3 50 µm fracture : 2.27 ± 0.15 

< 50 µm fracture : > 2.27 ± 0.15 
Fracture ages assuming the measured 10Be age of the boulder of 

13.1 ± 0.8 ka 
13 ± 3 ka 8 ± 2 ka 50 µm fracture : 0.7 ± 0.3 

< 50 µm fracture : > 0.7 ± 0.3 
Fracture ages based on the ‘high-confidence’ TCN age of the terrace of 19.5 ± 1.2 ka 20 ± 5 ka 12 ± 3 ka 50 µm fracture : 1.0 ± 0.5 

< 50 µm fracture : > 1.0 ± 0.5  
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fracture walls is independent of fracture width for fracture widths > 1 
mm, likely because of the dominance of diffused light inside fully 
opened fractures (Andričević et al., 2023). The Kz measurement was not 
performed for fracture C as we did not know its exact fracture width. 
Nevertheless, measurements from our previous study (Andričević et al., 
2023) are informative, which yield Kz =2.27 ± 0.15 for a fracture of 50 
µm width. Note that the previous study was done on a different type of 
rock, but since Kz is a relative value, only the cavity size is the governing 
factor in its determination. 

Finally, using Eq. (5), and the directly acquired 10Be exposure age (ts) 
of the boulder, the absolute fracture exposure ages can be using the 
parameters listed in Table 1. Fracture A has a luminescence exposure age 
of 13 ± 3 thousand years, so it appeared very shortly after the deposition 
of the boulder. It could not have formed prior to deposition because 
transport would have split the rock prior to deposition. Fracture B has an 
exposure age of 8 ± 2 ka, developing about 5 ka after the deposition of 
the boulder. The age of fracture C is dependent on its exact width – 
assuming 50 µm, we obtain an age of 0.7 ± 0.3 ka. However, a narrower 
fracture width (< 50 µm) would result in a larger Kz approaching ∞ for 
the limiting case of zero fracture width; in this scenario 0.7 ka will be the 
minimum age of fracture C. Hence, an accurate dating of very thin 
fractures such as fracture C would require detailed analysis of fracture 
morphology and width, a subject of future study. 

If instead of using the 10Be exposure age of our boulder we use the 
statistical mean ‘high-confidence’ age of all the other dated boulders on 
the terrace (Rood et al., 2011), then the fracture ages will increase by 
~50% to 20, 12 and 1.0 ka for fractures A, B and C respectively 
(Table 1). These ages approximately correlate with the Last Glacial 
Maximum (e.g. Rood et al., 2011) and Younger Dryas periods (e.g. Clark 
and Gillespie, 1997) of the region for fractures A and B, respectively. For 
robust geological ages more fractures should be dated and statistically 
analyzed, similar to practices employed for depositional ages derived 
from TCN methods (e.g. Applegate et al., 2012). 

Our model (Eq. (1)) does not include charge filling due to energy 
absorption from environmental radiation. For sensitivity analysis, we 
expanded our model to include the trapping rate (Sohbati et al.) (Eq. (6) 
in Methods), however, this did not change the results since in our 
fractures the bleaching front is relatively close to the fracture surface 
where the dominant effect is trap emptying rather than trap filling. We 
have also tried different kinetic models for fitting luminescence depth 
profiles, however, our IRPL data were best described by a first order 
model (Freiesleben et al., 2023). 

As evident for the case of fracture C, our method does not unam
biguously capture the fracture initiation history. Any bleaching history 
in the form of weakly developed bleaching fronts during fracture initi
ation will be rapidly overwritten during exponential fracture growth 
leading to splitting (Fig. 1b). Moreover, some fractures may have been 
growing for some time in rock interiors prior to their exposure at the 
surface. Another factor to be considered for very thin fractures is the role 
of grain size leading to fracture plain roughness vs. the fracture width. 
Given that natural fractures in granites typically follow grain boundaries 
and that our rock’s average grain size was around 0.5 mm, it is possible 
that for fracture C the grains themselves precluded light penetration 
beyond several grains’ depth. With future work, we can explore and 
possibly overcome such limitations; for example the role of fracture 
roughness can be simulated in the laboratory experiments to determine 
the Kz. Until more experience is gained for hairline fractures, our new 
method in its current form is ideal for dating fractures which split the 
rock (width > 1 mm), since a fracture exposure age is most unambigu
ously defined during the rapid fracture growth phase (Fig. 1b). 

While our data on the single boulder are informative, several fracture 
ages on multiple clasts or outcrops will be likely necessary to determine 
a statistically robust fracture history of a region. The fracture ages that 
we measure from a single boulder illustrate the potential of our novel 
method to open new doors to quantifying long-term fracture evolution 
processes and understanding how they link to forcing mechanisms. For 

example, we may consider a hypothetical where sufficient data were 
collected and revealed that fracture ages across a landscape matched the 
18Ka and 11ka ages of fractures A and B, approximately correlating with 
the Last Glacial Maximum and Younger Dryas periods of the region, 
respectively. It might suggest two episodes of cracking were caused by 
freezing related stresses superimposed onto thermal stresses, acceler
ating fracturing. If the group of fractures across the landscape instead 
exhibited no common age, but fractures on the same clasts exhibited 
similar differences in their ages as our observations, it might suggest that 
internal fracturing feedback mechanisms within the clasts play a more 
important role in the timing of fracture exposure. Thus, the fracture 
dating method presented herein brings with it the potential to decipher 
relationships that are crucial for the interpretation and modeling of, for 
example, long-term landscape and atmospheric evolution relating rock 
weathering to climate change and erosion (Brantley et al., 2023). 

4. Uncertainty, assumptions and applicability 

In general the approach to dating fractures is applicable to quartz 
and/or feldspar bearing rocks that have been exposed for a few days up 
to ~100,000 years, when the bleaching front becomes stationary at a 
depth where trap filling becoming equal to trap emptying (Sohbati et al., 
2012a). However, typically, uncertainty in age calculations may in
crease significantly for exposure durations greater than few tens of 
thousands of years since the bleaching front moves logarithmically with 
time (Freiesleben et al., 2023). The net uncertainty on an individual 
fracture age is relatively high since it incorporates the uncertainties in 
model parameters for both fractures and the rock surface. A more real
istic uncertainty estimation should instead apply statistical analysis of 
the distribution of fracture ages on a number of rocks presumed to be of 
similar exposure ages within the study area. 

The exact technique that we have used here, via IRPL imaging, is 
only applicable to rocks containing alkali feldspars, however, the im
aging technique can also be applied to quartz bearing rocks if the quartz 
has sufficient luminescence sensitivity. 

To obtain an exact fracture exposure age, an accurate exposure age of 
the rock is necessary, with the following underlying assumptions and 
important conditions:  

1) The crack interior and the rock surface should be equally affected by 
any changes in the light flux. E.g. if one is covered by snow, dust, etc., 
then other should be covered equally, such that light attenuation is 
similar on both the rock surface and fracture surface. The same 
principle also applies to light attenuation in the atmosphere e.g. by 
cloud cover or alternative burial and exposure of the boulder. As long 
as there is similar decrease in the light flux both on the rock and the 
fracture surface, the relative calibration of the respective light 
bleaching fronts remains unaffected.  

2) There is no resetting of luminescence in the rock by heat, e.g. fire. 
Any such thermal event could in principle be tested for by the 
luminescence measurements since the thermal resetting will have 
different geometry/gradient than optical resetting.  

3) There is no preferential erosion of the crack surface with respect to 
the rock surface or vice versa. Erosion around the crack may be 
identified by comparing roughness of the complementary fracture 
surfaces.  

4) The absolute exposure age of the rock is accurate. Any deviations in 
the absolute exposure age will be translated proportionally in the 
fracture exposure ages. 

A deviation from these ideal conditions will lead to systematic un
certainties in the fracture ages. For example, if there is a significant 
selective water or dust retention only in the fracture (and not on the rock 
surface), then our assumption 1) is not satisfied and we will tend to 
underestimate the fracture ages. Also, ideal fracture widths for dating 
are greater than 1 mm since light flux on the fracture surface becomes 
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somewhat independent of the crack width (Andričević et al., 2023), thus 
reducing the potential uncertainties in calibration. 

Specifically in our case study, snow cover, often present in the region 
of the sampled rock in this study, may have influenced both the absolute 
(cosmogenic) age of the rock surface as well as the apparent light 
exposure bleaching fronts. Nevertheless, since the anticipated snow 
cover is enough to cover our boulder completely (e.g. 3 m snow), it 
should affect the light flux equally on the rock surface and the fracture 
surfaces. Thus the luminescence calibration factor Kz Afracture(z) /Asurface 
would remain unchanged. The challenge here is to obtain an accurate 
absolute exposure, since snow cover may impact the cosmogenic age. 
Therefore, we rely on the TCN age distribution from the surface (Rood 
et al., 2011); Alternative methods such as 14C dating of the deposit may 
also be used for absolute dating. We do not find any evidence for impact 
of fires on luminescence on our boulder; the luminescence-depth profiles 
are typical of daylight bleaching. 

Dating fractures will enable correlations between cause and effect 
that have only been hypothesized in the literature. For example, do more 
fractures open during glacial periods because of increased frost cracking 
during glacial climates? Similarly, one may specifically evaluate the 
effect of climate, topography etc. on fracture densities or timing in 
similar types of rocks. Dating fractures also may enable predictions of 
hazards related to rockfall. For example, several samples collected along 
single large exposed fractures (>1 mm width) could be used to deter
mine if such fractures are opening slowly over time (different dates on 
the same fracture) or are static (similar dates along the fracture), and 
perhaps pose less risk. 

5. Methods 

5.1. Rock core preparation 

An in situ, naturally fractured granitic clast was collected in the dark 
from a boulder bar of an inactive Last Glacial Maximum outwash terrace 
mapped as the regionally prominent “Tioga” unit LCTIO-07 (Rood et al., 
2011) in the vicinity of Lundy Canyon along the eastern flank of the 
Sierra Nevada Mountains in California, US (WGS 84; 38.031583, 
−119.171722) The fractures were inferred to have formed in situ as they 
would not have survived transport in their found configuration. For 
luminescence measurements, cores, or half-cores, were drilled across 
each of the three fractures, using a 45 mm diameter diamond drill bit 
(red circles in Fig. 2). Using a water-cooled 0.3 mm diamond wire saw, 
the cores were then cut perpendicular to the fracture surface for IRPL 
imaging (blue rectangles in Fig. 2 represent the slices which were 
measured). 

5.2. IRPL imaging and processing 

Using the EMCCD-based system described in Sellwood et al. (2022), 
the natural (Ln) and laboratory regenerated (Lx) IRPL at 880 nm was 
measured on the surfaces of rock cuts described above at room tem
perature. For each fracture, IRPL images were acquired of a plane 
perpendicular to the fracture. The exposure time for IRPL measurement 
was set at 10 s for all sub-samples. For regenerated signals, a 2 kGy 
saturation dose was administered in a cobalt-60 gamma facility at the 
Risø High Dose Reference Laboratory; this was used to normalize for any 
spatial variations in the sensitivity of natural IRPL signals. 

Analyses were conducted using the Imaging processing toolbox in 
MATLAB (The Mathworks, 2004). The Lx images were registered onto 
the Ln images to allow pixel-wise analysis. The images were cropped and 
masked to remove pixels from the sample stage area, outside of the 
respective rock faces, and the Ln/Lx ratio was calculated. 

5.3. Calibration of detrapping constant for fracture surfaces 

To calculate the exact ages of fractures A and B, an estimate of the Kz 
factor (Eq. (2)) is necessary. In our previous (Andričević et al., 2023) 
work we estimated light flux inside fractures ranging from 0.05 to 1 mm 
in width; it was observed that the flux changes non-linearly with fracture 
width, and was insensitive to fracture width above 1 mm. In the current 
study we are looking at quite wide fractures, 4.5 and 3 mm for fractures 
A and B, respectively. To measure light flux in such wide fractures, we 
set up, a similar experiment to our previous study (Andričević et al., 
2023). Two additional cores were extracted from the rock. Their top 
surfaces, exposed to natural daylight, were removed, ensuring a ho
mogenous distribution of trapped charges. They were then cut in half, 
perpendicular to the surface, emulating fractures. With spacers we could 
control their widths to replicate the 4.5 and 3 mm fractures found in our 
bolder (Extended Data Fig. 1). 

After a week of bleaching under a solar simulator, IRPL images were 
taken of planes perpendicular to the fracture surface in the same way as 
it was performed for the natural rock. Identical segments were chosen as 
for fractures A and B to extract the L-Z and L-X depth profiles (Extended 
Data Fig. 2). As expected from our previous study the difference between 
the bleaching for the two different fracture widths is indistinguishable. 
Therefore, the luminescence ratio values were fit together as one data 
set. We could then derive the value of K by dividing Asurface and Afracture 

using Eq. (5); the exposure time t cancels out since it is the same for both 
the core surface and the fracture in our experiment. From the L-Z depth 
profiles the σφsurface value of 0.161 ± 0.016 (day−1) was estimated as 
seen in Extended Data Fig. 3a. Whereas, from the L-X depth profiles the 
σφfracture value of 0.100 ± 0.014 (day−1) was obtained (Extended Data 
Fig. 3b). Hence, the Kz ratio is calculated to be 1.6 ± 0.3. 

Extended Data Fig. 1. Two artificially fractured cores positioned tightly under 
a solar simulator with fracture widths of 4.5 and 3 mm, emulating those of 
fracture A and B, respectively. 
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5.4. Recovery due to environmental irradiation 

The fracture exposure ages were calculated from the rate of charge 
detrapping due to daylight exposure. However, simultaneously charges 
get trapped as a results of energy absorption from environmental radi
ation. Sohbati and coworkers developed an analytical model taking both 
these processes into account: 

L(x) =
σφ0e−μxe

−t

[

σφ0e−μx+
Ḋ(x)

D0

]

+
Ḋ(x)

D0

σφ0e−μx +
Ḋ(x)

D0

(6) 

Ḋ(x) is the natural dose rate as a function of distance into the surface, 
top or fracture, and D0 is a sample dependent constant that characterizes 
the rate of filling of the electron traps. Firstly, the activity of K-40, U-238 

and Th-232 were measured from the rock using a NaI detector. From 
these values and the dimensions of the rock, taking into account fracture 
position and width, a 3-D dose rate map was constructed as in the work 
of Freiesleben et al. (Freiesleben et al., 2022). (Extended Data Fig. 4a). 
On the other hand, to calculate the D0 value IR50 measurements were 
done on the Risø reader of slices from the core of the rock. A dose 
response curve was obtained using the regenerative dose protocol 
(Kumar et al., 2018) as shown in Extended Data Fig. 4b. Analysis of the 
dose response curve using a first order filling equation yielded a char
acteristic dose D0 = 464 ± 43 Gy. 

By inserting these values into Eq. (6) we could generate lumines
cence depth profiles while taking into account charge trapping due to 
irradiation for the top surface (Extended Data Fig. 4c) and the fracture 
surface (Extended Data Fig. 4d) for both fracture A and B. 

Extended Data Fig. 3. Depth profiles taken from the IRPL880 luminescence values from the controlled irradiation experiment. (a) L-Z and (b) L-X depth profiles at 5 
mm fracture depth, for the two different fracture widths corresponding to Fracture A&B. The values were fitted with the first order model and their σφ and μ pa
rameters are shown in the table in the inset. 

Extended Data Fig. 2. IRPL880 luminescence maps of one of the cores (simulating fracture A) from the controlled irradiation experiment. Depth profiles were taken 
from the marked (black box) areas from the top surface (L-Z) and from the fracture surface (L-X) into the core. 

P. Andričević et al.                                                                                                                                                                                                                             



Earth and Planetary Science Letters 624 (2023) 118461

8

Extended Data Fig. 4. Effect of charge trapping due to environmental radiation. (a) 3-D dose rate map of the rock. (b) IR50 dose response curve of slices from the 
core of the rock. (c) Luminescence depth profiles calculated from the top and (d) fracture surface, by taking into account charge trapping due to irradiation (Eq. (6)). 
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5.5. 10Be exposure dating 

TCNs such as 10Be accumulate within minerals as a function of 
exposure time at or near Earth’s surface, and are well-established as an 
exposure dating tool (Gosse and Phillips, 2001; Lal, 1988). Over the past 
several decades, 10Be exposure dating has been applied routinely to 
boulders entrained in surficial glacial deposits to reconstruct timing and 
extent of past glacial fluctuations (e.g. Granger et al., 2013). The boulder 
we analyzed for fracture dating is derived from a glacial outwash deposit 
with pre-existing 10Be chronology (Rood et al. 2011). For completeness, 
we also measured 10Be in this boulder. We used version 3 of the CRONUS 
online calculator (Balco et al., 2008) to calculate an exposure age for our 
boulder, and to recalculate the exposure age of LCTIO-07 from (Rood 
et al., 2011). This recalculation was performed to update the LCTIO-07 
age with modern knowledge of 10Be production rate systematics and to 
be consistent with the newly obtained exposure age of our boulder. All 
other aspects of the original age interpretation were retained—including 
removal of LCTIO-07–2 as an outlier from the summary age. We also 
applied the same rock surface erosion rate assumed in that interpreta
tion (0.6 m/Myr) to our boulder sample. The sampled boulder surface 
was flat, and no geometry shielding correction was included; however, 
we estimated a topographic shielding factor of 0.997 for the age calcu
lation. While azimuthal measurements of the horizon angle were not 
measured at the site of the boulder, we used the altitude vs. topographic 
shielding trend of similar measurements on the LCTIO-07 landform that 

are recorded in Table 1 of Rood et al. (2011). While this estimate is 
imprecise, we consider it reasonable since far field shielding varies little 
between samples in close proximity and since the range of topographic 
shielding values reported for the LCTIO-07 boulder sites is insignificant 
(<1%). 

For the boulder in this study, the top surface, uppermost 1.5 cm was 
employed for 10Be dating of the southern side of same selected boulder 
whose northern side was sampled for this study (Extended data Table 1). 
The rock fragment was sent to the Center for Accelerator Mass Spec
trometry (CAMS) at Lawrence Livermore National Laboratory for further 
sample processing and AMS analysis. There the sample was crushed and 
sieved to obtain the 250–500 µm grain size fraction. A quartz concen
trate was prepared by 1) ultrasonic pre-leaching in 10% HNO3, 2) pro
cessing through a Frantz magnetic separator to remove magnetic grains, 
and 3) multiple cycles of HF etching in an ultrasonic bath (Kohl and 
Nishiizumi, 1992). After purification, around 200 µg 9Be from a well 
characterized carrier low in 10Be was added to the quartz, which was 
then digested in concentrated HF. A process blank and quality control 
standard with known 10Be/9Be (UVM-A; (Corbett et al., 2019)) accom
panied the sample from the point of carrier addition. Beryllium was 
extracted by ion chromatography following standard procedures (Cor
bett et al., 2016) and converted to an oxide via calcination (850 ◦C in a 
muffle furnace). BeO was mixed with niobium powder (Be:Nb of 2:3 by 
volume) and packed into a target for AMS analysis. Measurements of 
10Be/9Be were normalized to CAMS standard 07KNSTD3110 with a 

Extended Data Fig. 5. (a) Depth profiles taken from the IRPL880 luminescence values from the top surface (L-Z) for the different fractures. (b) L /Ln values for 
fracture B were moved by 0.9 mm to achieve alignment. This shift indicates that the rock surface at the position of fracture B underwent recent erosion/chipping. 

Extended Data Fig. 6. L-X depth profiles taken from the IRPL880 luminescence values for both Fracture A&B, at the top (5 mm) and bottom (40 mm). The data was 
fitted with the first order model and their σφt(x) values normalized by those at 5 mm from the surface are plotted. 
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known ratio of 2850×10−15 (Nishiizumi et al., 2007). 
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