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Using continental SGCs built by Fu et al. (2020) can save significant machine

time for constructing SGCs when compared to traditional SGCmethods, which

need significantly more time for building sample-specific or regional SGCs. In

this study, the reliability of continental SGCs is tested using coarse quartz grains

(180–212 µm) from Lake Woods in Northern Australia. De values obtained by

continental SGCs are consistent with De values obtained by regional SGCs and

by the SAR procedures.
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1 Introduction

Optically stimulated luminescence (OSL) emissions from quartz grains have been

widely used for dating sediments in the Quaternary period since the development of the

single-aliquot regenerative-dose (SAR) protocol (e.g., Galbraith et al., 1999; Murray and

Wintle, 2000; Wintle and Murray, 2006). In the SAR protocol, a dose-response curve

(DRC) is constructed for each aliquot using a series of regenerative doses and their

corresponding luminescence signals, and the equivalent dose (De) is obtained by

projecting the natural luminescence signal onto the DRC. However, when there are

many samples or the ages of samples are too high, large regenerative doses and long

irradiation times are necessary for building a DRC, and the time required for the

measurements can be a major impediment of the SAR protocol applications.

To reduce the amount of machine time required, Roberts and Duller (2004) proposed

that Tx not only corrects within-aliquot sensitivity changes but can also act as a between-

aliquot normalization step. This assumption offers a potential means of creating a

standardized growth curve (SGC), from which the De can be estimated by projecting

the sensitivity-corrected natural OSL signal re-scaled by the corresponding test dose
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(i.e., Ln/Tn*Dt) onto the SGC, established using a number of re-

scaled DRCs obtained from an SAR protocol. This SGC method

has been applied to single aliquots of quartz from different

regions (e.g., Burbidge et al., 2006; Lai, 2006; Lai et al., 2007;

Stevens et al., 2007; Telfer et al., 2008; Long et al., 2010; Yang

et al., 2011; Chen et al., 2013; Wang et al., 2022).

To further reduce the inter-aliquot variation of DRCs for

quartz OSL from same or different samples, Li et al. (2015)

suggested a newmethod for establishing SGCs by dividing the Lx/

Tx data by one of the regenerative dose signals (Lr1/Tr1). This

improved method was called regenerative-dose normalization

(re-normalization). By applying this method for a range of quartz

samples from different regions of Asia, Africa, Europe, and North

America, they constructed a common re-normalized DRC

(global standardized growth curve, gSGC) for single aliquots

of quartz. With numerical simulation, Peng et al. (2016) showed

that the gSGC method is intrinsically more precise than the

conventional SGC method.

With the development of the re-normalization method, a

similar but improved normalized method was proposed by Li

et al. (2016), i.e., the least-squares normalization (LS-

normalization). This uses an iterative scaling and fitting

procedure that takes all of the Lx/Tx ratios into consideration

when constructing the SGC. In addition, Fu et al. (2020) have

observed that the DRCs for quartz OSL signals of single grains

diverge significantly over ~50 Gy, and a set of continental

standardized growth curves (cSGCs) were established for single

grains of Australian quartz.With cSGC, a De can be determined by

measuring the natural signal (Ln), two regenerative-dose signals

(L1 and L2), and the corresponding test-dose signals (Tn, T1, and

T2). Significant machine time can be saved for constructing SGCs

when compared to traditional SGC methods, which need

significantly more time for building sample-specific or regional

SGCs (rSGCs). In this study, the reliability of cSGC is tested using

coarse quartz grains from Lake Woods in Northern Australia, and

the cSGCDes are compared with the De results obtained by the full

SAR procedure and also with the results obtained by rSGC.

2 Samples, facilities, and
measurement

Lake Woods is an ephemeral freshwater lake in the Northern

Territory of Australia (Supplementary Figure S1). One beach

sample and four lacustrine samples from three pits of Lake

Woods were used to establish rSGC. The deposit type, grain

size, and De ranges for each sample are summarized in

Supplementary Table S1. Each sample was collected from

cleaned profile walls using stainless steel tubes. After the tubes

were removed, they were immediately wrapped in light-proof

plastic and transported to the Luminescence Dating Laboratory

at the University of Wollongong for analysis. Quartz grains

180–212 μm in diameter were isolated for OSL dating and

purified using the standard procedure (e.g., Wintle, 1997). The

measurement was performed on a Risø TL/OSL-DA-20 reader

equipped with 90Sr/90Y beta sources and green (532 nm) laser for

single-grain stimulation. OSL signals were detected by an

Electron Tubes 9235B photo-multiplier tube fitted with Hoya

U-340 filters.

All single-grain quartz measurements were made using the

SAR procedure, and experimental conditions are listed in

Supplementary Table S2. The grains were stimulated by a

green laser for 1.8 s at 125°C, and the net OSL signal was

calculated using the first 0.18 s integral of the initial OSL

signal minus a background estimated from the last 0.18 s. The

value of the SAR De was estimated by interpolating the

sensitivity-corrected signals (Ln/Tn) onto the corresponding

DRC. Grains were rejected if the resulting OSL data failed to

satisfy a series of well-established criteria similar to those

proposed by Jacobs et al. (2006), namely, if 1) the initial Tn

signal was less than 3σ above its corresponding background or its
relative standard error is >25%; 2) the recycling ratio or OSL IR

depletion ratio differed from unity by more than 2σ; 3) the

recuperation ratio (i.e., the ratio of the Lx/Tx value for the 0 Gy

and maximum regenerative dose) is >5%; 4) the figure-of-merit

(FOM) value is >10% (Peng and Li, 2017); 5) the reduced chi-

square (RCS) value for the DRC is >5 (Peng and Li, 2017); 6) the

Ln/Tn ratio is statistically consistent with, or higher than, the

saturation level of the corresponding DRC; 7) the De value is

obtained by extrapolation of the fitted DRC, rather than

interpolation among the regenerative-dose signals; and 8) the

relative standard error (RSE) of De exceeds 50%. It should be

noted that full criteria (i.e., all eight criteria) would only be

applied for SAR De estimation (see below).

3 Results

3.1 Regional SGC determination

A total of 45 aliquots (4,500 grains) from five samples were

measured by the SAR procedure, and we rejected grains with

poor DRCs based on criteria 1)‒5) before building rSGCs (Li

et al., 2016; Fu et al., 2020). Within SGC determination, 1) we

fitted the measured Lx/Tx data for individual grains using a

general-order kinetic (GOK) function,

i.e., (x) � a[1 − (1 + bcx)(−1
c)] + d, where x represents the

radiation dose and a, b, c, and d are constants (Guralnik

et al., 2015; Li et al., 2016). We chose this function here

because it has proved to be flexible and robust for fitting

DRCs with different shapes (see Peng and Li, 2017),and then,

the ‘signal growth ratio’ (SGR), defined as the ratio between the

Lx/Tx values at 200 and 50 Gy based on the best-fit DRCs for

individual grains, is calculated. 2) The SGRs of all investigated

grains were divided into k groups using the finite mixture model

(FMM) (Roberts et al., 2000), with a zero overdispersion value
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(σb = 0) for each group (i.e., assuming that the sources of error

associated with the signal intensity have been adequately taken

into account, see details in Hu et al., 2019). To determine the

optimal number of rSGC groups, k was increased from 2 to 10.

The optimal number of groups was then estimated as the one

associated with the lowest Bayesian information criterion (BIC).

3) The LS-normalization procedure was applied separately to

each group to determine their group-specific SGCs.

The SGRs for all the investigated grains are shown in

Figure 1A. A large range of SGRs from ~1 to ~3 was observed,

indicating that grains have a wide range of saturation doses. For

example, the grains with SGRs close to 1.08 (marked by black circle

in Figure 1A) correspond to early saturated grains (i.e., there was a

negligible increase in the OSL signal beyond 50 Gy). In contrast,

grains with Lx/Tx ratios close to 2.85 (marked by yellow triangle in

Figure 1A) have a large saturation dose level (keep growing even

after 400 Gy). Figure 1C displays the LS-normalized Lx/Tx ratios

and common SGCs for all eight groups as a function of the dose.

To test the validity of the groupings and establishment of the SGCs,

we calculated the ratio between the individual LS-normalized Lx/Tx

values and their expected values (based on the best-fit curve) for all

the regenerative doses greater than zero. The ratios are plotted in

radial plots in Supplementary Figure S2. Around 89–95% of the

measured-to-SGC ratios for each group are consistent with unity at

2σ. We propose, therefore, that the DRCs of the Lake Woods

quartz grainsmentioned here can be represented by eight common

SGCs; the best-fit GOK parameters for each SGC are summarized

in Supplementary Table S3. Comparing with cSGC (k =6,

Supplementary Table S3), our rSGCs have more group

numbers and thus have different GOK parameters. When

building cSGCs, Fu et al., (2020) assumed all groups have the

same σb value (0.06). As a 6% overdispersion accounts for the

between-grain differences in the DRCs, it may lead to a smaller

group number for cSGCs. For a better comparison with the cSGCs,

we repeated the building of the rSGC steps but with a fixed σb value

(σb = 0.06), and the calculated optimal k is 5 (Figures 1D–F). As

samples for rSGCs were from the same region (i.e., Lake Woods),

the fewer groups (with σb value of 0.06) than cSGCmay contribute

to relatively similar OSL properties (e.g., inherent brightness or the

shape of the OSL decay curve) of the individual quartz grains.

About 90–93% of themeasured-to-SGC ratios for each group from

five group SGCs (σb = 0.06) are consistent with unity at 2σ

FIGURE 1
(A) Distribution of signal growth ratios for all accepted quartz grains (n = 1,438) from five Lake Woods samples. Different symbols denote the
eight groups identified using the finite mixture model and a σb value of 0 for each group. (B) Single-grain Lx/Tx ratios for the eight groups, plotted as a
function of laboratory dose. (C) LS-normalized Lx/Tx ratios for the eight groups, based on the data shown in (B). (D) Same data in (A) but divided into
five groups by the FMM (σb = 0.06). (E) Single-grain Lx/Tx ratios for the five groups in (D). (F) LS-normalized Lx/Tx ratios for the five groups, based
on the data shown in (E).
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(Supplementary Figure S3). The validation of these two sets of

rSGCs is tested in Section 3.2.

3.2 Regional SGC verification

To validate De estimates generated by rSGCs, a practical test

must demonstrate that the rSGCmethod can adequately generate

the same results as a full SAR protocol. During building of the

rSGCs, each grain was assigned to one of the eight groups (σb = 0)

or to one of the five groups (σb = 0.06) (step 2), and the natural

signal has been normalized when applying the LS-normalization

procedure to each group to determine their group-specific SGCs

(step 3). Thus, the normalized natural signal can directly project

onto the corresponding SGC to estimate the De value for that

grain. The obtained SGC De values for all non-rejected grains are

compared to the SAR De values obtained from individual DRCs

(Figure 2A and Supplementary Figure S4A). For the SGCs, De

values were obtained by eight group SGCs (σb = 0), and the two

sets of De values are in good agreement, with 96.4% of the ratios

(rSGC De/SAR De) consistent with unity at 2σ (Figure 2B).

Similarly, the ratios are with 94.4% consistency with unity at

2σ for rSGC De values obtained by five group SGCs (σb = 0.06)

(Supplementary Figure S4B).

It should be noted that the comparisons between the SAR

and rSGC De values shown in Figure 2A and Supplementary

Figure S4A are only available for those grains that produce

reliable results using both approaches. As shapes for DRCs

and for rSGCs are different, the number of grains that pass

criteria 6)–8) is also different (Supplementary Table S4). To

further test the reliability of the rSGCs, we compared the De

distributions of three representative Lake Woods samples

FIGURE 2
(A) Comparison of the SAR and rSGC De values (σb = 0). The dashed line represents the 1:1 ratio. The ratios of the rSGC and SAR De are radially
plotted in (B). (C) Comparison of the SAR and cSGC De values, and the corresponding ratios are radially plotted in (D).

Frontiers in Earth Science frontiersin.org04

Rui et al. 10.3389/feart.2022.939964

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.939964


(Pit5_1.5, Pit5_2.6, and Pit6_1.13) in Figure 3 and

Supplementary Figure S5. For a well-bleached beach sample

(Pit6_1.13), the SAR and rSGC De (σb = 0) distributions have

overdispersion values of 20.0 ± 4.8 and 29.8 ± 2.9%,

respectively, with most individual De values spread

randomly about a weighted mean De of ~0.98 Gy

(Figure 3A). As the CAM Des are consistent at 2σ
(Table 1), we suggest that this increased spread for rSGC

Des does not affect the weighted mean De to a significant

extent, and similar observations were previously stated by Fu

et al. (2020). For lacustrine samples (Pit5_1.5 and Pit5_2.6),

both of them showed broad and continuous distribution of De

values (Figures 3B,C); the corresponding OD values are

94.9 and 106.0% for SAR Des and 93.3 and 113.1% for

rSGC Des (σb = 0). The large spread in De may be due to

heterogeneous bleaching prior to deposition and/or reworking

by bioturbation. In addition to CAM De, the Minimum Age

Model (MAM) was also applied to these samples to partly

identify well-bleached grains. Except the CAM De value for

Pit5_2.6, the weighted mean De values by different

FIGURE 3
Comparison of the De values derived using SAR DRCs (black
color) and those derived using rSGCs (σb =0, red color). (A) Sample
Pit 6_1.13; (B) Sample Pit5_1.15; (C) Sample Pit5_2.6.

FIGURE 4
Comparison of the De values derived using rSGCs (σb =0,
black color) and those derived using cSGCs (red color). (A) Sample
Pit 6_1.13; (B) Sample Pit5_1.15; (C) Sample Pit5_2.6.
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measurement methods (i.e., SAR and rSGC) for these samples

are consistent at 2σ (Table 1). Sample Pit5_2.6 includes grains

with large De values, and around 124 grains (account for 20%

of accepted grains) were rejected for criteria 6) and 7)

(Supplementary Table S4), which lead to truncation of the

full De distribution. As the shape for DRCs is different from

that of rSGCs, few grains (i.e., 66 grains, account for 10% of

accepted grains) were rejected because of extrapolation or

saturation. With reduced impact by truncation, the obtained

CAM De increased from 17.2 ± 0.7 Gy (by SAR data) to 19.0 ±

0.8 Gy (by rSGC data) (Table 1). Regardless of the saturated

grains, the general consistency between SAR and rSGC Des

(σb = 0) supports that rSGCs perform well for Lake Woods

samples. In addition, the OD and the De estimates by the CAM

and MAM obtained by eight group SGCs are in agreement

with those for Des obtained by five group SGCs (Table 1), and

we suggest both rSGC sets are reliable for De estimation in

Lake Woods.

3.3 Continental SGC verification

In an ideal situation (i.e., the cSGC is reliable for samples

from Lake Woods), only three SAR cycles are necessary for

cSGC De estimation, which involves one cycle for the natural

signal and two for regenerative doses, and rejection criteria

1), 4), 6), 7), and 8) can be applied to them. Thus, for each

grain, we selected the natural signal, the signal for the second

lowest regenerative dose (the lowest being 0 Gy), which lies

in the linear portion of the DRC, and the signal for the largest

or second largest regenerative dose (which lies beyond the

linear region) for cSGC De calculation. Using this approach,

more grains are accepted than that for SAR or rSGC analysis

(Supplementary Table S4). The two selected regenerative

doses were referred as Dr1 and Dr2, respectively. The ratio

between the Lx/Tx values of Dr1 and Dr2 for each accepted

grain is calculated, and the obtained ratio is compared with

the corresponding ratio for each of the six cSGCs; the latter

ratios were calculated by dividing the SGC values at Dr2 by

those at Dr1. As the Lx/Tx ratio can quantify the saturation

characteristics (e.g., shape of DRC or SGC) of different

grains or different group SGCs (Li et al., 2016), this

comparison can help us select the specific SGC with

similar saturation characteristics to the studied grain.

Based on this step, each grain was assigned to one of the

six groups from Fu et al., (2020). To normalize the natural

signal, the Lr1/Tr1 and Lr2/Tr2 for each grain are multiplied

by a scaling factor, such that the sum of squared residuals is

minimized. With the scaling factor, the normalized Ln/Tn

value can be projected onto the relevant cSGCs to get cSGC

De, and the obtained cSGC De show excellent statistical

consistency with the SAR De (Figure 2C) and with the

rSGC De estimates (Supplementary Figure S6A). Around

92.5% of the cSGC-to-SAR De ratios (Figure 2D) and

93.9% of the cSGC-to-rSGC De ratios (Supplementary

Figure S6B) are within 2σ, which validate the use of

cSGCs for rapid and robust De estimation for quartz

grains from Lake Woods.

De distributions for the three representative samples

(discussed in Section 3.2) are visualized using probability

density plots in Figure 4, and the patterns of De

distributions are generally consistent between the cSGC

and rSGC datasets. The OD and the De estimates by the

CAM and MAM for Des obtained by cSGC are in

agreement with those for Des obtained by rSGC (Table 1),

which further prove the reliability of cSGCs.

TABLE 1 Weighted mean De values for SAR, rSGC, and cSGC. A σb value of 0.3 was applied for MAM De estimation.

Sample No. of grains OD Approach Age model 1 De (Gy) Age model 2 De (Gy)

Pit6_1.13 53 20.0 ± 4.8 SAR CAM 0.98 ± 0.04

101 29.8 ± 2.9 rSGC (σb = 0) CAM 0.95 ± 0.03

101 29.3 ± 2.8 rSGC (σb = 0.06) CAM 0.96 ± 0.03

148 36.2 ± 2.6 cSGC CAM 0.93 ± 0.03

Pit5_1.5 168 94.9 ± 5.4 SAR CAM 7.68 ± 0.57 MAM 2.31 ± 0.25

174 93.3 ± 5.1 rSGC (σb = 0) CAM 7.87 ± 0.56 MAM 2.30 ± 0.22

176 100.1 ± 5.5 rSGC (σb = 0.06) CAM 8.18 ± 0.63 MAM 2.21 ± 0.22

190 101.0 ± 5.3 cSGC CAM 8.40 ± 0.62 MAM 2.14 ± 0.21

Pi5_2.6 626 106.0 ± 3.1 SAR CAM 17.19 ± 0.74 MAM 7.92 ± 0.30

678 113.1 ± 3.1 rSGC (σb = 0) CAM 19.00 ± 0.84 MAM 7.67 ± 0.30

685 114.1 ± 3.2 rSGC (σb = 0.06) CAM 19.53 ± 0.86 MAM 7.75 ± 0.30

738 113.5 ± 3.0 cSGC CAM 19.50 ± 0.82 MAM 7.57 ± 0.36
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4 Conclusion

The application of the cSGC (following Fu et al., 2020) has

been successfully verified for coarse-grained quartz samples from

Lake Woods. For samples without saturated grains, the De values

obtained by the cSGC are consistent with the De values obtained

by the rSGCs and by the SAR procedures. With the verification of

the cSGCs, at least 50% of instrument time can be saved

comparing the traditional SAR procedure (three SAR cycles

for cSGC De vs. around seven cycles for SAR De

measurement), and large instrument time for building rSGC

can also be saved (~440 h in this study).
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