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There are more than 1,000 lakes within the Tibetan Plateau (TP), all of which are sensitive
to changes in regional climate and local hydrology. Lacustrine sediments within these
lakes preserve a good record of these changes. However, determining their precise
ages is difficult due to the complex nature of lake reservoir effects (LRE), which limit our
understanding of paleoenvironmental changes. Focusing on an exposed 600 cm thick
lacustrine sediment profile located in western Zhari Namco, we used a combination
of both radiocarbon and optically stimulated luminescence (OSL) dating methods in
order to evaluate the carbon reservoirs of bulk organic matter (BOM) and aquatic plant
remnants (APR), and to explore the age differences between 14C and OSL and their
respective reliability. We demonstrated that (i) OSL ages were changed in stratigraphic
order, and the OSL age just below the beach gravel layer was consistent with previously
reported paleoshoreline ages; (ii) 14C ages were divergent between BOM and grass
leaves; (iii) 14C ages of BOM were older than 14C ages of APR; and (iv) all 14C ages
were older than OSL ages. This could be attributed to changing LRE in the past,
causing the 14C ages to appear unstable during the deposition period. Although the
14C ages of terrestrial plant remnants (TPR) were not affected by LRE, an analyzed twig
nonetheless returned a 14C age older than its respective layer’s OSL age, suggesting
it may have been preserved on land prior to transportation into the lake. Our study
suggests that OSL ages are more reliable than 14C ages with respect to Zhari Namco
lacustrine sediments. We recommend caution when interpreting paleoenvironmental
changes based on lacustrine sediment 14C ages alone.

Keywords: lake reservoir effect, lacustrine sediments, optically stimulated luminescence, radiocarbon dating,
Tibetan Plateau

INTRODUCTION

The Tibetan Plateau (TP) is the largest and highest plateau on Earth, often regarded as the “Third
Pole” due to both its high elevations and expansive c. 2.5 million km2 coverage (Yao et al., 2012; Liu
et al., 2019). Of the more than 1,400 lakes (larger than 1 km2) distributed across the TP, c. 60% are
within the endorheic TP (Zhang et al., 2020), and their lacustrine sediments preserve a wealth of

Frontiers in Earth Science | www.frontiersin.org 1 May 2021 | Volume 9 | Article 640172

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.640172
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/feart.2021.640172
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.640172&domain=pdf&date_stamp=2021-05-28
https://www.frontiersin.org/articles/10.3389/feart.2021.640172/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-09-640172 May 23, 2021 Time: 13:5 # 2

Cong et al. Radiocarbon, Luminescence Dating of Lacustrine Sediments

information that helps researchers track past environmental and
hydrological changes within the region (Hou et al., 2010; Long
et al., 2014; Liu et al., 2018; Chongyi et al., 2018).

Radiocarbon (14C) dating is the most commonly used method
for dating lacustrine sediments within the TP (Shen et al., 2005;
Hou et al., 2010; Chen H. et al., 2019; Wang H. et al., 2019),
with most age frameworks for borehole lacustrine sediments
constructed using 14C ages (Hou et al., 2012). Terrestrial
plant remnants (TPR), aquatic plant remnants (APR), and bulk
organic matter (BOM) are typical materials for 14C dating
of lacustrine sediments within the TP (Zhang et al., 2007).
Although 14C dating is a mature dating technology with high
precision, the harsh environmental conditions in the region
limit overall biomass. This makes it difficult to find TPR in
lacustrine sediments (Mischke et al., 2013). However, 14C ages
taken from the BOM and APR of lacustrine sediments 14C ages
are often influenced by the disequilibrium with atmospheric
radiocarbon, thus causing the corresponding BOM and APR
14C ages to appear older than the 14C ages of contemporaneous
TPR. This phenomenon is called the lake reservoir effect (LRE),
which is commonly encountered during radiocarbon dating of
lacustrine sediments within the TP. The accurate estimation of
LRE is a crucial prerequisite for establishing reliable 14C age-
depth relationships (Stuiver and Braziunas, 1993; Ascough et al.,
2011). Hou et al. (2012) and Mischke et al. (2013) summarized
several approaches for evaluating LRE within the TP. These
methods include: 14C-based estimation of reservoir ages (RAs)
using modern lacustrine sediments (Mischke et al., 2010), linear
extrapolation of the 14C age-depth model to the sediment-water
interface depth (Fontes et al., 1996; Shen et al., 2005), geochemical
models for 14C reservoir correction (Wang et al., 2007; Yu et al.,
2007), stratigraphic alignment (Liu et al., 2008), independent
age determinations such as 210Pb and 137Cs dating (Zhu et al.,
2008), optically stimulated luminescence (OSL) dating (Long
et al., 2014; Wang Y. X. et al., 2019), U-series dating (Zhu et al.,
2004), magnetic susceptibility comparison (Li et al., 2021), and
varve counting (Zhou et al., 2011). In the above methods, OSL
is unaffected by variations in LRE and lake hydrochemistry,
and it is convenient for extracting dating materials (e.g., quartz
and feldspar grains). Because of these advantages, OSL dating is
frequently used for Quaternary sediments dating.

The OSL age of sediment directly reflects its time of burial,
i.e., when it was last exposed to sunlight (Aitken, 1998). Recent
studies have successfully applied the OSL dating method to TP
loess (Liu et al., 2012, 2017; Wang et al., 2018; Kang et al., 2020;
Li et al., 2020), dunes (Chen T. Y. et al., 2019), sand wedges
(Liu et al., 2010; Liu and Lai, 2013), river sediments (An et al.,
2018) and lacustrine sediments (Liu et al., 2011, 2015) in order to
reveal their respective accumulation histories. Moreover, many
recent studies have used a combination of 14C and OSL dating
to discuss the reliability of ages from lacustrine sediment cores.
Zhang et al. (2007) used OSL and 14C dating in organic-rich
lacustrine sediments cored from Lake Gucheng (Jiangsu, China),
and found the 14C ages of BOM were c. 2,000 years (a) older
than the OSL ages. Shen et al. (2008) applied OSL dating using
fine silt quartz, together with 14C dating of terrestrial plant
macrofossils, which should not have been affected by the LRE,

to establish a chronology for a lacustrine sediment core from
Crummock Water (in the northwestern part of the English Lake
District). Long et al. (2011) used OSL and 14C dating of lacustrine
sediments from Qingtu Lake (northern China); the apparent
agreement between OSL and 14C dating suggested that the RAs of
14C samples in Qingtu Lake were much lower than in other lakes
of northern China (e.g., Bangong Lake: 6,670 a, Fontes et al., 1996,
Qinghai Lake: 1,039 a, Shen et al., 2005, Ahung Lake: 600–700
a, Morrill et al., 2006, Bositeng Lake: 1,140 a, Chen et al., 2006).
However, only few studies of lacustrine sediments from the TP
have used multi-dating approaches to establish age-depth models
(Hu et al., 2017). Hu et al. (2017) used a combination of 210Pb,
14C, and OSL dating in Linggo Co (central TP) and found that
the 210Pb and OSL ages were roughly concordant, and all 14C ages
were much older than the 210Pb and OSL ages at the same depths.

Therefore, a comparison between OSL and 14C ages may help
assess the reliability of the established chronology. In this study,
14C ages sampled from different materials were compared with
independently obtained OSL ages from Zhari Namco with the
aim of determining their respective accuracy and reliability and to
gain a better understanding of the intrinsic variability of the LRE.

STUDY AREA AND RESEARCH
MATERIALS

Zhari Namco (30◦44′–31◦05′N, 85◦20′–85◦54′E) is a brackish
lake located in the Cuoqin Basin, situated in the southern TP
and possessing a cold and arid climate (Figure 1). The lake is
formed by an east-west extending structural fault and is irregular
in shape with narrow northern and southern banks, whereas its
eastern and western banks are relatively wide. According to GPS
measurements in the field, Zhari Namco sits at an elevation of
4,613 m above sea level (a.s.l.). With an overall length of 54.3 km
from east to west, a length of 26.2 km from north to south, a
present surface area of 996.9 km2, and a catchment area of c.
15,433.2 km2, it is the third-largest lake in Tibet after Siling Co
and Namco. It is supplied mainly by precipitation and meltwater
from snow and ice, with the Cuoqin Zangbo River—which drains
into the lake from the south—representing the major water input.
This river originates at the Gangdisê Mountains (c. 6,000 m a.s.l.)
and has a total length of 253 km and a catchment area of about c.
9,930 km2 (Wang and Dou, 1998).

An exposed section, named CQ (31◦0′56.086′′N,
85◦8′51.238′′E, elevation 4,664 m a.s.l.), was discovered in
Cuoqin County, which is located on the west side of the
lake. Section CQ (Figure 2) is composed of subsection CQ1
(Figure 2A) and CQ2 (Figure 2B). CQ1 is located at the top
and is 400 cm thick. CQ2 is 200 cm thick and connects with
the bottom of CQ1. The surface section of CQ is comprised
mainly of modern soil and some gravels (0–5 cm). Moving
up the section, the sediments change from fine to coarse,
with the color undergoing an attendant change from dark
to light. CQ can roughly be divided into five stratigraphic
units: In the bottommost part (600–230 cm depth), the
sediments are unstratified silty clay and fine sands with dark
black coloration and exuding a strong smell of organic decay,
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FIGURE 1 | (a) Location of Zhari Namco Lake within the Tibetan Plateau. (b) The position of section CQ (white circle) investigated in this study.

indicating continuous sedimentation within a deep and stable
lake environment (Figure 2a). In the second part (230–150 cm
depth), the sediments change from blackish to grayish medium-
fine sands (Figure 2b). The third part (150–130 cm depth)
is comprised of a layer of well-sorted, yellowish to grayish,
medium-fine sands, indicating they were deposited at or near
the lake shoreline (Figure 2c). The sediments of the fourth
part (130–70 cm depth) consist of coarse sands and pebbles,
which are round or dish-shaped with a long axis of 0.5 cm to
3 cm, indicative of a high-energy shoreline deposit (Figure 2d).
Within the uppermost part (70–0 cm depth) the sediment is
characterized by slope wash and colluvial deposits composed of
soils and angular rock pieces (Figure 2C).

Samples for OSL dating were collected from both CQ
subsections. The vertical sections were first cleaned and polished
to ensure access to freshly exposed sediments. Stainless steel tubes
(6 cm in diameter and 30 cm in length) were then inserted into
the profile to obtain the samples. Once extracted from the profile,
both the ends of the tube were immediately sealed by cotton and
wrapped with dark-colored tape before being sealed in a black
plastic bag in order to avoid light exposure and water loss. A total
of five OSL samples were collected from section CQ (Figure 2).
Additionally, radiocarbon dating samples were collected from the

middle-lower parts of the profile. They included eight aquatic
plant leaves along with a terrestrial plant twig (Figure 3), as well
as three BOM samples.

OSL DATING

Sample Preparation and Measurement
We selected quartz as the dating material due to the ease with
which it can be bleached compared to feldspar. All OSL sample
preparation and luminescence measurements were conducted
under subdued red light in the Luminescence Dating Laboratory
at the Qinghai Institute of Salt Lakes, Chinese Academy of
Sciences. Then the outer 3 cm of sediment at the end of each
steel tube were scraped away and reserved for measurements
of water content and environmental dose rate. The unexposed
middle section of the tube was used for equivalent dose (De)
determination. The five raw samples were first treated with 10%
HCl and 30% H2O2 to remove carbonates and organic materials,
followed by wet sieving to obtain three fractions: grains smaller
than 38 µm, middle-grained quartz (MG, 38–63 µm), and coarse-
grained quartz (CG, 90–125 µm). All grains smaller than 38
µm were treated in glass cylinders using Stokes’ law in order to
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FIGURE 2 | Profile of section CQ. (A) section CQ1, (B) section CQ2, and (C) overall profile of section CQ. (a–d) are details of section CQ.

FIGURE 3 | Photos of radiocarbon dating samples. (a–d) Are aquatic plant remnants, (e) is terrestrial plant remnants.

obtain fine-grained quartz (FG, 4–11 µm). The MG and FG were
treated with silica saturated fluorosilicic acid (H2SiF6) for about
2 weeks, whereas the CG was etched with 40% HF for 60 min.
All three fractions were then treated with 10% HCl to remove any
fluorides, followed by the use of a magnet to remove any magnetic
minerals. The purity of the isolated quartz was tested via infrared
(IR) stimulation, with samples that showed obvious infrared
stimulated luminescence (IRSL) signals retreated with H2SiF6 or

HF again until no obvious IRSL was observed in any sample. We
also ensured that all feldspar was removed in order to protect
against age underestimation (Duller, 2003; Roberts, 2007; Lai
and Brückner, 2008). Finally, we chose sufficient fractions by the
content of different grain sizes for De measurements (Table 1).

The quartz was mounted as a mono-layer on the central part
(0.65 cm diameter) of a stainless-steel disc (0.97 cm diameter)
using silicone oil. The OSL signal was measured using an
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TABLE 1 | Luminescence dating results.

Sample
ID

Depth
(cm)

Grain size
(µm)

K (%) Th (µg/g) U (µg/g) Water
content (%)

Dose rate
(Gy/ka)

Number of
aliquots

De (Gy) Age (ka) Age model

CQ1-A 145 90∼125 2.83± 0.04 16.22± 0.7 2.722± 0.4 20 ± 5 3.91 ± 0.29 73 8.23 ± 0.27 2.1 ± 0.2 MAM-3

CQ1-B 221 90∼125 2.86± 0.04 15.27± 0.7 2.21 ± 0.4 20 ± 5 3.74 ± 0.26 68 7.51 ± 0.52 2.0 ± 0.2 MAM-3

CQ1-91 375 38∼63 2.90± 0.04 15.12± 0.7 2.82 ± 0.4 45 ± 5 2.76 ± 0.20 84 8.50 ± 0.50 3.1 ± 0.3 MAM-3

CQ2-26 445 38∼63 2.93± 0.04 17.92± 0.7 3.19 ± 0.4 50 ± 5 2.65 ± 0.019 71 11.1 ± 1.04 4.2 ± 0.5 MAM-3

CQ2-60 552 4∼11 2.55± 0.04 15.66± 0.7 6.14 ± 0.5 60 ± 5 2.35 ± 0.15 65 12.09 ± 0.41 5.1 ± 0.4 MAM-3

automated Risø TL/OSL-DA-20 reader. Laboratory irradiation
was carried out using 90Sr/90Y sources mounted within the
reader, with a dose rate of 0.086 Gy/s. The OSL signal was
obtained after passage through a U-340 filter, while the IRSL
signal was detected using a photomultiplier tube with the IRSL
passing through BG-39 and coring-759 filters.

The environmental dose rate was calculated by measuring
the radioactive element concentrations of surrounding sediments
with a small contribution from cosmic rays. For all samples,
U and Th concentrations and K contents were determined
using inductively coupled plasma mass spectrometry (ICP-
MS) analysis at the Institute of Earth Environment, Chinese
Academy of Sciences in Xian. The cosmic ray dose was
estimated for each sample as a function of depth, elevation, and
geomagnetic latitude (Prescott and Hutton, 1994). The water
content was calculated from sample weights measured before
and after drying in an oven. The measured water contents of
three deep lake samples CQ1-91, CQ2-26, and CQ2-60 were
43.8, 48.1, and 61.8%, respectively, and for the two shoreline
samples CQ1-A and CQ1-B, the measured water contents were
20.5 and 19.7%, respectively. Due to water content variability
during the burial period and based on the measured water
content, approximations of measured water content were used
to calculate OSL ages; an error of 5% of the measured water
content was applied given the uncertainty of water changes
in the lake sediments after burial (Table 1). The α-value for
fine-grained quartz and middle-grained quartz was taken as
0.035 ± 0.003 (Lai et al., 2008). Radionuclide concentrations,
water content, and dose rates are summarized in Table 1. Lastly,
we converted the elemental concentrations into annual dose rates
according to Aitken (1998).

Luminescence Characteristics
The equivalent dose for each sample was measured using the
single aliquot regenerative dose (SAR) protocol (Murray and
Wintle, 2000). For each sample, at least 65 aliquots were
measured by SAR. The OSL signal was calculated using the
integral of the initial 0.64 s of the OSL signals minus the
last 8 s. The characteristics of the quartz luminescence growth
and decay curves for sample CQ1-A and CQ2–60 are shown
in Supplementary Figure 1. It is important to investigate the
influence of preheating on the charge transfer from light-
insensitive traps to light-sensitive ones, a process called thermal
transfer (Aitken, 1998). To select the appropriate preheat
conditions for De determination using the SAR protocol, a
preheat temperature plateau test was conducted for samples
CQ1-A and CQ1-B. Preheat temperatures from 140 to 240◦C at

20◦C intervals for 10 s were tested and the cut-heat was 140◦C
for 10 s, using a heating rate of 5◦C/s. As a plateau was observed
from 160 to 200◦C, we therefore selected a preheat temperature of
200◦C for routine De determination (Supplementary Figure 2).
The suitability of the SAR procedure for De determination was
further checked with a “dose recovery test” (Murray and Wintle,
2003). The dose recovery test was performed on sample CQ1-
A. Six natural aliquots were stimulated for c. 56 h under direct
sunlight. The aliquots were then given a laboratory dose of
9.2 Gy, close to the natural De (9.19 Gy). The measured De was
9.4± 1.8 Gy. Thus, the ratio of the measured to the given De was
c. 1.02, suggesting that the SAR conditions were appropriate for
De determination.

For OSL age calculation, because the sediments in nearby
lakes within the TP did not experience long-distance transport
or multiple sedimentation-transportation cycles, samples drawn
from these lakes may be partially bleached, and the stimulated
signal intensities will be low when compared with sediments
from other regions, such as the Chinese Loess Plateau (Lee
et al., 2009). To reduce this impact, CQ1–90 removed one test
aliquot with abnormal data, CQ2–60 and CQ2–26 removed two
test aliquots with abnormal data. Because each sample had at
least 65 aliquots, the influence of removed data on the results
could be ignored. The abnormal data did not occur in CQ1-
A and CQ1-B. Supplementary Table 1 shows the raw data for
Des. Moreover, Arnold et al. (2007) proposed the single-aliquot
age selection model to determine whether the 3-parameter
minimum-age model (MAM-3) or the central-age model (CAM)
was applied to calculate the Des. We used the R-language-
based luminescence data analysis package “numOSL” to select the
suitable age model (Peng et al., 2013), with all the samples’ Des
ultimately determined using MAM-3 (Table 1).

RADIOCARBON DATING

Radiocarbon dating of 12 samples took place at Beta Analytic
Inc. (Miami, FL, United States). Eight samples were APR, three
samples were BOM, and the final sample was a terrestrial plant
twig. Three samples (BOM) were simply treated with acid washes
to remove any carbonates, whereas the nine plant samples
were pre-treated with acid/alkali/acid to remove carbonates and
mobile humic acids. They were then subjected to accelerator
mass spectrometry (AMS) to measure their 14C ratios. The
calibration of 14C dates was performed using the “CALIB 8.1.0”
program (Stuiver et al., 2021) and the IntCal20 calibration
curve (Reimer et al., 2020). The 13C/12C ratios (δ13C, h) of
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all dating materials were measured using an isotope ratio
mass spectrometer (IRMS). All 14C ages from section CQ are
summarized in Table 2. Radiocarbon ages and OSL ages are
shown together against the depth scale in Figure 4.

RESULTS AND DISCUSSION

OSL Ages
Our results showed that the ages for all five OSL samples
increased with respect to their depth within the section,
indicating that these lacustrine sediments were deposited
between 5 and 2 ka BP (Table 2). The uppermost sample CQ1-A,
just below the paleo-shoreline deposits, returned an OSL age of
2.1 ± 0.2 ka BP. Accordingly, the oldest OSL age was 5.1 ± 0.4
ka BP, which was from the sample collected from the bottom
of section CQ (Figure 2 and Table 2). The ages of the three
mid-depth samples collected from 220, 375, and 445 cm were
2.0 ± 0.2 ka BP, 3.1 ± 0.3 ka BP, and 4.2 ± 0.5 ka BP, respectively
(Table 2). We suggest that the lake level was higher than section
CQ (4,664 m) during the interval from 5.1 to 3.1 ka BP on
account of the lacustrine nature of the sediments, and because the
paleo-shoreline deposits within the upper part of the section were
deposited at c. 2 ka BP—the lake has further regressed since then.
Our speculation is consistent with previous research indicating
that the lake level of Zhari Namco declined by 42.5 m between
3.9 and 2.0 ka BP (from 4,680.6 to 4,637.9 m) (Chen et al., 2013).

Equivalent Dose and Dose Rate of OSL Ages
During the deposition process, the OSL signal bleaching degree
is the key factor affecting the accuracy of De determination
in lacustrine sediments. In different minerals, quartz is more
easily bleached than feldspar (Long et al., 2010). According
to the OSL dating results from other lacustrine sediments
within the TP (Long et al., 2012), the OSL signal of lacustrine
sediments was well bleached during the deposition. In our
study, the OSL signal quickly decreased to background levels

within the first 2 s (Supplementary Figure 1), indicating that it
was dominated by the fast component (Singarayer and Bailey,
2003). It also suggested that the quartz in our samples was
relatively bright, which should have bleached easily when the
grains were exposed to sunlight. Even so, our samples showed
broad De distributions that may have been heterogeneously
bleached before deposition (Supplementary Figure 3). To
mitigate the influence of partial bleaching on age estimation, we
used MAM-3 to calculate Des. Moreover, in De determination
using the SAR protocol, inaccuracies may have been caused by
improper heating conditions. However, dose recovery tests and
preheat temperature plateau tests showed that Des was measured
correctly for all samples from the CQ section using the SAR
protocol (Aitken, 1998; Murray and Wintle, 2003). Therefore, we
concluded that the OSL dating correctly measured and calculated
De in this study.

The dose rate is determined by the content of the
radionuclides in the sediments. It is usually assumed the dose
rate of a sample is constant during the burial period in OSL
dating (Zhang et al., 2007). Cupper (2006) measured sediment
radioactivity from three salt lakes within southeastern Australia,
finding it was in secular equilibrium from one of the salt lakes.
Sediment radioactivity was in disequilibrium in the other two
salt lakes, but this had a minimal effect on the dose rate. As
shown in Table 1, the radionuclides contents of our samples
were roughly constant, similar to other lacustrine sediments
within the TP (Long et al., 2014; Hu et al., 2017). This suggests
that radionuclides disequilibrium was likely to be absent in our
samples (Long et al., 2015).

Water content is also the main factor affecting dose rate
except for radionuclides. The water molecules in the sediments
will absorb some radiation energy from the environment,
reducing the absorption of the radiation energy by the sediments
themselves (Zhang et al., 2007). In the field, we found that
sediments in the profile were well preserved in a permanently
frozen condition (the elevation of the site was c. 4,664 m),
the water content was stable throughout their burial stage, and

TABLE 2 | Radiocarbon dating results.

Lab code Sample code Depth (cm) Materials δ13C (h) Pmc Conventional 14C
age (a BP)

Calibrated 2σ age
range* (Cal a BP)

Beta-498519 CQ1-24 178 Grass leaf −8.7 58.19 ± 0.22 4,350 ± 30 4,849–5,027

Beta-498520 CQ1-27 184 Grass leaf −10.7 56.90 ± 0.21 4,530 ± 30 5,052–5,313

Beta-498521 CQ1-61 258 Terrestrial twig −23 61.62 ± 0.23 3,890 ± 30 4,189–4,417

Beta-498522 CQ1-88B 339 Bulk organic −23.1 46.04 ± 0.17 6,230 ± 30 7,011–7,253

Beta-498523 CQ2-16G 400 Grass leaf −11.5 57.11 ± 0.21 4,500 ± 30 5,046–5,301

Beta-498524 CQ2-16B 400 Bulk organic −22.4 43.92 ± 0.16 6,610 ± 30 7,431–7,569

Beta-498528 CQ2-2B 525 Bulk organic −21.8 45.19 ± 0.17 6,380 ± 30 7,177–7,421

Beta-499906 CQ1-88G 339 Grass leaf −4.3 56.97 ± 0.21 4,520 ± 30 5,051–5,309

Beta-501268 CQ1-64 267 Grass leaf −9 56.05 ± 0.21 4,650 ± 30 5,315–5,466

Beta-501269 CQ1-100 375 Grass leaf −7.3 55.64 ± 0.21 4,710 ± 30 5,324–5,575

Beta-501270 CQ2-1 475 Grass leaf −15.5 55.08 ± 0.21 4,790 ± 30 5,475–5,588

Beta-501271 CQ2-2G 525 Grass leaf −9.5 52.61 ± 0.20 5,160 ± 30 5,766–5,994

*The 14C ages were calibrated to calendar years using the CALIB 8.1.0 program (Stuiver et al., 2021) with the internationally agreed IntCal20 data set (Reimer et al.,
2020).
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FIGURE 4 | Stratigraphy of the lacustrine sediment sequences and the ages of section CQ discussed in the text. The three shaded areas are the age-depth models
of lacustrine sediment. The yellow shaded area is the OSL age-depth model, and the green and gray shaded areas are the age-depths of aquatic plant remnants
and bulk organic matter, respectively. Three dotted lines are the median ages. Because there was only one 14C age of TPR, we did not use it to build the age-depth
model.

no evidence of a disturbance was observed from the structural
features of the profile. Therefore, the measured water content at
present could represent the real water content of sediments from
section CQ during the burial period.

14C Ages
The twig, with a depth of 258 cm (CQ1–61), had a 14C age
of 4,189–4,417 Cal a BP. The aquatic plant leaf, although
coming from a similar depth of 267 cm (CQ1–64), returned
a 14C age of 5,315–5,466 Cal a BP. Moreover, at depths of
339, 400, and 525 cm, the 14C ages of these aquatic plant leaf
samples were 5,051–5,309, 5,046–5,301, and 5,766–5,994 Cal a
BP, respectively. However, at a similar depth, the 14C ages of
BOM were 7,011–7,253, 7,431–7,569, and 7,177–7,421 Cal a BP.
The rest of aquatic plant leaves were sampled at depths of 178,
184, 375, and 475 cm, with reported 14C ages of 4,849–5,027,
5,052–5,313, 5,324–5,575, and 5,475-5,588 Cal a BP, respectively.

14C Ages of Terrestrial Plant Remnants
In general, the 14C ages of TPR are not affected by LRE, and
their ages are often considered to be consistent with those of the

sedimentary horizons in which they are found (Hou et al., 2012).
However, the 14C age of the terrestrial twig (CQ1–61, 4,372 a)
was roughly 2.3 ka older than the OSL sample (CQ1-B, 2.0 ± 0.2
ka BP) taken at a similar stratigraphic depth in section CQ. It
is worth noting, however, that this discrepancy could possibly
be explained due to a delay between the death of the twig and
its ultimate transportation to, and burial within, the lacustrine
sediments of the lake (Chen et al., 2017).

14C Ages of Aquatic Plant Remnants
As shown in Table 2 and Figure 4, the 14C ages of APR were
older than the OSL ages at similar depths, an inconsistency that
was possibly due to the influence of LRE. This line of reasoning
is supported, firstly, by the massive marine carbonate rocks
which are widely distributed throughout the Coqen Basin (Zhong
et al., 2010). These rocks have been eroded by precipitation
runoff recharge and glacial meltwater from the catchment area,
which enters the lake as dissolved inorganic carbon (DIC). In
addition to DIC, dissolved organic carbon (DOC) and particulate
organic carbon (POC) enters the lake by various means (Chen
H. et al., 2019; Meng et al., 2020), with some underground
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brine water also infiltrating the lake via underlying faults (Fontes
et al., 1996). Secondly, Zhari Namco is centrally located within
the TP, which is one of the coldest and most arid regions.
Extensive evaporation has resulted in a high concentration of
carbon ions in the water, with the lake struggling to maintain
equilibrium with atmospheric carbon (Zhou et al., 2020). Aquatic
plants are therefore absorbing greater quantities of old or dead
carbon (Olsson, 2009; Meng et al., 2020), possibly leading to
inflated age estimates.

14C Ages of Bulk Organic Matter
The 14C ages for BOM were consistently older than that of OSL
and 14C ages for APR of similar depth (Figure 4). However,
determining the precise LRE to explain this discrepancy was
complicated by the complex nature of BOM. Firstly, in addition
to the carbon disequilibrium between water and atmosphere,
as well as the abundance of old and dead carbon from the
catchment area, microalgae and bacteria which lived in Zhari
Namco represent yet another source of LRE affecting BOM
(Meyers and Ishiwatari, 1993; Li et al., 2015; Chen H. et al., 2019).
Secondly, bulk masses of terrestrial organic matter and external
POC can be directly deposited without dissolution in lacustrine
sediments, which can also produce inflated 14C age estimates
for BOM (Meng et al., 2020). Moreover, HCL washing, which
is typically used to remove carbonate during the preparation
of BOM samples, sometimes has the unintended corollary of

mixing carbonate remnants into the organic material, which can
also make the age of the sample appear older than it actually is
(Harkness, 1975; Gilet-Blein et al., 1980). However, because all
14C samples were pretreated and dated in Beta’s laboratory, we
did not know the exact details for this performance, hence this
factor could not easily be estimated in this study. In conclusion,
the 14C ages of BOM from Zhari Namco were also clearly subject
to a host of LRE, and caution should be taken before drawing
inferences from 14C ages based on this material.

Implications for Lacustrine Sediments
Dating in Zhari Namco
Although the error margins for radiocarbon dating are lower
compared with luminescence dating, and TPR are generally
exempt from the influence of LRE (Hou et al., 2012), TPR are
nonetheless rare in the lacustrine sediments of the TP due to
low vegetation cover. Additionally, as terrestrial plants typically
grow on the land surrounding the lake, they are not necessarily
deposited directly into the lake upon death. This means that the
timing of both their death and their retention on land remains
uncertain (Chen et al., 2017), further illustrating the caution
required when using the 14C ages of TPR. Most 14C ages from
loess sediments (Wang et al., 2014; Song et al., 2015; Song et al.,
2017; Cheng et al., 2019) have underestimated ages. In contrast,
due to the effects of LRE, the 14C ages of APR and BOM are
overestimated in Zhari Namco. This phenomenon has also been

FIGURE 5 | OSL ages plotted against elevation for the 10 paleo-shorelines sediments of Zhari Namco. Blue circles are the ages of each shoreline from Chen et al.
(2013). Yellow circles are the OSL ages of the CQ section.

Frontiers in Earth Science | www.frontiersin.org 8 May 2021 | Volume 9 | Article 640172

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-09-640172 May 23, 2021 Time: 13:5 # 9

Cong et al. Radiocarbon, Luminescence Dating of Lacustrine Sediments

observed in QingHai Lake (Meng et al., 2020), Tangra Yumco
(Long et al., 2014), and Linggo Co (Hu et al., 2017), all of which
contain BOM with 14C ages older than that of stratigraphically
associated aquatic plant material, and all 14C ages of APR and
BOM appearing older than its actual age.

OSL dating is not affected by the LRE of lacustrine sediments.
The equivalent dose and dose rate used in the calculation of OSL
age in this study were reliable. The OSL ages were in stratigraphic
sequence order, with no age reversals, and we used MAM-3 to
mitigate the influence of partial bleaching on age estimation and
to make sure that any overestimation of the equivalent dose had
less impact on OSL ages (Peng et al., 2013; Shi et al., 2017). An
age-depth model for the CQ section’s lacustrine sediments was
established using the Bacon age-depth modeling package in “R”
software (Blaauw and Christen, 2011) for five OSL ages, eight 14C
ages of APR, and three 14C ages of BOM. As shown in Figure 4,
age-depth model for OSL calculations found that for the 14C
ages of APR and 14C ages of BOM, the average sedimentation
rates of section CQ section c. 1.06 mm·a−1, c. 5.03 mm·a−1, c.
19.8 mm·a−1. The average sedimentation rate was c. 1.03 mm·a−1

within Linggo Co (Hu et al., 2017), which was also similar to the
average sedimentation rate found by using OSL age from section
CQ. Due to this convergence in multiple lines of evidence, we are
confident of the general reliability of OSL ages in section CQ.

The chronology framework for a series of paleo-shorelines and
section CQ in Zhari Namco showed that lake level dropped by

128 m since c. 8.2 ka BP (Chen et al., 2013) (Figure 5). Notably,
there was a “dog-leg” change in Figure 5. Based on the OSL ages
and the sedimentary facies of section CQ, the sediments from the
bottom experienced continuous sedimentation within a deep and
stable lake environment. As depth decreased, sediments changed
to a high-energy shoreline deposition (Figure 4). This meant
that the lake level of Zhari Namco dropped rapidly between c.
5.1 ka BP and c. 2.0 ka BP, which was also consistent with a
similarly rapid decline in the levels of Seling Co Lake and Zabuye
Lake—reported as occurring during the late Holocene (Shi et al.,
2017; Jonell et al., 2020). Therefore, we suggested that the
rapidly dropping lake level caused the “dog-leg” change. Another
possible cause might be that section CQ was located at the
mountainous area far from the lakefront area, with undulating
landforms and significant elevation change.

The major reason behind the dropping lake level may have
been the weakening Indian summer monsoon, which caused the
climate in Zhari Namco to change from relatively warm-humid to
cold-arid during this period (Chen et al., 2013). Because of this,
the recharge of the catchment area into the lake also underwent
a gradual decrease during this period. Moreover, it was clear
that the RAs were not constant, neither in APR nor in BOM
(Figure 6). This was probably related to the drop in lake level.
From stratigraphy and age fluctuation, during c. 5.1 ka BP to c.
2 ka BP, Zhari Namco experienced a drop in lake level. With this
decrease, the RAs of APR increased from c. 0.1 ka to c. 4.1 ka

FIGURE 6 | The two shaded areas are the RAs-depth models. The green shaded area is the RAs-depth model for aquatic plant remnants, the gray shaded area is
the RAs-depth of bulk organic matter. The two dotted lines represent the RAs median values.
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(6–0.7 m core depth), and the RAs of BOM increased from c. 1.7
ka to c. 6.5 ka (6–0.7 m core depth). We suggest that the major
contributor to LRE variation in Zhari Namco is salinity. Salinity,
in addition to being associated with climate-driven fluctuations
in lake capacity and level (Fontes et al., 1996; Wu et al., 2007), has
been tightly influenced by changes in carbon ion concentration
(Xu et al., 2006; Lei et al., 2010; Li and Liu, 2012, 2014; Li et al.,
2015; Batanero et al., 2017; Zhou et al., 2020), causing RAs to
increase or decrease in different periods. During warm-humid
periods and the attendant increase in lake capacity and water
level, lake desalination would occur, which, accompanied by a
decrease in carbon ion concentration (Yu et al., 2016), caused
a concomitant decrease in RAs. However, the opposite situation
occurred during cold-arid periods, which caused RAs to increase.
Similar results were found in Qinghai Lake: Chongyi et al. (2018)
suggested that the highest RAs may have occurred when the lake
had its highest salinity and lowest water levels. In addition, the
RAs of BOM were greater than APR, possibly due to the increased
complexity of the LRE sources acting on it (Gilet-Blein et al.,
1980). Either way, because of the noted influence of LRE, the
14C age estimates of APR and BOM cannot be considered to be
wholly accurate.

CONCLUSION

In this study, radiocarbon and OSL dating were used to date
lacustrine sediments from Zhari Namco Lake in the southern
Tibetan Plateau. Through the comparison and analysis of 14C
and OSL ages, we found that the OSL dating can produce reliable
ages and has good potential for lacustrine sediments dating. By
contrast, even though 14C dating is a mature dating method
with high accuracy for dating lacustrine sediments, 14C ages of
both aquatic plants remnants and BOM are negatively impacted
by LRE, which can lead to apparent 14C ages being older than
their actual ages. During warm-humid periods/cold-arid periods,
RAs decrease/increase in response to higher/lower water levels,
indicating that fluctuating that RA values are clearly associated
with variations in the overarching hydrological regime. Due
to the multitude of factors affecting LRE, it can be difficult
to obtain reliable ages from APR and BOM, especially as the
timing of both the death and ultimate deposition of terrestrial
plants is often impossible to establish. In summary, OSL ages
were more reliable than 14C ages in this study. Accordingly, we
suggest that radiocarbon dating alone may be inappropriate for
dating lacustrine sediments and that OSL dating could be applied
when evaluating the reliability of 14C ages. Only by exploring
areas of agreement and disagreement between multiple dating
methods can we work toward building an accurate chronological
framework for lacustrine sediments within the TP.
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