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� We investigated the use of thermoluminescence to distinguish between burned and unburned soil samples.
� Soil heated by a wildfire had a distinctly different luminescence glow curve shape than unburned soil samples.
� It was possible to see changes in the thermoluminescence signal as a function of soil depth in wildfire-heated samples.
� Soil heating occurred at depths less than 10 cm.
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The Silverado wildfire occurred from September 12 to 20, 2014, burning 960 acres in Orange County,
California. Soil samples from within the burn area were obtained and the thermoluminescence (TL)
properties of those samples were compared against a control sample to understand wildfire heating. We
performed a series of experiments investigating the degree to which the control differed from the
wildfire soil samples. This work showed that soil heated by a wildfire had a distinctly different glow
curve shape than the unburned soil sample. Moreover, it was possible to see changes in the TL signal as a
function of soil depth in wildfire-heated samples. Our experiments suggest that minimal soil heating
occurred below approximately 10 cm. Estimates of wildfire temperatures, however, were nuanced.

Published by Elsevier Ltd.
1. Introduction

Many studies have observed increased erosion on hillslopes
burned by wildfires (e.g. Benavides-Solorio and MacDonald, 2005;
Wagenbrenner et al., 2010), which leads to sedimentation hazards
both onsite and downstream of burned areas (Shakesby and Doerr,
2006). This is partially due to increased runoff in burned areas, and
partially becausewildfire heating can remove soil cohesion (Moody
et al., 2005). Understanding how soil erosion changes after a
wildfire is a crucial step toward estimating and predicting post-
wildfire sedimentation and debris flow hazards. Several hypothe-
ses have been developed to explain the increase in erodibility
following wildfire. Nyman et al. (2013) present evidence that
following awildfire there is a non-cohesive layer of sediment on the
top of the forest floor. The top of this non-cohesive layer is simply
.K., et al., Can thermolumine
016/j.radmeas.2017.09.002
ash, and underneath the ash is soil that has been altered from the
fire. This burned soil becomes non-cohesive due to the lack of
aggregate stability following the fire. Nyman et al. (2013) find that
this stability is primarily shaped by fine roots and cohesive fine
sediment. This is consistent with the observation that temperatures
above 60 �C are the lethal threshold for destroying plant tissue,
roots, and soil microorganisms, which all play a part in soil cohe-
sion and structure (Hungerford et al., 1991; Busse et al., 2010; Chief
et al., 2012).

Soil aggregate stability is also influenced by heat effects on soil
mineralogy and microbiology. Researchers have noted that expan-
sive 2:1 clays are destroyed or altered during wildfires (Fitzpatrick,
1980; Chandler et al., 1983; Ulery et al., 1996; Arocena and Opio,
2003), which would reduce soil cohesion. Moreover, DeBano et al.
(1979) demonstrated that when soils reach temperatures of
200e300 �C, 85% of the organic substances, a critical element of soil
stability, are removed. Furthermore, bacteria and fungi, both
important factors in soil stability, are killed when soils are heated to
scence be used to determine soil heating from a wildfire?, Radiation
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Fig. 1. (a) Site location (b) Sample core (c) View of the soil after sample core is
removed (d) Study area map showing location of samples and control.
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temperatures of 110e210 �C (bacteria) and 100e155 �C (fungi)
(DeBano et al., 1979).

Because many factors that contribute to soil stability can be
destroyed during wildfires (e.g. plant roots, clays, microorganisms,
and organic matter), it is important to know the potential depth of
soil that has been heated to critical temperatures. Numerous field
experiments have sought to understand the depth of wildfire
heating using laboratory experiments and prescribed fires
(Hartford and Frandsen, 1992; Campbell et al., 1995; Robichaud,
2000; Preisler et al., 2000; Massman et al., 2003; Busse et al.,
2010; Chief et al., 2012). However, the fundamental physics of
heat conduction in a soil show that temperature propagation is
strongly controlled by soil moisture (Campbell et al., 1995),
consequently real-time monitoring during prescribed or experi-
mental burning may not reflect the very dry soil conditions that are
likely to precede a natural wildfire. In this study, we explored a
posteriori what observations can be derived from thermolumines-
cence about wildfire heating as a function of soil depth.

Thermoluminescence (TL) is a phenomenon common to min-
erals such as quartz and feldspar that can be used to detect prior
grain heating (e.g. Watson and Aitken, 1985). The luminescence
signal of a grain or an aliquot of several grains is typically measured
by heating the grains at known temperatures, and measuring the
photons emitted from the grains; the resulting plot of the TL signal
as a function of temperature is referred to as the TL glow curve. In
the case of quartz, the TL glow curve shows a distinct peak at
~110 �C when measured with a heating rate of ~5 �C/s; in our ex-
periments, this TL peak appears at ~90 �C since we are using a
higher heating rate of 2 �C/s, although we acknowledge that the TL
peak can occur anywhere between 90 and 110 �C when heating
rates are between 1 K/s and 20 K/s. This TL peak has been used
extensively for dosimetry and for dating of geological and archae-
ological samples (Aitken, 1985; Chen and Pagonis, 2011). When
quartz samples are irradiated with a small test dose, the resulting
TL signal at ~110 �C is known to depend on the prior thermal
treatment of the sample and on the prior irradiation dose received
by the sample. This rather complex phenomenon is commonly
known as the “predose effect” in quartz.

There have been several attempts to use the height of the
~110 �C TL peak to interpret the thermal history of quartz (Rhodes
et al., 2004; Polymeris et al., 2007, 2014; Brodard et al., 2012;
Sanjurjo-S�anchez et al., 2016a; Sanjurjo-S�anchez et al., 2016b).
Both TL signals and optically stimulated luminescence signals (OSL)
have been used in these types of studies. Rhodes et al. (2004)
specifically explored the use of TL to interpret past wildfire tem-
peratures, but the broad applicability of their results is hindered by
the fact that they did not know the date of the last fire at the sample
site. Sanjurjo-S�anchez et al. (2016a) made considerable progress in
investigating previous firing temperatures of ancient pottery, and
importantly showed that low luminescence sensitivity can obscure
results of the 110 �C TL peak in interpreting firing temperature.
Herein, we add a new set of experiments to further test the ability
of TL to reveal observations of wildfire soil heating.

In this study, we use a battery of experiments in order to test the
following hypotheses:

1. TL can be used to differentiate soil samples that have been
heated in a wildfire compared to nearby control samples that
were unheated.

2. TL can identify if soils are heated at different depths.
3. Thermal stability of the TL signals from unheated and wildfire-

heated soil samples from the same study site will show
similar trends.

4. Laboratory heating of unburned soil samples can be used to es-
timate the temperature range at which a burned soil was heated.
Please cite this article in press as: Rengers, F.K., et al., Can thermolumine
Measurements (2017), http://dx.doi.org/10.1016/j.radmeas.2017.09.002
2. Background: study site, preliminary investigation, and
sample preparation

We focus our study on a burned area in the Silverado Canyon, a
large drainage within the Santa Ana Mountains of southern Cali-
fornia (Fig. 1). The Silverado fire burned 960 acres from September
12 to 20, 2014. The study area is located within a high-severity burn
area of the wildfire, where vegetation was completely incinerated.
The study site is primarily underlain by meta-sedimentary bedrock
with a dominantly sandy-loam soil type. Prior to the fire, the study
location hosted chaparral vegetation. A Mediterranean climate
dominates the region, with wet winters (DecembereFebruary)
punctuating warm dry periods the rest of the year. The terrain in
the study area is steep, with mean slope angles of 31�.

We obtained our initial soil cores from the site in November
2014 in order to determine if the material was suitable for lumi-
nescence measurements. Our results indicated that the material
was sourced from themeta-sedimentary bedrock, contained quartz
and feldspar in adequate quantities, and that these minerals con-
tained both TL and OSL in measurable quantities.

We analyzed three soil cores from the burned watershed as well
as an unburned soil core that was used as a control (Fig. 1). These
scence be used to determine soil heating from a wildfire?, Radiation
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Fig. 2. (a) The NTL glow curve signal from the control 1b sample for different soil
depths below the ground surface (b) The glow curve signal from sample S7b. N.B. Only
every second experimental point is shown in this figure, for clarity.
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Fig. 3. Average of TL glow curves for the control and each sample. Error bars represent
the standard error (standard deviation of the mean) with N ¼ 14.
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will be referred to as sample 3, sample 7, sample 10 (S3, S7, S10
respectively), and control 1. The sample cores were slotted into 2-
cm partitions up to a maximum depth of 14 cm in order to allow
laboratory subsampling of the core in depth increments. For each
sample, the tube had seven subsections, and we extracted at least
four replicates for each subsection. For example, Sample 10-1a is
the first replicate for the first subsample, and 10-1b is the second
replicate for the first subsample. Using the silt fraction in each of
the seven 2-cm segments, we performed several laboratory ex-
periments, described subsequently, to test our hypotheses.

3. Experimental methods

All samples were prepared following U.S. Geological Survey
standard protocols (Gray et al., 2015). Luminescencemeasurements
were carried out using a Risø TL/OSL Reader (model TL/
OSLeDAe20), equipped with a90Sr/90Y beta particle source, deliv-
ering a nominal dose rate of 0.089 Gy/s for 180 min, which calcu-
lates to a dose of 16 Gy. A 9635QA photomultiplier tube with
a Schott Blue (BG-39) filter was used for light detection
(390e490 nm). All TL measurements and heatings were performed
in a nitrogen atmosphere with a low constant heating rate of 2 �C/s,
in order to avoid significant temperature lag between the sample
heater and the top surface of the sample. TL measurements were
performed from room temperature up to the maximum tempera-
ture of 500 �C. The grain size of the polymineral silt sample was
4e11 mm. The silt was obtained by Stoke's settling in a calibrated
cylinder and then centrifuging the sample to remove clay particles.
Methanol was added to the silt to create a slurry that could be
pipetted onto the aluminum discs at the bottom of glass vials, and
later evaporated off leaving the silt plated onto the discs. No pre-
heat was applied to the samples, unless otherwise noted in the
description of the experiments below. A 180 s N2 purge was used,
introducing a delay beforemeasurement. The background counts of
~40 cts/s were subtracted and a satisfactory plateau was found (see
description of pre-heat plateau in Gray et al. (2015)), where
applicable. The black body counts were also ~50 cts/s.

For the thermal stability experiments, we used a Thermo Sci-
entific programmable muffle furnace (240 cu in 120VAC), with a
temperature uniformity of ±5 �C at 100 �C. Temperature preheats in
the muffle furnace were 100, 150, 200, 250, 300, 325 (not all cases),
350, 400, and 500 �C, and the duration of temperature preheat was
20 min. We used 4e5 replicate disks for each preheat temperature.

4. Results

4.1. Experiment to differentiate between burned and unburned
samples

In an initial experiment, we tested whether the natural TL signal
(NTL) can be used to determine if a soil sample had been heated in a
wildfire. We compared the glow curves of the unburned sample
(control 1) with the burned samples (S3, S7, and S10). This was
done to investigate if there was a systematic variation of the NTL
signal with depth below the surface, and also to see how the height
of the NTL signal in the wildfire-heated samples compare with the
unburned control samples.

The variation of the NTL signal does not systematically vary as a
function of depth within the accuracy/precision of the experiment
(for example, Fig. 2aeb). However, when viewed in detail, the NTL
signal in the control sample is clearly higher by a factor of ~2e3
than the NTL signal in S7. Similarly, it was observed that the NTL
signals for samples S3 and S10 were lower than the NTL for control
1. The average of the NTL signals from Fig. 2, with the error bars
representing the standard deviation of the mean, shows that the
Please cite this article in press as: Rengers, F.K., et al., Can thermolumine
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average TL glow curve of the control and the wildfire-heated
samples are markedly different within the statistical accuracy of
these preliminary experiments (Fig. 3 and Fig. S1). However, the
NTL glow curves indicate that the wildfire temperatures experi-
enced by the samples (on average) could not have exceeded 400 �C,
since in that case the NTL signal would be completely wiped out.

In addition to the difference between the heights of the average
NTL and burned sample glow curves, differences in the shape of the
NTL and sample curves were also found. For example, when the
scence be used to determine soil heating from a wildfire?, Radiation
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glow curve for each sample depth is normalized by the maximum
intensity in the control (Fig. 4a) and in sample 7 (Fig. 4b), we see
that the average glow curve is different in shape (Fig. 4c). The
average NTL glow curve for Sample 7 (solid circles) is much wider
than the corresponding average NTL for control 1 (open circles), at
least within the statistical accuracy of this experiment. This quali-
tative difference in shape indicates a fundamental change in the TL
response of the materials due to heating. This type of change in the
shape of TL glow curves has been associated in some experimental
studies with thermally or optically transferred charges, from low
temperature to higher temperature TL peaks in quartz and other
materials. See, for example, the simulations by Pagonis et al. (2007).

We therefore conclude that the NTL glow curves in this pre-
liminary experiment show that: 1) wildfire samples have a distinctly
different height and shape of their TL signal compared to the
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Fig. 4. (a) Experimental control 1 glow curves normalized to the maximum TL in-
tensity. (b) Experimental Sample 7 glow curves normalized to the maximum TL in-
tensity. (c) Comparison of the averages of the 7 control 1 and Sample 7 glow curves.
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unheated control, and 2) the samples were most likely heated to an
average temperature less than 400 �C because they retained a TL
signal, effectively bracketing themaximum range of potential heating.

4.2. Experiment to establish variations of the TL signal with soil
depth

We conducted an experiment to test the hypothesis that TL
could be used to observe changes in wildfire temperature at
different depths. For this experiment, we relied on the fact that
when quartz is heated to high temperatures, the glow curve signal
at ~90 �C will increase when the sample is subsequently irradiated
with a small test dose (note we are using the silt fraction of sedi-
ment which contains quartz minerals). This is a well-known phe-
nomenon related to the predose phenomenon in quartz, and is
commonly termed “thermal activation” or “thermal sensitization”
of the samples (Chen and Pagonis, 2003). The predose phenomenon
is the observed change in sensitivity of the “110 �C” TL peak in
quartz, caused by a combination of irradiation and higher tem-
perature annealing. Extensive previous experimental and modeling
research has established that quartz samples can become thermally
activated by exposure to temperatures as low as 200 �C (Chen and
Pagonis, 2003; Kitis et al., 2006).

We used the irradiated 90 �C glow curve peak to investigate if TL
would show declines in temperature with soil depth. A test dose of
15e16 Gy was given to the samples before measuring their TL
signal. Examining a single subsample (S10 at 4 cm depth) with five
replicates, we found little variation among them (especially at the
90 �C glow curve peak), indicating good precision for this experi-
ment (Fig. 5aeb). The five TL glow curves in Fig. 5aeb are then
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Fig. 5. (a) TL signal of the 4 cm deep layer in Sample 10 (irradiated) for five different
aliquots, a-e. (b) Enlarged view of (a).
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averaged, and the process is repeated for each of the seven layers of
sample S10 (2, 4, 6, 8, 10, 12, 14 cm) (Fig. 6a). The result of the
averaging process for each layer shows a systematic variation of the
TL maximum height with the depth of the layer (Fig. 6a). This
systematic variation with depth can also be seen when one in-
tegrates the total TL area under each glow curve from Fig. 6a
(Fig. 6b). As the depth increases, the maximum TL signal decreases
systematically, with the exception of the deepest layer at 14 cm,
which shows a higher signal (Fig. 6b). The reason for this discrep-
ancy for the deepest layer is not clear; it is possible that it is due to
inhomogeneities in the soil or to statistical fluctuations in the signal
of the sample.

The similar behavior of the total TL area and the maximum
height of the TL peak in Fig. 6b is due to the known stability of the
90 �C TL peak in quartz. This rather remarkable TL peak is known to
have a very stable shape corresponding to first-order kinetics, and it
has been found to have the same universal shape independent of
the thermal and irradiation history of the quartz samples (Chen and
Pagonis, 2011).

All three samples exhibit similar overall variations of the 90 �C
TL peak with depth below the surface, at least within the accuracy
and precision of the experiment (Fig. 7a). In addition, the TL signals
from the deepest level of all three samples (12e14 cm depth) are
very similar to each other, and also similar to the corresponding TL
signal of the control 1 sample (Fig. 7b). By contrast, the control
sample shows minimal variation of the 90 �C peak with soil depth,
with the exception of the 8 cm layer that shows a much higher
signal (Fig. 7). It is not clear what may have caused this discrepancy
for the 8 cm layer.When the data in Fig. 7 are normalized to the first
point representing the TL signal for the 2 cm layer (Fig. 8a), a
declining trend is observed with depth. This trend is very clear
when the irradiated samples are averaged (Fig. 8b).
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The results in Figs. 7 and 8 show that the TL signal was highest in
burned soil samples at the ground surface, and the signal decreased
with soil depth toward the level of the control signal. These results
also suggest strongly that there is a difference between the irra-
diated control and irradiated burned samples (Fig. 7).
4.3. Experiment to determine thermal stability of the natural TL
signal

The thermal stability of the NTL signal in our samples can be
assessed by integrating the area under a TL glow curve, and plotting
that area as a function of the known temperature to which the
samplewas heated in themuffle furnace (see list of temperatures in
Section 3). We obtained a glow curve for the control and the
samples at each unique depth, and for each annealing temperature.
The glow curves for each soil depth were integrated by summing
the TL counts, and these areas were subsequently averaged for two
subsamples (a and b), and for each furnace temperature (Fig. 9).

The thermal stability of the NTL signal in the control and in the
burned samples were quite similar, declining as the samples are
heated to higher furnace temperatures (Fig. 9). The general
behavior for the control and for the three samples shows that
heating the samples to 400 �C causes the glow curve area to drop to
as much as 0.5% of the initial glow curve area (Fig. 9). This is
consistent with the previous discussion of the TL glow curves in
scence be used to determine soil heating from a wildfire?, Radiation
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Figs. 2e4, in which it was concluded that the samples were likely
exposed to average wildfire temperatures of less than 400 �C
because at those temperatures the TL signal is nearly wiped out
completely.

4.4. Experiment to estimate wildfire temperatures

In order to estimate the temperature range that soil was heated
at different depths, we attempted to simulate what happened
during the wildfire by exposing the unfired control 1 sample to
different annealing temperatures for 20 min in a muffle furnace.
After annealing for 20 min, the samples were irradiated with the
same test dose, and thus we studied the combined effect of heating
plus test dose on the TL signal. The TL signals from two sample
replicates (a and b) from each 2 cm portion of the control 1 sample
were measured and averaged, in order to examine the average
variation of the TL signal with the furnace temperature (Fig. 10).

The height of the 90 �C TL peak stays the same for all annealing
temperatures in the range 100e400 �C (Fig. 10a). However, the
annealing process causes changes in the height and shape of the TL
peak at ~270 �C (Fig. 10b). As the annealing temperature increases,
the 270 �C peak for each glow curve decreases and moves to the
right (Fig. 10). There are no changes taking place in the TL height
after an annealing temperature of 300 �C.

We explored the possibility of using the 270 �C peak in sample
control 1 at known muffle furnace temperatures to develop a
relationship between the 270 �C peak height and firing tempera-
ture. We used the NTL 270 �C peak value from the wildfire samples
to interpolate a temperature of heating, and the results show a
rather complex pattern (Fig. 11). Temperatures interpolated from
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Fig. 11. The “curve” in a-c represents the 270 �C peak TL count for the control 1 at knownmuffle furnace temperatures. The ordinate value for each point in a-c represents the 270 �C
peak TL count measured from the wildfire samples from at a specific depth, and the abscissa value is linearly interpolated using the “curve” from control 1. (a) Sample 3, (b) Sample
7, (c) Sample 10.
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the subsamples do not show a direct pattern of heating tem-
perature with depth in most samples. For sample 3, soil heating
temperature appears to alternate around an average sample tem-
perature of 200 �C (Fig. 11). In sample 7, the majority of sample
depths are heated to temperatures less than 100 �C, excluding the
two deepest subsamples, which appear to have been heated to
nearly 230 �C (Fig. 11). Sample 10 shows a clustering near the
average temperature of 260 �C. Sample 10was taken on a very steep
slope, which might have burned at higher temperatures because of
the slope angle.

This experiment suggested that it might be possible to estimate
wildfire temperatures based on the height of the 270 �C peak in the
heated soil samples. However, the accuracy and precision of this
experiment will have to be improved significantly before any
quantitative conclusions can be drawn about the temperatures
occurring in the wildfire.

5. Discussion and conclusions

The set of experiments performed here show how the TL signals
from silt can be used to estimate the impacts of wildfire heating on
soils. The experiment to differentiate between burned and un-
burned soils demonstrates a strong distinction between the control
and the fire-exposed soil samples (Figs. 3 and 4), confirming our
original hypothesis 1. The small number of samples (3) restricts a
Please cite this article in press as: Rengers, F.K., et al., Can thermolumine
Measurements (2017), http://dx.doi.org/10.1016/j.radmeas.2017.09.002
rigorous statistical test; however, the differences in the heights and
shapes of the NTL glow curves between the control and the samples
suggests that the TL glow curves can qualitatively differentiate
between the two populations.

The experiment to determine heating differences with soil
depth also provides a promising result (Figs. 6 and 7). It appears
that the 90 �C TL peak declines with depth in a systematic fashion,
whereas the control sample has a nearly uniform TL count. This
supports our original hypothesis 2. Moreover, this suggests that
heating was minimal beyond approximately 10 cm. This depth of
heating is at the high end of the range observed in prior studies
(Table 1), but is likely to be accurate because a natural wildfire
should be drier and propagate heat deeper than wet soils. Unlike
prior studies (Table 1), this work provides a novel addition because
it constrains heating depth after a natural wildfire. Prior studies
measuring soil-heating depths failed to reflect completely natural
conditions because observations were only conducted in controlled
environments (laboratories) or in known wet conditions (pre-
scribed burns) (Table 1).

The experiment of thermal stability confirms that exposure to
higher temperatures reduces the entire glow curve (Fig. 9), lending
support to hypothesis 3. However, the individual samples show a
high degree of variability.

The final experiment to estimate wildfire temperature using the
270 �C peak shows mixed results (Fig. 11). Within the statistical
scence be used to determine soil heating from a wildfire?, Radiation



Table 1
Measured soil temperatures during fires in prior studies.

Author Depth Measured Greater than 100 �C Conditions

Busse et al. (2010) 2.5e5 cm outdoor experiment
Campbell et al. (1995) 3.5e6.5 cm lab experiment
Chief et al. (2012) 1-3 cm grass/shrubland prescribed
Hartford and Frandsen (1992) 4 cm prescribed burn
Massman et al. (2003) 10-30 cm slash pile prescribed
Massman et al. (2003) 2 cm meadow prescribed
Massman et al. (2003) 0 cm forest prescribed
Odion and Davis (2000) 2 cm (for more than an hour) prescribed burn
Preisler et al. (2000) 30 cm max (most were much shallower) prescribed burn
Robichaud (2000) 2 cm prescribed burn
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accuracy and precision of the current experiments, samples 3 and
10 seem consistent with an estimated wildfire temperature in the
range 200e300 �C. However, the wildfire duration at our sample
sites is unknown and the change of sensitivity of the TL signal due
to the heating duration in quartz samples has been reported to be a
very complex phenomenon (Bailey, 2001; Adamiec, 2005). The
response of the samples to a test dose depends in a complex
manner on both the annealing temperature and on the cumulative
annealing time. For example, Adamiec (2005, their Fig. 4) shows
detailed experimental data on the change of sensitization for
annealing temperatures in the range 180e250 �C and for cumula-
tive times up to 6000 s. Their results show that the sensitization
depends on both the annealing temperature and annealing time. In
view of these previously reported experimental data, we feel that
the laboratory heating experiment described in section 4.4 may not
be reproducing the actual conditions during the wildfire, so it is
only possible to draw qualitative conclusions from this experiment.

Overall, the accuracy and precision of the final experiment is
influenced by several effects. One might expect, for example that
soil temperatures should be the highest at the soil surface and
declinewith depth; however, the samples are not always consistent
with this pattern, although they becomemore consistent when one
takes the average of several samples (Fig. 11). This may indicate
different heat transport mechanisms; however, the statistics in this
experiment and the fact that we are not sure about the duration of
the fire preclude us from making any definitive statements about
specific transport mechanisms. In addition, grain mixing may be a
factor, either during sample collection or sample extraction. The
samples were obtained by pounding a tube into the ground, and
some compaction of the soil was noted. It is then possible that
during this process soil mixing did occur in the wildfire-heated
samples. Alternatively, the variability in the glow curves may
reduce the precision in temperature estimations. Sanjurjo-S�anchez
et al. (2016a) show that temperatures may only be estimated
to ± 50e100 �C, and this wide range may be influencing our in-
terpretations. Finally, the temperature variation may be due to a
complex soil-heating processes and the soil water/vapor distribu-
tion during heating. Despite this inconsistency, each of the samples
show a mean soil-heating temperature that is realistic, non-zero,
and distinctly different than the control sample (Fig. 11).
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