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Pulsed OSL is applied to nine ﬁne-grained sediment samples from Sichuan province, China, using
stimulating pulses of 10 ms on and 240 ms off, with an infrared exposure prior to each OSL measurement.
Comparison of fading rates between pulsed and non-pulsed signals, the latter also obtained with
a preceding IR exposure, shows that fading is signiﬁcant for mainly the non-pulsed signals. Presence of
a pulsed IRSL and the magnitudes of b-value to correct for lower alpha efﬁciency suggest that pulsing
does not fully remove a signiﬁcant feldspar signal, only a fading component. Comparison with ages of
quartz extracts shows that pulsed OSL ages are consistent, while CW-OSL ages are slightly older and
CW-IRSL ages are much older. The older ages suggest a less well-bleached feldspar component.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Luminescence dating commonly uses 100e200 mm grains of
quartz or feldspars as dosimeters, but many samples e both sediments and ceramics e lack coarse grains, and from early on an
alternative dating method using ﬁne grains (<15 microns) has been
offered (Zimmerman, 1967). Aside from providing a means to date
ﬁne-grained samples, the method has other advantages. Because
such ﬁne grains do not attenuate alpha radiation, the alpha dose rate
makes up a large portion of the total dose rate, reducing the
proportional contribution from gamma radiation, the dose rate from
which can be difﬁcult to estimate in complicated environments.
Dating of ﬁne grains has two principle disadvantages. One is that
because of difﬁculties in isolating particular minerals with relatively well-known luminescence properties, ﬁne-grain samples are
usually polymineral and therefore can contain components with
undesirable luminescence properties. The main concern involves
components that suffer from anomalous fading, particularly feldspars, which because they have bright signals may dominate the
total signal. Polymineral signals may also include contributions
from minerals such as micas, whose luminescence properties are
poorly known (Kortekaas and Murray, 2005). The second problem
is the low efﬁciency of alpha irradiation at producing luminescence.
This varies for different minerals and is often hard to measure
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precisely. Other potential problems come to mind as well. Signals
from alpha irradiation may behave differently, e.g., fading at
different rates, than signals from beta or gamma irradiation
(Visocekas, 1988). The short range of alpha particles may also
produce inhomogenous dose rate effects, for example in respect to
water content, that may increase uncertainty in the date obtained.
These latter issues remain unexplored.
After the development of an OSL single-aliquot method for
deriving equivalent dose (De) from coarse-grained quartz (Murray
and Wintle, 2000), several researchers (Banerjee et al., 2001;
Roberts and Wintle, 2001) attempted to apply a modiﬁed version to
ﬁne-grained material in such a way as to remove the feldspar or
fading component. Dubbed “double SAR”, the method involves an
infrared exposure to the sample prior to each OSL measurement
(now commonly employing blue-light stimulation). Because feldspar signals are reduced by infrared exposure but quartz signals are
not (except at higher temperatures), the subsequent OSL signal
derives mainly from quartz (and perhaps other minerals). However,
feldspars are also sensitive to blue-light stimulation. Duller and
Bøtter-Jensen (1993) argue that separate traps, one sensitive to
blue/green stimulation and the other sensitive to both blue/green
and IR, are involved. This does not guarantee that an IR exposure
will reduce the feldspar signal to an insigniﬁcant level. Experience
with the method has shown that in some cases a feldspar signal
does remain (Roberts, 2007). Efforts have been made to further
reduce the feldspar signal by prolonged IR exposure (Zhang and
Zhou, 2007), or to eliminate feldspars completely by chemical
treatment during sample preparation (Roberts, 2007). The latter
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has employed hydroﬂuorosilicic acid (H2SiF6), but the high cost of
this particular chemical makes routine use expensive.
Recent research with coarse-grained materials has shown that
pulsed OSL can be used to reduce a contaminating feldspar signal
from quartz extracts. In pulsed OSL the luminescence signal is
collected through a series of pulses with the stimulating light
alternatively turned on and off. The time duration between stimulation and emission for the main component of feldspar is much
shorter than that of quartz (Sanderson and Clark, 1994; Clark et al.,
1997; Bailiff and Mikhailik, 2003; Chithambo, 2007a,b; Denby et al.,
2006), suggesting that if the signal is collected only after the
stimulating light is turned off, a properly selected pulse width can
discriminate against a feldspar signal, excepting some longer, low
intensity components in feldspar. Thomsen et al. (2006, 2008a)
using pulses from blue (470 nm) stimulation of 50 ms on and
50 ms off, not only reduced the feldspar signal during the off-time,
but also found that the feldspar signal could be further reduced if
each blue stimulation is preceded by an IR exposure (870 nm).
Experiments by Ankjaergaard et al. (2010) have suggested the best

separation of quartz from a mixed signal can be achieved with onand off-time settings of 50 ms each or 20 ms on- and 80 ms off-time,
again including a preceding IR exposure. In this paper, we extend
the use of pulsed OSL to ﬁne-grained samples.
2. Samples
We collected nine sediment samples from hillside terraces
surrounding Jianpan Village in Jiuzhaigou National Park in northern
Sichuan, China (Fig. 1, Table 1), as part of a multi-disciplinary study
by Sichuan University, the national park, and the University of
Washington (Henck et al., 2010). Large quantities of archaeological
materials, including stone structures, pottery and stone tools, have
been found eroding from the face of the terraces. The terraces are of
varied size, ranging in height from 1 to 50 m, in width from 2 to
100 m, and in length up to 500 m. They are irregular in shape and
run approximately parallel to the hillside contours. In other places
similar, but generally smaller formations have been called terracettes and the process by which they are formed has been debated at

Fig. 1. Location of samples. Three samples were taken from the proﬁles of three different terracettes. Samples were collected by Amanda Henck, shown in the lower right.
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Table 1
Samples from Jianpan Village, Sichuan, China. See Fig. 1 for locations.
Laboratory #

Sample #

Depth from surface (m)

UW1691
UW1692
UW1693
UW1694
UW1695
UW1696
UW1697
UW1698
UW1699

1
2
3
4
5
6
7
8
9

2.0
1.5
0.5
4.0
2.0
0.5
6.0
4.0
0.5

length, with explanations ranging from landslides to erosional
effects from grazing (Vincent and Clarke, 1979).
The sediments in the Jiuzhaigou terraces are composed of ﬁnegrained loess-like silt. Stratigraphy exposed in the terrace faces
often shows a distinct paleosol separating artifact-containing strata
from younger strata, which are either landslide or loess-like
deposits. While we do not know the exact formation mechanism
for the terraces, the artifacts and ethnographic evidence suggest an
anthropogenic origin from local swidden agricultural practices. We
interpret the paleosol to be a former plow surface that was
subsequently buried by landsliding, probably at the time the village
was abandoned. The sediments probably originated as wind-blown
silts, but then likely underwent slumping during terrace formation.
The archaeological evidence suggests that the slumps pre-date the
paleosol as the houses are parallel to the modern surface (Henck
et al., 2010).
Slumping involves minimal sunshine exposure, so the dates may
address the original aeolian deposition, in which case they should
be well bleached. They should also retain the original stratigraphic
order, so that ages should increase with depth. An exception might
be where surfaces were exposed long enough to develop a soil.
During this time partial bleaching is likely through plowing, which
does not turn over the soil in a uniform manner. Similarly, sediments in landslide deposits may also be partially bleached as some
landslide processes could expose some, but not all, sediments to
sunlight.

3. Procedures
Sediments were collected in light-tight cylinders driven into the
terrace faces. Exposed ends were removed in the laboratory in
subdued redeorange light. Samples were ﬁrst treated with HCl and
H2O2 to remove carbonates and reduce organics. The 1e8 mm
fraction from each sample was isolated by suspending grains in
acetone for 2 and 20 min, retaining the supernatant after the
former and the sediment on the bottom after the latter. The 20-min
settling was done at least twice to insure all grains <1 mm were
removed. The suspended 1e8 mm fraction was then settled onto
1 cm stainless steel disks by evaporation of the acetone at 50  C. On
six samples, a portion of the 1e8 mm fraction was treated with
quartz-buffered H2SiF6 following procedures of Roberts (2007).
Subsequent luminescence measurements of this material showed
no signal above background when exposed to infrared light. These
measurements provide a way to evaluate the efﬁcacy of pulsed OSL
for reducing a feldspar signal.
Luminescence was measured on Risø reader DA-20. Blue
(470 nm) and infrared (870 nm) diodes were used for stimulation,
while emission was through 7.5 mm Hoya U-340 ﬁlters (UV).
Double SAR procedures for equivalent dose (De) determination
used ﬁve regeneration doses, a zero dose and a repeat of the ﬁrst
regeneration dose. A preheat of 240  C for 5 s, a test dose of about
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3 Gy, and a cutheat of 200  C were employed. In conventional
continuous wave (CW) mode, IRSL was measured for 100 s at 60  C,
followed by OSL measured for 100 s at 125  C.
Pulsed measurements were carried out using an attachment to
the DA-20, consisting of a microcontroller with a programmable,
hardware-controlled timer and a solid state switch for pulsing
(Denby et al., 2006). The signal while the stimulating light is on is
gated off, so that only the signal when the stimulating light is off is
collected. The gating circuit provides a counting window that
permits the signal after each pulse to be accumulated and plotted
against exposure time as a decay curve. Time resolved spectra,
where counts from both on- and off-time are summed over many
pulses as a function of time between stimulation and emission,
were not processed. With the equipment used in this paper, pulsed
mode and the timing of the pulses are set up manually and it is
neither possible to switch back and forth between pulsed and CW
stimulations within the same double SAR sequence, nor change the
time settings during the sequence. Because pulsed measurements
take considerable machine time and adding additional CW exposure at the end of each step is not possible, only shorter pulsed
exposures are practical on a routine basis and thus concern arises as
to whether OSL exposure at each step is sufﬁcient to reset the
signal.
The pulse width was set for 10 ms on and 240 ms off. This was
based on an early recommendation from Christina Ankjaergaard
(personal communication), although her more recent work
(Ankjaergaard et al., 2010) has suggested that longer on-times and
shorter off-times, and thus reduced measurement time, can be
effective. However, our samples are relatively insensitive, and to
improve our signal the shorter on-time was an effective choice even
if the separation between quartz and feldspar was not optimal.
From consideration of quartz luminescence lifetimes (related to the
delay between stimulation and emission), we deduced that at least
60% of the quartz signal is emitted after 10 ms (Chithambo, 2007b).
To save machine time, most measurements were made for 100 s.
This amount of time allows 400,000 pulses, which is equivalent to
4 s of continuous wave exposure. While probably sufﬁcient to reset
the fast component in quartz, we worried about sufﬁcient exposure
to reset, particularly, the feldspar component. Therefore, comparison measurements on three samples were made using measurement times of 1000e1200s (effective 40e48s exposures). All
comparisons between pulsed and CW signals used the same integrated stimulation time (i.e., on-time) for both signal (initial 1.2 s)
and background (2.8e4 s).
The beta source attached to the Risø unit was calibrated for
stainless steel disks using 1e8 mm quartz. The quartz was obtained
by crushing three coarse-grained (90e212 mm) samples known to
consist of almost 100% quartz. After crushing, the grains from each
sample were irradiated at Paciﬁc National Laboratory, Hanford, WA,
in 2.3 mm thick glass tubing with 3.0, 5.9, or 9.2 Gy of 60Co gamma
radiation at a distance of 100 cm and with an uncertainty of 2.3%.
Calibration, using SAR protocol on 18 aliquots, yielded an average
value of 0.120  0.003 Gy/s.
Fading was monitored by employing an anomalous fading test
for both pulsed and CW signals, following single-aliquot procedures of Auclair et al. (2003). Any fading corrections followed
Huntley and Lamothe (2001). Alpha efﬁciency was measured using
the b-value system (Huntley et al., 1988). The b-value was obtained
in several ways for different samples: adding alpha doses with beta
test doses to the SAR procedure; performing a full SAR sequence
using some alpha and some beta regeneration points and using
both alpha and beta test doses at each step; performing separate
SAR procedures, one using betas and one using alphas for both
regeneration and test doses, on separate aliquots; and administering an alpha dose prior to an SAR sequence using beta doses (Lai,
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2008). In all cases the b-value was taken as the ratio of the beta
equivalent dose (in Gy) to the alpha equivalent dose (in mm2). No
systematic differences were found for any of the methods, but
precision varied greatly. Alpha irradiation was administered both
by a Littlemore stand-alone alpha irradiator and an alpha source
attachment to the DA-20. The strength of the Littlemore alpha
source is 0.143  0.005 mm2/m. An attempt to calibrate the DA-20
source against the Littlemore source yielded uncertainties 2e3
times greater. Averages given in the next section are weighted by
precision, so that results from the Littlemore irradiator
predominate.
Dose rates were measured by a combination thick source alpha
counting, thick source beta counting and ﬂame photometry. No onsite dosimetry was possible.

Table 2
Comparison of equivalent dose (De) and over-dispersion (sb) values for different
pulsed exposures.
Sample

UW1691
UW1694
UW1699

4 s exposure

40e48 s exposures

N

De (Gy)

sb (%)

N

De (Gy)

sb (%)

8
8
3

19.4  0.5
50.1  4.2
2.0  0.6

5.2  2.6
17.6  7.1
0

9
9
5

17.9  0.5
52.0  2.8
1.6  0.3

6.6  2.6
9.7  5.8
27.9  13.7

4. Results
Fig. 2a shows decay curves for 40 s exposures from two different
polymineral, ﬁne-grain aliquots of UW1691 and from one ﬁnegrain quartz aliquot of UW1697. Time on the x-axis is “on-time”,
which would be equivalent to continuous wave time. One can see
that the decline of the pulsed OSL is similar to that of the quartz

Fig. 2. (a) Decay curves using continuous wave and pulsed OSL over 40 s for two
different polymineral aliquots of UW1691, and using continuous wave OSL for a ﬁnegrained quartz aliquot of UW1697. The quartz signal is divided by 10 for comparative purposes. Time is “on-time”, in other words “equivalent continuous wave time”.
The vertical line represents the limit of a 4-s exposure. (b) Growth curves for the same
aliquots. The regenerations doses for the pulsed OSL and the quartz curves were
half those of CW for the same step in the SAR sequence. Symbols above the origin on
the y-axis represent the natural signal.

Fig. 3. (a) Radial graph showing dose recovery results for 4 s (diamonds) and 40 s
(triangles) exposures for pulsed OSL. Plotted on the y-axis are ratios of administered to
recovered dose, standardized by the number of standard deviations from 1. Precision is
plotted on the x-axis. Lines drawn from the origin through any point intersect the
right-hand scale at the measured value. (b) Radial graph showing dose recovery test
for continuous wave OSL. Signals used for these and other single-aliquot values used
the same integrated on-time signal (whether exposed for 4 or 40 s). Errors reﬂect
counting statistics, regression ﬁts, and a 2% instrumental error.
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sample. The CW-OSL curve declines nearly as rapidly and must be
dominated by a fast-decaying component, while the CW-IRSL
declines at a slower rate. A pulsed IRSL signal is barely present.
Fig. 2b shows growth curves for the same aliquots (except for
pulsed IRSL, which for this aliquot had no measurable growth
curve). They vary little, except at higher doses where the CW-OSL
signal begins to saturate (the quartz OSL growth curve was not
carried out as far).
Table 2 compares De values from pulsed measurements on
aliquots subject to 4 or 40e48 s exposures for three samples
covering the range of De magnitudes. Aliquots using 40 or 48 s
exposures showed no signiﬁcant difference so these results are
combined in the table. The analyzed signal is the ﬁrst two 1.2 s, and
the background is 2.8e4 s (both on-time). The difference in De
between the 4 and 40e48 s exposures is not signiﬁcant for two
samples and barely signiﬁcant at one-sigma for the other. In two
cases the 4 s exposure produces a slightly higher De value, but this
is opposite of what might be expected if the 4 s exposure was not
fully resetting the signal resulting in build-up of signal as the
sequence proceeds and therefore a steeper growth curve. Such
build-up might be happening, but if so the test dose seems to
correct for it. The shorter exposures do not therefore appear
detrimental. This will save considerable machine time in future
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work, but it is recommended that longer exposures also be
employed on a few aliquots to make sure there are no systematic
effects.
Further evidence that the 4s exposures are sufﬁcient comes
from the dose recovery tests. Aliquots were ﬁrst exposed to pulsed
blue light using either 4 or 40e48 s exposure times and then given
an irradiation (between 7.2 and 24 Gy, depending on size of natural
De). Fig. 3a shows a radial graph of the OSL dose/administered dose
ratio for both exposure times. Most aliquots for either exposure are
within 2-sigma of 1.0, which is also the case for the CW measurements of both polyminerals (Fig. 3b) and ﬁne quartz extracts. The
weighted average of all pulsed dose recovery tests is 0.93  0.06
(N ¼ 13) or 1.01  0.04 (N ¼ 11) when two outliers are removed. The
weighted average for the CW measurements is 0.98  0.03 (N ¼ 16)
for the polyminerals and 0.98  0.03 for the quartz.
Successful recovery of administered doses of 7.2 Gy, within
2-sigma for all ﬁve aliquots measured, and of 2.5 Gy for one aliquot,
suggests that thermal transfer for the younger samples may not be
a signiﬁcant problem, although this should require additional
study. It is also noted that a recuperated signal after a zero dose
(although not a fully sufﬁcient test for lack of thermal transfer) was
not observed for most aliquots.
Finally, to judge whether the fast quartz component is removed
by the 4 s pulsing exposure, the decay curves shown in Fig. 2 were
ﬁtted by the sum of three exponentials (Singarayer and Bailey,
2003; Jain et al., 2003). These ﬁts are shown as a solid line
through data points in Fig. 4a for the pulsed data and in Fig. 4b for
the CW-OSL data, both on polymineral aliquots. To determine the
time-evolution of the fast component, the relevant importance of
each component was plotted against the stimulation time as shown
in the insets using the method of Chithambo and Galloway (2001).

Table 3
Fading rates expressed as g-values (%/decade) for individual aliquots.
Sample

CW IRSL

CW OSL

Pulsed IRSL

Pulsed OSL

UW1691

7.6  0.8
7.0  1.0
6.1  0.8
6.2  0.8
4.9  0.8
4.8  0.8
6.9  0.8
5.8  0.8
6.3  0.9
6.9  1.2
6.0  1.2
5.0  1.2
7.6  1.1
6.0  1.1
5.2  1.1
4.8  1.1
5.2  1.3
7.6  1.2
7.2  1.4
4.7  1.0
13.5  0.9
4.1  1.8
5.2  1.5
5.7  1.5
5.1  0.9
6.7  1.0
10.6  1.0
7.3  1.1
4.0  1.5
3.9  1.6
0.1  2.0
6.9  1.7
9.6  2.0
6.4  0.4

0.8  0.7
0.7  0.8
0.5  0.7
1.0  0.8
3.6  0.8
2.6  0.8
0.3  0.8
2.0  1.0

3.3  1.3
1.9  1.2
0.3  0.9
4.0  1.2
3.5  1.1
1.2  1.0
2.4  1.3
2.2  0.9
0.0  1.4
1.0  3.7
1.7  2.7
13.6  4.9
4.5  1.8
6.3  1.9
2.0  2.0
1.3  1.9
3.4  3.6
0.4  4.5
7.9  5.7
3.5  1.2
3.5  1.2
1.1  3.8
3.4  4.1
2.1  4.5
0.0  1.2
8.5  1.5
7.0  2.0
4.0  2.0
8.0  11
21  13
7.2  4.8
5.7  4.5
1.1  4.8
1.4  1.0

1.3  0.9
0.1  0.6
0.2  0.6
0.7  0.7
0.7  0.7
0.2  0.6
1.7  0.7
0.0  0.7
0.4  0.7
1.0  1.5
1.0  1.5
1.5  1.7
0.4  1.7
1.7  1.8
1.6  1.9
5.0  2.0
0.5  3.2
0.1  3.3
2.8  3.7
0.9  0.8
0.9  0.8
1.8  2.3
1.9  2.1
2.2  2.4
2.7  1.0
1.0  1.0
1.7  0.8
1.0  0.8
5.0  2.0
1.0  2.0
1.6  2.0
0.5  2.0
2.2  2.2
L0.3  0.3

UW1692

UW1693

UW1694
UW1695

UW1696

UW1697

UW1698
Fig. 4. The time-dependence of luminescence for pulsing (a) and CW optical stimulation (b). The solid line represents a ﬁt using three exponentials. The insets show the
relative importance of each component, showing the decrease in time of the fast
component, and the change in time of the medium and slow components over the ﬁrst
10 s.

Weighted average

4.2  1.8
1.3  1.7
0.1  2.0
1.0  2.0
5.0  2.0
1.0  2.0
5.0  3.0
6.0  6.2
8.9  5.2
0.7  6.6
1.4  1.2
0.3  1.0
7.6  3.1
1.5  2.8
3.8  2.8
1.4  0.9
1.4  0.8
2.5  0.8
0.3  0.9
2.2  1.7
0.7  1.7
1.8  1.9
0.3  2.2
2.9  2.9
1.2  0.4
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Table 4
Equivalent dose values (Gy) using common age/central age models (Galbraith et al., 1999).
OSL
Sample

UW1691
UW1692
UW1693
UW1694
UW1695
UW1696
UW1697
UW1698
UW1699

CW polymineral

Pulsed

CW quartz

N

De (Gy)

sb (%)

N

De (Gy)

sb (%)

N

De (Gy)

sb (%)

6
7
16
7
6
11
6
14
4

18.6  0.5
9.1  0.7
5.3  0.15
52.9  4.2
36.9  2.9
1.7  0.2
8.6  0.3
2.7  0.2
1.5  0.2

4.4  2.6
19.0  5.5
9.3  2.3
0
0
36.2  9.1
5.7  2.8
23.1  5.4
0

19
8
9
17
10
11
7
9
7

18.6  0.4
7.2  0.2
5.2  0.2
51.8  2.5
48.5  4.3
1.1  0.1
8.2  0.2
2.7  0.3
1.7  0.2

7.1  1.9
4.8  3.2
5.5  3.7
13.6  4.3
23.0  7.2
29.1  11.4
0
24.6  7.4
23.5  12.1

9
6
6
6
6
6

36.2  1.7
47.8  3.0
1.3  0.2
8.1  0.3
2.3  0.6
0.8  0.1

12.1  4.0
12.7  5.2
26.6  10.1
8.5  2.9
0.8  4.2
11.2  4.4

IRSL
Sample

CW polymineral

UW1691
UW1692
UW1693
UW1694
UW1695
UW1696
UW1697
UW1698
UW1699

Pulsed

N

De (Gy)

sb (%)

N

De (Gy)

sb (%)

6
7
16
12
12
12
8
13
3

21.4  1.3
6.7  2.0
5.2  0.2
53.9  1.2
45.5  1.1
1.2  0.1
6.6  0.4
3.2  0.2
1.4  0.3

13.7  4.7
3.5  4.3
13.0  3.0
3.5  2.6
6.9  2.2
30.6  9.3
13.8  5.6
24.1  6.0
0

4
6
3
12
7
1
2
2

22.4  2.1
7.9  1.4
6.3  1.0
62.2  4.0
48.1  2.5
1.8  1.6
7.0  2.2
3.5  0.9

14.6  8.0
34.2  13.9
0
20.4  5.0
0

Fig. 4a shows that the fast component decreases from an initial
proportion of about 52% of the total signal and is virtually depleted
in the initial 2 s. In comparison, the fast component in the CW-OSL
case is dominant, just over 85% of the initial signal in the initial
transient, but is depleted by 4 s after the start of stimulation.
Table 3 gives g-values (Tc ¼ 2 days) for various aliquots, representing 8 of the sediment samples, and their weighted average.
Almost all the CW-IRSL signals and many of the CW-OSL signals
exhibit signiﬁcant fading, although the OSL fading is not substantial, with a weighted average of 1.2%. For the pulsed OSL, there was
no signiﬁcant fading for the most part. It thus appears that
conventional double SAR does not eliminate entirely the possibility
of fading of the OSL signal for these samples, but such fading is
largely eliminated by the pulsed signal.
The pulsing by itself does not fully eliminate a feldspar signal,
which does have a tail extending beyond 10 ms (Clark and Bailiff,
1998; Denby et al., 2006). Of the 97 aliquots from various samples
which produced a measurable pulsed signal, 37 produced a pulsed
IRSL signal of sufﬁcient quality that an equivalent dose could be
obtained. However, as Table 3 shows, fading of this signal was much
less substantial than for CW IRSL, and in several cases was not
signiﬁcant at all. Sanderson and Clark (1994) and Tsukamoto et al.
(2006) also observed reduced fading for longer lived components
(>10 ms) in time resolution studies of coarse-grained feldspars.

0
0

Table 4 compares central De values for OSL and IRSL in both CW
and pulsed mode. The central tendency is determined by the
central age model (Galbraith et al., 1999), which also computes
over-dispersion values (sb). Some samples show considerable interaliquot scatter (average errors on individual aliquots were 13% for
CW polyminerals, 17% for pulsed polyminerals, and 8% for CW
quartz). Overall differences between CW and pulsed and between
OSL and IRSL, however, are small, with some exceptions. Before this
comparison can be taken at face value, both alpha efﬁciency and
fading must be taken into account.
It has long been appreciated that alpha radiation is more efﬁcient at producing luminescence in feldspars than in quartz (Aitken,
1985: 199). Our laboratory has measured b-values on IRSL and OSL
signals for numerous ﬁne-grained ceramic samples and has found
that the OSL b-value generally ranges from about 0.4 to 0.8 Gy mm2,
while the IRSL b-value is higher and more variable, typically
ranging from 1 to 3. To appreciate the error involved by not taking
this into account, using an average quartz b-value versus an average
feldspar b-value for a CW-OSL age determination makes as much as
a 20% percent difference in age (as calculated for UW1691). If
CW-OSL signal contains a feldspar component and the pulsed OSL
signal does not, then the b-value should be higher for CW OSL than
it is for pulsed and its De value, if assuming no fading, should be
higher to yield the same age.

Table 5
Average b-values (Gy mm2).
OSL
Sample

UW1694-1695
All others

CW polymineral

Pulsed

CW quartz

N

b-value

sb (%)

N

b-value

sb (%)

N

b-value

sb (%)

7
32

1.47  0.22
0.56  0.02

23.4  14.8
9.2  2.9

16
31

0.95  0.09
0.55  0.03

30.0  8.5
22.0  4.7

6
12

0.52  0.03
0.39  0.01

10.3  5.3
0.9  7.0

IRSL
Sample

CW polymineral

Pulsed

N

b-value

sb (%)

N

b-value

sb (%)

All samples

45

1.41  0.05

19.9  2.9

10

1.01  0.10

20.9  7.9
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Table 6
Ages (ka).
Sample
UW1691
UW1692
UW1693
UW1694
UW1695
UW1696
UW1697
UW1698
UW1699

Quartz

CW OSL

CW-OSL fading correction

CW IRSL

CW-IRSL fading correction

Pulsed OSL

Pulsed IRSL

11.1  0.7
18.0  1.4
0.41  0.06
2.39  0.14
0.86  0.05
0.32  0.02

5.07  0.26
2.76  0.24
1.46  0.08
13.2  1.3
11.3  1.1
0.51  0.06
2.41  0.13
0.97  0.08
0.58  0.06

5.36  0.16
3.58  0.27
1.62  0.10
23.2  3.59
35.2  8.17
0.68  0.09
3.02  0.13
1.11  0.11

4.80  0.36
1.72  0.09
1.20  0.07
13.6  0.7
14.2  0.7
0.31  0.04
1.54  0.12
0.92  0.08
0.42  0.08

9.53  0.61
2.75  0.11
1.94  0.06
28.0  1.93
26.9  1.32
0.66  0.10
3.07  0.23
1.51  0.15

5.08  0.25
2.17  0.12
1.44  0.08
14.4  1.0
16.6  1.7
0.34  0.04
2.33  0.11
0.97  0.10
0.66  0.09

5.48  0.59
2.17  0.39
1.56  0.26
17.0  1.4
16.3  1.2
0.49  0.45
1.79  0.56
1.10  0.28

As mentioned, b-value was determined in different ways, but no
systematic difference was noticed among the methods, so all
results are combined, and weighted averages and over-dispersion
values (using the central age model of Galbraith et al., 1999) are
shown in Table 5. Several observations can be made. First,
a systematic and signiﬁcant difference is present across all methods
for the OSL b-value between the two oldest samples, UW1694 and
UW1695, and all others. In the table the results for those two
samples are combined separately from all others. Mauz et al. (2006)
also reported high alpha efﬁciency values for higher dosed quartz
samples. This difference did not extend to IRSL (where results from
all samples are combined). Second, there was no difference in
b-value between 4 s and 40e48 s exposures for pulsed OSL for
UW1691 (0.50  0.03 for 4 s, 0.49  0.05 for 40e48 s), but there
was for UW1694 (1.20  0.10 for 4 s, 0.63  0.07 for 40e48 s). We
do not have a good explanation for this. (The only other sample
measured with longer exposures, UW1699, yielded no measurable
b-value data with the longer exposures.)
Third, the difference in b-value between CW OSL for polyminerals
and pulsed OSL is minimal for all samples except UW1694 and
UW1695. There is also a signiﬁcant difference between CW and
pulsed IRSL. The latter, however, may partly reﬂect the fact that
seven of the 10 pulsed IRSL values are from UW1694 and UW1695.
Finally, the b-values for the ﬁne quartz extracts are signiﬁcantly
lower than all other results. These values of 0.4e0.5 correspond to avalues (an alternative measure of alpha efﬁciency) of about
0.03e0.04, which is within the range reported for quartz by Lai et al.
(2008) and Mauz et al. (2006). The higher b-values in the pulsed OSL
may reﬂect what was mentioned in regard to fading, that the pulsing
does not eliminate the feldspar signal (thus the higher b-value), but
rather greatly reduces a fading signal.

Computed ages are given in Table 6. For the CW data, ages are
given both uncorrected and corrected for fading (Huntley and
Lamothe, 2001). For the corrected ages, an average g-value for the
sample was used. This was justiﬁed on the basis that little correlation between g-value and De was found for most samples
(Buylaert et al., 2008). There was some correlation (>0.35 R2) for
a few samples (4 out of 16 comparisons of either OSL or IRSL), but
on these samples using an average g-value for all De values to
produce ages and using the average age only for those aliquots
where fading was measured made no signiﬁcant difference.
Fig. 5 compares the fading-corrected polymineral CW and the
pulsed OSL ages with the ages from the extracted quartz. The
pulsed OSL ages are in statistical agreement, at 1-sigma, with the
quartz ages for four of six samples. For CW OSL none are in statistical agreement with the quartz. All in fact are older. The pulsed
IRSL ages (not shown in the ﬁgure) are in statistical agreement with
the pulsed OSL for eight of nine samples and with the quartz for 4 of
5 samples. The fading-corrected CW-IRSL ages also do not agree
with the quartz ages and are for the most part older than the
fading-corrected CW-OSL ages (one is younger).
An explanation for the older CW ages is that the feldspar signal
was not as well bleached at deposition as the quartz signal. Feldspar
is known to bleach at a slower rate (Godfrey-Smith et al., 1988;
Thomsen et al., 2008b). This would also explain the older CW-OSL
ages because they have retained some feldspar signal, as the fading
data also suggest. This raises doubts that the ages reﬂect loess
deposition, which normally produces well-bleached sediments
(Roberts, 2008).
The older ages for the two pulsed OSL results that did not agree
with the quartz ages (UW1694 and UW1699) are more difﬁcult to
explain because at least UW1694 did not show any fading. No

Fig. 5. Comparison of age determinations per sample between those from quartz OSL and those from polymineral OSL, either CW or pulsed mode. The insert shows the lower values
in more detail.
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fading test was conducted on UW1699, partly because the pulsed
OSL signal from this young sample was very weak, the weakest of
all the samples. The signiﬁcantly older age for this sample might
just reﬂect underestimation of error. UW1694 is more of a puzzle. It
is stratigraphically below UW1695, for which the pulsed OSL and
the quartz ages are in agreement. The pulsed ages for UW1694 and
UW1695 are statistically indistinguishable, but the quartz OSL age
and the CW-OSL age for UW1694 are both younger than that for
UW1695, putting it out of stratigraphic order. No good explanation
is apparent, possibly an error in dose rate.
Otherwise, the ages increase with depth and are in correct
stratigraphic order. The current favored hypothesis that these terracettes formed by slumping as a result of rotational agricultural
practices (Henck et al., 2010) is thus supported in this sense.
However, the hypothesis does not predict poor bleaching, which
might suggest an alternative explanation, mainly that the dates are
addressing colluvial events that formed the terracettes, allowing
sufﬁcient exposure to reset the quartz signal but less so the feldspar
signal. However, while landslide debris is apparent in some of the
terracettes, it is distinct from the loess-like silt forming the bulk of
the stratigraphy.
The only independent age controls are from four radiocarbon
assays on charcoal, which range in age from 1400 to 2400 years ago
(calibrated). None of the samples used in the assays were taken from
exactly the same place as the OSL samples and the events dated by
either method may not be well associated. Nonetheless, most of the
OSL dates are in the same range as those from radiocarbon. This also
suggests the OSL dates may not be addressing original deposition.
The two exceptions are UW1694 and UW1695, both of which give
a Pleistocene age, and thus are addressing a much earlier event.
UW1695, curiously, is the only sample associated with a paleosol.
5. Conclusions
In hindsight, these particular samples were probably not the
best for demonstrating the advantages of pulsed over CW OSL for
dating. If the CW-OSL ages were taken at face value, i.e., not corrected for anomalous fading, the results, when compared to those
from the quartz extracts, are nearly as good as those from pulsed
OSL (Table 6). This is because the samples appear to be partially
bleached, which off-sets the fading. It is only when fading is taken
into account that the CW-OSL results are systematically in error.
This shows that the double SAR method in CW mode is not sufﬁcient for removing a fading component from OSL, but pulsed OSL is.
The evidence, from the pulsed IRSL signal and from the b-value
measurements, also shows that pulsed OSL does not eliminate
a feldspar signal in double SAR, although it does reduce it, but it
does reduce a signiﬁcant fading component. The pulsed IRSL also
showed reduced fading.
Using the double SAR method in both CW and pulsed mode and
consideration of fading allowed the detection of partial bleaching in
ﬁne grains, by distinguishing quartz and feldspar signals. The fact
that the samples are poorly bleached questions whether the ages
are addressing original aeolian deposition. Rather they seem to be
addressing some colluvial event responsible for the terracette
formations, although a mechanism apart from slumping is not
apparent from the geological evidence.
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