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Abstract

By placing Apollo 17 regolith samples in a freezer, and storing an equivalent set at room
temperature, NASA effectively performed a fifty-year experiment in the kinetics of natural
thermoluminescence (TL) of the lunar regolith. We have performed a detailed analysis of the TL
characteristics of four regolith samples; a sunlit sample near the landing site (70180), a sample 3
m deep near the landing site (70001), a sample partially shaded by a boulder (72320), and a
sample completely shaded by a boulder (76240).

We find evidence for a total of eight discrete TL peaks, five apparent in curves for samples in the
natural state, seven in samples irradiated in the laboratory at room temperature. For each peak
we suggest values for peak temperatures and the kinetic parameters E (activation energy, i.e.
“trap depth”, eV) and s (Arrhenius factor, s*). The lowest natural TL peak in the continuously
shaded sample 76240 dropped in intensity by 60+10% (1976 vs. present room temperature
samples) and 43+8% (freezer vs room temperature samples) over the 50-year storage period,
while the other samples showed no change. These results are consistent with the E and s
parameters we determined.

The large number of peaks, and the appearance of additional peaks after irradiation at room
temperature, and literature data, suggest that glow curve peaks are present in lunar regolith at
~100 K and their intensity can be used to determine storage times at these temperatures. Thus a
TL instrument on the Moon could be used to prospect for a micro-cold traps capable of
deposition, build-up and storage of volatiles.
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Plain Language Summary

Rocks, like the "soil" (regolith) from the Apollo 17 landing site, glow when heated in the dark.
This glow, known as thermoluminescence (TL), is caused by previous exposure to radiation but
it can fade depending on ambient temperatures. We therefore have a method for studying
radiation and thermal history of these rocks, but we need to learn the precise details of this
process. Nearly fifty years ago NASA placed some Apollo 17 regolith (1) in a metal cabinet at
room temperature and (2) in a freezer. We found that freezer samples did not lose any TL, but
the cabinet samples showed considerable fading relative to the freezer samples and relative to
samples measured nearly fifty years ago. Combined with a detailed computer analysis of the
data these results enable us to understand the relationships between TL, time, and environmental
conditions. Most importantly, this method will enable us to search for tiny locations, called cold
traps, in the polar regions of the Moon where water and other volatiles may have accumulated.
This information is important for understanding the history of the Moon and it will support

exploration efforts which need water and volatiles.
1. Introduction

Thermoluminescence (TL) is the light emitted by a sample as it is heated (Boyle, 1664; Herschel,
1899; Sears et al., 2013; also see the Supplement). A plot of light emitted vs. heating
temperature is referred to as the “glow curve”. Within the glow curve the luminescence is
emitted as a series of peaks, each reflecting a different defect or impurity in the crystal structure
where electrons can be “trapped”. The level of luminescence naturally present in a given peak
depends on previous exposure to radiation, which increases TL levels, or to heat, which
decreases TL levels. Each peak has an activation energy E (eV, usually referred to as “trap
depth”) and an Arrhenius factor s (s, essentially a rate constant) which describe the kinetics of
light production. Thermoluminescence has practical applications in personnel dosimetry, pottery
dating, and authenticity dating of artifacts (Aitken, 1985; Horowitz, 2021). When Apollo
samples were returned from the Moon there was considerable interest in their TL properties (e.g.,
Hoyt et al., 1971; Durrani et al., 1972; Garlick and Robinson, 1972, Dalrymple and Doel, 1970;
Blair et al., 1972a,b). Most publications dealt with TL as a means of investigating the thermal
and radiation environment on and in the regolith (e.g., Hoyt et al., 1971; Durrani et al., 1976),

while some considered TL as a possible explanation for transient lunar phenomena (Geake and
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Mills, 1977; Geake et al., 1977). Batchelor et al. (1997) have used the induced TL (as opposed
to natural TL) to deduce information on the petrologic and mineralogic history of lunar samples.
Induced TL is the level of luminescence displayed by the sample after its natural TL had been
removed by heating to 500 °C. Inducing a TL signal also reveals the existence of shallow

electron traps that were empty in the natural sample.

This paper concerns regolith samples from the Apollo 17 landing site in the Taurus-Littrow
valley (Schmitt, 1973; Wolfe et al., 1981). Harrison Schmitt and Gene Cernan collected >120 kg
samples from the Taurus-Littrow valley in December 1972. In three EVASs they traversed about
30 km in order to sample ancient pre-and post-Imbrium highlands, basalts, and ejecta from the
various impacts and pyroclastics deposits on the valley floor (Fig. S1). The present study
concerns regolith (1) from the landing site, (2) from 3 m depth near the landing site, and from the
foothills of (3) the North Massif and (4) the South Massif. The regolith consists of a mixture if
subfloor basalt regolith, volcanic ash, regolith from of the nearby massifs and unconsolidated
surficial material generated mainly from impact (Wolfe et al., 1981). The foothills sites were
notable for the number of boulders that had rolled down the Massifs and some of our samples
had been completely or partially, continuously shaded by the boulders for periods of about 20
Myr (North Massif) (Cozaz, et al., 1974) and 52 Myr (South Massif) (Leich, et al., 1975).
Schmitt et al (2017) reported a synthesis of data related to the Apollo 17, 3 m deep drill core and
found that it consists of 10 regolith ejecta zones laid down over about 3.3 billion years.

The most recent mass-wasting event originating from the slope of the South Massif is the
“young” light mantle of avalanche-derived material, originally thought to have been deposited as
a result of the impact of ejecta from Tycho Crater some ~2350 km to the southwest (Fig. S1;
Arvidson et al., 1976; Drozd et al, 1977; Lucchitta, 1977). An ejecta ray from Tycho crosses
Taurus-Littrow and some authors have argued that craters in the Crater Cluster, several
kilometers east of the old and young light mantles, have similar ages to the Tycho impact.
Alternatively, many large mass wasting events from the South Massif at different times may
have deposited seven mass-wasting deposits,including the most recent, “young light mantle”
investigated by Apollo 17 astronauts. The existence of the Lee-Lincoln thrust fault in the same
part of the valley as these mass-wasting events suggests that repeated seismic activity along this

fault may have triggered these events.  Furthermore, recent work on the ages of 400-800 m
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diameter craters in the Crater Cluster and their regolith ejecta (sampled by the deep drill core),
indicate that the Cluster is comprised of at least five different impact events, including four
elliptical, apparently simultaneous impacts of that may be from a cometary aggregate. These new
findings indicate that Tycho ejecta only could be responsible for only one of the mass-wasting
events. Arguing against even that possibility is the youngest cosmice ray exposure age for ejecta
from the Crater Cluster is 360 Myr (Eberhardt, et al., 1974) versus an age of ~52 Myr (Leich, et

al., 1975) for the youngest mass-wasting event, the young light mantle.

Durrani et al. (1976) used TL measurements to discuss the thermal history of these samples
pointing out that samples collected in the shadow of a large boulder had a stronger TL signal
than partially shaded samples which in turn had slightly stronger signals than samples collected
in direct sunlight. These authors described in some detail the theoretical underpinning of the
measurements and how an equilibrium temperature (which they called “storage temperature”)
could be derived. Since the discovery of water on the Moon in permanently shadowed craters
(Nozette et al., 1996; 2001), and the prediction of water-bearing micro-cold traps (Hayne et al.,
2021), we have pointed out that TL could be used to prospect for locations suitable for the
retention of water ice and other volatiles (Sehlke and Sears, 2022). Schmitt (2023) also stressed
the value of thermoluminescence measurements in understanding the thermal history of the lunar

regolith at high latitudes.

Durrani (1972) pointed out that it is possible that samples associated with particularly low
temperatures or recent radiation exposure could have TL peaks that are unstable at room
temperature and he therefore advocated storing returned lunar samples in a freezer. In the run-up
to the return of humans to the Moon by Artemis, NASA made available samples of Apollo 17
regolith that had been stored in a freezer for nearly fifty years (1973-2022). They also released
the equivalent room temperature samples. This provided a unique opportunity to characterize the
natural TL of lunar samples and understand the kinetics of natural TL build-up and decay. This
is essential if TL is to be used for science and exploration, particularly in the case of water and

volatile prospecting.
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2.1.  Samples

2. Experimental

The samples used in this study are listed in Table 1 and their field relations are shown in Fig. S1

Three of these samples are equivalent to those used by Durrani et al (1976), sunlit (70180),
partially shadowed (72321), and continuously shadowed (76240) regolith samples while the

fourth is the sample from near the bottom of the 3 m drill core near the sunlit sample (70001).

Available information on the samples have been compiled by Meyer (2007; 2010a; 2010b;

2010c; 2010d).

Table 1. Samples used in this study with some background information.

Room Mass Mass - CRE aget | Is/FeO
temperature | (mg) Freezer (mg) Description* (Myr% 1
70001,83 100 | 70001,84 | 100 | Deep regolith ~485 ~40
70180,8 100 | 70180,9 | 106 | Sunlit surface regolith ~360 47
72321,41 100 | 72320,7 | 108 | Partially shaded surface regolith 45-55 73
76240,45 100 | 76240,48 | 112 | Permanently shaded surface regolith ~20 56

* Meyer (2007; 2010a; 2010b; 2010c; 2010d)
+ Arvidson et al. (1975), Leich et al. (1975); Crozaz et al. (1974).
T Morris (1976, 1978); Morris et al. (1979)

70001. This sample was the lowest level of the Apollo 17 three-meter drill core which was

collected in the middle of the valley, near the landing site (Fig. S1). Much of the considerable

early work on the drill core was summarized by McKay et al. (1991).

The Apollo 17 deep drill core was irradiated on 22 December 1972 using medical X-ray

equipment facilities at JSC (Duke and Nagle, 1976). The dose absorbed was not reported, but a

typical dose for the routine medical X-ray is about 1 Gy (Mettler et al., 2018), enough to fill the

lower temperature traps, say those corresponding to peaks between 100-250 °C in the glow

curve. Since these peaks are absent or weak in 70001, we assume that in ~50 years these peaks

have decayed.

Schmitt et al. (2017) estimate that this sample of the core is regolith ejecta that was exposed to

external solar proton and cosmic ray radiation and impact gardening for ~387 Myr after

deposition at ~3.4 Ga. In addition, there has been continuous internal alpha and beta particle

radiation from U, Th and K decay. Prior to deposition, there also was an unknown frequency of




145
146
147
148
149
150

151
152
153
154

155
156
157
158
159

160
161
162
163
164
165
166

167
168
169
170
171
172

periods of solar proton and cosmic ray radiation and impact gardening for the ~500 Myr since
regolith began to form on the surface of the valley floor. After deposition, the sample was
initially exposed to 387 Myr to a mean diurnal temperature of 214° K (~100° to ~375° K)
(Langseth, et al., 1973) and then, at ~3.0 Ga, it began to be progressively buried by younger
regolith ejecta zones until at about 1.5 Ga its temperature stabilized at a constant ~257° K (17° C)

with more than 130 cm of regolith ejecta above it.

The mean-lives for these peaks we calculate below are consistent with this. Nevertheless,
artificial exposure through the use of CT scanning must be kept in mind when discussing the
radiation history of extraterrestrial samples from JSC and several major museums (see Sears et
al., 2016; 2018).

70180. Regolith sample 70180 was collected on the surface near the drill core site (Fig. S1).
Being a surface sample 70180 has suffered the full range of alteration, thermal cycling,
micrometeorite bombardment, cosmic ray exposure, and gardening. In addition, solar protons
and alpha radiation from internal sources (U, and Th) have caused reduction of Fe** to Fe°
(Schmitt, 2022) producing an Is/FeO maturity index of 56 (Morris, 1976).

72320 (and 72321). These samples were collected about 20 cm under the E-W overhang of
Boulder 2 at Station 2 at the base of the South Massif (Fig. S1). On the basis of its intermediate
natural TL compared to 70180 and 76240, Durrani et al. (1976) suggested that 72320 was only
partially shaded, consistant with the astronauts’ description during collection. The roughly N-S
orientation of the overhang also indicates that morning sun would illuminate the otherwise
largely shadowed area. The fully exposed top of the shadowing boulder has a cosmic ray
exposure age of 52 + 1.5 Myr (Leich, et al., 1975)

76240. This sample was from continuously shadowed soil from about 70 cm into a shadowed
overhang under Boulder 4 at Station 6 at the foothills of the North Massif (Fig. S1). The sample
came from the top 5 cm of the shadowed surface. Durrani et al. (1976) estimated that the shadow
formed 40-60,000 years ago. However, as will be evident below, this value is a minimum age
since the natural TL is in an equilibrium state. The maturity indexes of 76240 and other regolith

samples at Station 6 strongly suggest that the shadow formed when the boulder came to rest and
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broke into several fragments between the boulder's reported cosmic ray exposure ages of ~20
Myr (Cozaz, et al., 1974).

2.2 —2.4. Experimental details

Our methods for TL measurement are described in the supplement Sections S2.2 to S2.4. These
include how we make a correction for black body radiation, how we fit theoretical curves to the
observed glow curves, and how we estimate activation energies for the first peak in the glow

curve using the traditional initial rise method.

3. Results

3.1.  Visual Inspection of the glow curves

To provide ground truth for more sophisticated glow curve analysis we first performed a visual
inspection of the glow curves to locate peaks and estimate their approximate relative intensities.
Plots of the peak positions for natural and induced TL are shown in Fig. 1. Table S1 lists peak
positions and peak intensities for natural TL. Table S2 lists the same data for induced TL.

As expected the natural TL for the room temperature and freezer samples are very similar.
Average peak positions for samples in their natural state are 223+15, 270+18, 339+29, 413+14,
475+9 °C. The glow curves for the irradiated samples show new peaks at 10843, 147+2 and

192+2 °C. We number these peaks 1-8 in order of increasing glow curve temperature.

The intensity of the TL in all our samples, natural and induced, is very high, ranging from about
1000 cps to about 50,000 cps. (For comparison the Dhajala meteorite, which is often used as a
laboratory standard for TL studies, produces about 40,000 cps at its major peak.) For the natural
TL samples the peak at 47549 °C which extends beyond 500 °C and is always the strongest while

for the induced TL curves the three lowest temperature peaks are the strongest.
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Fig. 1. (a) Visual representation of the peaks and inflections (indicative of peaks) for the present Apollo 17
samples. “Temperature” refers to the temperature at which the peak appears as the samples are heated. The
vertical lines are means. Left, natural TL, mean + 1 sigma, are 223+15, 270+18, 339+29, 413+14, 4759 °C. (b)
TL peaks and inflections present after irradiating the samples with “°Sr beta radiation, mean + 1 sigma, are 1083,
14742, 19242, 243+24, 289+43 °C. As much as half of the 475+9 °C peak actually lies beyond the range of our
equipment.

3.2  Determination of E (and s) by the initial rise method
Estimates of the trapping depth E (in eV) of the first peak in the glow curve are given in Table 2.

We also indicate in Table 2 the glow peak to which the data apply, i.e. the first significant peak

identified by the curve fitting results. We also indicate s values calculated from E using Eqt. S4.
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Table 2. Values of E (eV) determined by the initial rise method, corresponding s values, and peak temperatures,

T, *
Sample* RoomS'EIi'reanIpeesrature Freezer Samples Rég;dll?éﬁgjpse?gglrzs&
Freezer Samples
T, ~220 °C (peak 4) ~220 °C (peak 4) ~100 °C (Peak 1)
E 0.98+0.20 1.18+0.08 0.95+0.06
70001, 83/84 3x10° 4x 10" 4 x 10"
° (2x10" -4 x 10" (6 x 10" - 2 x 10%) (6 x 10™ -2 x 10%)
T, ~420 °C (Peak 7) ~420 °C (Peak 7) ~100 °C (Peak 1)
E 1.03+0.01 1.05+0.31 0.86+0.11
70180,8/9 1x10% 2 x 10" 2x 10
° (7 x 10°- 1 x 10%9) (8 x 10° - 3 x 10%) (7 x10° - 9 x 10%)
T, ~265 °C (Peak 5) ~265 °C (Peak 5) ~100 °C (Peak 1)
E 1.17+0.31 1.03+0.06 0.92+0.05
72321,41/ 72320,7 3% 101 9 x 10° L% 102
° (2 x 108 - 7 x 10" (2x10° - 4 x 10'9) (3x 10™ - 6 x 10%)
~220 °C (peak 4) ~220 °C (peak 4) ~100 °C (Peak 1)
E 1.11+0.07 1.15+0.06 0.87+0.03
76240,45/48 7x10% 2 x 10" 3x 10"
) (1x10%-4x 10" (5x 10" -7 x 10" (2 x 10" -8 x 10™)
Mean £ sigma | E 1.08+0.07 1.10+0.06 0.90+0.02
Mean | 3x 10" 6 x 10*° 8 x 10"
(+ 1s range) (6 x 107 -1 x 10" (1x10"-2x 10" (4 x 10" - 1x 10"

* Tp refers to the peak to which these data apply as judged from Fig. 2.

T s has been calculated from E assuming peak temperatures of 225 °C for natural curves and 100 °C for induced
curves and a heating rate of 7.5 °C/s. The range in parenthesis refers to the values calculated for +1s.

3.3.  Curve fitting to natural TL curves

As discussed briefly in the Introduction, the TL of silicates is not emitted at a single heating
temperature but over a broad range of temperatures and in the form of a number of overlapping
peaks, each with its own value for E and s. The size of each peak, i.e. the number of electrons
trapped at each defect, is governed by the kinetics of build-up due to ionizing radiations and
thermal decay. Radiations are typically in the keV to GeV range and it is normally assumed that
the ionization fills each trap according to their individual cross sections for electron capture. A
relationship, proposed by Schmitt (2023), between trap filling and type and energy of radiation
has yet to be experimentally explored.
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Our procedure for fitting theoretical curves to the observed glow curve in order to identify and

utilize the individual peaks is described in Section S2.4 and examples appear in Fig. 2. Our

values for the activation energy, E, and rate constant, s, for the five peaks in the natural TL

curves were the result of curve fitting to over 100 glow curves and are given in Table 3.
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Fig. 2. Examples of curve fitting for samples in their natural states (Fig. a-d) and a sample that
has been drained of its natural TL and given a test dose of beta radiation (Fig. €). The induced
curves (Fig. e) look essentially the same for all samples. The individual peaks identified by the

curve-fitting process are indicated with broken lines.
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The curve fitting procedure does not yield uncertainties for the individual parameters but instead

the software determines a measure for the quality of the fit between the theoretical and observed

glow curve. For the natural glow curves all yielded a sigma of better than 0.5% which is

consistent with the visual impression that the fits are excellent.

3.4.  Curve fitting to induced TL curves

From curve fitting to over 300 glow curves our values for seven peaks in the induced TL curves
are also given in Table 3. An example is shown in Fig. 2e. The fits obtained were not as good as
for the natural curves but still acceptable with a 1o goodness-of-fit of 1.0-1.5%. The main cause
of the poorer fit was the higher temperature peaks which are sometimes weak or absent in the
induced curves. Peaks 6 and 7 could not be resolved in the induced curves, although this was not
a problem for the natural curves. In addition, the 500 °C peak is only partially sampled since our
equipment cuts-off at this temperature. This explains the discrepancy between the induced and
natural E values for peak 8. Otherwise the values for natural and induced curves agree within
experimental uncertainties. We note that s values differ by factors of 2 to 7 which we consider

good agreement, since it is within an order of magnitude.

Table 3. Selected E, s and Tp values for natural and induced glow curves and corresponding mean lives.*

Natural TL
Peak number 4 5 6 7 8
E (Ev) 0.95 0.94 1.13 1.26 1.39
s (s 3.83 x 10° 2.83x 10’ 7.91 x 10’ 5.39 x 10’ 3.24 x 10’
T, (°C) 216 268 344 419 492
Induced TL
Peak number 1 2 3 4 5 6 and 7* 8t
E (Ev) 0.78 0.85 0.92 0.92 1.13 1.26 1.53
s (s 9.95x10° |513x10° |1.85x10° | 1.41x10° | 5.83x10° | 1.61x10° | 6.11 x 10’
T, 92 130 175 223 295 387 498
* Comments

e Peaks 1 and 2 are absent in the natural curves. Peak 8 (at 492 °C) is a composite of natural and induced TL
since a single heating to 500 °C removes only half the peak. Data for this peak should be treated with
caution

e Peaks 5-8 in the induced curves are problematic because they are so weak. Peaks 6 and 7 are not resolved.

e For natural and induced curves the peak at 498 °C is a composite of natural and induced TL since a single
heating to 500 °C removes only half the peak. Data for this peak should be treated with caution.

3.5  Total counts in the peaks by curve fitting.

Table S3 summarizes the n values (total number of counts, i.e., the area under each peak) we

obtained from our curve fitting procedures, expressed in millions of counts. The number of
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counts in the natural curves varied from essentially zero to 7 million while the number for the
induced curves varied from zero to about 3 million. In both cases the largest number of counts
was observed for peak 8. In the natural curves peaks 1, 2 and 3 were always absent. The ratio of
the sigma to the mean is about 0.28 for all peaks in the natural curves and about 0.25 for peaks 1-
6 in the induced curves. For peak 7 in the induced curves this ratio is around 0.40 reflecting the

known difficulties in measuring this peak.
4. Discussion

4.1. Comparison of the results of the visual inspection of the glow curve with the curve fitting

results — validating the curve fitting technique

Having shown that the ~220 °C peak is behaving as expected and the comparisons we have made
using simple peak heights yields reasonable values for E and s for this peak, we now wish to
perform a more detailed analysis of the glow curves with the aim of (1) understanding the TL
characteristics of lunar regolith and (2) quantify the properties of the TL glow curve, that is the
number of peaks, their E and s values, and the intensity of each peak. An important element of
our approach is curve fitting. This has not previously been attempted with lunar samples and we
expect regolith to be particularly challenging in view of its heterogeneous nature although the
gardening process during exposure at the surface homogenizes most characteristic parameters,
such as maturity index (Is/FeO), composition, and cosmic ray exposure. We will therefore
establish some ground truth by comparing data obtained by visual inspection of the glow curve
with data obtained by curve fitting. The main characteristics of the glow curve are peak

positions (which also means number of peaks) and peak intensities.

Table 4. Comparison of peak positions (°C) determined by eye and by curve fitting.*

Peak 1 | Peak?2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 | Peak 8
Visual natural 223+15 | 270418 | 339429 | 413+14 | 4759
Curve fitting natural 216 268 344 419 492
Visual induced 108+3 14742 19242 230+12 | 27145
Curve fitting induced 92 130 175 223 295 387 498
Nominal value ~100 ~140 ~180 ~220 ~265 ~340 ‘ ~420 ~480

* Uncertainties for the visual data are one sigma based on replicate measurements. Such uncertainties are not
available for the peaks used in curve fitting (which are determined by the selected values for E and s) but the fits
have an uncertainty of <5% so uncertainties on peak positions are probably on the order of 5%. Peaks 6 and 7 are
not resolved in the induced curve fitting method because they are too weak.
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Peak positions. The peak positions determined by eye (visual data) and by curve fitting are
compared in Table 4. We can say that the data are consistent but not independent because peak
positions determined by visual inspection guided the choice of peaks for curve fitting.
Nevertheless, despite the uncertainties on the visual data sometimes bring quite large the
consistency across methods is reassuring. These data are presented in visual form in Fig. S3. For

future convenience, we also list “nominal” values in Table 4.

Peak intensities. Figure 3 is a plot of peak intensity measured directly from the glow curve

against the number of counts in a peak determined by curve fitting. According to TL theory
higher temperature peaks are broader than low temperature peaks but for each peak there is a
linear correlation between the two parameters, suggesting no major errors in the curve fitting

process.

Peak Slope
1x10“ 0.90
7x10° 0.90
3x10° 0.65
5x10° 0.96
3x10° 0.

A
Peak 7

whH o N

Area under peak by curve fitting (10° counts)

T T T
0 10 20 30 40 50 60 70
Height of peak by eye (10 counts/second)

Fig. 3. Plot of number of counts in a peak (from curve fitting) against peak height (from visual
inspection) for the five peaks in the TL glow curve. Each peak shows a positive correlation but,
as expected from TL theory, the slope is steeper for higher temperature peaks. Peaks 1 and 2
and not shown for clarity but plot among the data for peaks 3-5.

4.2. Selected (preferred) values for E and s, and mean-lives

By comparing the results obtained with the natural samples, for the induced TL samples and the
results obtained by the initial rise technique (see Table S5 for details) we suggest that (1) E

values have 2c uncertainties of +5%; (2) s values are good to within a factor of two to three; (3)
peak temperatures have 2c uncertainties £5 °C. This is consistent with the data obtained by eye

(Fig. 1). We summarize our selected values in Table 5. We are told that the storage facilities at
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JSC have been kept at 293 K since 1969, although brief power outages from hurricanes may
have caused some warming. We have also included the mean life, t, of each TL peak for freezer
temperature (253 K), room temperature (293 K), and lunar daytime equatorial temperatures (380
K which we have calculated from:

=5 exp (E/KT) (1)

where k is Boltzmann’s constant and T is the environmental temperature (in K). In the next two
sections of our paper we consider whether our decay observations for peak 4 of the 76240
sample are consistent with our independent estimates of E and s.

Table 5. Selected values for E and s based on Table 2 and Table 3 and calculated mean lives calculated from Eqt

1)..

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8
E (eV) 0.85 0.85 0.92 1.1 1.2 1.1 1.2 1.4
s(sh 10% 5x10° 2x10° 10° 10% 8x10’ 108 3x10’
(253 K) 10day | 198 day 34 yr 259,490 yr | 3 Myr 3 Myr 255 My | 8,189 By
7 (293 K) 70 min 23 hour 39 day 265yr 1389 yr | 3,308 yr | 139,000 yr |1,276 Myr
7 (380 K) 2 sec 38 sec 13 min 51 day 10 day 56 day 3200 day | 3900 yr

4.3. Comparison of glow curves from 1976 and now — the 46-year experiment

Comparing our data with the earlier data is not straight-forward because Durrani et al. (1976)
reported light intensities in “arbitrary units” so absolute comparison is not possible. They also
used different arbitrary units for each sample. We can side step this issue by comparing glow
curve shapes rather than absolute values. This assumes that all glow curve peaks are caused by
the same mineral in basalts but it is usually a safe assumption (Batchelor et al., 1997; Akridge et
al., 2004), although minor contributions from silica (our unpublished observation) and apatite
have occasionally be observed (Sears et al., 2021). Second, the earlier authors used a slower
heating rate (3.6 °C/s) than ours (7.5 °C/s), however this is a minor effect that should not be

significant for this first look at the data.
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Fig.4. Left column: Comparison of glow curves for Apollo 17 samples collected in 1976
(Durrani et al., 1976) with data collected in 2022 for the samples stored at room temperature
(20°C). The left hand axis applies to the present data; previous authors used arbitrary units so
here we compare curve shapes rather than intensities. The previous authors did not include
70001. Right column: Comparison of glow curves for Apollo 17 samples stored at room
temperature with those stored in a freezer at -20°C. Note c, f, and g have a different y-axis.
We compare the earlier data with the present glow curves in the left column of Fig. 4. We
observe that the shaded sample (76240), with its strong peak in the ~220 °C region of the glow
curve, appears to have faded by about 60% (Fig. 4a). We are comparing real data with a sketch,
but if we assume the uncertainties on the sketch are comparable to ours, then the decay is
60+£10%. This decay corresponds to a mean-life of about 559 years. Based on our present
estimates for E and s, this peak (peak 4) has a mean-life of 50 years at 293 K. A +£5% error in E
yields a range of 7 to 365 years, while an error of a factor of three in s yields a range of 17-168.
In other words, considering the uncertainties in our data 50 years is in excellent (perhaps
fortuitous) agreement with 60% decay.

We can actually use the observed decay measurements to calculate either E or s if we know the
other. If we take our preferred value for E from Table 5 (1.10 eV) and substitute into Eqt, (1) we
gets = 1.33 x 10 s, which is in excellent agreement with our preferred value of s in Table 5 of
10° s, Conversely, if we substitute our preferred value for s in Eqt. (1) we calculate a value of
1.01 eV which agrees within error of our preferred value. In other words, despite the rather large
uncertainties on our independently determined values for E and s, they agree very well with the

results of the fifty year experiment and the decay observed for the 220°C TL peak of 76240.

The situation is very different for 72320/1 and 70180; Durrani et al. (1976) did not include
70001 in their study. The first peak for the sample from the partially shaded area (72320/1) is
peak 5 (Table 2) with a mean life at room temperature (293 K) of 1389 years (Table 5). With a
5% error in E or a factor of three uncertainty in s the range is 192 to 10,000 years. The expected
decrease in TL intensity over fifty years is 3.5% and it is unlikely we could have detected this
given the sample heterogeneity. The first natural peak in the glow curve of the sunlit sample
(70180) is peak 7 with a mean life at room temperature of 139,000 years. With a 5% error in E
or a factor of three error in s, the range of uncertainty is 19,000 to 1.0 million years. Thus we
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expect to see no change in the natural TL of this sample over fifty years (the calculated value is
(0.04%) and this is our observation

4.4. Compare room temperature and freezer samples:

The glow curves comparing the present room temperature samples with the sample kept in a
freezer for almost fifty years are shown in the right side of Fig. 4 (i.e. Fig. 4d-g). Since all

samples were measured on the same apparatus we do not need to normalize in any way.

There is scatter in the glow curves for some samples, this is especially true of the freezer samples
for 72320 and 70001, and this can be explained by sample heterogeneity (as well as by vastly
different lunar surface exposure histories) as can the differences between room temperature and
freezer samples. Induced TL is a reflection of sample heterogeneity, not being affected by
radiation and thermal history. As an example, the mean induced TL peak height for 70001 room
temperature samples is 6100 counts while for the freezer samples it is 2200. By the same token,
the induced TL of the three 70001 freezer samples are 2300, 2250, and 1800, which explains the
scatter in these three glow curves. In summary, the scatter is easily explained by sample
heterogeneity, given potential variability in mineral frequencies between the small sample sizes?.
We conclude that 72320/72321, 70001 and 70180 show no significant difference in their glow
curves. This is to be expected because of the long mean lives (Table 5). Using our preferred
values for E and s, the mean life of peak 4 at freezer temperatures is 26,430 years. If we allow
for a 5% uncertainty in E and a factor of 3 uncertainty in s, the range of possible mean lives is
2640 to 2.5 million years. The other peaks present in these samples have even longer mean lives
(Table 5). Thus our E and s values are consistent with our observation that the peaks observed in

natural TL curves for these samples are perfectly stable when the samples are stored in a freezer.

None of these arguments apply to the 220°C peak of 76240 which reflects a true difference in
thermal history for the in situ, freezer and room temperature samples. For 76240 the room
temperature value is 43% lower than the freezer value (20.38+1.24 compared with 35.83+5.92,
Table S1), or 438 % including uncertainties. This is similar to the value obtained for the then-
and-now comparison of 60+10%, especially bearing mind that the old data is in the form of a
sketch. The mean life for the freezer vs room temperature difference is 89+15 years. As

described earlier, the room temperature mean life predicted by our independent determinations of
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E and s is 50 years with a range of 7 to 365 years assuming an uncertainty in E of 5% and a
factor of 3 for the uncertainty in s.

4,5.  Estimating E or s directly from the decay observations?

NASA'’s fifty year experiment yields two results for the decay of peak 4 of the 76240 sample; the
then-and-now experiment yields a mean life of 55+9 years and the freezer vs room temperature
experiment yields a mean life of 89+15 years. These data do not alone enable us to determine
the kinetics of this peak, but it does allow some check on our estimates of E and s by other
means. Figure 5 plots Equation 1 for the mean-lives observed here. If we accept an s value of
10® s (Table 5) and assume an uncertainty of a factor of three in either direction we find that E
is 1.07+0.04 eV. This is in agreement with the independent laboratory determination of E using
the initial rise method is which is 1.08+£0.07 eV (room temperature samples) and 1.10+0.06 eV

(the freezer samples) (Table 2).

24 - —12.7x 10%°

1=55*9years

2 T=89 £ 15 years \

—13.6x10°

20 81 —4.9x108
- A 3x10%s _
2 / 1x108s? H.
< 18| H47x100=
< /,p'// 03x108s?t | »

v
16 - {8.9x10¢
14 |- — 1.2 x10°
1.07+0.04 eV
12 - 1.6x10°
1 | 1 1 1 1
0.90 1.0 13 1.2
E (eV)

Fig. 5. Constraining E and s values using the mean-life observations reported here for the
shaded sample 76240. Assuming s = 10° s™ with an uncertainty of a factor of three (based on
independent measurements), the trap depth of peak 4 is found to be 1.09+0.06 eV in agreement

with the laboratory estimates using the initial rise method.
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4.6. Induced TL and sample heterogeneity

A discussion of the induced thermoluminescence properties of these samples and the remainder
of the Apollo 17 deep drill core appears in a companion paper (Sehlke and Sears, 2023).
Essentially, the valley samples have induced TL similar to Maria samples while the samples
from the foot hills of the massifs have highland values, a factor or five or so higher than the Mare
samples. This is the case even given that the composition of the valley samples indicate
significant mixing of the two types of regolith, ~30% Sculpured Hills regolith in valley sample
70180, for example. This difference can be attributed to different feldspar abundances. Some
petrographic data for our samples is given in Table S4. These data are in agreement with the
study of Batchelor et al. (1997). As one would expect of regolith samples there is a high degree
of heterogeneity as evident from the uncertainties and the induced curves for the freezer samples
76240 (Fig. 4). This heterogeneity would be increased in the comparison of small samples.

4.7.  Total peak intensities (total counts per peak).

Finally we compare the natural TL of samples stored at room temperature with the samples
stored in a freezer using the n values (i.e. total counts in each peak) determined by curve fitting
(Fig. 6). Error bars are not shown in the figure to avoid cluttering but are given in Table S3
(natural TL) and Table S4 (induced TL). We observe: (1) peak 4 in the 76240 sample (the peak
that was of primary interest to Durrani et al. (1976) is lower for the room temperature data than
for the freezer data by about 50%. This is in agreement with the peak shape observation
described earlier (Fig. 4); (2) except for 76240, the room temperature and the freezer values for
the natural TL are very similar; (3) as expected the induced TL data for the room temperature
and freezer samples are very similar; (4) 76240 and 72320 have the natural and induced data
which are higher by a factor of four or more than the Mare samples 70001 and 70180. This
reflects the highland nature of 76240 and 72320 and with their relatively high abundance of
feldspar; (5) We also know that there is very little overlap in the peaks present in the induced and
natural TL data, just peak 4 and the scatter shown in the induced data for peak 4 is comparable
with the analytical uncertainties, thus removal of the effects of heterogeneity by normalizing

natural data to induced data is not possible.
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Fig. 6. Plots comparing the thermoluminescence intensity of the individual peaks (n values,
areas under the peaks) determined by curve fitting. Peaks 1-3 are absent in the curves for
samples in the natural state while peaks 5-8 are too weak to accurately measure for samples the
which have had their natural signal removed and have been given a standard radiation dose in
laboratory.

The reason for the difference between peaks 7 and 8 in the room temperature and freezer samples

is unclear. The room temperature curves resemble the published sketch of the glow curve of
76240 by Durrani et al. (1976), given the thermal drainage of peak 4. However, we would
expect peaks 7 and 8, which are thermally stable to be similar for the room temperature and
freezer samples, especially given the similarity of the induced TL. Contamination by alien
material is not a likely explanation for the difference, given the similarity of the induced curves.
Instead, the contaminant material would have to have the same composition as the rest of the
sample but a different (i.e. lower dose) radiation history. We are not clear how this could
happen. We doubt very much that the radiationexposure in metal cabinets and the freezer the
JSC laboratory was different. There are probably minor minerals such as quart and apatite (or
whitlockite) present in the samples but our experience is that they have very different glow curve

shapes.
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These data demonstrate that while much of the behavior of lunar sample natural TL is
understood, there remain anomalies that only further data and further work will resolve. This is
not true of the presence or absence of individual peaks. We do not know what defect or impurity
centers give rise to individual peaks, this is still a subject of active research field for solid state
physicists interested in the ionic solids used in dosimetry. We are a long way from
understanding these properties for silicate minerals and glass, although the spectroscopists have
made a start (Geake et al., 1977). However, we now know that there are many TL peaks (eight

between room temperature and 500 °C) and we have a reasonable idea of their E and s values.

4.8. Equilibration temperatures at Taurus Littrow

Durrani et al. (1976) used the natural TL data for Apollo regolith to calculate storage

temperatures (which we prefer to call equilibrium temperatures). The relevant relationship is:
Teq = (E/k)/{In[sRy2/0.693 r(N/n—-1)]} (2)

Where E and s are the kinetic parameters, k is Boltzmann’s constant, Ry, is the radiation dose
required to half fill the traps, r is dose rate, and N/n is the reciprocal of the fraction of traps filled.
We have eight TL peaks in the glow curves of the present samples starting at about 100 °C. In
principle, and as argued by Hoyt et al. (1971), the lower temperature TL peaks should be
building up (i.e. growing faster than they are decaying), middle temperature peaks should be at
equilibrium, and the highest temperature peaks should be “saturated”, (i.e. decaying so slowly
that they have reached a state where all the traps are filled). In general, the equilibration

temperature of the lowest temperature peak that is at equilibrium will be the storage

temperature for the whole sample. The challenge is to find a way of knowing which peaks are
at equilibrium and which peaks are not. One approach is to make reasonable assumptions and
test them by comparing Teq With independent surface temperature estimates. Figure S6

summarizes some literature data in visual form.

On the surface of the Moon the external ? radiation dose rate as measured by Chang’E 4 at 45° S
176° E is 0.116 Gy/year (Zhang et al. 2020), close to the 1960s estimated global value of 0.10
Gylyear (Haffner, 1967). This value will be affected by latitude, surface composition, internal
U+Th concentration, and local topography. The partial shielding effects of boulders will locally

modify radiation dose rates at specific locations, for instance, but we expect dose rates to vary by
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less than an order of magnitude. For example. the TL profile across the 60 cm slab of the

Estacado meteorite shows a variation of less than a factor of two (Sears, 1975).

Temperatures at the lunar surface range from -140 to 400 K (e.g. Bauch et al., 2014, see also Fig.
S6). Near the poles, of course, temperatures are as low as 20-40 K are to be expected in the
permanently shaded crater interiors. Of course, there are also burial depth effects, also
summarized in Fig. S6. Soon after arrival on the Moon the Pragyan rover found that the
temperature of the regolith at 69.37°S,32.35°E. dropped from 333 K to 263 K in only 10 cm
(ISRO statement,2023). Temperatures stabalize, however, at about 257 K in the Apollo 17 hear
flow probe (Langseth, et al, 1973).

Sunlit surface sample (70180,8). If we assume that peak 8 is at equilibrium then using our
selected values for E and s given in Table 5, and allowing for an uncertainty of 5% in E and a
factor of 3 in s then Teq is 370+£10 K. This is in agreement with the TL estimate of 371 K by
Durrani et al. (1976), and surface probes (384 K, Langseth et al., 1973; and 377 K (Song et al.,
2017). The surface temperature obtained remotely for the center of the valley and reported by
Bauch et al. (2014, see Fig S6a) is ~380 K. Peak 7 is also present in the glow curves of 70180
but it yields equilibration temperatures ~40 K lower suggesting that this peak is not at
equilibrium. We note in passing that in a case where the heating follows a sine wave, it is the

maximum temperature levels that dictate TL stability.

Buried sunlit surface sample (70001,83). A few meters below the surface the temperature of the
lunar regolith remains constant. The models of Malla and Brown (2015) and Vasavado et al.
(1999) indicate that while the surface cycles between ~100 K to ~380 K a few meters below the
surface remains a constant ~250-257 K (Fig. S6b). Additionally there is a thermal gradient.
Subsurface probes placed by the Apollo 17 astronauts indicated that while the surface was at
~240 K at the time of measurement, a few meters deep the recorded temperatures were ~270 K.
(Keihm and Langseth, 1975; see Fig. S6¢). The TL glow curve for this sample contains peaks 5
and 6, in addition to peak 8 (peak 7 could not be resolved), which have equilibration
temperatures of 280 and 285 K respectively, both +10 K, significantly higher than subsurface
values measured with thermocouples. The difference might be that thermocouples yield real-

time temperatures; TL is recording a time-averaged value (maybe ~10* years, see below). The
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low temperature edge of a ~650 cps plateau in the core (Sehlke A. and Sears, 1922) may reflect
peak 4.

Partially shaded sample (72321,41). The equilibration temperature for peak 5, the first strong
peak observed for this sample, is 280£10 K, well below the value for the sunlit sample from the
middle of the valley and comparable with the 3 m deep sample. Durrani et al. (1976) did not
report a temperature for this sample, but we assume it would be between 371 K (their sunlit
sample) and 256 K (their shaded sample), although 256 is proably too high for the shaded sample
as discussed above. In this sense, our value is as expected.

Fully shaded sample (76240,48). The first strong peak in this sample is peak 4 which yields an
equilibration temperature of 266+10 K; the parameters for the trap indicate that at this
temperature build-up due to radiation and decay due to thermal draining are in balance. Our
value compares with the Durrani et al. (1976) estimate of 25615 K. Thus the difference in
temperature between the shaded and sunlit samples is on the order of 115 K. McGovern et al.
(2013) used the Diviner radiometer on the Lunar Reconnaisance Orbiter to compare the
temperatures of shadowed craters with adjacent planes Fig. S6d). These authors found a
temperature difference of 75 to 120 K between the sunlit and shadowed areas. Again our TL
data are consistent with other techniques.

4.9. Relationship between Teq and log s and E

With current interest in water ice and the exploration of the lunar South Pole, we need to
consider TL glow curves well below room temperature. Figure 7a looks more closely at the
relationship between E, s and equilibration temperature. Very small values of s, say 10*-10°
produce equilibration temperatures that are strongly dependent on E being around 600 K for trap
depths of 1 eV and 200 K for a very low trap depth of 0.3 eV. For the E and s values obtained
here for peak 3, ~1 eV and ~10° 5™, a temperature of ~500 K is indicated, in good agreement
with Durrani et al. (1976). For much larger values for s, 10** to 10" say, the range of
equilibration temperatures is smaller and varies from 100 to 325 K. How these E and s values
relate to the peak temperatures is shown in Fig. 7b; this range of E and s values produced peak
temperatures over the full range of ~100 K to 1000 K.
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The bottom line of Fig. 7 is that with plausible values of E and s we can expect to see
thermoluminescence peaks with equilibration temperatures as low as 100 K, a temperature at
which water vapor would condense to ice assuming the regolith was at this temperature for

sufficient time (Schorghofer and Taylor, 2007).
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Fig.7. (a) The dependence of the equilibrium temperature for a natural TL peak on E and s. (b)
Theoretical relationship between equilibrium temperature for natural TL peaks and peak
temperature in the glow curve. Indicated by each data point are the assumed E (eV) and s (sec™)
values.

4.10. Storage temperatures for returned lunar samples

Durrani (1972) and others recommended that NASA keep some of its lunar samples in a freezer

and they agreed. This study is a result. Several of our samples were from the open lunar surface
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and had experienced temperatures of ~400 K and there was no advantage in freezing them.
However, 76240 demonstrates that even rocks from the surface and at low latitudes (Apollo 17
landed at 20° N, 31° E), albeit in the shade, display a natural TL signal that decays at room
temperature over 10s of years. Durrani’s decay and mean-life arguments were based on samples
he had artificially irradiated and known to have peaks that rapidly decay at room temperatures.
He was, in effect, arguing that should sample ever be returned from colder regions they will need
to be kept in a freezer on arrival on Earth or during transport there. Of course this becomes more
critical if samples are returned from the lunar poles. In fact, even storage in liquid nitrogen
might not be sufficient to retain an unaltered signal for samples from permanently shaded regions
around the South Pole.

Since TL apparatus is robust, low power, low data rate and low weight, these temperature
problems would be circumvented by instruments designed to be used on the lunar surface, either
remotely or hand-held (Sehlke and Sears, 2022).

4.11. Time

The presence of water in the polar regions of the Moon depends not just of temperature but on
time; the water vapor must have sufficient time to accumulate even when temperatures are

favorable. Durrani et al. (1976) used the equation:
t = 3/R (3)

where t is time, @ is dose (estimated from the natural TL using laboratory calibration), and R is
the dose rate taken from Haffner (1967), which agrees closely with a recent lander measurement
(Zhang et al., 2020). Durrani et al. (1976) obtained ages of 3.98 x 10* year for TL in the glow
curve region 306-378 °C, which would be dominated by our peak 6, and 5.64 x 10* year for TL
in the glow curve region 378-486 °C which encompasses our peaks 7 and 8. Peak 8 is subject to
a number of difficulties because, like ours, their equipment cuts out at 500 °C. Durrani et al.
(1976) assumed that these peaks were still growing when they considered these estimates as
actual exposure ages; if the peaks were saturated (traps full) or at equilibrium (build-up equals
decay) then they would be lower limits. Of course lower limits are also of value in determining

the likelihood of water at a given cold trap.
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In the supplement we calculate the non-equilibrium temperature at which mean-lives of the
relevant peaks are comparable to the cosmic ray exposure ages. At the moment we have no
scenario that would justify these comparisons but we hope this is the beginning of such a

discussion, which should also include Is/FeO values.
4.12. Prospecting for lunar cold traps

The normal lunar temperature range at the equator is 140 K to 400 K. Temperature in polar
permanently shaded regions can be as low as 20-40 K (Sefton-Nash et al., 2019). Theoretical
calculations suggest that water would be trapped under lunar conditions at ~100 K (Watson, et
al., 1961; Arnold, 1971; Schorghofer and Taylor, 2007). From Fig. 7 we find that values of E in
the order of 0.4 eV with a frequency factor of about 10%° would have an equilibrium temperature

of ~100 K and correspond to a peak at 105 K in the TL glow curve.

Thus natural thermoluminescence with peaks in the vicinity of 100 K can serve as a
thermometer. What is required is a quantitative understanding of peaks with E values of ~0.5 eV
and s values in the order of 10*® to 10® s™. However, knowing the temperature is not sufficient;
we also need to know how long the regolith has been at that temperature. Natural TL also
provides a means of determining time, as shown by Durrani et al. (1976). If the natural TL of a
100 K peak is known and using laboratory calibration is converted to dose, as is the practice in
conventional use of TL as a dosimeter, then dividing by dose rate, which is well known as will
be the internal concentration of U and Th, will give us the time during which the regolith was
accumulation a TL signal. Durrani et al. (1976) found ages in the range 10°-10° years for peaks
the natural glow curves for Apollo 17 regolith samples; however, it is not clear that his technique
can be applied to lunar TL data. Considerations of maturity indices and boulder dynamics
indicate that the shadow for 76240 formed ~20 Myr ago. If the natural TL is at equilibrium then
this time will be a lower limit, if the natural TL is still building-up, then the age will be a true
age, although one must correct for decay during the buildup. Either way, it provides the answer

to whether the regolith has been at these low temperatures long enough to accumulate volatiles.
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Fig. 8. Low-temperature TL glow curves for Apollo 15 regolith. Similar curves were obtained
for Apollo 14 and 16 regolith samples. The heavy curve is the observed glow curve and the fine
lines are our analysis in terms of individual peaks. (Blair et al., 1972a; sample A, 435-485 nm).

Thermoluminescence glow curve curves for Apollo 14, 15 and 16 regolith samples at liquid
nitrogen temperatures have been published by Blair and his colleagues (Blair et al., 1972a,b).
An example of their glow curves is shown in Fig. 8. These authors suggested that the curves
could be resolved into four peaks but we suspect that several weaker peaks are also present.
Clearly, TL down to 100K is displayed by these samples which would be suitable for cold trap
prospecting. However, there are several caveats to be mentioned in comparing Blair’s glow
curves with ours. Their samples were irradiated to 0.75 krad with 160 MeV protons, the heating
rate during measurement was 0.8 °C/s and they mounted the samples for measurement with
luminescent silicone grease. Thus detailed comparison is not justified, rather we show Fig. 7 to
illustrate that low temperature measurements are possible and that TL in the 100 K region is
present. We are also concerned that Blair et al. 1972b showed the same curve with a different
temperature axis. Nevertheless with so many peaks in the room temperature to 500 °C region of
the glow curve there will be as many down to very low temperatures. Sun and Gonzales (1966)
published a glow curve for the meteorite Cumberland Falls from -150 °C to 250 °C which
showed many peaks below room temperature. While the luminescent phase was enstatite, not
feldspar, this does indicate the feasibility of other silicate minerals having multiple peaks with

very low equilibration temperatures.
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5. Conclusions

We have conducted the first major study of the natural thermoluminescence of Apollo regolith
samples using curve analysis as our major analytical technique. We have determined trap depths
(i.e. activation energies) and pre-Arrhenius factors (i.e. rate constants) for the five TL peaks in
natural samples and seven peaks in samples irradiated at room temperature with a laboratory
radiation source. The results compare favorably with those obtained by traditional independent
laboratory experiments.

The fifty-year experiment NASA organized for Apollo 17 samples, whereby some samples were
stored at room temperature and others at -20°C was successful. The sample of 76240 (the fully
or continuously shaded sample) stored at room temperature showed an approximately 50% decay
while the 76240 sample stored in the freezer show no measureable decay. This is consistent with
the kinetic parameters we have derived and means that samples returned from shaded areas at
any lunar latitude should be stored in a freezer if there is any possibility that studies of their

radiation history will be performed in the future.

The relationships that have been developed during this work suggest that lunar cold traps could
be located by astronaut-held or robotic thermoluminescence instrumentation. It seems that
simple developments would enable this technique to be used in a remote fashion so that samples
do not need to be handled.

6. Open Research

6. Open Research

6.1 Data Availability Statement: All experimental data, including glow curves and their
metadata from this study, are publicly available at (Sehlke, 2024) under the CC BY 4.0 (Creative

Commons Attribution 4.0 International) license.

6.2 Software Availability Statement: No software or models were used to generate the data

discussed in this manuscript. The data analysis and interpretation methods employed are fully

described in the Methods section of this manuscript for transparency and reproducibility.
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