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ARTICLE INFO ABSTRACT

Editor: A Dickson. As CO; keeps emitting, it is urgent to project future climatic changes by quantitatively reconstructing deep time
paleoclimate in high atmospheric COy concentrations. However, there are still unneglected discrepancies be-
tween the terrestrial temperatures based on the climatic proxies and climate models, especially at low latitudes,
which limits our interpretation of the terrestrial responses to global climate changes at low latitudes. In this
study, the clumped isotope concentrations (A47) and total mercury signals are analyzed for the uppermost
Cretaceous-lowermost Paleogene strata in the low-latitude Nanxiong Basin, South China. After excluding the
potential diagenesis by both recrystallization and solid-state reordering, our study presents an extremely high
mean annual terrestrial temperature of ca. 30 °C in the low latitudes. Our result is significantly higher than the
previous estimates and supports a hot and expanded tropics during the latest Cretaceous-earliest Paleocene (i.e.,
K-Pg boundary interval). In addition, we suggest that the hot climate was plausibly caused by Deccan Traps (DT)
volcanism, although the mercury concentrations in the section show relatively low peaks during the main
eruptions. We speculate that the mercury sequestration in the Nanxiong Basin may have been affected by the
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extremely hot and arid regional climate.

1. Introduction

Quantitative reconstruction of past greenhouse temperatures using
proper proxies provides critical insights into Earth's response to rising
greenhouse gas levels and helps to examine the accuracy of available
climate models (Naafs et al., 2018; Tierney et al., 2020; Upchurch et al.,
2015). The K-Pg boundary interval was a relatively “cool” period with
multiple climatic fluctuations between two typical hothouse period (i.e.,
the mid-Cretaceous and the Early Paleogene) (Green et al., 2022; Sco-
tese, 2021; Tierney et al., 2020). Synthetically affected by DT eruptions
and the asteroid impact event (Barnet et al., 2017; Gilabert et al., 2022;
Green et al., 2022; Gu et al., 2022), both the pCO, and global mean
surface temperature rapidly increased by 1000-2000 ppm and 3-5 °C
during this interval, respectively (Hull et al., 2020; Milligan et al., 2022;
Westerhold et al., 2020; Zhang et al., 2018). While studies have con-
ducted paleoclimate reconstructions on the marine sections and mid- to
high-latitude terrestrial sections, our knowledge of low-latitude terres-
trial paleoclimate remains insufficient during the interval. Among the
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previous studies, only Amiot et al. (2004) suggested a terrestrial tem-
perature of 18 °C at low latitudes based on vertebrate apatite 5!°0,
which is much lower than the estimates (up to 40 °C) based on climate
modeling (Niezgodzki et al., 2017). More work on reconstruction of low-
latitude terrestrial paleoclimate is warranted to verify such contradic-
tion, based on proper selection of paleotemperature proxies (Huber,
2008; Wang, 2006).

The newly developed clumped isotopes (A47) thermometry is
increasingly used as a powerful tool to reconstruct terrestrial tempera-
tures during greenhouse periods due to their ability to quantitatively
resolve the upper thermal limits (Jones et al., 2022; Petersen et al.,
2016; Zhang et al., 2018). It measures the amount of 13¢.180 bonds
within the carbonate lattice (Ghosh et al., 2006) and directly estimates
the paleotemperature without assuming the water 50 (5'%0yater)
(Passey et al., 2010). Here, clumped isotopes (A47) thermometry was
used to pedogenic carbonates in the Nanxiong Basin, South China
(paleolatitude was ~25°N) to reconstruct the low-latitude terrestrial
paleotemperature during the latest Cretaceous-earliest Paleogene
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(70-64 Ma). In addition, mercury (Hg) concentrations of the samples
were measured to evaluate the impact of DT eruption in the Nanxiong
Basin, given Hg anomalies in sediments are indicative of large volcanism
(Grasby et al., 2019). Results of this study would help to refine our
understanding of tropical terrestrial paleoclimate during the K-Pg
boundary interval.

2. Geological contexts

As a small intermontane basin, the Nanxiong Basin in South China is
famous for its abundant dinosaur eggs and eggshells fractions (Fig. 1a)
(Clyde et al., 2010). Based on the paleogeography reconstructions, the
location of the Nanxiong Basin is unchanged and the paleolatitude was
~25°N during the Late Cretaceous (see http://www.earthbyte.org/pale
odem-resourcescotese-and-wright-2018). In this basin, the relatively
continuous Upper Cretaceous to Lower Paleocene fluvial-lacustrine
strata are well preserved (Yan et al., 2007). From bottom to top, the
sedimentary cover varies from Upper Cretaceous Zhutian and Zhenshui
formations to Lower Paleogene Shanghu Formation (Zhang et al., 2006;
Zhang et al., 2013). Samples studied were taken from the Datang sec-
tion, starting at Yangmeikeng and ending at Nilongkeng, in the north-
eastern of the Nanxiong Basin, with a thickness of 700 m (Zhang et al.,
2006) (Fig. 1la). In the Datang section, many layers of paleosol are
identified (Clyde et al., 2010), which represents the short-lived hiatus of
deposition (i.e., 2,000-30,000 years) (Kraus, 1999).

In the Nanxiong Basin, the age model is established by the
geomagnetic polarity sequences, biostratigraphic data, and isotopic
geochemical data (8'3C and 5'%0) (Fig. 1b and c) (Clyde et al., 2010; Li
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etal., 2010; Ma et al., 2018; Wang, 2012; Zhang et al., 2006). According
to the appearance/disappearance of mammals and non-avian dinosaurs
(Zhang et al., 2006) and the excursions of the stable isotopes (Clyde
et al., 2010), the previous studies tentatively placed the K-Pg boundary
to the boundary between the Zhenshui and Shanghu formations (400
m). Recently, A paleomagnetic study validated the above-mentioned
location of the K-Pg boundary, and concluded that the strata range
from 71.9 to 62.8 Ma in the Datang section (Ma et al., 2018) (Fig. 1b). In
this study, the specific ages of our samples are interpolated by assuming
consistent depositional rate in each magnetozone (Fig. 1b).

3. Materials and methods
3.1. Clumped isotope analysis

Carbonate nodules >1 cm in diameter were collected for the A4y
analysis (Fig. 1b). For each sample, ~100 mg carbonate powder was
drilled from the polished carbonate nodule surface. A4, 5180, and 5'3C
were measured concurrently with two to three replicates per sample at
Johns Hopkins University, following the methods described in Passey
et al. (2010). For each replicate analysis, ~10-15 mg carbonate powder
acidified in a common bath of 90 °C phosphoric acids for ~10 min and
the generated CO, was purified by passage through a series of cryogenic
traps. Intra-laboratory carbonate standards were analyzed to monitor
long-term analytical error. A47; values were calculated using IUPAC
parameters to correct for 7O mass interference. The calibration of
Anderson et al. (2021) was used to generate T(A47): A47(-cDES90°C) =
(0.0391 + 0.0004) x (10%/T?) + (0.154 + 0.004) [T in kelvin]. The
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Fig. 1. Geological setting of the Nanxiong Basin. (a) A schematic geological map shows the location of the Datang section. (b) Integrated lithological column shows
the K-Pg boundary at ~400 m in depth. Our samples are plotted next to lithological column. The biostratigraphy stratigraphy is derived from Zhang et al. (2006). (c)
The 6'3C (yellow circles) and 8'®0 (blue circles) of paleosol carbonates in the Nanxiong Basin. The darker ones come from this study and the paler ones come from
Clyde et al. (2010). Notice the negative/positive shift of the §'3C/5'®0 at the K-Pg boundary. This figure is modified after Clyde et al. (2010) and Ma et al. (2018).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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subscript CDES means carbon dioxide equilibrium scale (CDES) (Dennis
et al., 2011). The external standard error (1SE) in A4; analyses is
calculated as the standard deviation of carbonate sample replicates (or
long-term standard deviation of carbonate standard analyses if it is
larger) divided by the square root of the number of replicates for each
sample. Soil water slsowam values were calculated from the clumped
temperatures T(A47) and soil carbonate 5180 values.

3.2. Mercury concentration analysis

Mercury concentration (n = 131) was measured at the Institute of
Geochemistry, Chinese Academy of Sciences, Guiyang, China. ~150 mg
powder per sample was transferred to the combustion boat and heated to
800 °C, then analyzed by using a DMA8O Direct Mercury Analyzer
(Milestone). The sampling resolution is 0.7 m during 360-420 m in
depth (n = 49) (Ma et al., 2018; Zhao et al., 2021) and 2-10 m for other
depths (n = 82). Data accuracy was confirmed by the analysis of one
certified reference material (GSS-5, soil, 290 ppb Hg) and one replicate
sample for every ten samples, yielding uncertainty of <10% (2SD) for
Hg concentrations reported.

3.3. Major element analysis

The major element analysis (n = 131) was conducted using the Zsx
Primus II wavelength dispersive X-ray fluorescence spectrometer (XRF)
at the Wuhan SampleSolution Analytical Technology Co., Ltd., Wuhan,
China. The pretreatment was made by melting method at 1050 °C for 15
min. The flux is a mixture of lithium tetraborate, lithium metaborate,
and lithium fluoride (45: 10: 5). The ammonium nitrate and lithium
bromide were used as oxidant and release agent, respectively. The X-ray
tube is a 4.0 Kw end window Rh target with 50 kV voltage and 60 mA
current. The standard curve uses the national standard material
GBWO07101-14. The data are corrected by the theoretical a coefficient
method and the relative standard deviation (RSD) is <2%.
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4. Results
4.1. Clumped isotopes

The samples investigated show 5'3C values ranging from —12.6%o to
—5.4%o and 580 values ranging from —9.0%o to —4.9%o. The trends of
5180 and 8'°C are similar with previous observations in the K-Pg
boundary interval in East Asia. Generally, the §!%0 values display an
upward increasing trend, while the §'°C values display an upward
deceasing trend, associating with abrupt positive/negative 5'20/5!3C
excursions at the K-Pg boundary, respectively (Fig. 1c) (Clyde et al.,
2010; Gao et al., 2015; Huang et al., 2013). The A47 values range from
0.525%o to 0.617%o0 and yield apparent T(A47) values range from 17 +
4°Cto 52+ 5°C (1 SE) (Table 1). The calculated awowate, values range
from —5.3%0 to 0.0%.. Some of the T(A47) far exceeds the reasonable
Earth-surface temperature (i.e., 40 °C), which may be caused by post-
depositional diagenesis and should not represent initial forming tem-
peratures. The complete data are reported in Dataset S1.

4.2. Mercury concentrations

Total Hg concentrations (THg) of the Zhutian and Shanghu forma-
tions show relatively constant background value of ~1 ppb (Fig. 2a).
Some samples at the K-Pg boundary show relatively higher values of 2 to
10 ppb. As organic matter (OM) and clay minerals mainly controlled the
amount of Hg sequestered in terrestrial sediments (Gu et al., 2022;
Kongchum et al., 2011), normalization by TOC and Al;O3 contents could
help to understand the principal host phases of sedimentary Hg (Font
etal., 2016; Percival et al., 2015). Practically, for those samples with low
TOC content (<0.2 wt%), their Hg/TOC values will be artificial high and
should not be used (Grasby et al., 2019). For the Nanxiong Basin, THg
shows no significant correlation with either TOC or Al;O3. All the TOC
values of the uppermost Cretaceous-lowermost Paleogene strata are
generally low (i.e., <0.1%) (Zhao et al., 2021), which suggests that the
Hg concentrations was not regulated by OM sequestration in this study.
Besides, the Al;O3 contents, ranging from 10 to 20%, also show rela-
tively uniform values for all the samples (Fig. 2b). The complete data are
reported in Dataset S2.

Table 1

Results of clumped isotope analyses.
Sample ID Age (Ma) N? 53¢ 580 Agr’ T(A4)" 5"80water”

(%o, VPDB) (%o, VPDB) (%o, CDES) o) (%o, VSMOW)

Spar
NX-01 71.86 2 -5.8 -6.1 0.613 (0.005) 19 (5) -5.0
NX-04 71.82 2 —5.4 -6.1 0.617 (0.007) 17 (4) -5.3
NX-16 65.52 3 ~12.6 —6.0 0.614 (0.004) 18 (4) -5.0
Average’ 8 —6.1 0.615 (0.007) 18 (2) —5.1
Microspar
NX-06 71.53 2 -5.9 -7.5 0.527 (0.014) 51 (6) —0.4
NX-08 70.30 2 -8.1 -9.0 0.532 (0.005) 49 (6) —22
NX-11 66.64 3 -8.2 -8.7 0.534 (0.008) 48 (5) -2.0
NX-13 66.19 3 -8.3 -89 0.547 (0.010) 42 (5) -3.2
NX-14 65.79 3 —-8.4 7.4 0.525 (0.005) 52 (5) 0.0
Average’ 13 —8.3 0.534 (0.006) 48 (2) -1.7
Dense micrite
NX-15 65.79 3 -7.7 -7.0 0.576 (0.007) 31(4) 3.4
NX-17 65.11 3 —9.4 —-6.4 0.565 (0.004) 35 (4) -2.0
NX-19 64.68 2 -7.3 -4.9 0.558 (0.004) 38 (5) 0.0
NX-21 62.84 2 -7.5 -5.5 0.551 (0.003) 41 (6) -0.1
Average' 10 —6.1 0.564 (0.006) 36 (2) -1.6

2 Number of replicates of clumped isotope analyses.

b 513G and §'®0 standard errors from sample replicates are <0.07%o and 0.06%o, respectively.

¢ CDES = Carbon dioxide equilibrium scale. Acid correction factor = 0.0%o. Uncertainties are reported in parentheses. SE = SD/SQRT (N). If SD is less than the long-
term standard deviation of carbonate standard analyses (0.020%o), then 0.020%o is used.

4 Calculated using Eq. (1) in Anderson et al. (2021). Uncertainties are reported in parentheses.

¢ Calculated using the equation for calcite reported in Kim and O'Neil (1997).

f The weighted-average temperature and error are calculated from the replicate-level data. See Dataset S1 for details.
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Fig. 3. Optical and cathodoluminescence petrographic photos of (a-b) dense micrites, (c-d) microspars, and (e-h) spars. Scale bars for all images are 5000 pm.
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5. Discussions
5.1. Diagenesis

Post-depositional diagenesis could modify both the clumped and
carbon and oxygen isotopes of authigenic carbonates, thus erasing the
original information regarding the depositional environment and
limiting the use of isotopic proxies to reconstruct paleoclimate (Hun-
tington and Lechler, 2015; Inglis et al., 2015). In this study, the apparent
T(A47) values range from 17 to 52 °C, which indicates that some of the
apparent temperatures could be primary whereas others far exceed the
reasonable Earth-surface temperature (i.e., <40 °C) and must be
diagenetically altered. Here, we employ detailed petrographic analyses
and solid-state reordering models to assess possible diagenetic
alteration.

5.1.1. Assessing potential diagenesis by recrystallization

The A4y recorded by minerals undergone recrystallization reflect the
temperature at which recrystallization occurred, with calcite recrystal-
lization being more responsive to changes in burial temperatures (John,
2018; Robinson et al., 2022). Under optical and cathodoluminescence
(CL) microscope examinations, three petrographic categories (i.e., spar,
dense micrite, and microspar) are classified according to the extent of
recrystallization (Fig. 3). They show different A4 temperature ranges as
~17-19 °C for the spar samples, ~31-41 °C for the dense micrite
samples, and ~42-52 °C for the microspar samples, respectively
(Fig. 4a).

For the dense micrite samples, both the optical and CL features
indicate that they are dominated by dense and homogeneous micrites,
with sporadic veins and grains of non-luminescent siliciclastic (mostly
quartz) material (Fig. 3a and b). Following previous studies (Drise and
Mora, 1993; Snell et al., 2013; Zhang et al., 2021), we conclude that the
dense micrite samples archived the original clumped isotope composi-
tions and their apparent T(A47) values, range from 31 to 41 °C, represent
the Earth-surface paleoclimate condition in the Nanxiong Basin during
the K-Pg boundary interval.

The microspar samples show an irregular pattern of micrite (darker)
and mini-spar (lighter). A few isolated specks of luminescent spar occur,
which are hardly circumvented during sampling (Fig. 3c and d).
Compared to the dense micrite samples, the microspar samples exhibit
higher temperatures (e.g., 48 °C in average) and nearly the same
5180 yarer values (i.e., —1.7%0 vs —1.6% VSMOW in average). For
example, in one paleosol layer, the A4; temperature of microspar sample
(NX-15) is >20 °C higher than that of the dense micrite sample (NX-14).
In this study, assuming a constant oxygen isotope composition of dia-
gensis fluid, we model the diagenesis process by using the equations in
Banner and Hanson (1990). We suggest that the recrystallization
occured in a closed system from a initial temperature of ~37 °C
(Fig. 4b), which is consistent to the average apparent T(A47) value (i.e.,
36 °C) of the dense micrite samples.

The spar samples show obvious diagenetic features such as sparite
specks, dense microspar specks, and large amount of calcite veins, which
means they were pervasively recrystallized (Fig. 3e-h). Their T(A47)
values (18 °C in average) and 5180 yater values (—5.1%o in average) are
significantly lower than the other petrographic categories (Fig. 4a). In
the modern eras, the mean annual temperature is 16-25 °C according to
the Global Summary of the Year (GSOY) (Lawrimore et al., 2016) and
the weighted average oxygen isotope of precipitation is —5.2%o ac-
cording to the Global Network of Isotopes in Precipitation (GNIP) (Chen
et al., 2010). The similarity of temperature and 5'80uater between the
spar samples and the modern observations implies that these spars may
reprecipitate from near-modern meteoric water after denudation.

5.1.2. Assessing potential diagenesis by solid-state reordering
In addition to the recrystallization, at elevated temperatures, solid-
state reordering may also affect the '3C-'®0 bonds in carbonate
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Fig. 4. The clumped isotope paleotemperatures T(A4;). (a) Cross-plot of
clumped isotope paleotemperatures T(A47) Vs oxygen isotopic composition of
fluids (5'%0,yaer) for the pedogenic carbonates from the Nanxiong Basin. The
contours of 5'80¢, are calculated by equation in Kim and O'Neil (1997). The
horizontal dotted lines (red, yellow, and blue) represent the apparent T(A47) for
the microspar, dense micrite, and spar samples, respectively. The arrows indi-
cate the diagenesis paths from the initial dense micrite carbonates to the
recrystallized ones. (b) The oxygen isotopic evolution of a rock-buffered closed
system with different water-to-rock ratios (W/R) at temperatures of 30-55 °C
for the microspar samples following the equations in Banner and Hanson
(1990). The model assumes an initial 5'®0 value of —3.0% and 23.0%o
(VSMOW) for water and calcite, respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

lattices over geologic time scales, which would decrease A47 and in-
crease 5'80yater values without altering trace element or SEM screening
(Passey and Henkes, 2012; Stolper and Eiler, 2015). To distinguish
whether or not our dense micrite samples underwent solid-state bond
reordering, we model the T(A47) changes during the burial process in the
Naxiong Basin (Henkes et al., 2018; Jones et al., 2022). According to the
stratigraphic thickness in the Nanxiong Basin, the burial depth of the
Upper Cretaceous strata reached its maximum of 1495-1777 m during
the deposition of Eocene Guchengcun Formation (Zhang et al., 2013).
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Assuming an initial depositional temperature (Tg) of 20-30 °C and a
geothermal gradient of 25 °C/km (Xi et al., 2015), the maximum burial
temperature (Tp,x) was 65-75 °C. The burial history is inferred from
Zhang et al. (2013). We only know that the Nanxiong Basin received
continuously deposition for ~16 Myrs and reach the maximum burial
temperature (Tnax). However, we know little about the exhumation
history of the Nanxiong Basin, which means we did not know when our
samples were exhumed to the Earth surface. Therefore, we assume the
maximum burial temperature lasted for 50 Myrs to model an extreme
case. The detailed thermal history for the Nanxiong Basin are reported in
Dataset S3.

Here, based on the above mentioned temperature-time path, the T
(A47) values are further modeled by solid-state reordering using the
Python code of Hemingway (2020). The final predicted temperatures in
all the model-scenario combinations equal to initial depositional tem-
peratures (Tp) with imperceptible differences (<3 °C), which suggests
that our dense micrite samples would not be altered by solid-state
reordering (Fig. 5). Therefore, we suggest that the dense micrite sam-
ples reflect unaltered initial depositional temperatures of 31-41 °C.

5.2. High low-latitude temperatures and tropical expansion

The precipitation of calcite in the soil is predominantly favored
under the condition of increased temperature and decrease soil moisture
after infiltration events (Huth et al., 2019). Generally, the A4 temper-
atures from paleosol carbonates usually exceed mean annual air tem-
perature (MAAT) due to summer preference and solar heating (Kelson
et al., 2020). Here, we conclude that our results are summer biased.
First, the T(A47) values of paleosol carbonates in the NE China during
this period were also summer biased (Zhang et al., 2016a). Second, the
previous study suggested that a monsoon climate had already emerged
in East Asia since Late Cretaceous and led to a majority of precipitation
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in warm season (Farnsworth et al., 2019).

Burgener et al. (2019) claimed that the seasonality during the Late
Cretaceous was nearly no different with the present level. At present, the
summer air temperature (SAT) is ~3-5 °C higher than the MAAT in the
Nanxiong Basin (Lawrimore et al., 2016). Laugié et al. (2020) and Klages
et al. (2020) also suggested that the low-latitude summer air tempera-
ture is ~3-5 °C higher than MAAT during the Cretaceous thermal
maximum (KTM; early-mid-Turonian). Here, taken the radiative heating
of ~0-3 °C into account (Burgener et al., 2019), we arbitrarily conclude
that our T(A47) values were 6 + 3 °C higher than the MAAT in the
Nanxiong Basin during the K-Pg boundary interval. Therefore, the
average T(A47) value of 36 & 2 °C leads to an average MAAT of 30 +
4 °C (1 SE), which is higher than the highest MAAT at present (i.e.,
~25-28 °C in North Africa) (Lawrimore et al., 2016).

Most of our A4y temperature records reflect a warm interval of 1-2
Ma posterior to the K-Pg boundary. According to the global temperature
compilation by Hull et al. (2020), the global mean temperature did not
change much during the K-Pg boundary interval, which is also verified
by the high-resolution benthic foraminiferal stable isotope record in
Pacific Ocean (Westerhold et al., 2011). Therefore, we suggest that our
Dannian temperature records could reflect a general paleoclimate con-
dition during the K-Pg boundary interval, although a high-resolution
temperature record is still needed to study the climatic fluctuations.

In such a circumstance (i.e., an average MAAT of ~30 °C and an
average SAT of ~36 °C) in low latitudes, some tropical regions must
have been even hotter and would occasionally approach a tolerable
threshold on land (i.e., 35-40 °C for plants and 45 °C for animals) (Sun
et al., 2012). Due to the torrid climate, the terrestrial lives would escape
to high-latitude or high-altitude regions, became extinct or spread. With
respect to the relatively cool climate in low latitudes (e.g., 18 °C at 25°S)
based on the vertebrate apatite 5'%0 reported by Amiot et al. (2004), we
suggest that the intolerably high temperatures may not be archived since
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vertebrates would prefer a comfortable environment in which they
could survive (Sun et al., 2012). Furthermore, in low latitudes, the
precipitation also serves as the main controller of the meteoric water
5180 values (Amiot et al., 2004; Fricke and O'Neil, 1999) and may
introduce errors in the calculation of biogenic temperatures from the
meteoric water 5'80 values (Dworkin et al., 2005; Fricke and O'Neil,
1999).

Recently, the substantially high low-latitude terrestrial temperatures
were also recognized in other greenhouse periods. For example, Naafs
et al. (2018) suggested a low-latitude terrestrial temperature of >30 °C
significantly during PETM based on the brGDGTs. According to the
siderite clumped isotope geothermometer, Van Dijk et al. (2020) also
reported an extremely high equatorial mean annual temperatures of
41 °C on land during the PETM. These extremely high land surface
temperatures during the PETM correlate well with marine temperatures
and the latest climate simulations (Tierney et al., 2022; Zhu et al., 2019),
which implies that many low-latitude terrestrial temperatures were
underestimated.

For the K-Pg boundary interval, only few of low-latitude terrestrial
temperatures were reconstructed (Zhang et al., 2019), and non-
negligible incongruities still exist between proxy and model tempera-
tures (Niezgodzki et al., 2017). The best fit of the proxy data is obtained
by climate simulation with CO, of 560-1120 ppm in mid and high lat-
itudes, while the simulated temperatures with CO2 of 280 ppm more
close the proxy data in the tropics (Niezgodzki et al., 2017). The pre-
vious studies suggested that the overestimate of the low-latitude tem-
peratures in climate models should be blamed for this inconsistency. Our
result in the Nanxiong Basin resolves the inconsistency by representing
the first pronounced terrestrial high-temperature record in the low lat-
itudes during the K-Pg boundary interval (Fig. 6a). It is consistent with
the low-latitude sea surface temperatures during this period (Zhang
et al., 2019). It also fits well with the simulated low-latitude tempera-
tures with 560-840 ppm CO2, which is consistent with the pCOy
reconstruction of 1058 ppm based on §'3C of paleosol carbonates and
665-1143 ppm based on leaf gas-exchange (Milligan et al., 2022; Zhang
et al., 2018).

According to Zhang et al. (2016b), the “Tropical” climate (MAAT >
23 °C) is assigned to the Nanxiong Basin (MAAT = 30 °C) during the K-
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Pg boundary interval, which means the north bound of the tropics would
be far beyond 25°N during this period (Fig. 6b). According to the Global
Summary of the Year (GSOY), the present MAATS are 29 °C in Thailand
(“Tropical” climate; 14°N), 25 °C in Hainan (“Tropical” climate; 20°N),
and 21 °C in the Nanxiong Basin (“Temperate” climate; 24°N) (Law-
rimore et al., 2016), which strongly supports hotter equatorial regions
and expanded tropics during the K-Pg boundary interval.

5.3. Mercury signal and its possible climatic forcing

During volcanic eruptions, a large amount of mercury is released into
the atmosphere and deposit to the sediment within 0.5-2 years (Pyle and
Mather, 2003), which leads to anomalously high mercury levels in
sediments. Previous studies have already identified globally distributed
Hg anomalies across the K-Pg boundary caused by DT eruptions (Font
etal., 2016; Font et al., 2022; Gu et al., 2022; Keller et al., 2020; Li et al.,
2022; Meyer et al., 2019). In the Nanxiong Basin, Ma et al. (2022) linked
the Hg anomalies to the DT eruptions by high-resolution Hg isotopic
analysis, which is consistent with other heavy metals concentration
anomalies (e.g., Co & Cd). However, all the Hg spikes in the Datang
section of the Nanxiong Basin are relatively low (i.e., <20 ppb). In
contrast, although the Songliao Basin in NE China was more distal from
the DT than the Nanxiong Basin (Gu et al., 2022), the Hg spikes are much
higher (i.e., 64 ppb) (Fig. 7). We, therefore, speculate that mercury
released by the DT may not be well sequestered in the Nanxiong Basin.

Mercury inters lakes via two pathways: (1) Direct atmospheric
deposition via precipitation, and (2) surface runoff of soil (Amos et al.,
2014; Grasby et al., 2019). Ma et al. (2022) suggested that Hg seques-
tration around the main spike in the Nanxiong Basin could be attributed
to the supply of atmospheric Hg linked to the volcanism. As a small
intermontane basin, the catchment and lake surface areas in the basin
are small (Wang, 2012). Both the clay mineral combinations and the
abundant pedogenic carbonate nodules and paleosol layers in the Nan-
xiong Basin suggest a low-precipitation and high-evaporation arid
climate during this period (Wang, 2012). Meanwhile, in arid areas, soil
contain low Hg concentrations due to the lack of vegetation cover. All in
all, we conclude that in the context of hot and arid regional climate, the
mercury sequestration was constrained to a low level in the Nanxiong
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Basin during the K-Pg boundary interval.
6. Conclusions

By analyzing the clumped isotope concentrations (A47) and total
mercury signals of sediments in the Nanxiong Basin, South China, we
present the first quantitative low-latitude terrestrial high-temperature
record during the K-Pg boundary interval.

Our study suggests an extremely high MAAT of 30 + 4 °C during the
K-Pg boundary interval in the low-latitude Nanxiong Basin, which cor-
responds to the coeval SST reconstructions and the modeling results and
emphasizes the role of low-latitude continent in the global heat trans-
port. The significant tropical expand during the K-Pg boundary interval
implies that the biotas may have been massively impacted by the hot
climate. The THg analysis shows that the mercury sequestration in the
Nanxiong Basin during DT eruptions was constrained to a low level due
to the hot and arid regional climate.
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