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ARTICLE INFO ABSTRACT

Keywords: In addition to dating, IRSL luminescence signals can preserve information about erosional, transport, and
Luminescence dating depositional histories of a population of grains. Knowledge of the degree of bleaching can be useful in under-
PIR-IRSL standing the processes that occurred during previous depositional events, as certain transport conditions result in
3ET . . . . . . . . . -

Bleaching a well bleached signal, while others result in grains retaining an inherited signal from prior events. This infor-

mation can be accessed by making single-grain IRSL measurements across successively increasing temperatures,
thereby isolating signals from traps of different bleachabilities.

A new approach offers a way to evaluate the completeness of bleaching of a grain by testing patterns of
equivalent dose (Dg) values measured at three elevated temperatures (3ET), 50, 125, and 225 °C. Consistent Dg
estimates across two or more temperatures suggest a single bleaching event of sufficient duration to fully
depopulate the traps involved. Incompletely bleached grains with inconsistent Dg values across temperatures will
lack a 3ET “plateau.” Modes in the distribution of Dy values for fully bleached grains can suggest depositional
ages, subject to assessment of fading. We developed a Python code in a Jupyter Notebook environment for data
analysis and visualization to expedite processing the large data sets produced by the 3ET protocol.

The 3ET protocol was tested on a radiocarbon dated sequence of playa samples from California, USA and on a
set of fluvial terraces in the Marlborough region of New Zealand as part of a larger project to reconstruct regional
seismic history. Where standard pIRIR apparent ages can be inconsistent or ambiguous, 3ET age estimates
produce generally consistent apparent ages. Modes of 3ET plateaus can be used to infer the most recent and prior
events that resulted in a sub-population of grains being fully bleached. These initial results suggest that the 3ET
method can be useful to characterize both the age and degree of bleaching of depositional events.

1. Introduction temperatures following an initial IRSL “wash” at 50 °C (e.g., Thomsen

et al., 2008). The pIRIRyy5 procedure incorporates a second IRSL mea-

Methods have been developed previously to isolate a luminescence
signal from feldspars that is useful for dating sediments and more stable
than the infra-red stimulated luminescence (IRSL) decay measured at
50 °C (Buylaert et al., 2009). These methods are based on a single
aliquot regenerative-dose (SAR) protocol and follow a similar approach
as post-IR OSL dating of fine-grained polymineral samples (Banerjee
et al., 2001). Two principal dating protocols were introduced that build
on many systematic studies of feldspar IRSL measured at raised
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surement at 225 °C with a 60s preheat at 250 °C (Buylaert et al., 2009)
and the pIRIRygy procedure with a second IRSL at 290 °C and a 60s
preheat at 320 °C (Buylaert et al., 2012). Standard pIRIRg55 protocols
applied to feldspar grains can work very well (e.g., Reimann et al.,
2011), yielding age estimates consistent with those from independent
methods. However, in some settings, samples suffer from incomplete
bleaching due to short transport distance, rapid erosion and re-burial, or
limited sunlight exposure due to other factors such as terrain, latitude,
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Table 1

Luminescence sample descriptions. The four samples from the El Paso Peaks site
are from playa sediments, collected from a single trench. For full context and
stratigraphy of the numbered stratigraphic units at the El Paso Peaks site, see
Dawson et al. (2003). The twelve samples from McLean Stream valley are al-
luvial deposits collected from the modern channel and from three terraces, with
relative heights above the modern channel as indicated.

Lab ID Field Site”  Depth Description
Code (cm)

J0140 EPP11- EPP 93 Playa sediments; Stratigraphic
04 unit 100

J0145 EPP11- EPP 168 Playa sediments; Stratigraphic
09 unit 128b

J0150 EPP11- EPP 213 Playa sediments; Stratigraphic
14 unit 144

J0156 EPP11- EPP 434 Playa sediments; Stratigraphic
20 unit 270

Shfd19126 ~ KE19-15 MSV  0-14 Modern stream channel

Shfd19127  KE19-16 MSV 35 Low terrace

Shfd19128  KE19-17 MSV 300 Low terrace

Shfd19129  KE19-18 MSV 360 Low terrace

Shfd19130  KE19-19 MSV 425 Low terrace

Shfd19131 KE19-20 MSV 107 Middle terrace

Shfd19132  KE19-21 MSV 172 Middle terrace

Shfd19133  KE19-22 MSvV 187 Middle terrace

Shfd19134 KE19-23 MSV 220 Middle terrace

Shfd19135  KE19-24 MSV 75 High terrace

Shfd19136  KE19-25 MSV 112 High terrace

Shfd19137  KE19-26 MSV 115 High terrace

@ EPP = El Paso Peaks, California, USA; MSV = McLean Stream valley, South
Island, New Zealand.

or transport in deep or turbid water (Smedley et al., 2019). In these
settings, single grain approaches using a pIRIRyy5 protocol can often
overcome these problems (Reimann et al., 2012; Rhodes, 2015; Smedley
and Duller, 2013). Where samples in addition suffer from in-mixing of
young grains from overlying horizons or the surface by bioturbation, or
where very poor bleaching leaves only a small fraction apparently
consistent, ambiguities in the interpretation of single grain pIRIR data-
sets can still exist. In order to assess IRSL signal thermal stability for
dating loess sequences, Li and Li (2011) introduced a multiple temper-
ature multi measurement IRSL approach, subsequently referred to as
multiple elevated temperature (MET-) IRSL, though other names are
sometimes applied to similar techniques. Reimann et al. (2015) used
such an approach for testing the completeness of bleaching for
fine-grained polymineral samples, and Fu and Li (2013) used a similar
approach for dating conventional multiple-grain feldspar aliquots from
Holocene sediments. A MET-IRSL protocol that used the same preheat-
ing treatment as the pIRIRy35 protocol was developed and applied to
single grains of K-feldspar by McGuire and Rhodes (2015) in order to
track patterns of sediment transport within the Mojave River, California,
USA.

To overcome problems of severe incomplete bleaching, and to avoid
“shadowing”, an effect where a significant population of reworked
grains with higher dose values make the identification of the smaller
number of well bleached grains challenging (Rhodes and Walker, 2019),
a new protocol has been developed that compares results from multiple
signals within individual single grains to identify only those that are well
bleached. This approach takes advantage of the differential bleach-
ability of IRSL signals measured at three different temperatures: 50, 125,
and 225 °C, hence the name 3ET (three elevated temperatures). It has
some of the advantages of MET-IRSL (e.g., Reimann et al., 2015), along
with those offered by single grains (Reimann et al., 2012; Rhodes 2015),
without being as time consuming as a single grain MET-IRSL protocol.
The selection of IRSL measurement temperatures allows us to maintain
the 60s, 250 °C preheat from the well-tested single grain pIRIR225 pro-
tocol (Rhodes and Walker, 2019). Colarossi et al. (2018) and Kars et al.
(2014b) provide useful advice concerning the selection of preheat con-
ditions, and other aspects of post-IR IRSL protocol design.
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Table 2
Three elevated temperature (3ET) IRSL single aliquot regenerative-dose
(SAR) protocol.

Step Each SAR 3ET cycle comprises:

Natural or laboratory beta dose
Preheat 60s 250 °C 5 °Cs~!

SG IR Laser 50 °C 2.5s 90% power
SG IR Laser 125 °C 2.5s 90% power
SG IR Laser 225 °C 2.5s 90% power
Beta test dose 8 Gy

Preheat 60s 250 °C 5 °Cs™!

SG IR Laser 50 °C 2.5s 90% power
SG IR Laser 125 °C 2.5s 90% power
SG IR Laser 225 °C 2.5s 90% power
IR LED Hot Bleach 290 °C 100s 90% power

H =0 0N UhWNR

= o

In this paper we assess the 3ET method to evaluate potential benefits,
limitations, and other considerations in its application. First, we
compare 3ET age estimates for desert playa sediments dated indepen-
dently by radiocarbon. Secondly, we examine internal consistency of
3ET results for a suite of terraces along a high-energy braided stream
with suboptimal bleaching conditions.

2. Sample description

A total of sixteen luminescence samples were collected from two sites
to test the 3ET method (Table 1). Four samples were collected from a
detailed paleoseismic trench near El Paso Peaks, California. Previously
determined radiocarbon ages from this site are ideal for the purposes of
assessing luminescence protocols; from 30 detrital charcoal age esti-
mates measured at the site, 25 form a highly coherent age sequence
ranging from the present day back to 7000 years before present and were
used to construct a comprehensive Bayesian age model (Dawson et al.,
2003). These authors recorded the stratigraphy in detail, and the orig-
inal excavation face was clearly visible when the site was reopened to
collect luminescence test samples in 2011 (Roder et al., 2012). One of
the original excavation team helped reopen the trench, and we had ac-
cess to the original large scale section logs as we sampled for lumines-
cence. The site represents a small playa lake impounded by a shutter
ridge formed by slip on the Garlock fault, into which silty to gravelly
fluvial deposits were introduced, providing the opportunity to assess
both low and higher energy deposits.

The remaining twelve luminescence samples in this present study are
from a suite of fluvial terraces alongside McLean Stream, a tributary to
the Clarence River on the South Island of New Zealand. These samples
can be used to test for internal consistency of the 3ET method as the ages
should be older for successively higher terraces. These two sites repre-
sent extremes in expected bleaching conditions: a sunny, low-energy
desert playa environment with high bleaching potential (El Paso
Peaks) and a high-energy, braided fluvial system in an active tectonic
region with limited opportunities for thorough bleaching (McLean
Stream terraces).

3. Methods

Luminescence samples were collected in the field in aluminum tubes
(5 cm-diameter by 15 cm-length), with light-proof caps. Under red or
amber light in the laboratory the caps and ~3 cm from the tube ends
were removed to be used for moisture content determination. A sub-
sample was obtained with a sample splitter and milled to a fine powder
for ICP determination of U, Th, and K-40. Dose rate determination was
based on ICP values and field gamma spectrometry measurements.
Sediment from the tube interiors was wet-sieved to retain the 90-250
pm fraction. This was treated to remove any carbonate with 1M HCI,
rinsed, then treated with HoOy (30%) to remove organic matter and
given a final rinse. The dried sample was density separated at 2.58 g/
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Fig. 1. 3ET filters illustrated by a sample from El
Paso Peaks (J0156). (A) IRSL measurements are made
at three elevated temperatures: 50, 125, and 225 °C.
(B) 3ET All temperature points (3ET-ATP): Plateau Dg
values at each temperature are combined for each
grain. A minimum age model is then applied to this
filtered subset of plateau grains for estimating the
final Dg. (C) 3ET High temperature points (3ET-HTP):
Plateau Dy, values are based only on those signals that
were reset across 125 and 225 °C. No fading correc-
tions have been applied to these measurements (see
text for discussion).
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cm? to separate quartz from feldspar. The lighter feldspar fraction was
given a second sieve to separate out the 180-212 ym fraction which was
used for dating.

Single-grain 3ET measurements were made on a Risp TL-DA-20D
DASH single grain reader using a single-aliquot regenerative dose pro-
tocol (Table 2). The detection filters used were a Risg blue filter pack,
comprising a Schott BG3 and BG39 combination. The IR LED power was
about 150 mW cm ™2 at the sample position and the IR laser power about
450 mW cm 2. Blue LED power used for bleaching tests was about 80
mW cm~2 at sample. Signals were integrated over the first 0.5 s of
stimulation and background values were determined by integrating over
a window 2.0-2.5 s after initial stimulation. All steps were performed
first for the natural signal and then repeated for each dose in a series of
laboratory-applied doses. To expedite processing of the large data sets
produced by the 3ET protocol, we developed code using Python along
with open-source software packages for data analysis and visualization.
In a Jupyter notebook environment (Kluyver et al., 2016) we used the
Pandas data analysis library (McKinney, 2011) and Plotly graphing
package (Plotly Technologies Inc, 2015) to apply the 3ET filter and to
render the resulting data in interactive visualizations.

Growth curves of luminescence signals, normalized as Lx/Tx values
versus dose were fit for individual grains with an exponential-plus-linear
curve to determine an equivalent dose (Dg) for each grain at each of
three IRSL measurement temperatures (50, 125, and 225 °C). The 3ET
filtering algorithm compares a grain’s Dg estimates across these three
temperature points. Consistent Dg values are averaged into a single,
‘plateau’ Dg value, designated as either a 50-125, 50-225, 125-225, or
50-125-225 plateau. These ‘plateau’ grains are filtered for and passed
through a discrete minimum age model using the algorithm developed
for single grain pIRIRyy5 age estimates (Rhodes, 2015; Rhodes and
Walker, 2019). This approach is referred to as the 3ET-ATP (all tem-
perature points) method as it includes values from all three specified
temperature points. The 3ET-HTP (high temperature points) approach
uses only 125 °C and 225 °C temperature points, excluding the less
stable 50 °C Dg values. The concept behind this is to select those grains
that were bleached sufficiently to zero both the 125 °C and 225 °C
signals.

So to summarize:

3ET-ATP (all temperature points) is based on the 50, 125, and 225 °C
signals.

3ET-HTP (high temperature points) is based on the 125, 225 °C
signals only.

We determined fading rates based on combined data from six hun-
dred single grains from sample Shfd19134, and measured g-values of 2.9
+ 1.2% per decade for the 50 °C, 1.0 £+ 0.9% for 125 °C and 1.0 £+ 1.0%
for 225 °C. For this study, we included the data at each temperature
without any fading corrections, as in the main, our single grain fading
data demonstrated a range of small g-values. In principle, the 3ET
approach may exclude grains with significant fading of the 50 °C signal,
as these values may not form a plateau even if they were well bleached;
however, see the discussion of this point below for sample J0156 from El
Paso Peaks.

In addition to the 3ET age estimates, apparent ages were also
calculated for Dg values at each of the three temperatures using the same
approach as that used in single grain pIRIR295 dating (Rhodes, 2015).
Each of these apparent ages was derived from the full set of Dg values at
the temperature under consideration not incorporating any information
from other temperature signals. Analysis starts with all Dg values
determined for that temperature that passed quality criteria, with high
outliers rejected in turn until an internally consistent group of dose
values remains. An overdispersion (sigmayp) value of 15% was used in
these analyses. Fig. 1 illustrates the application of the 3ET protocol for a
sample from El Paso Peaks, California.
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Fig. 2. Bleaching curves for sample Shfd19136 from the higher terrace on
McLean Stream. Note that the y-axis uses a logarithmic scale. The horizontal
dashed line indicates IRSL at half the initial intensity.

Table 3
Apparent ages and uncertainties (kyr before 2020 CE). Estimates are based on
signals measured at each of three temperatures, then using 3ET methods.

Lab Code 50 °C 125°C 225°C 3ET-ATP 3ET-HTP
J0140 0.47 + 0.55 + 0.53 + 0.46 £ 0.48 +
0.03 0.06 0.08 0.03 0.06
Jo145 0.70 + 0.97 + 0.99 + 0.75 + 0.95 +
0.03 0.06 0.07 0.04 0.06
JO150 1.32 + 1.69 + 1.51 + 1.63 + 1.76 +
0.06 0.13 0.15 0.09 0.16
Jo156 3.25 + 5.52 + 5.36 + 243 + 5.55 +
0.13 0.24 0.26 0.17 0.26
Shfd19126  0.35 + 0.65 + 1.00 + 0.87 + 2.73 +
0.05 0.11 0.27 0.17 0.29
Shfd19127  0.89 + 1.74 + 2.79 + 1.19 + 1.48 +
0.08 0.16 0.26 0.17 0.29
Shfd19128  1.39 + 2.25 + 3.16 + 2.45 + 2.82 +
0.11 0.19 0.27 0.21 0.29
Shfd19129  0.28 + 0.61 + 0.81 + 0.63 £ 0.64 +
0.06 0.14 0.22 0.08 0.14
Shfd19130  0.61 + 1.25 + 218 + 1.10 + 2.30 +
0.06 0.11 0.20 0.11 0.23
Shfd19131  4.06 + 4.88 + 5.27 + 4.66 + 4.91 +
0.27 0.33 0.36 0.31 0.34
Shfd19132 234 + 4.59 £ 455 + 1.69 + 3.97 +
0.22 0.35 0.38 0.34 0.36
Shfd19133  1.62 + 2.63 + 410 + 1.63 + 3.66 +
0.16 0.28 0.38 0.21 0.36
Shfd19134 234 + 4.43 + 5.40 + 1.80 + 232+
0.19 0.33 0.42 0.28 0.46
Shfd19135 298 + 2.46 + 5.92 + 5.29 + 5.24 +
0.26 0.48 0.51 0.42 0.53
Shfd19136  5.01 + 6.87 + 419 + 4.55 + 3.96 +
0.51 1.04 1.37 0.65 117
Shfd19137  4.06 + 5.30 + 7.43 + 3.60 £ 5.36 +
0.31 0.44 0.61 0.38 0.51
4. Results

Bleaching tests for a sample from New Zealand (Shfd19136) illus-
trate differences in the bleachability of IRSL signals measured at
different temperatures using blue wavelengths (Fig. 2). Electron traps
emptied during IRSL stimulation at higher temperatures are more stable
and less quickly bleached by sunlight exposure than traps emptying at
lower temperatures (Kars et al., 2014a). Blue LED bleaching times in a
Risg DASH unit at 90% power to reduce the IRSL signal to below 10% of
its initial intensity are on the order of 300 s (5 min) for the 50 °C IRSL
signal; 7000 s (2 h) for the 125 °C signal; and 400,000 s (equivalent to
about 9 days of daylight exposure) for the 225 °C signal. The differential
bleachability of IRSL signals across temperatures suggests that
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Table 4

3ET age estimates and radiocarbon age ranges for stratigraphic units at El Paso
Peaks site. The radiocarbon age ranges listed here are based on ranges listed in
Dawson et al. (2003). These estimates are for stratigraphic units or events rather
than for individual samples and are based on a Bayesian analysis of the entire set
of calibrated ages. Relevant radiocarbon sample numbers and ages are listed in
Table 1 of Dawson et al. (2003). The resulting age ranges have here been con-
verted to years before 2020 CE in order to be directly comparable to the lumi-
nescence age estimates.

Stratigraphic Basis of Luminescence Radiocarbon-based age

unit/event estimate sample lab code ranges and luminescence
ages (years before 2020
CE)

Unit 98 Radiocarbon - 410-310; 300-200

Unit 100 3ET-HTP J0140 480 + 60

Unit 102 Radiocarbon - 520-360

Event U Radiocarbon - 960-590

Unit 128b 3ET-HTP J0145 950 + 60

Unit 132 Radiocarbon - 1780-1490

Unit 138 Radiocarbon - 1600-1380

Unit 144 3ET-HTP J0150 1760 + 160

Unit 164 Radiocarbon - 2070-1800

Unit 254 Radiocarbon - 5520-4970

Unit 270 3ET-HTP J0156 5550 + 260

Unit 316 Radiocarbon - 6380-6060

measuring IRSL at multiple temperatures can be used as an indicator for
the completeness of bleaching. Note that these experiments were per-
formed using blue LEDs, but a direct comparison between samples
bleached with natural California sunlight and these same blue LEDs
demonstrated a similar bleaching rate for the MET-IRSL signal at 140 °C
(Rhodes and Leathard, this volume, in press). Under natural conditions,
the wavelengths and intensity incident on grains during transport in
fluvial systems depends on many factors including water depth and
suspended sediment load, as well as weather conditions and time of day,
so referring observed bleaching characteristics to standardized repro-
ducible conditions is probably a useful approach.

Four samples from near El Paso Peaks were tested for consistency of
3ET age estimates with independent age estimates by radiocarbon (Ta-
bles 3 and 4, and Fig. 3). In all samples the resulting 125 °C ages and the
3ET-HTP ages are consistent with radiocarbon results, covering a range
of between about 500 and 5500 years ago. In three of the four samples
the 125 °C, 225 °C, 3ET-ATP, and 3ET-HTP ages are all consistent with
ages based on radiocarbon.

The twelve samples from the McLean Stream site suggest a similar
age range as that covered by the El Paso Peak samples. Although on
average apparent ages are older for higher terraces, these age estimates
are quite variable and demonstrate some inconsistencies both within
and across terraces (Table 3 and Fig. 4). Moreover, sand from the
modern channel which was known from previous field observations to
have been deposited within the last few years fails to produce an esti-
mate that is statistically consistent with a zero age. As discussed below,

Quaternary Geochronology 72 (2022) 101346

however, the minimum 3ET-HTP ages for each terrace do produce an
internally consistent set of apparent ages in proper sequence.

5. Discussion

Does the 3ET method produce reliable age estimates? The four
samples from a paleoseismic trench near El Paso Peaks demonstrate that
the 3ET-HTP method produces reliable age estimates for samples
ranging from ~500 to ~5000 years old. In one case (sample J0156) the
3ET-ATP age estimate is affected by the inclusion of 50 °C points that
caused an underestimate of the age. This is possibly due to fading of the
50 °C signal. We examined the signals from the grains responsible for
this apparent underestimate, and in each case the 125 °C or 225 °C Dg
estimate involved in the plateau was significantly higher than that from
50 °C for the respective grain, but had a greater uncertainty, allowing
the Dg value to be drawn down by the more precise 50 °C estimate. For
the El Paso Peak samples, the agreement in age estimates between the
125 °C and 225 °C signals demonstrates thorough bleaching occurred
prior to the most recent burial event for the selected grains, while those
showing differences in apparent age were rejected.

The twelve samples from McLean Stream, New Zealand are more
difficult to interpret. The range of apparent ages for a given terrace
suggests that incomplete bleaching is a problem for these samples, with
many of the ages being over-estimates due to poorly bleached grains.
Unlike the El Paso Peak samples, there is disagreement between the
125 °C ages and the 3ET ages. We take the most likely age for each
terrace as the minimum value of the 3ET-HTP plateau ages among
samples from a given terrace. This minimum 3ET-HTP age represents
grains that were bleached sufficiently at the last exposure event to reset
both 125 and 225 °C signals. On the lowest terrace for instance, sample
Shfd19129 has consistent values for 125 °C, 225 °C, and 3ET ages, all at
a lower age estimate than for any of the other three samples from that
terrace. Based on the apparent age distributions, it is likely that the other
three samples received only enough sunlight to partially reset the 50,
125, and 225 °C signals. As expected, bleaching was more thorough for
lower temperature signals. Assigning ages based on the minimum 3ET-
HTP result for each terrace produces an internally consistent sequence
of increasing age for successively higher terraces.

The difference in bleaching environments of the two study catch-
ments is likely a primary control on the differences in luminescence
behaviors observed between the two sites (Table 5). The El Paso Peaks
site lies in a playa fed by a small catchment in a low energy desert
environment with abundant sunshine. In contrast, McLean Stream oc-
cupies a narrow valley that opens immediately at the study transect
where it enters the wider Clarence River valley. Sand grains in these
terraces will have traveled at most 6 km from their source areas,
following steep gradients through constricted valleys and bordered by
slopes that contribute freshly eroded sediment to the system. Therefore,
there are minimal opportunities for exposure to sunlight for bleaching of
IRSL signals for these terraces.
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o

S 54 5 1 5 5
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Fig. 3. Luminescence apparent ages for four samples from the trench at El Paso Peaks (represented as points) with expected ages for the target strata (represented by
the shaded areas). Points represent apparent luminescence ages, from left to right: 50 °C, 125 °C, 225 °C, 3ET-ATP, and 3ET-HTP calculated ages. For some points the
error bars are smaller than the symbol and thus not visible at this scale. The shaded zones are based on expected ages as reported in Dawson et al. (2003). The older
boundary is the maximum of the age range estimated for the underlying stratigraphic unit, and the younger boundary is the minimum of the age range estimated for

the overlying unit. All ages are expressed in kyr before 2020 CE.
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Fig. 4. Apparent ages for McLean Stream terraces and modern channel. Each of three terraces were sampled at multiple depths. For each chart the y-axis represents
age in thousands of years prior to 2020 CE. The five points plotted are from left: 50 °C, 125 °C, 225 °C, 3ET-ATP, and 3ET-HTP apparent ages. Note: Shaded bars
represent the most likely age of the terrace as based on the minimum 3ET-HTP age determined for a particular terrace.

The difference in bleaching between the two catchments is illus-
trated by comparing the number of saturated grains from the uppermost
sample at El Paso Peaks with the modern stream sample at McLean
Stream (Table 6). For this analysis, we considered saturated grains to be
those with Dg values greater than 2Dy. Only a few percent of grains at
the El Paso Peaks site are still saturated after traversing the catchment,
whereas many grains in the modern McLean Stream channel remain
saturated. The number of saturated grains is higher for the higher
temperature signals, with 63% of the 225 °C signals remaining saturated
in McLean Stream.

The percentage of saturated grains is an index of bleaching and helps

confirm that few grains in the McLean Stream catchment received
adequate sunlight exposure during transport—they are unlikely even to
have received enough sunlight to distinguish their luminescence signal
from that of never-exposed bedrock grains. Thus, it is to be expected that
many hundreds of grains must be measured to have a probability of
encountering a few with a 225 °C IRSL signal that is completely
bleached. For the middle terrace, a total of 3600 grains were measured,
of which three (in Shfd19134) are included in the 3ET-HTP age estimate
that most likely reflects the most recent bleaching event. In the case of
Shfd19134, an evaluation based solely on the pIRIR2y5 apparent age
would possibly have missed the appropriate age estimate.
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Table 5
Comparison of the two study catchments, including factors that can influence
grain bleachability.

Characteristic El Paso Peaks site, USA McLean Stream, NZ
Catchment Area above site 0.38 km? 10.2 km?

Highest Elevation 1158 m 1198 m

Elevation at site/transect 1010 m 111 m

Local Relief 148 m 1087 m

Longest drainage in catchment 1.3 km 5.8 km

Average stream gradient 11% 19%
Precipitation/yr (average)* 144 967

Sunny hours/yr (average)* 3882 2909

Vegetation cover Sparse; desert shrubs Dense

*Source: climate-data.org

Table 6
Percentage of saturated grains out of 600 grains measured.

El Paso Peaks (J0140) McLean Stream

(Shfd19126)
IRSL signal 50°C 125°C 225°C 50°C 125°C 225°C
measurement
temperature
Grains with valid 328 143 98 375 334 313
growth curves
Saturated Signals 8 5 14 50 144 196
Grains saturated 2.4 3.5 14.3 13.3 43.1 62.6
(percent)

One difficulty in applying the 3ET method for samples with restricted
bleaching is that the 3ET filtering algorithm by necessity even further
reduces the number of grains available for the analysis, increasing the
sensitivity of the result to the characteristics of individual grains. One
way to compensate for so few results is to collect multiple samples and to
use the stratigraphic and geomorphic context of each to help evaluate
the reliability of the set of samples as a whole.

The way we have established the 3ET method, using the same pre-
heating as our regular single grain pIRIRg925 approach, and also main-
taining IRSL measurements at 50 and 225 °C, renders this effectively an
experiment that includes data we could interpret in the usual manner,
though recognizing differences in the bleaching rate of the 225 °C signal
when measured following two prior IRSL exposures (at 50 and 125 °C).
The method acts as a filter allowing only well bleached grains to be
included for consideration in age determination. One specific reason for
this is to minimize “shadowing”, a term introduced by Rhodes and
Walker (2019). Shadowing can be caused when a significant population
of partially bleached grains with apparent equivalent doses greater than
that reflecting the true depositional age leads to the smaller number of
well bleached results with slightly lower values being interpreted simply
as low-side values for a distribution that includes all of these results, well
bleached and partially bleached. By excluding the partially bleached
grains, a clearer picture of the populations of well bleached grains can
emerge. In some cases, shadowing can be caused by the inclusion of
reworked grains that were well bleached during an earlier catchment
event relatively closely spaced in time such that equivalent dose un-
certainty values from this event and the slightly younger true deposi-
tional age overlap. In this case, no statistical approach is likely to be able
to differentiate these two events.

Our sampling and luminescence measurement strategy here and at
other sites (e.g., Zinke et al., 2017) includes the collection and mea-
surement of multiple samples for each target event, typically three to
five samples arranged in a short vertical sequence from a single pit or
exposure. The reason for this approach is because we detect wide vari-
ations in the degree of prior bleaching for grains from closely spaced
samples (e.g., see the data presented by Zinke et al., 2017); this is likely
due to the timescales of grain transport and deposition in moderate to
high energy fluvial systems. We expect that approximately 50% of
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samples were deposited when sunlight was absent; high topography,
turbid water and storm clouds all further reduce the likelihood of direct
sunlight bleaching, so probably most bleaching occurred in days, weeks
and years before deposition occurred, rather than during the final
transport. When high flows occur, we also expect significant erosion of
river banks, older fluvial terraces and material on surrounding hillslopes
with a significant input of unbleached or partially bleached grains. In a
complex situation such as this, we consider that any individual sample
may include a greater or lower proportion of grains that were well
bleached at the time of deposition. By measuring multiple samples, we
consider that we also increase the probability of finding a relatively well
bleached sample that can provide a secure age estimate for the target
event. The single grain 3ET approach requires us typically also to
measure a larger number of grains for each sample dated than using SG
PIRIR295 dating, helping to better quantify the Dg distributions observed
and so better understand the bleaching history of this population of
grains.

A benefit of the 3ET method is the insight it gives into the thor-
oughness of bleaching for individual grains that is lacking in traditional
single grain pIRIR protocols. Samples with a consistent apparent age
across 50, 125, and 225 °C measures and at both 3ET measures are more
likely to reflect a real bleaching event. Sample Shfd19129 from the low
terrace is perhaps the best example of a well bleached sample from the
McLean Stream terraces, confirmed by nicely consistent 3ET measure-
ments. In contrast, inconsistent apparent ages, as illustrated for example
by the three samples from the upper McLean Stream terrace, can mark
poorly bleached samples as less reliable for constraining the age of the
last depositional event. Thus, the 3ET approach is an insightful indicator
of sample reliability, yielding evidence that can flag poorly bleached
samples as less reliable while helping to confirm the robustness of well
bleached samples.

6. Conclusions

In this paper we introduce the 3ET method, a simplified MET pro-
tocol based on three measurement temperatures (50, 125, and 225 °C).
The 3ET method computes a Dg value for a sample by filtering for grains
which have Dg ‘plateaus’ across temperatures for an individual grain.
Age estimates are then based either on all three measurements (3ET-
ATP, for all temperature points) or on the higher two temperature
measurements only (3ET-HTP, for high temperature points). The central
aim of the 3ET method is to filter out grains that have been incompletely
bleached, taking grains with consistent Dg values across temperatures as
indicative of a thorough bleaching event.

We evaluated this approach using two sets of samples with inde-
pendent age information. First, we tested a set of well bleached samples
from California that had been rigorously dated with independent
radiocarbon age estimates. For these samples the 3ET-HTP method
produced reliable age estimates spanning an age range of ~500 to
~5000 years. Secondly, we tested a set of more poorly bleached samples
from a sequence of fluvial terraces in New Zealand. These samples lack
absolute, independent age control but are dated relative to one another
as ages increase for each successively higher terrace. For these terraces,
the 3ET-HTP method produced an internally consistent set of age esti-
mates, with some limitations. In a few cases, lower 50 °C Dg values affect
the 3ET-ATP age estimates by making them too young, possibly due to
unreliability in the 50 °C signals compared to the more stable signals at
higher temperature. Therefore, the 3ET-HTP age estimates are consid-
ered more reliable.

The small number of well bleached grains in the samples from New
Zealand required a high number of grains to be measured and therefore
longer machine measurement times. In settings where bleaching is
similarly restricted by environmental or depositional conditions, col-
lecting multiple samples for each targeted deposit or dating event can
help to ensure that some well bleached grains can be included. More-
over, samples are usually not uniformly poorly bleached, so running


http://climate-data.org

A.H. Ivester et al.

more samples increases the chances of finding samples that are well
bleached and give clear, precise age estimates. Another benefit of this
strategy is that simple stratigraphic coherence can be tested with mul-
tiple samples but can’t with single samples.

This study has evaluated the 3ET method in two very different en-
vironments that represent end members in degree of bleaching. Future
application of 3ET in other settings will help to further evaluate the
benefits and limitations of the technique. In settings where incomplete
bleaching may be of concern, the 3ET technique gives another means for
evaluating the degree of bleaching for individual grains and a way to
filter out those grains that are likely to have been incompletely bleached.
More generally, the 3ET method can serve as a reliability indicator that
can flag poorly bleached samples as potentially unreliable while helping
to confirm well bleached samples as more reliable for robust age
determinations.
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