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Editorial on the Research Topic

Late Quaternary Hydrological, Paleoenvironmental and Geomorphological Processes in the
Tibetan Plateau and Its Adjacent Areas

The Tibetan Plateau (TP) has essential impacts on the climate in Asia and even in the Northern
Hemisphere. It serves as the headwaters for at least ten large rivers that provide sustaining waters for
>1 billion people, and is a dust source for downwind areas from the Chinese Loess Plateau to the
Pacific Ocean and Greenland. Over the last few decades, many new datasets have been published on
the surficial processes of this area during the late Quaternary, including chronologic, organic, and
inorganic environmental proxies. The integration of these datasets enable us to have improved
understanding of the surficial evolution of the TP and its adjacent areas; and provides insights for
current and future climate variability.

This research topic focuses on new advances in late Quaternary hydrological, paleoenvironmental
and geomorphological processes in the TP and adjacent areas. This collection includes 20 papers
covering research fields such as lake evolution, fluvial and alluvial sedimentation and dating, aeolian
processes and chronology, archaeology, salt lake evolution and diagenesis, tectonic processes, and
reconstruction of paleoclimate from the applications of the established and new environmental
proxies.

Eleven papers in this research topic focused on the geomorphological evolution, lake level
variability, salt lake evolution and diagenesis, and archaeological aspects for the TP. Luo et al. dated
an archaeological site near Seling Co (at south-central TP) which was previously thought to be
30-40 ka years old. Their Optically Stimulated Luminescence (OSL) dating results indicate the Seling
Co site is not earlier than the early Holocene, much younger than the former estimated age. The
revised age of Seling Co site is consistent with the warm and humid climate conditions on the central
TP during early Holocene. Liu et al. reported that lakes in western inner TP expanded more
extensively than those to the east during the early Holocene lake expansion stage. The driving force
was the intensification of the Indian summer Monsoon in response to a northward shift of the
tropical convergence zone, in combination with the positive phase of the Atlantic Multidecadal
Oscillation that resulted in the intensification of southwesterly winds on the southwest flank of the
TP. Meanwhile, westerly winds over the TP weakened, resulting in added water vapor transported to
the inner TP through the “up-and-over” moisture transport route and then stuck in there. The
amount of enhanced precipitation decreased from the southwestern to northeastern inner TP that
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further enhanced high lake levels in western inner TP. Liu et al.
found a linear relationship between excess topography and mean
erosion rate in drainage basins in southeastern TP, which
indicates that hillslope erosion, especially landslides, is the
main erosion process. They propose that excess topography is
a better metric than slope to describe the spatial distribution of
the erosion rates in southeastern TP.

Determining precise ages of lacustrine sediment in TP
lakes is difficult due to the complex nature of lake reservoir
effects. Cong et al. dated a lacustrine sediment profile near the
Zhari Namco (at south-central TP). They found that
radiocarbon ages of the same sampling units are divergent
between bulk organic matter and grass leaves, and OSL ages,
which yield more reliable ages than radiocarbon dating. Yang
et al. provide chronology and multiple proxies of an typical
aeolian section in Gannan to reconstruct aeolian deposition
history in the eastern TP during the Holocene. Their results
showed that aeolian deposition occurred in the eastern TP
since the early Holocene.

An et al. investigated alluvial sequences in the drainage basins
on the northeastern TP based on geomorphic and stratigraphic
investigations and OSL chronologies. They found that the
development of alluvial fans was driven by glacier activities,
and the dynamics of alluvial processes had paleoclimatic
origins rather than tectonic. Shen et al. collected two hundred
and thirty-four surface pollen samples from moss polsters, top
soil, lake surface sediments, shrublands, shrub meadows,
meadows, steppes, and deserts in the TP to explore the
relationship between modern pollen rain and vegetation. They
found main vegetation types can be distinguished by their
modern pollen rain. Sun et al. conducted OSL dating of
ceramic and tile remains from three ancient cities in Qinghai
Lake Basin (at northeastern TP). They found that the warm and
humid climate at cal. 2 ka was an important driver of immigration
to this region that led to the construction of cities in the Qinghai
Lake area during the late Western Han Dynasty. Wende et al.
presented human impact on the paleo-environment through the
expansion and development of agriculture on the northeast
margin of TP, they found that large scale deforestation
occurred due to both agricultural practice and pottery
production. Primitive natural vegetation was replaced by
cultivated land and possibly environmental degradation has
occurred due to early grazing. Ma et al. dated a natural
section in the salt lake in Qaidam Basin (at northeastern TP)
by using OSL dating, they reported the formation periods of the
brine lithium deposits and discussed the contemporary
paleoenvironmental conditions. Li et al. measured the
chemical composition of fluid inclusions in primary halite that
collected from the ISL1A borehole in Qarhan Salt Lake (at south-
central Qaidam Basin), the analysis results showed that Ca-Cl
type deep brine and tectonic activities have huge impact on the
evolution of the Qarhan Salt Lake and the formation of
potassium salt.

Five papers in this research topic explored lake level
changes, sand dune formations, tectonic processes, and salt
mine formations adjacent to the TP. Huang and Chun
reconstructed the lake-level variations of Daihai at the
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marginal region of the East Asian summer monsoon
influencing area in north China during the Holocene. Their
results revealed the high lake level of Daihai began to develop
at 8.1 ka and reached the maximum at 5.2 ka (~40 m higher
than present), following the enhanced monsoon precipitation
during the mid-Holocene. Wang et al. analyzed elements and
colors of lacustrine sediments from Chagan Nur at the
southern Mongolian Plateau to constrain the lake
environmental changes during the Holocene. Their results
showed that stable element contents like Ti are more related to
surface erosion and vegetation coverage, and the variations of
Sr are related to lake level changes. Zhu et al. reported that
dune sands in the Hexi Corridor are mainly “sediments of in-
situ rising” that originated from alluvial or fluvial deposits,
lacustrine deposits, and aeolian deposits in the erosion zone of
the forelands of the Qilian Mountains and the north-
neighboring deserts. Their research reveals that the
interaction between wind and water dynamics is significant
in the formation and evolution of aeolian landforms in terms
of geomorphic genesis in these arid areas. Li et al. constructed
a vertical land motion model based on the latest leveling
observations adjacent to the West Qinling orogen and
analyzed the modern crustal deformation pattern in this
region. They found strain transformation plays a key role
in controlling the tectonic uplift in the West Qinling orogen.
Hussain et al. combined mineralogy, geochemistry, and fluid
inclusion and chlorine stable isotope compositions to discuss
the origin and evolution of the Eocene halite in Kohat Basin
(in Western Pakistan), they then reconstructed the
paleoclimate that was prevailing in Asia during the Eocene.

Four papers in this research topic focus on diatom transfer
function to quantitative paleoclimatic reconstruction, loess and
Old Red Sand in southern China, and theory for the dynamics of
ice age cycles. Zou et al. selected an alpine lake in Southwest
China, investigated the seasonal succession of modern diatom
assemblages to produce a mean surface water temperature
transfer function, and produced a diatom-water depth transfer
function by exploring the spatial pattern of surface diatom
assemblages with water depth. After being validated by
meteorology data, they proposed diatom transfer functions
based on modern observations of the same lakes. These
functions have a high environmental sensitivity and can be
used for the quantitative reconstruction of regional climate
change on various timescales. Fan et al. used grain size data
and quartz grain surface microtexture observations to identify the
provenance for the Xiashu loess in southern China, they
concluded that floodplains in the lower reaches of the Yangtze
River, the alluvial plains of the Huai River, and the Yellow River to
the north are the dominant source areas. Fan et al. studied the
origin and paleoenvironmental significance of the Old Red Sand
(ORS) on the southeast coast of China. They reported that the
grain size of the ORS shows typical aeolian features, the quartz
grain surface microtexture of the ORS shows both aeolian features
and subaqueous environment characteristics. At last, Lai et al.
proposed a new theory for the dynamics of ice age cycles focusing
on the saw-tooth patterns and related changes in the energy
balance of the Earth. By analyzing global temperature archives
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reconstructed from various proxies, they suggest the cooling of ice
ages is associated with slow Northern Hemisphere high-latitude
processes, while deglacial warming is associated with fast heat
release from the deep ocean. This “bimodal forcing” hypothesis
poses questions to the previous single forcing theories which
suggest the control of Northern Hemisphere high latitude areas
and pave a new way to understand the dynamics of ice ages.
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The Kohat Basin (KB) lies on the Himalayan Foothills and is of scientific importance as it
directly recorded the closure of the Tethys Sea and the Himalayan collision between India,
Asia, and a number of other small plates. During the Eocene, after the collision between the
Indian and Eurasian plates terminated the Tethys Sea, thick-bedded marine evaporite
sequences developed in the KB. In this study, we combined mineralogy, geochemistry,
fluid inclusion and chlorine stable isotope compositions to discuss the origin and evolution
of the KB Eocene halite deposits with the ultimate objective of defining the paleoclimate
that was prevailing in Asia during the Eocene. Our results showed that halite samples were
S0,2" rich (225-370.10° ppm) and Br~ poor (<3 ppm). CI-, B*, Mg®*, K*, SO, and very
low Br concentrations as well as the (Br/Cl) ratios indicated that halite resulted of a mixture
of solutions with variable compositions and that dissolution, recrystallization and a
progressive decrease in dolomitization were the mechanisms leading to the formation
of these evaporites. A Br/Cl vs Cl plot revealed that the end members involved were:
seawater (sw), saline waters and/or freshwaters. The recrystallization process prevented
identifying the primary structures and primary fluid-inclusions. Most of Cl isotope
compositions (-0.54%0<8°"Cl < 0.83%.) were within the usual range (0 + 0.5%o)
associated to seawater as the initial source for the halite. The higher isotope
compositions (8°'Cl > 0.83%.) comforted the hypothesis of the genesis by mixing of
solutions of different origins as well as the involvement of recrystallization. Based on our
results, we are proposing the following to explain the regional paleoclimate sequence: 1)
shallow water conditions; 2) halite precipitation induced by evaporation, 3) unstable
paleoclimatic conditions that resulted in the morphing from an evaporite basin into a
terrestrial foreland basin. All these events were controlled by regional tectonic and linked to
both the overall uplift times of the NW Indian Craton and the Eocene thermal maximum one
during the Eocene-Oligocene period.
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INTRODUCTION

The collision tectonic events leading to the final closure of the
Tethys Sea during the Cenozoic formed mountain chains that
prolong from the Mediterranean region to Asia (Potter and
Szatmari, 2009). These events were recorded by the
Paleocene-Pleistocene sedimentary rocks present in India,
Nepal and Pakistan (Najman et al,, 2017). These events most
probably debuted after the Indian plate broke away from
Gondwanaland, began moving north towards Eurasia, and
ended with the subduction of the Tethys Sea (Khan et al,
1987; Ahmad et al., 2002). The continent-continent collision
between the Indo-Pakistan and the Eurasian plates not only
led to the Himalayan orogeny but also provided enough
marine sediments and source material for the development of
thick-bedded evaporites in Pakistan (Pivnik and Wells, 1996).
The major rock salts deposits in Pakistan are located in the Salt
Range area and in the Kohat basin (KB) (e.g. Hussain et al., 2019;
Hussain et al., 2020a; Hussain et al., 2020b; Hussain et al., 2021).
The Precambrian Salt Range is considered as the main and oldest
salt deposits in the sub-continent. The younger salt deposits
(Eocene age) are found in the northwestern KB with the main
deposits located in the central part of the basin. Deposits contain
halite along with variable amounts of gypsum dolomite and clays,
and limited layers of potash and magnesium salts. In comparison,
the KB salts are thin compared to the Salt Range Formation and
can be observed at different locations (Jatta, Karak and
Bahadurkhel) of the KB (Figure 1). Just like the SR Fm. the
base of the KB is not exposed but its thickness is variable, with a
maximum of 700 m (Asrarullah, 1963; Pivnik and Wells., 1996).
Records of marine sedimentation ranging from the Paleocene to
younger ages can be observed at the Kohat Plateau (KP; NW
Pakistan), also known as the Kohat Fold and Thrust Belt (KFTB)
(Hussain and Zhang, 2018). These sedimentary rocks are mainly
constituted of complex groups of sulfate, evaporite, shale/
sandstone, and conglomerates (Meissner et al., 1975). The KP
lies within 100 km of the western Himalayan Foothills (Pivnik
and Wells, 1996) and is assumed to be the main Himalayan
depocenter at the time of the collision between the Indian and
Asian plates (Gardezi, 2016). The KP is restricted by the Main
Boundary Thrust (MBT) on its northern part and by the Trans-
Indus Salt Ranges and the Bannu Plain on its southern border.
The Indus River and the Kurram Fault mark (Figure 1) its eastern
and western boundaries (Kazmi and Rana, 1982).

The KP encompasses Cenozoic sedimentary rocks and
previous studies have shown that during the Paleocene (early
Eocene) the formation of thick-bedded evaporites in the region
was facilitated by the submergence of the NW Indian continental
shelf that separated from both the Tethys Sea and the Persian Gulf
(e.g. Pivnik and Wells, 1996). Thick-bedded evaporites and
particularly brines are common geological features worldwide
(Warren, 2006; Guo et al., 2017) that have been vastly investigated
(e.g. Gee, 1938; Krishnan, 1966; Hsii et al., 1973; Hsii and
Bernoulli, 1978; Alsop, 1996; Hardie and Lowenstein, 2004).

Studies have particularly focused on evaporites strictly related
to source rocks in sedimentary environments (e.g. Hussain and
Warren, 1991; Warren, 2010; Hussain et al., 2021). However, due
the lack of modern equivalents, the origin, evolution and the
depositional background of these evaporites is still subject to
debate (e.g. Guo et al., 2017; Hussain et al., 2020a). Classical
chemistry and isotope systematics have already demonstrated
their added value to better constrain the sources and processes
leading to the formation of these evaporites (Han et al., 2019;
Hussain et al., 2020a; Hussain et al., 2021). For example, the Br/Cl
ratio and Na-Cl-Br concentrations measured in evaporites can be
used to characterize the formation and evolution, including
recrystallizsation, dissolution and redeposition processes, of
basin fluids (e.g. Walter et al, 1990). The Cl/Br ratio is a
common proxy used to study changes during the late phases
of halite deposition (e.g. Eggenkamp et al., 2019a; Hussain et al.,
2021), the origin of saline waters (e.g. Alcala and Custodio, 2004;
Alcala and Custodio, 2008; Katz et al., 2011) as well as dissolved
mineral components in deep fluids (Heinrich et al., 1993; Sonney
et al., 2010) and paleoenvironment of evaporites (Ercan et al,
2019). On the other hand, the use of Cl stable isotope
compositions (noted 8°’Cl) has proved to be a reliable tracer
for ancient evaporites (Eggenkamp et al., 2018; Eggenkamp et al.,
2019a; Eggenkamp et al., 2019b), to identify the origin of modern
brines (Eggenkamp, 2014; Luo et al., 2014), and to characterize
the geochemical development of connate waters in sedimentary
basins (Tomascak et al., 2016; Hanlon et al., 2017). 8*"Cl is good
at fingerprinting the origin of mixed magmatic-basinal brines
and it can differentiate between marine and non-marine
environment and depositional conditions (Chiaradia et al,
2006). Recently it has also been proved that 6°’Cl can be used
to evaluate the evaporation rate at the time of the salt formation
(Luo et al., 2014, Luo et al.,, 2016; Hussain et al., 2019).

The rock salt deposits in Pakistan were early characterized (e.g.
Wynne 1875, Wynne 1878, Wynne 1880). Gee (1945) created two
inches to one-mile geological maps. Asrarullah, 1962; Asrarullah,
1963 and Alam and Asrarullah (1973) estimated the volumes of
Pakistan rock salt resources. While most of this research was
focusing on understanding the stratigraphy and geology of the KB
(Eames, 1952; Meissner et al., 1974; Meissner et al., 1975; Shah,
1977; Wells, 1984; Pivnik and Sercombe 1993a; Pivnik and Wells
1996), the vast deposits of halite, sulfate and other salts present in
the Eocene Kohat Fold and Thrust Belt and their corresponding
sources and evolution have never been investigated using
chemistry and isotope systematics due to a complex
assemblage of these evaporites. The objectives of this study
were: 1) to geochemically characterize the Kohat salt (also
known as the Bahadur Kel salt) deposits 2) to define the
origin and evolution of the ancient halites and ultimately to
discuss the paleoclimate prevailing during their deposition. To
fulfill these objectives, we decided to couple the classical
geochemical, mineralogical and lithological approach with the
use of the (Br/Cl) ratios and 37Cl isotope compositions. To our
knowledge, this represents the first study using Cl isotopes to

Frontiers in Earth Science | www.frontiersin.org

April 2021 | Volume 9 | Article 644485


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

Hussain et al.

Kohat-Plateau; Halite; Paleoclimate; Isotope Geochemistry

=
5
SYMBOLS st o
V\ reverse fault 5‘;8 doubly-overturned anticline 1M ]
folded thrust fault =
> P -
overturned thrust fault [ Bahadur Khel Sait § - icline
(ball indicates dip direction) :| Jurassic-paleocene KOHAT & _— 79(/ nticling
anticline (hanging wall MBT) — . ,UT/,}__:_-_/; //
> syncli A fold plunge directi TP o H==
yncline fold plunge direction bt o ) panob
Qverumecianticie {dotted lines on structures indicate = 7 = J / .
&, overturned syncline blind faults or uncertain palcement) X 2‘
== — 0
-~ 0, :
o T
- t S T ==
SN
s
i Ta —————
~ - _\_____
Mazatal Syncline, — n
SEe== ﬁ """ T @ g‘:‘
G BANDA DAUD SHAH _ wi
Ahmed-Zai Syncline
N
—_— e LA
-
2= A —
i Sae T N
=
BANNU Q pNS” X
] 1 )
T T T T T (]
70°30' 70°45" 71°00’ 71°15’ 71°30" 71°45" 72°00'
FIGURE 1 | Structural map of the Kohat Plateau (modified after Pivnik and Wells, 1996). The map indicates the major structural boundaries as well as the locations
of the thick-bedded salt rock deposits.

better understand the regional geology, and lays a basis for future
isotope investigations of the KFTB.

GEOLOGY AND STRATIGRAPHY

The Great Himalaya emerged because of a N-S crustal shortening
and thickening, resulting from the junction between the Indian
and Eurasian Plates and their later impaction (Gansser, 1964; Le
Fort, 1975). In the Early Miocene, these tectonic movements
formed the Tibetan Plateau (TP) as well as thrust structures such
as the KP, which are parts of the Indo-Gangetic foreland (Ahmad
et al., 2006), comprising Tertiary sedimentary rocks. Previous
studies (Gee 1938; Meissner et al., 1974; Meissner et al., 1975;
Shah, 1977; Wells, 1984; Pivnik and Sercombe 1993b; Pivnik and
Wells 1996) indicated that the surface rocks are mainly from the
Eocene and present an unconformable relationship to the
overlying Miocene or younger rocks (Gee, 1945; Fatmi, 1973;
Shah, 2009). The strata deposited under restricted marine
conditions and represents the first record of the Himalayan
collision (Pivnik and Wells 1996). The KFTB was cut off from
the Tethys Sea and developed a complex assemblage of evaporites,
carbonates and clastic rocks generated by tectonic forces during
the later stages of the Himalayan orogeny.

Structurally, the KP represents both compressional and
transpression tectonics (Pivnik and Sercombe, 1993b); many
features are linked to imbricated thrusts; and associated folds
are linked to the oblique convergence and subsequent
formation of an hybrid terrain (Paracha, 2004). Seismic
data from the Northern Potowar Deformation Zone
(NPDZ) and KP revealed that both regions shares parallel
structure histories (Pivnik and Sercombe, 1993a). Pop-ups,
wide synclines, narrow faults, and evaporite anticlines are the
most common structural features of the KFBT. They indicate a
high-level translation of a large thrust mass along the Eocene
evaporites (Hussain and Zhang, 2018) resulting from the
northward clockwise tectonic movement of the Indian plate
(Gardezi, 2016).

Figure 2 reports the detailed stratigraphy of the KFBT studied
and shows that the Paleozoic and Mesozoic rocks deposited on
the north Indian passive continental margin, which facilitated a
southern shoreline to the Tethys sea (Pivnik and Wells 1996). The
oldest exposed rocks are of Eocene age and consist of evaporites
(halite and gypsum) and shales. Drill hole data from hydrocarbon
exploration suggest that early Jurassic rocks are the unexposed
oldest rocks (Gardezi, 2016). In this study, we are focusing on the
Eocene halite deposit that was developed between the NW Indian
continental margin, the southern Asian margin, and at least one

Frontiers in Earth Science | www.frontiersin.org

10

April 2021 | Volume 9 | Article 644485


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

Hussain et al. Kohat-Plateau; Halite; Paleoclimate; Isotope Geochemistry
Pivnik and Wells | Meissner et al. Rashi Wynne
ashid et al. Eames (1952 Gee (1945
Age (1996) (1974) 18s2) ulass) (1875,77,79)
Oligocene ' ™
35.4
Late
- 421
i Kohat
[} { &, Nummulite Sh.
o] ‘= Upper Kohat Sh.
8 g Kalahand Ls.
= - ;
fel =l = Upper -
2| Eocene KohatFm.  |& 2| Kohat Fm. Kohat Lime St. o gls:;r:Z?i!;\ilstrgZ’d o | Nummuic | Upper Nummulitic
© = = < 5 © £
F= 3 o0 S| Chalky Dolomite | £ ®
E i Mami Khel Fm. |~ | Mami Khel clay| _ MamiKhelclay [<5| Crimson Clays S Red clay besds 5| Redclay Zone
| P - N %)
. £ 2 | shekhan Jatta | Shekhan Formation ; Kohat Saline -
s Sﬂ ‘Zx 5 gypsum A . - Shekhan Lime St Sories Gypsu
5 IS /S5 =5 = Bahadur Khel|_Salt-marl Series | 2 N
w | o o £923 Salt — Panoba =
5 ® 5 @ & ¥|Panoba STLE N - Base not exposed © | Sakesarls. |, Rock Salt
9 5 585 | Shale Shals Nammalls. |Z
H— || S
56.5 N = T =
Lol (_C“D'-‘ § /é(’b\/(\ Patala Fm. + | Tarknobi Shale | Patala Shales £
O QTS < : = : = -
Paleocene «%4@9%00*‘\‘? eI, § Tarkhobi Ls. é Khairabad Ls. Lower Nummulitic
Eaagly 7" Hangu Fm. Hangu Fm. Dhok Pass Beds

FIGURE 2 | Stratigraphic column of the Kohat Plateau (KP), showing major formations and corresponding ages.

TABLE 1 | 8°’Cl and ion compositions of the salt deposits from the Kohat basin: Jatta, Karrak, and Bahadur Khel deposits.

Reion Sample

Jatta

Karrak

DUDUOO(I')UJUJUJZDZDZD
BON 2 ON = WN =N =

s
W N =

Bahadur khel M4-1
M4-2
M4-3
M17-1
M17-2
M17-3
M17-4
OA

or more microplates that now constitute western Pakistan and

eastern Afghanistan.

The Eocene halite in the KP is referred as the Kohat Saline
Series (Gee, 1945) or the Bahadur Khel Salt (Meissner et al.,
1974). It is exposed along anticlines with a general EW-trend and
crops out in the central part of the KP near the Manzalai anticline

Cl- ppm

591,110.4
592,647.9
550,320.7
599,593.2
568,776.3
558,080.4
545,489.1
565,499.6
582,439.4
473,5610.6
526,668.4
540,145
496,278.5
568,421.5
561,922.5
5560,577.1
577,665.2
564,373.8
576,612.1
575,3568.7
571,203.3
532,018.8
5565,311.8
561,138.9

Br~
ppm

2.25
2.21
2.1
2.33
2.05
217
2.26
2.05
1.3
2.22
2.14
2.37
2.04
212
2.23
1.76
1.94
1.85
1.71
21
1.78
1.92
1.94
2.01

Ba+ ppm

<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
<0.0072
13.65
4.77
2.57
<0.0072
<0.0072
1.29
<0.0072
<0.0072

Ca?* ppm

2,749.78
2,179.82
9,214.54
88.44
8,458.22
8,326.75
9,763.02
6,600.86
4,817.71
9,796.43
10,396.13
11,473.05
13,025.51
9,066.92
6,777.26
11,036.04
7,750.18
8,808.81
6,585
7,848.77
9,413.37
8,654.4
10,310.72
7,248.57

K" ppm

104.12
113.21
113.04
118.33
185.09
165.82
1565.16
126.44
111.16
179.15
507.73
145.15
168.62
139.22
123.19
130.97
82.51
83.13
105.7
100.85
71.43
17419
121.99
123.74

Li* ppm

3.71
3.88
4.41
3.47
2.64
4.2
3.48
3.34
3.76
272
2.96
413
2.52
3.49
3.05
4.01
0.77
0.1
1.31
1.09
117
0.14
1.16
1.01

Mg ppm

20.05
20.41
18.16
23.94
36.57
63.12
29.96
9.38
126.54
571
125.26
29.83
33.22
11
13.46
13.92
32.51
37.04
24.5
30.88
27.82
4214
47
15.86

Na+ ppm

383,061.7
384,097.2
356,1566.2
390,451
361,712.8
361,253.6
3562,658.3
367,752.6
377,306
305,864.4
341,049.3
349,166.7
321,023.1
361,596.7
363,923.9
365,285.6
373,962.7
365,623
373,436.7
372,284
369,778.9
344,216.4
369,5632.2
363,103.7

S0,2
ppm

5,919.19
4,646.17
20,479.94
225.4

18,976.26
18,717.9
21,135.75
17,853.88
11,029.13
21,147.7
24,716.07
25,167.27
29,584.64
20,5618.82
15,141.28
22,686.3
17,133.25
20,278.07
14,667.23
17,004.87
21,102.12
19,171.54
23,5620.57
15,629.58

8%Cl %o Error
%o

-0.15 0.05
-0.03 0.04
-0.54 0.06
0.69 0.13
0.29 0.12
0.39 0.15
-0.32 0.03
-0.16 0.08
-0.24 0.05
-0.06 0.05
-0.25 0.12
-0.18 0.26
-0.46 0.05
0.83 0.17
-0.07 0.24
-0.06 0.05
-0.26 0.17
-0.2 0.05
-0.1 0.23
0.28 0.01
-0.14 0.31
-0.11 0.21
-0.26 0.17
-0.35 0.01

and along the Karak-Hukni fault. The Jatta Gypsum confirmly

lays on top of the Bahadur Khel Salt (BKS) but correlating its age

with other units (e.g. the Ghazij Group) is rendered difficult due
to the lack of local age control (Pivnik and Wells, 1996). The real
thickness of the BKS is unknown as its base is not exposed.
However, while Meissner et al. (1974) reported an exposed
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thickness of about 100 m, a hole drilled in the core of an anticline
(in the Shakarkara village) yielded a thickness of about 700 m
(Meissner et al., 1974). Regional geology and stratigraphy indicate
that at the time of deposition the brine was most likely warm and
deposited on sabkhas and in lagoons in its northeastern part and
in a shallow water environment in its southern part (Pivnik and
Wells, 1996). The Eocene regression forged the final small and
limited basins.

MATERIALS AND METHODS

Sampling and Elemental Concentrations

In total, we collected 24 representative halite samples in 2018
from three distinct deposits (details are given in Table 1): nine
samples from the Jatta deposit, seven from the Karrak one and
eight from the Bahadur Khel one. For each halite sample, we
measured the K', Na*, Ca**, B**, Mg**, Li’", SO,*", Br, CI°
concentrations and corresponding Cl stable isotope compositions
(noted 8%7Cl). K*, Ca®*, Mg**, and B>" concentrations were
measured by ICP-OES (ICAP6500DUO, United States) with a
precision better than 5%. Br~ and SO,>~ were analyzed by Ion
Chromatography (IC-5000+, Thermo Fisher, United States) and
Cl” was measured by chemical mercurimetry, with an accuracy
higher than 0.3% (ISL, CAS, 1988). §°”Cl was analyzed by Positive
Thermal Ionization Mass Spectrometry (TIMS-TRITON,
United States). All measurements were made at the Salt Lakes
Analytical and Testing Department, Qinghai Institute of Salt
Lakes, Chinese Academy of Sciences.

Isotope Sample Preparation and Analysis

Each halite sample was first dissolved in highly deionized water
and then purified using the following two-step protocol (samples
were purified to ultimately contain 5g/L of Cl): 1) dissolved
samples first passed through a polyethylene ion-exchange column
(~0.5 cm diameter) filled with ~2 cm of Dowex 50WX8 H-cation
exchange resin, and subsequently through 2) a second
polyethylene ion-exchange column (~0.5cm diameter) filled
with ~1.6cm of Cs-cation exchange resin. The pH of the
solution was kept <7 throughout the procedure. Finally, the
eluant was collected for further analysis by TIMS. As the
halite samples presented low SO,”/Cl~ and NO; /CI™ ratios,
interferences by SO,°~ and NO;~ were considered negligible and
therefore no additional purification step was needed (for details
see Hussain et al., 2020b). A tantalum (Ta) filament was heated
under vacuum for 1h using a current of 2-3A, before being
covered with 2.5 ul of a graphite slurry that contained 80% of
ethanol and 80 pg of graphite. About 2 pl of the sample solution,
having no less than 10 pug of Cl as CsCl, was deposited onto the
filament. The filament was then dried using a current of 1 A for
~2.5min and inserted into the TIMS (pressure at ~2.5 X
1077 mbars). The Cs,Cl" ion current generated was maintained
at 4 x 107'* A by adjusting the source current. Data were
instantaneously collected on Faraday cup “C” and “H1” by
using the ion flows from mass numbers 301 (***Cs,*>Cl") and
303 (*3Cs,>’ClY). The average 37C1/*3Cl ratio we obtained for the
TIAEA ISL-354 NaCl standard was 0.319031 + 0.000066 (n = 12),

Kohat-Plateau; Halite; Paleoclimate; Isotope Geochemistry

in agreement with the value of 0.31964 + 0.00092 reported by
Xiao et al.,, 1997. The corresponding §°’Cl value was calculated as
(error < 0.09%o):

37Cl

37 msample 3
6 Cl= |55 x 10
ISL-354

3l

RESULTS AND DISCUSSION

Halite Mineralogical Characteristics

The 8*’Cl and elemental compositions of the halite samples are
given in Table 1. Results show that Na* and Cl~ are the major
ions, followed by SO,°~ and Ca** Trace elements, such as B> and
Br~, are usually negligible. §°”Cl in our halite samples range from
—-0.54%0 —0.83%0 with an average isotope composition of
—0.06 + 0.33%o.

The main salt deposits in the KB can be observed at three
localities: Jatta, Karak and Bahadur Khel (Figure 1). All deposits
in the KB are stratigraphically considered as the Bahadur Khel
Salt (Meissner et al., 1974; Pivnik and Wells, 1996). The general
trend follows a NS direction and extends for up to 40 km. The KB
salts are white to grayish in color, the later resulting of the
intermixing of black bitumen/shale with rock salt, which in
turn affects its purity. The halite thickness in the KB varies
from one to hundreds of meters (Meissner et al., 1974). The
exposed mineralization is massive and translucent for most of the
deposits. Few thin layers are transparent and crystals vary
between euhedral and anhedral. Primary textures were absent
or difficult to detect and only secondary textures with secondary
fluid inclusions were observed under microscopy (Figure 3).

Primary structures in halite, e.g. chevron and hopper
structures, are generally interpreted as reflecting shallow lake
brines (Salvany et al., 2007) deposited under stable environmental
conditions (Warren 2006; Ercan et al., 2019). Although previous
studies concluded that the KB brines were warm, shallow and
developed within a passive continental margin (e.g. Pivnik and
Wells, 1996; Pivnik and Wells, 1996), finding corresponding
primary structures was not possible due to the recycling of the
ancient halite. On the other hand, the recrystallization and
dissolution processes during flooding (Shearman, 1970) and
the alteration of the mineral morphologies by burial effects or
by active capillary activities around older mineralization develop
common secondary features (Ercan et al, 2019). Thus, this
indicates that the KB halite either developed or evolved under
variable conditions.

Halite Geochemistry

For all halite samples Mg**, Ca** and SO,*” ions yielded large
variations in their concentrations (Table 1). Li* Br~, Ca**, K%,
and B* concentrations varied among the different sites, and even
within each sampling site (Table 1): the K" and Ca’" contents in
the Jatta and Bahadur Khel samples ranged from 104 to 185 ppm,
from 88 to 9,763 ppm, from 71 to 174 ppm and from 6,585 to
10,310 ppm, respectively. The Karrak samples gave the highest
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.

crystals covered by (black) bituminous materials.

FIGURE 3 | Microscopy pictures of the halite samples: (A) random crystal of halite covered by secondary fluids, (B) washout structures, and (C) halite random

Ca®" (6,777-13,025 ppm) and K* (123-507 ppm) concentrations.
Mg*" concentrations ranged between 15 and 47 ppm for the
Bahadur Khel site, between 11 and 125 ppm for the Jatta site and
from 9 to 126 ppm for the Jatta site. Li" and Br~ contents varied
between 0.09 and 4.4 ppm and between 1.2 and 2.3 ppm,
respectively. B* concentrations were very low (<0.007 ppm) in
most of the halite samples. SO,>~ content were high in most
samples with values between 225 and 29,584 ppm. The highest
SO,*” concentrations were observed at the Karrak site.

During the late Eocene (37-34 Ma), seawater was Mg>* and
SO, rich (Holland, 2005), due to a progressive decrease in
dolomitization. Between 93.5 and 36 Ma the SO,>~ concentration
was higher than that of Ca** (Timofeeff et al., 2006). Figure 4
shows that for the KB SO,> > Ca®*, which indicates that the
parent waters were SO,>~ rich. While the K* concentration of
Tertiary marine halite was constant at about 400 ppm (Holland,
1984), in our samples, it varied between 84 and 9,413 ppm, with
an average value around 100 ppm (Figure 4A). As the Mami Khel
clays overlay the Kohat salts these lower K* concentrations may
thus be explained by the absorption of K" onto clay minerals. The
Mg** content of the Eocene SW was lower (874 ppm) compared

to the 1,336 ppm in present day SW (Brennan et al., 2013). In the
KB halite the Mg content varied between 1 and 126 ppm
(Figure 4B). The low Mg*" are probably caused by permeable
zones. The study area is highly faulted, with the Kurram Thrust
Fault covering the western and northern parts of the area and
overlaying the Mami Khel clays. It may form impermissible zones
that prevent any water input. Brennan et al. (2013) reported that
the Ca®" content in present-day SW (264 ppm) is lower than
during the Eocene (384 ppm), giving a negative relationship
between Ca** and SO,> (Figure 4C). In our study, the
relationship between these two ions was linear with a positive
slope (Figure 4C) that indicated that the controlling process is a
global decrease in the dolomitization process (Holland and
Zimmermann, 2000; Holland, 2005).

The Br™ concentration in the first halite precipitated from SW
is ~75 ppm (Holser, 1979) and its value reaches up to 270 ppm in
the advanced concentration stages, at the beginning of the Mg
sulfate deposition (Kovalevych et al., 2006). The calculated Br~
residence time is ~100 million years (Holland, 1984). Therefore,
the Br~ concentration in halite precipitated from the evaporation
of Tertiary seawater must be about 75-270 ppm (Ercan et al,
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2019) but later changes (e.g. recrystallization, dissolution) can
affect these concentrations (Eggenkamp et al, 2019a). For
example, the Miocene halite of the Mediterranean region
yields Br~ concentrations up to 40 ppm (Bloch, 1953) but also
as low as ~5 ppm (e.g. Ercan et al., 2019). Brennan et al. (2013)
reported Br~ concentrations of 11 ppm for halites from the
Catalan sub-basin, whereas Moretto (1986) reported Br~
concentrations of 10 ppm for the Bresse Basin. The Eocene
salts from Bhadur Khel have lower Br~ concentrations
compared to the other Paleogene and Neogene basins
(1.3-2.37 ppm) that indicate an entry of non-marine water
(Shouakar-Stash, 2008) or the dissolution or recycling of
ancient marine halite (Brennan et al,, 2013; Han et al.,, 2019;
Eggenkamp et al., 2019b). The study of the Cl/Br ratio has proved
to be one of the most effective and sensitive indexes when
defining the geological environment, brine concentrations and
the depositional stages associated to the brine evaporation

process (e.g. Han et al, 2019; Hussain et al, 2019).
Experiments have demonstrated that this Cl/Br ratio is related
to the brine and salt evolution (Braitsch, 1962): the more
advanced brine solutions produce lower Cl/Br ratios in the
precipitates (Eggenkamp et al, 2019a; Eggenkamp et al,
2019b). The Cl/Br ratio in SW (~300) is lower than at any
halite stage as evaporites preferentially incorporate Cl~
compared to Br~ (Hussain et al., 2020b). Figure 5 shows that
our halite samples Br~ concentrations were low, yielding high Cl/
Br ratios. This indicates that they have been dissolved by saline
waters/non-marine waters as evaporites forming in basins having
no or limited connections with the open sea are expected to
episodically get waters and solutes from non-marine sources
(Holland et al., 1984). Geology demonstrates that halite in the
KB has a marine origin (Wells, 1984; Pivnik and Wells, 1996),
resulting from the precipitation of the ancient Tethys Sea (Pivnik
and Wells, 1996; Hussain and Zhang, 2018). Thus, the low Br~
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concentrations can only be explained by multiple inputs of non-
marine water.

The Cl/Br vs Cl diagram (Figure 5) shows that in our study
area brines of different origins were mixed. The halite samples
from our three locations plot along two distinct trends: 1) Most of
the samples from the Karrak mine plot along trend 1 in Figure 5
and indicated that they precipitated from two mixed Cl-rich salt
waters that have dissimilar compositions, percentages or origins
(e.g., SW, saline water or meteoric water). 2) Samples from
Bahadur Khel and Jatta lay along trend 2 and agreed with the
recrystallization of ancient halite (i.e. WRI; water-rock
interaction). We also compared our values with those of two

Kohat-Plateau; Halite; Paleoclimate; Isotope Geochemistry

other salt basins (Figure 5): the Salt Range (Pakistan; Hussain
etal., 2020a) and the Tuz Golu (Turkey; Ercan et al., 2019) basins.
While the KB showed a trend similar (but with lower Br
concentrations) to the Tuz Golu basin, the nearest Salt Range
yielded significantly lower and homogenous Cl/Br ratios that may
be explained by active tectonic and multiple halite dissolutions.

Cl Isotopes in Halite: Implications for

Paleoclimate
8*7Cl isotope compositions have been extensively studied in
evaporites in order to explain the Cl stable isotope
fractionations induced by the evaporation process (e.g.
Vengosh et al., 1989; Xiao et al., 1997; Eggenkamp et al., 1995;
Eastoe et al., 1999; Ying-Kai et al., 2000; Eastoe et al., 2001; Eastoe
et al., 2007; Luo et al,, 2012; Luo et al., 2014; Eastoe, 2016; Luo
et al,, 2016; Eggenkamp et al., 2019a; Eggenkamp et al., 2019b).
Salt precipitation from marine brines follows the classic Rayleigh
distillation law (Eggenkamp et al., 1995), inducing a decrease in
the 8°”Cl coupled to an increase in the corresponding Br/Cl ratio
(Eggenkamp et al.,, 2019a). Figure 6 shows that the Bahadurkhel
and Karrak samples are mostly characterized by rather constant
8*7Cl ~~0.2%o but varying Br/Cl ratios, whereas the Jatta samples
display somewhat positive 8°’Cl values with considerably
constant Br/Cl ratios. This may be explained by frequent and
multiple dissolution and precipitation processes as Br contents
decline with successive recycling processes (Eggenkamp et al.,
2019b; Han et al., 2019). It also indicated that the basin was
disconnected from the main water reservoir (i.e. sea), allowing for
multiple dissolution/precipitation and mixing to occur.
Ultimately, this resulted in the halite showing various origins,
in agreement with the findings of Holland, 1984.

Previous studies have shown that halite is generally enriched
in the heavier *’Cl isotope and that its final §°’Cl is controlled by
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FIGURE 6 | Br/Cl ratio vs §°’Cl of individual halite samples from the
Kohat Basin.
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the corresponding deposition conditions (e.g. Luo et al., 2016).
The study of Cl stable isotope fractionations during salt
precipitation (e.g. Eggenkamp et al, 1995; Luo et al, 2012;
Luo et al, 2014; Eggenkamp et al, 2015; Luo et al, 2016;
Eggenkamp et al, 2016) showed that the most negative §°’Cl
appear when bischofite (MgCl,#6H,0) starts precipitating
(Eggenkamp et al., 2018). Luo et al. (2014) also showed that
8%7Cl keep decreasing continuously with the precipitation of
K-Mg salts. Thus, Cl isotopes are good proxies for
characterizing the evaporation process: the continuous
impoverishment in *’Cl can be linked to the evaporation
cycles (Luo et al, 2014; Eggenkamp et al., 2019a). CI” in the
Kohat Basin results of the ancient marine water (Pivnik and
Wells, 1996; Hussain and Zhang, 2018) that may be mixed with
non-marine or meteoric waters, as demonstrated by the §°’Cl
values of its halite centered around 0%o (Eastoe et al., 2001; Eastoe
et al,, 2007). The 8”’Cl for the KB Eocene marine halite ranged
from —0.54%o to 0.83%o, and most of these isotope compositions
are within 0 + 0.5%o, indicating that variable climatic conditions
prevailed during deposition as well as the alternation of wet and
dry periods climate. Under wetter conditions, dissolution of the
already deposited halite is the main source of Cl. This dissolution
is accompanied by higher 8°’Cl (Luo et al., 2016) compared to
lake water. Under dry spell conditions, a limited quantity of Cl
enters the basin and, coupled to the evaporation process, this
continuously decreases §°’Cl in the salt lakes. Consequently, lake
waters during flooding have higher §”’Cl compared to dry
conditions. These higher 8°’Cl indicate thus both the state of
the halite precipitation from the saline lake but also reveal a larger
volume of lake water. For the KB, the highest §*"Cl was 0.83%o,
suggesting a sudden high-depth lake and thus important amounts
of water entering the basin. On the other hand, as most of the
8%7Cl values were negative (Figure 6; lowest 8°’Cl = —0.54%o),
this suggests that long dry and hot climatic conditions prevailed
during the deposition of the halite.

Origin of the Eocene Halite in the Kohat

Basin

Due to the events associated to the “Eocene thermal maximum
1(ETM1)" (also known as the “Paleocene-Eocene Thermal
Maximum; PTEM”), Eocene was an evolving period. The
PTEM was characterized by an extreme increase (5-8°C) of
the global average temperature (Mcinerney and Wing, 2011).
The ETM1 occurred about 56 Ma ago (Bowen et al., 2015) and
this hot period remained for at least 200,000 years (Mcinerney
and Wing, 2011). The ETM1 effect was recorded worldwide and
the mid-latitude areas saw average temperatures of ~6°C (Hansen
et al,, 2013). Variations in the §°”Cl and ion compositions of the
Kohat Salts may have thus been controlled by the global sea level
fluctuations caused by these climate variations during ETM1. The
effects of the PTEM are more observable in the marine
sedimentary section across the Paleocene/Eocene (P/E) margin
in the adjacent Indus basin (Hanif et al., 2014). In this basin, the
onset of the carbon and oxygen stable isotope excursion has
proved that it’s associated with the PETM (Hanif, 2011). Besides
isotopic evidences, paleontological ones also support that the
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PTEM impacted the area neighboring the Salt Range (Afzal et al.,
2011; Hanif et al, 2020) and indicate that the environment
fluctuated (bathyal - shallow carbonate platform; Hanif et al,
2020). Still, to our knowledge, the studies about the PTEM effects
in this region are still scarce, therefore arising the need for further
investigations based on petrographic (e.g. halite homogenized
temperature) and isotope approaches. Figure 7 presents a
simplified model detailing the successive events that led to the
deposition of the KB Eocene halite. At the end of the Early
Eocene, an extensive but short-time regression period occurred in
the KB, evidenced by the presence of the Jatta gypsum and of the
association of the gypsiferous shale with halite (Qadri, 1995).
During the Middle Eocene, a widespread transgression formed
marshes covering the whole KB. This is evidenced by the Mami
Khel Formation that overlays the Chorgali Formation, that was
deposited in a coastal or tidal saline/brackish water environment
during a transgression event (Paracha, 2004). It comprises red to
brownish fluvial and/or alluvial claystone and shale intervals
which demonstrate the existence of a highly dry environment
for a long period in the KB. The deposition of the Kohat
Formation indicated transitional marine conditions about
50 Ma ago (Paracha, 2004). This ultimately established a
foredeep basin between the Indian and Asian Plates. Later on,
it morphed into a confined evaporite basin, followed by an early
terrestrial foreland basin and an open marine basin. And lastly,
during the Pliocene-Pleistocene times, it developed into an
entirely terrestrial foreland basin (Pivnik and Khan, 1996;
Paracha 2004). All these events were controlled by regional
tectonic, i.e. the overall rise of the NW Indian Craton between
the Eocene and Oligocene periods that formed an evaporite basin
(Figure 7).

CONCLUSION

In this study, we used the mineralogy, geochemistry and isotope
characteristics of Eocene halite samples from the Kohat Basin in
northern Pakistan to discuss the origin and evolution of the
evaporites and associated regional paleoclimate. Our results
suggested that the source of the ancient halites is not only
marine water but also included a combination of solutions
having different compositions (e.g. seawater or saline water
and meteoric water). Ion compositions (Br; <3 ppm) and
stable high 8%Cl values (+0.83%0) evidenced a non-marine
water entry and/or multiple time dissolution/recrystallization
by different waters. All samples yielded higher SO4*~
concentrations compared to Ca**, which confirmed that halite
precipitated from SO,> -type waters. The high Mg>* contents in
the halite samples compared to the Eocene seawater supported a
global decrease in the dolomitization process. The absence of
primary fluid inclusion indicated that highly unstable regional
paleoclimate prevailed during the different stages of the KB
formation: 1) during the initial stages shallow seawater existed,
which favored the establishment of an evaporite basin, 2) later on,
this evaporite basin turned into a terrestrial foreland basin,
followed by 3) an open marine basin, and ultimately 4) settled
as a terrestrial foreland basin. All this basin sequence was
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controlled by an active tectonic system that was linked to the
Himalayan orogeny and to the global sea-level fluctuations that
were triggered by ETM1.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

Credit author statement: Conceptualization, SH; validation, FH;
Software, AH and MM; Formal analysis and investigation, MZ,
HJ and SH; Data curation, AA; writing—original draft preparation,
SH; writing—review and editing, DW; supervision, FH, DW.

REFERENCES

Afzal, J., Williams, M., Leng, M. J., Aldridge, R. J., and Stephenson, M. H. (2011).
Evolution of Paleocene to early eocene larger benthic foraminifer assemblages
of the Indus basin, Pakistan. Lethaia 44, 299-320. doi:10.1111/j.1502-3931.
2010.00247 x

Ahmad, M., Akram, W., Ahmad, N., Tasneem, M. A., Rafig, M., and Latif, Z.
(2002). Assessment of reservoir temperatures of thermal springs of the northern
areas of Pakistan by chemical and isotope geothermometry. Geothermics 31,
613-631. doi:10.1016/50375-6505(02)00009-3

Ahmad, S., Ali, F., Khan, M. L, and Khan, A. A. (2006). Structural transect of the
western Kohat Fold and thrust Belt between hangu and basia Khel, NWFP,
Pakistan. Pakistan ]. Hydrocarbon Res. 16, 22-35.

Alam, G. S, and Asrarullah (1973). Potash deposits of salt mine, Khewra, Jhelum
District, Punjab, Pakistan. Director General, Geological Survey of Pakistan.
Alcala, F. J., and Custodio, E. (2004). La deposicion atmosférica de cloruro al

terreno en Espafa. Boletin Geoldgico y Minero 115 (5), 319-330.

Alcala, F. J., and Custodio, E. (2008). Using the CI/Br ratio as a tracer to identify the
origin of salinity in aquifers in Spain and Portugal. J. Hydrol. 359, 189-207.
doi:10.1016/j.jhydrol.2008.06.028

Alsop, G. L. (1996). Physical modelling of fold and fracture geometries associated
with salt diapirism. Geol. Soc. Lond. Spec. Publications. 100, 227-241. doi:10.
1144/gsl.sp.1996.100.01.14

Asrarullah (1962). Rock salt resources of Pakistan. Lahore, Pakistan: CENTO
symposium.

Asrarullah (1963). Rock salt resources of Pakistan. Pakistan Geographical Rev. 18,
19-32.

Bloch, M. (1953). On the Cl/Br” ratio and the distribution of Br ions in liquids and
solids during evaporation of bromide-containing chloride solutions. Bull. Res.
Counc. Isr.

Bowen, G. J., Maibauer, B. J., Kraus, M. ], Rohl, U., Westerhold, T., Steimke, A.,
et al. (2015). Two massive, rapid releases of carbon during the onset of the
Palaeocene-Eocene thermal maximum. Nat. Geosci. 8, 44-47. doi:10.1038/
ngeo2316

Brennan, S. T., Lowenstein, T. K., and Cendén, D. I. (2013). The major-ion
composition of Cenozoic seawater: the past 36 million years from fluid
inclusions in marine halite. Am. J. Sci. 313, 713-775. d0i:10.2475/08.2013.01

Eames, F. (1952). A contribution to the study of Eocene in western Pakistan and
western India, Part A. The geology of standard sections in the western Punjab
and in the kobat district. Geol.

Eastoe, C. (2016). Stable chlorine isotopes in arid non-marine basins: Instances and
possible fractionation mechanisms. Appl. Geochem. 74, 1-12.

Eastoe, C.J., Long, A., and Knauth, L. P. (1999). Stable chlorine isotopes in the Palo
Duro Basin, Texas: evidence for preservation of Permian evaporite brines.

Kohat-Plateau; Halite; Paleoclimate; Isotope Geochemistry

FUNDING

This scientific work was supported by the Qinghai Natural
Science Foundation (grant No. 2019-ZJ-911), Natural Science
Foundation of China (No. 42007169), the Fourth Batch of
Qinghai Province “Thousand Talents Program for High-end
Innovative Talents” (2020000051) and Funds for the Qinghai
Province (No. 2020-ZJ-932Q; 2020-Z]-732).

ACKNOWLEDGMENTS

We especially thank Ahsan-Ulla Khan & Engineer Shah
Burhan-Uddin (Project Manager: PMDC, KPK site,
Pakistan) for their help during sampling. We are also
thankful to Zhang-Kuang Peng & Prof. Ma Yunqi for their
help in the Cl isotope analysis, and the anonymous reviewers
for their helpful comments.

Geochimica et. Cosmochimica Acta. 63, 1375-1382. doi:10.1016/s0016-
7037(99)00186-6

Eastoe, C.J., Long, A, Land, L. S., and Kyle, J. R. (2001). Stable chlorine isotopes in
halite and brine from the Gulf Coast Basin: brine genesis and evolution. Chem.
Geology. 176, 343-360. doi:10.1016/s0009-2541(00)00374-0

Eastoe, C. J., Peryt, T. M, Petrychenko, O. Y., and Geisler-Cussey, D. (2007). Stable
chlorine isotopes in Phanerozoic evaporites. Appl. Geochem. 22, 575-588.
doi:10.1016/j.apgeochem.2006.12.012

Eggenkamp, H. G. M. (2015). Comment on "stable isotope fractionation of chlorine
during the precipitation of single chloride minerals" by Luo, C.-g., Xiao, Y.-k.,
wen, H.-j, Ma, H.-z, Ma, Y.-q., Zhang, Y.-l, Zhang, Y.-x. And He, M.-y.
[Applied geochemistry 47 (2014) 141-149]. Appl. Geochem. 54, 111-116. doi:10.
1016/j.apgeochem.2014.11.018

Eggenkamp, H. G. M., Kreulen, R., and Koster Van Groos, A. F. (1995). Chlorine
stable isotope fractionation in evaporites. Geochimica et. Cosmochimica Acta.
59, 5169-5175. doi:10.1016/0016-7037(95)00353-3

Eggenkamp, H. G. M., Louvat, P., Agrinier, P., Bonifacie, M., Bekker, A., Krupenik,
V., et al. (2019a). The bromine and chlorine isotope composition of primary
halite deposits and their significance for the secular isotope composition of
seawater. Geochimica et. Cosmochimica Acta. 264, 13-29. doi:10.1016/j.gca.
2019.08.005

Eggenkamp, H. G. M., Louvat, P., Griffioen, J., and Agrinier, P. (2019b). Chlorine
and bromine isotope evolution within a fully developed Upper Permian natural
salt sequence. Geochimica et Cosmochimica Acta 245, 316-326. doi:10.1016/j.
gca.2018.11.010

Eggenkamp, H., Bonifacie, M., Ader, M., and Agrinier, P. (2016). Experimental
determination of stable chlorine and bromine isotope fractionation during
precipitation of salt from a saturated solution. Chem. Geol. 433, 46-56.

Eggenkamp, H., Griffioen, J., Louvat, P., and Agrinier, P. (2018). “Bromine stable
isotope fractionation in evaporites,” in 20th EGU General Assembly, EGU2018,
Proceedings from the conference, Vienna, Austria, April 4-13, 2018, 2536.

Eggenkamp, H. (2014). The geochemistry of stable chlorine and bromine isotopes.
New York: Springer.

Ercan, H. U, Karakaya, M. C., Bozdag, A., Karakaya, N., and Delikan, A. (2019).
Origin and evolution of halite based on stable isotopes (837Cl, §81Br, §11B and
87Li) and trace elements in Tuz Goli Basin, Turkey. Appl. Geochem. 105,
17-30. doi:10.1016/j.apgeochem.2019.04.008

Fatmi, A. N. (1973). Lithostratigraphic units of the Kohat-Potwar province, Indus
basin. Pakistan: Geological Survey of Pakistan.

Gansser, A. (1964). Geology of the himalayas.

Gardezi, S. a. H. (2016). “Geological constraints on central KOHAT FORELAND
basin, Khyber PAKHTUNKHWA, Pakistan: implication from 2d and 3d
structural modeling,” in International conference and exhibition Barcelona,
Spain: Society of Exploration Geophysicists and American Association of
Petroleum, 3-6.

Frontiers in Earth Science | www.frontiersin.org

18

April 2021 | Volume 9 | Article 644485


https://doi.org/10.1111/j.1502-3931.2010.00247.x
https://doi.org/10.1111/j.1502-3931.2010.00247.x
https://doi.org/10.1016/s0375-6505(02)00009-3
https://doi.org/10.1016/j.jhydrol.2008.06.028
https://doi.org/10.1144/gsl.sp.1996.100.01.14
https://doi.org/10.1144/gsl.sp.1996.100.01.14
https://doi.org/10.1038/ngeo2316
https://doi.org/10.1038/ngeo2316
https://doi.org/10.2475/08.2013.01
https://doi.org/10.1016/s0016-7037(99)00186-6
https://doi.org/10.1016/s0016-7037(99)00186-6
https://doi.org/10.1016/s0009-2541(00)00374-0
https://doi.org/10.1016/j.apgeochem.2006.12.012
https://doi.org/10.1016/j.apgeochem.2014.11.018
https://doi.org/10.1016/j.apgeochem.2014.11.018
https://doi.org/10.1016/0016-7037(95)00353-3
https://doi.org/10.1016/j.gca.2019.08.005
https://doi.org/10.1016/j.gca.2019.08.005
https://doi.org/10.1016/j.gca.2018.11.010
https://doi.org/10.1016/j.gca.2018.11.010
https://doi.org/10.1016/j.apgeochem.2019.04.008
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Hussain et al.

Gee, E. (1938). The economic geology of the northern Punjab, with notes on
adjoining portions of the North-West Frontier Province: India Mining Geol.
Metall. Inst. Trans. 33, 263-350.

Gee, E. (1945). The age of the Saline Series of the Punjab and of Kohat. Proceedings
of the National Academy of Science India 14, 269-310.

Grandia, F., Canals, A., Cardellach, E., Banks, D. A., and Perona, J. (2003). Origin of
ore-forming brines in sediment-hosted Zn-Pb deposits of the Basque-
Cantabrian Basin, Northern Spain. Econ. Geology. 98, 1397-1411. doi:10.
2113/gsecongeo.98.7.1397

Guo, P, Liu, C,, Huang, L., Wang, P., Wang, K., Yuan, H,, et al. (2017). Genesis of
the late Eocene bedded halite in the gaidam basin and its implication for
paleoclimate in east Asia. Palaeogeogr. Palaeoclimatol. Palaeoecol. 487,
364-380. doi:10.1016/j.palae0.2017.09.023

Han, J-L., Hussain, S-A., and Han, F-Q. (2019). Stable chlorine isotopes in saline
springs from the Nangqgen basin, Qinghai-Tibet Plateau: brine genesis and
evolution. J. Earth Syst. Sci. 128, 206. doi:10.1007/s12040-019-1236-0

Hanif, M., Hart, M. B., Grimes, S. T., and Leng, M. J. (2014). Integrated stratigraphy
and palaeoenvironment of the P/E boundary interval, Rakhi Nala section, Indus
Basin (Pakistan). Arab J. Geosci. 7, 323-339. doi:10.1007/s12517-012-0812-2

Hanif, M., Sabba, M., Ali, N., Rahman, M. U,, Ali, F., and Swati, M. a. F. (2020). A
multi-proxy based high-resolution stratigraphical analysis of the possible
Palaeocene-Eocene boundary interval, Salt Range, Pakistan. Geol J. 56,
434-456. doi:10.1002/gj.3912

Hanif, M. (2011). Stratigraphy and palaeoenvironment of the paleocene/eocene
boundary interval in the Indus basin. Pakistan: University of Plymouth.

Hanlon, C,, Stotler, R., Frape, S., and Gwynne, R. (2017). Comparison of §81Br and
837Cl composition of volatiles, salt precipitates, and associated water in
terrestrial evaporative saline lake systems. Isotopes Environ. Health Stud. 53,
446-465. doi:10.1080/10256016.2017.1324856

Hansen, J., Sato, M., Russell, G., and Kharecha, P. (2013). Climate sensitivity, sea
level and atmospheric carbon dioxide. Phil. Trans. R. Soc. A. 371, 20120294.
doi:10.1098/rsta.2012.0294

Hardie, L. A., and Lowenstein, T. K. (2004). Did the Mediterranean Sea dry out
during the Miocene? A reassessment of the evaporite evidence from DSDP Legs
13 and 42A cores. ]. Sediment. Res. 74, 453-461. doi:10.1306/112003740453

Heinrich, C. A, Bain, J. H. C,, Fardy, J. J., and Waring, C. L. (1993). Br/Cl
geochemistry of hydrothermal brines associated with Proterozoic
metasediment-hosted copper mineralization at Mount Isa, northern
Australia. Geochimica et. Cosmochimica Acta. 57, 2991-3000. doi:10.1016/
0016-7037(93)90288-8

Holland, H. D. (2005). Sea level, sediments and the composition of seawater. Am.
J. Sci. 305, 220-239. doi:10.2475/ajs.305.3.220

Holland, H. D. (1984). The chemical evolution of the atmosphere and oceans. New
Jersey: Princeton University Press.

Holland, H. D., and Zimmermann, H. (2000). The dolomite problem Revisited1.
Int. Geology. Rev. 42, 481-490. doi:10.1080/00206810009465093

Holland, O. B., Brown, H., Kuhnert, L., Fairchild, C., Risk, M., and Gomez-Sanchez,
C. E. (1984). Further evaluation of saline infusion for the diagnosis of primary
aldosteronism. Hypertension 6, 717-723. doi:10.1161/01.hyp.6.5.717

Holser, W. T. (1979). Trace elements and isotopes in evaporites. Marine Minerals.
Mineralogical Society of America Short Course Notes Washington, DC doi:10.
1515/9781501508646-013

Hsi, K. J., and Bernoulli, D. (1978). Genesis of the Tethys and the mediterranean.
Boston, MA: US Government Printing Office.

Hsi, K. J., Ryan, W. B. F,, and Cita, M. B. (1973). Late Miocene desiccation of the
mediterranean. Nature 242, 240-244. doi:10.1038/242240a0

Hussain, H., and Shuangxi, Z. (2018). Structural evolution of the Kohat Fold and
thrust Belt in the shakardarra area (south eastern Kohat, Pakistan). Geosciences
8, 311. doi:10.3390/geosciences8090311

Hussain, M., and Warren, J. K. (1991). Source rock potential of shallow-water
evaporites: an investigation in holocenepleistocene Salt Flat sabkah (playa), west
Texas-New Mexico. Carbonates Evaporites 6, 217-224. doi:10.1007/bf03174424

Hussain, S. A., Feng-Qing, H., Yungqi, M., Khan, H., Jian, Y., Hussain, G., et al.
(2020a). An overview of Pakistan rock salt resources and their chemical
characterisation. Pakistan Journal of Scientific and Industrial Research

Hussain, S. A., Han, F-Q,, Han, J., Khan, H., and Widory, D. (2020b). Chlorine
isotopes unravel conditions of formation of the Neoproterozoic rock salts from
the Salt Range Formation, Pakistan. Can. J. Earth Sci. doi:10.1139/cjes-2019-0149

Kohat-Plateau; Halite; Paleoclimate; Isotope Geochemistry

Hussain, S. A.,, Han, F-Q., Han, W., Rodriguez, A., Han, J-L,, Han, J., et al. (2019).
Climate change impact on the evolution of the saline lakes of the soan-sakaser
valley (central salt range; Pakistan): evidences from hydrochemistry and water (8D,
§180) and chlorine (§37Cl) stable isotopes. Water 11, 912. doi:10.3390/w11050912

Hussain, S. A., Han, F-Q., Ma, Z., Hussain, A., Mughal, M. S., Han, J,, et al. (2021).
Unraveling sources and climate conditions prevailing during the deposition of
neoproterozoic evaporites using coupled chemistry and boron isotope
compositions (811B): the example of the salt range, Punjab, Pakistan.
Minerals 11, 161. doi:10.3390/min11020161

Katz, B. G., Eberts, S. M., and Kauffman, L. J. (2011). Using Cl/Br ratios and other
indicators to assess potential impacts on groundwater quality from septic
systems: a review and examples from principal aquifers in the United States.
J. Hydrol. 397, 151-166. doi:10.1016/j.jhydrol.2010.11.017

Kazmi, A. H,, and Rana, R. A. (1982). Tectonic map of Pakistan 1: 2 000 000: map
showing structural features and tectonic stages in Pakistan. Quetta: Geological
Survey of Pakistan.

Khan, K., Khan, I, Leghari, A., and Khan, M. (1987). Geology along the karakoram
highway from hasan abdal to khunjerab pass. Quetta: Geological Survey of
Pakistan, 39-43.

Kovalevych, V., Marshall, T., Peryt, T., Petrychenko, O., and Zhukova, S. (2006).
Chemical composition of seawater in neoproterozoic: results of fluid inclusion
study of halite from salt range (Pakistan) and amadeus basin (Australia).
Precambrian Res. 144, 39-51. doi:10.1016/j.precamres.2005.10.004

Krishnan, M. S. (1966). Salt tectonics in the Punjab salt range, Pakistanl. Geol. Soc.
America Bull. 77, 115-122. d0i:10.1130/0016-7606(1966)77[115:stitps]2.0.co;2

Le Fort, P. (1975). Himalayas: the collided range. Present knowledge of the
continental arc. Am. J. Sci. 275, 1-44.

Luo, C., Wen, H,, Xiao, Y., Ma, H,, Fan, Q., Ma, Y., et al. (2016). Chlorine isotopes
in sediments of the Qarhan Playa of China and their paleoclimatic significance.
Geochemistry. 76, 149-156. doi:10.1016/j.chemer.2016.01.004

Luo, C, Xiao, Y., Ma, H.,, Ma, Y., Zhang, Y., and He, M. (2012). Stable isotope
fractionation of chlorine during evaporation of brine from a saline lake. Chinese
Science Bulletin 57 (15), 1833-1843.

Luo, C, Xiao, Y., Wen, H.,, Ma, H,, Ma, Y., Zhang, Y., et al. (2014). Stable isotope
fractionation of chlorine during the precipitation of single chloride minerals.
Appl. Geochem. 47, 141-149. doi:10.1016/j.apgeochem.2014.06.005

Matray, J. (1988). Hydrochimie et géochimie isotopique des eaux de réservoir
pétrolier du Trias et du Dogger dans le Bassin de Paris. Tbbse de 36me cycle,
Orsay: Universit6 de Paris-Sud. 118.

Mcinerney, F. A., and Wing, S. L. (2011). The Paleocene-Eocene Thermal
Maximum: a perturbation of carbon cycle, climate, and biosphere with
implications for the future. Annu. Rev. Earth Planet. Sci. 39, 489-516.
doi:10.1146/annurev-earth-040610-133431

Meissner, C. R,, Jr, Hussain, M., Rashid, M., and Sethi, U. (1975). Geology of the
parachinar quadrangle. Pakistana: US Govt. Print. Off.

Meissner, C. R,, Jr, Master, J., Rashid, M., and Hussain, M. (1974). Stratigraphy of
the Kohat quadrangle. Pakistan: US Govt. Print. Off.

Moretto, R. (1986). Etude sédimentologique et géochimique des dépits de la série
salifére paléogéne du bassin de Bourg-en-Bresse (France). Nancy 1.

Najman, Y., Jenks, D., Godin, L., Boudagher-Fadel, M., Millar, I, Garzanti, E., et al.
(2017). The Tethyan Himalayan detrital record shows that India-Asia terminal
collision occurred by 54 Ma in the Western Himalaya. Earth Planet. Sci. Lett.
459, 301-310. doi:10.1016/j.epsl.2016.11.036

Paracha, W. (2004). Kohat plateau with reference to Himalayan tectonic general
study. CSEG recorder.

Pivnik, D. A., and Khan, M. J. (1996). Transition from foreland- to piggyback-
basin deposition, plio-pleistocene upper siwalik group, shinghar range,
NW Pakistan. Sedimentology. 43, 631-646. doi:10.1111/j.1365-3091.1996.
tb02018.x

Pivnik, D. A., and Sercombe, W. J. (1993a). Transpression-and compression-
related, evaporite-controlled faulting and folding in the Kohat Plateau, NW
Pakistan. Himalayan Tectonics: Geol. Soc. Lond. Spec. Publications.

Pivnik, D. A., and Sercombe, W. J. (1993b). Compression-and transpression-
related deformation in the Kohat Plateau, NW Pakistan. Geol. Soc. Lond. Spec.
Publications. 74(1), 559-580. doi:10.1144/gsl.sp.1993.074.01.37

Pivnik, D. A., and Wells, N. A. (1996). The transition from Tethys to the Himalaya
as recorded in northwest Pakistan. Geol. Soc. America Bull. 108, 1295-1313.
doi:10.1130/0016-7606(1996)108<1295:ttfttt>2.3.co;2

Frontiers in Earth Science | www.frontiersin.org

19

April 2021 | Volume 9 | Article 644485


https://doi.org/10.2113/gsecongeo.98.7.1397
https://doi.org/10.2113/gsecongeo.98.7.1397
https://doi.org/10.1016/j.palaeo.2017.09.023
https://doi.org/10.1007/s12040-019-1236-0
https://doi.org/10.1007/s12517-012-0812-2
https://doi.org/10.1002/gj.3912
https://doi.org/10.1080/10256016.2017.1324856
https://doi.org/10.1098/rsta.2012.0294
https://doi.org/10.1306/112003740453
https://doi.org/10.1016/0016-7037(93)90288-8
https://doi.org/10.1016/0016-7037(93)90288-8
https://doi.org/10.2475/ajs.305.3.220
https://doi.org/10.1080/00206810009465093
https://doi.org/10.1161/01.hyp.6.5.717
https://doi.org/10.1515/9781501508646-013
https://doi.org/10.1515/9781501508646-013
https://doi.org/10.1038/242240a0
https://doi.org/10.3390/geosciences8090311
https://doi.org/10.1007/bf03174424
https://doi.org/10.1139/cjes-2019-0149
https://doi.org/10.3390/w11050912
https://doi.org/10.3390/min11020161
https://doi.org/10.1016/j.jhydrol.2010.11.017
https://doi.org/10.1016/j.precamres.2005.10.004
https://doi.org/10.1130/0016-7606(1966)77[115:stitps]2.0.co;2
https://doi.org/10.1016/j.chemer.2016.01.004
https://doi.org/10.1016/j.apgeochem.2014.06.005
https://doi.org/10.1146/annurev-earth-040610-133431
https://doi.org/10.1016/j.epsl.2016.11.036
https://doi.org/10.1111/j.1365-3091.1996.tb02018.x
https://doi.org/10.1111/j.1365-3091.1996.tb02018.x
https://doi.org/10.1144/gsl.sp.1993.074.01.37
https://doi.org/10.1130/0016-7606(1996)108<1295:ttfttt>2.3.co;2
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Hussain et al.

Potter, P. E., and Szatmari, P. (2009). Global Miocene tectonics and the
modern world. Earth-Science Rev. 96, 279-295. doi:10.1016/j.earscirev.
2009.07.003

Salvany, J. M., GARCIA-VEIGAS, J., and Ortl, F. (2007). Glauberite-halite
association of the Zaragoza Gypsum Formation (Lower Miocene, Ebro
Basin, NE Spain). Sedimentology 54 (2), 443-467.

Shah, I. (1977). Stratigraphy of Pakistan: geological survey of Pakistan memoirs.
Islamabad, Pakistan: Geol Surv Pakistan, 12.

Shah, S. (2009). Stratigraphy of Pakistan: geological survey of Pakistan memoir.
Quetta: Pakistan: Geol Surv Pakistan., 22.

Shearman, D. J. (1970). Recent halite rock, Baja California. Mexico: Instition of
Mining & Metallurgy.

Shouakar-Stash, O. (2008). Evaluation of stable chlorine and bromine isotopes in
sedimentary formation fluids. PhD thesis. (Waterloo (Canada): University of
Waterloo).

Sonney, R., Vuataz, F.-D., and Cattin, S. (2010). “Use of Cl/Br ratio to decipher the
origin of dissolved mineral components in deep fluids from the Alps range and
neighbouring areas”, in Proceedings World Geothermal Congress: Institut des
sciences du langage et de la communication. Bali, Indonesia: Université de
Neuchatel, 1-13.

Timofeeff, M. N., Lowenstein, T. K., Da Silva, M. A. M., and Harris, N. B. (2006).
Secular variation in the major-ion chemistry of seawater: evidence from fluid
inclusions in Cretaceous halites. Geochimica et. Cosmochimica Acta. 70,
1977-1994. doi:10.1016/j.gca.2006.01.020

Tomascak, P. B., Magna, T., and Dohmen, R. (2016). Advances in lithium isotope
geochemistry. New York: Springer.

Vengosh, A., Chivas, A. R., and Mcculloch, M. T. (1989). Direct determination of
boron and chlorine isotopic compositions in geological materials by negative
thermal-ionization mass spectrometry. Chem. Geology. Isotope Geosci. Section.
79, 333-343. doi:10.1016/0168-9622(89)90039-0

Walter, L. M., Stueber, A. M., and Huston, T. J. (1990). Br-Cl-Na systematics in
Illinois basin fluids: constraints on fluid origin and evolution. Geol. 18, 315-318.
doi:10.1130/0091-7613(1990)018<0315:bcnsii>2.3.co;2

Kohat-Plateau; Halite; Paleoclimate; Isotope Geochemistry

Warren, J. K. (2010). Evaporites through time: tectonic, climatic and eustatic
controls in marine and nonmarine deposits. Earth-Science Rev. 98, 217-268.
doi:10.1016/j.earscirev.2009.11.004

Warren, J. K. (2006). Evaporites: sediments, resources and hydrocarbons.
Heidelberg, Germany: Springer Science & Business Media.

Wells, N. (1984). Marine and continental sedimentation in the early Cenozoic
Kohat Basin and adjacent northwestern Indo-Pakistan. Ph. D. dissertation.
(Ann Arbor: University of Michiga).

Wrynne, A. (1875). The Trans-Indus salt region in the Kohat district. New Delhi,
India: Government of India.

Wynne, A. (1878). On the geology of the salt range in the Punjab: mem. Geol. Surv.
India 14, 98.

Wynne, A. (1880). On the Trans-Indus extension of the Punjab salt Range, Calcutta,
India: Geological Survey of India, 17. 1-95.

Xiao, Y., Liu, W., Zhou, Y., and Sun, D. (1997). Isotopic compositions of
chlorine in brine and saline minerals. Chin.Sci.Bull. 42, 406-409. doi:10.
1007/bf02884233

Ying-Kai, X., Wei-Guo, L., Yin-Min, Z., Yun-Hui, W., and Shirodkar, P. V. (2000).
Variations in isotopic compositions of chlorine in evaporation-controlled salt
lake brines of Qaidam Basin, China. Chin. J. Ocean. Limnol. 18, 169-177. doi:10.
1007/bf02842577

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Hussain, Han, Ma, Hussain, Mughal, Han, Alhassan and Widory.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Earth Science | www.frontiersin.org

20

April 2021 | Volume 9 | Article 644485


https://doi.org/10.1016/j.earscirev.2009.07.003
https://doi.org/10.1016/j.earscirev.2009.07.003
https://doi.org/10.1016/j.gca.2006.01.020
https://doi.org/10.1016/0168-9622(89)90039-0
https://doi.org/10.1130/0091-7613(1990)018<0315:bcnsii>2.3.co;2
https://doi.org/10.1016/j.earscirev.2009.11.004
https://doi.org/10.1007/bf02884233
https://doi.org/10.1007/bf02884233
https://doi.org/10.1007/bf02842577
https://doi.org/10.1007/bf02842577
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

1' frontiers

in Earth Science

ORIGINAL RESEARCH
published: 25 May 2021
doi: 10.3389/feart.2021.681361

OPEN ACCESS

Edited by:
Xiangzhong Li,
Yunnan University, China

Reviewed by:

Xianyan Wang,

Nanjing University, China
Jianhui Jin,

Fujian Normal University, China

*Correspondence:
Jie Liao
liaojie@lzb.ac.cn

Specialty section:

This article was submitted to
Quaternary Science, Geomorphology
and Paleoenvironment,

a section of the journal

Frontiers in Earth Science

Received: 16 March 2021
Accepted: 05 May 2021
Published: 25 May 2021

Citation:

Fan Q, Liao J, Li'Y, Ye W, Wang T and
Feng X (2021) Origin and
Paleoenvironmental Significance of the
Old Red Sand Along the Southeast
Coast of China.

Front. Earth Sci. 9:681361.

doi: 10.3389/feart.2021.681361

Check for
updates

Origin and Paleoenvironmental
Significance of the Old Red Sand
Along the Southeast Coast of China

Qingbin Fan'2, Jie Liao™, Yan Li%, Wei Ye*, Tao Wang' and Xiao Feng'?

"Key Laboratory of Desert and Desertification, Northwest Institute of Eco-Environment and Resources, Chinese Academy of
Sciences, Lanzhou, China, 2University of Chinese Academy of Sciences, Bejiing, China, °College of Forestry, Nanjing Forestry
University, Nanjing, China, “College of Geography and Environmental Sciences, Zhejiang Normal University, Jinhua, China

The “Old Red Sand” (ORS) along the southeast coast of China is of significant paleoclimatic
and paleoenvironmental significance. However, its provenance remains controversial. In
this study, grain size characteristics and quartz grain surface microtextures were analyzed
to study the origin and paleoenvironmental significance of the ORS, the results show that
the grain size of the ORS show typical aeolian features, the quartz grain surface
microtextures of the ORS show both aeoclian features and subaqueous environments
characteristics. Combined with the latest OSL dating data, we suggest that the ORS was
coastal aeolian sand dunes developed since the last interglacial period. The formation of
the ORS was restricted jointly by climate changes of the coastal area and the distance from
the shoreline that resulted from sea level changes.

Keywords: old red sand, aeolian activity, east Asian monsoon, climate changes, sea level changes

INTRODUCTION

Coastal dunes are common around the world and resulted from complex interactions related to
prevailing winds, sand supply, climate changes and sea level fluctuations (Blumer et al., 2012). Red
dunes are widespread in south Asia and east Asia, including Sri Lanka, India and the southeast coast
of China, etc (Alappat et al., 2013). The “Old Red Sand” (ORS) refers to a Quaternary sediment of
semi-cemented medium fine sand, mainly in red or brown red, and intermittently distributed along
the southeast coast of China, its thickness can reach several meters to tens of meters (Wu et al., 1995;
Zeng et al., 1999a; Li et al., 2012; Jin et al., 2018). The coastal area, as a special zone of interaction
among lithosphere, hydrosphere and atmosphere, is very sensitive to climate and environment
changes. The development of large areas of coastal dunes reflects the complex interaction among
land, ocean and atmosphere, therefore, the origin and paleoenvironmental significance of the ORS is
crucial for studying coastal climate and environment evolution along the southeast coast of China.

The large areas of red dunes had aroused great interests of geographers and geologists since the
1960s, researchers have done a lot of work on the ORS, however, there are still controversies on its
origin nowadays. Firstly some researchers believed that the ORS belong to a marine deposit
originated from beach sand in high sea level periods (Zeng and Huang, 1964; Zeng et al., 1999a;
Li et al., 2012), while others considered it as a aeolian deposit derived from the exposed continental
shelf plain in low sea level stages during glacial periods (Wu et al., 1995; Fangen et al., 2012; Jin et al.,
2017). Different views on the origin of the ORS lead to contrasting environmental interpretations.
The former interpretation implies that the development of the ORS resulted from more sand supply
brought by rivers during high sea level stages in interglacial period (Zeng et al., 1999a; Li et al., 2012).
The latter view indicates low sea level conditions and an intensified East Asian winter monsoon.
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Therefore, identification the origin and paleoenvironmental
significance of the ORS is helpful for studying regional climate
and environment evolution along the southeast coast of China.

With regard to its chronology, firstly it is reported that the
ORS was developed in Wiirm Glaciation (the last glacial period),
and there are mainly two views on its chronology. One view holds
that the ORS was formed in 50-40 and 20-10 Ka BP (Zhu et al,,
1981; Wu and Wu, 1987); the other view believes that the ORS
was formed in 60-40, 35-25, and 20-10 Ka BP (Feng et al., 1988;
Wu and Wang, 2001), among which 60-40 Ka BP is the earliest
period, and 20-10Ka BP is the latest period of the ORS.
Researchers believe that during the last glacial period, with
global cooling, the sea level declined, the intensified East Asian
winter monsoon provided enough power to transport the loose
sand materials on the exposed continental shelf plain and deposit
along the coast, which were stained red by a later strong
weathering after deposition (Zhu et al, 1981; Wu and Wu,
1987; Feng et al., 1988; Wu and Wang, 2001).

In 2007, a new method of Optically Stimulated Luminescence
(OSL) dating was applied to determine the chronology of the
ORS, which promoted the study of the geochronology of the ORS
to a new stage. OSL dating for the ORS in Jinjiang, Fujian
Province show that the ORS was formed earlier than 77 Ka BP
(Zhang et al., 2007), indicating that the ORS could be formed in
the last interglacial period, which broke the upper limit of the
ORS dating results reported (not earlier than 60Ka BP).
Subsequently by OSL dating, Jin Jianhui suggests that the ORS
in Qingfeng, Fujian Province was formed in 110-33 Ka BP (Jin
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etal, 2017), Yu Mingtong suggests that the four layers of the ORS
in Qingfeng, Pingtan island were formed in 122.5, 97.7, 83.1 and
61.9 Ka BP respectively (Yu et al., 2014). Hu Fangen suggests that
the ORS in Jinjiang of Fujian Province was formed in 6 stages:
125-115, 105-97, 84-74, 61.5-52.0, 39-29 and 15-9 Ka BP
respectively (Fangen et al., 2012), indicating that the ORS was
formed since the last interglacial period, which promoted the
study of the ORS to a new stage, that is, the ORS developed in
both the last interglacial period and the last glacial period, but not
occur in the LGM.

MATERIALS AND METHODS

The Study Area

Pingtan  island  (25°23'N-25°40'N,  119°41'E-119°52'E)
(Figure 1), the most widely distributed area for the ORS
(Figure 2), is located in the east coast of Fujian Province,
adjacent to Taiwan Strait in the east and Pingtan Strait to the
west, with an area of 278.61 km? (Figure 1). Aiming at the most
controversial issue in study of the ORS, we take Qingfeng (QF)
ORS profile on the coastal platform in the northeast corner of
Pingtan island as an example. QF profile (25°36'46.7"N,
119°48'19.6"E) (Figure 1), a complete, thick and continuously
deposited ORS profile, with an altitude of 48 m, a thickness of
13.94 m, according to its sedimentary characteristics (Table 1),
the QF profile was divided into 7 layers (Table 1), A total of 70
samples were collected from bottom to top at equal intervals of
20 cm. Its grain size characteristics and quartz grain surface
microtextures were analyzed, coupled with the latest dating
results, the origin and environmental significance of the ORS
were interpreted. Our results could provide further data for us to
have a scientific understanding of the ORS and to support
paleoenvironment reconstruction of southeast coast China.

Methods

Grain Size

Grain size characteristics of sediments are mainly controlled by
the transportation mode and sedimentary environment.
Therefore, grain size analysis is often used to identify
sedimentation process and depositional environment (Yang
et al., 2017; Purtill et al., 2019). The classification scheme used
in this study is: Clay (0-4 pm), silt (4-63 um), very fine sand
(63-125pm), fine sand (125-250 um), medium sand
(250-500 pm), coarse sand (500-1,000 ym) and extremely
coarse sand (1,000-2,000 um). The commonly used grain size
parameters include average grain size (Mz), standard deviation
(Sd), skewness (Sk) and kurtosis (Kg). The mathematical
calculation formula of particle size parameters is as follows
(Folk and Ward, 1957; Yang et al., 2017):

_ z:l:1x1ﬁ

==

100

Y (i = Mz)’fi
100

sd =
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FIGURE 2 | The Old Red Sand in Pingtan island, Fujian Province.

TABLE 1 | Stratigraphic description of QF profile.

description

Sand (0-20 cm) is dry and hard, with plant roots; (20-260 cm) is uniform in color and compact; (260-480 cm) is loose

There are gradually increasing black spots in the vertical direction
The sand is slightly tight with light yellow and black brown patches
The upper sand is loose, containing iron plates (thickness about 4 cm) and gray yellow stripes; tight with black and

The upper sand contains iron plates (thickness 4 cm); the middle sand contains black spots and black aggregates,

Layer Depth (m) Color of the ORS layers
1 0-4.8 Red sand
and wet.
2 4.8-6.2 Yellowish brown sand The sand is loose and wet.
3 6.2-7.0 Red sand
4 7.0-8.3 Yellow sand
5 8.3-9.9 Brow yellow sand
grayish yellow spots in the middle and the lower part
6 9.9-11.74 Brown sand
which is relatively loose in texture
7 11.74-13.94  Gray sand

ATy,
100sd®

Y (% - M2)'fi
Ke= \J 10084

Grain size analysis was carried out at the geographic process
laboratory, Zhejiang Normal University, using a Mastersizer 2000
laser grain size analyzer (Malvern, United Kingdom) with a
measurement range of 0.01-2000 ym and an error of <2%.
Samples for grain size analysis were pre-treated as follows.
Samples were first boiled with 10% H,0O, and 10% HCI to
remove the organic matter and carbonate, respectively. Next,
0.5mol/L (NaPO;)s was added as a dispersant, then the
pretreated samples were ultrasonicated for 15 min before being
analyzed.

Fisher linear discriminant analysis (FLDA), a common
classification method in multivariate statistical analysis, is
widely used to identify the origin of various sediments (Yang
et al,, 2017). In this study, we use FLDA to identify the origin of
the ORS based on statistical analysis of hydraulic deposit (HD)
and aeolian deposit (AD) grain size parameters. The function we
created is as follows. y = —1.138*Mz + 1.58*Sd — 0.781*Sk +
0.805*Kg, the threshold level is —4.5744 (if y > —4.5744, it belongs
to AD; if y < —4.5744, it belongs to HD) (Yang et al., 2017).

In this study, we selected a typical aeolian loess profile of Zeketai
(ZKT) profile in Xinjiang provenance, which is considered as the
provenance for the loess on the Chinese Loess Plateau (CLP) (Liu,
1985; Yang et al., 2014). We also selected Luochuan (LC) loess profile

The sand layer contains black spots and is loose in texture

TABLE 2 | Equality test of group means.

Parameters Wilks’ Lambda F Significance probability
Mz 0.262 286.586 0
Sd 0.02 5079.284 0
Sk 0.042 2334.562 0
Kg 0.203 401.401 0
TABLE 3 | Box's M test results of equality covariance matrixes.
Boxe’s M F
Approx Sig.
738.71 70.049 0

which was located on the central CLP, as well as Nantong (NT) profile
(floodplain deposit) in the lower reaches of the Yangtze River. To test
the linear discriminant function created above, 215 aeolian loess
samples of ZKT profile and 33 typical floodplain deposits samples
from NT profile were inputted into statistical software (SPSS) as AD
and HD training sets respectively. All the significance probability
values of the variable group mean are <0.001 (Table 2). Therefore, the
four variables in this discriminant analysis are all effective.

The Box’s M test assesses the assumption of homogeneity of
covariance matrices. This test is very sensitive to meet the
assumption of multivariate normality. The statistical value of
Box’s M is 738.71 (Table 3), far >0.05. Therefore, each of the
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TABLE 4 | The verification of the discriminant function.

Profile codes No. of samples

ZKT 215 AD
NT 33 HD
LC 57 AD

covariance matrices can be considered equal. The significance
probability of the F-test is 0.000, <0.05, indicating that the error
judgment rate is minimal.

In order to verify the reliability of this model, sediment grain
size parameters (Mz, Sd, Sk, and Kg) of 215 loess samples from
ZKT profile, 33 floodplain deposit samples from NT profile, and
57 typical aeolian loess samples from LC profile were computed
using the function. As shown in Table 4, all the aeolian loess
samples from ZKT profile and LC profile were identified as AD,
resulting in an accuracy of 100%. All the floodplain deposit
samples from NT profile were identified as HD. Hence, the
discriminant model is reliable.

Quartz Grain Surface Microtextures

Quartz grains have high hardness, stable chemical properties and
strong weathering resistance, leading to a variety of microtextures
that are well preserved on the quartz grains. These microtextures
are considered to record the sedimentary history of quartz grains,
including the parent rock, transportation process, and
sedimentary environment. Therefore, many researchers have
stated that quartz grain surface microtextures can be used to
identify sedimentary environments (Liu, 1985; Pye, 1995; Helland
et al., 1997; Mahaney and Kalm, 2000; Mahaney, 2002; Guo et al.,
2002; Costa et al., 2012; Costa et al., 2013; Mahaney et al., 2014;
Smith, et al., 2018; Chen et al., 2019; Li et al., 2021). It is suggested
that  dish-shaped  depressions, crescentic  depressions,
pockmarked surfaces, upturned plates, meandering ridges are
considered as typical features of aeolian quartz grains (Ying and
Deonarine, 1985; Guo et al., 2002; Krinsley and Doornkamp,
2011; Costa et al.,, 2012; Costa et al., 2013). For example, dish-
shaped depressions often develop in aeolian environments with
high energies where quartz grains collide with each other, and
densely distributed pockmarks result from collision with other
grains during wind transportation, forming pockmarked surfaces.
Meandering ridges mainly occur in aeolian environments as well
(Costa et al., 2012; Costa et al., 2013; Mahaney, et al., 2014). On
the other hand, conchoidal fractures, V-shaped cracks, polished
surfaces, flat cleavage surfaces, parallel striations, grooves
(straight or curved) are regarded as typical features of quartz
grains from subaqueous environments (Ying and Deonarine,
1985; Mahaney et al.,, 2001; Guo et al., 2002; Mahaney et al,
2014; Vos et al., 2014). V-shaped cracks, which are triangular in
shape and non-oriented, are likely to be caused by grain-to-grain
collisions in subaqueous environments, parallel striations result
from grain-to-grain scratches in subaqueous environments (Ying
and Deonarine, 1985; Mahaney, 2002; Vos et al., 2014). Mahaney
(2002) concluded that the feature which is the most common in
subaqueous environments are V-shaped cracks. Here, 10 quartz

Actual category

The Old Red Sand

Discriminant results Accuracy (%)

AD HD

215 0 100
0 33 100

57 0 100

grains were randomly selected in each sample of QF profile, and a
total of 700 quartz grains were selected for Scanning Electron
Microscope (SEM) observations.

Quartz grain surface textures were observed under an S-4800
high-resolution field emission scanning electron microscope
(SEM) produced by Hitachi (Japan) at the Institute of Physical
Chemistry, Zhejiang Normal University. The extraction method
for quartz sand before SEM observation was as follows:

(1) To remove free iron, the dried sample was placed in centrifuge
tube with sodium dithionite, sodium citrate (0.3 mol/L) and
sodium bicarbonate solution (1 mol/L) and heated in a water
bath. The solution was then separated by centrifuge
until clear.

(2) The quartz minerals were separated and purified by the
potassium pyrosulfate melting-fluorosilicic acid immersion
method. After removing the free iron, the samples were
mixed with potassium pyrosulfate powder and heated in a
muffle furnace for 1h (initial temperature 350°C, then 650°C
from 20 min to the end). The heated samples were transferred to
a beaker, and HCL solution (1:3) was added to the heating plate
to dissolve the frit. After separation by centrifuge, the samples
were dried in the oven. The samples were then soaked in
fluorosilicic acid for 3 days. The solution was centrifuged and
the clear liquid was removed three days later. The residue was
dried, and the quartz grains with highest purity were extracted.

RESULTS

Grain Size Characteristics

The grain size characteristics of QF profile are as follows: the sand
content ranges from 45.99 to 90.77% (mean 73.23%), the silt
content varies from 6.25 to 34.18% (mean 17.34%), and the clay
content ranges from 2.97 to 19.83% (mean 9.43%). The sand
content is the first dominant grain size in QF profile, constituting
the highest composition (Tab.5). In QF profile: (1) medium sand,
fine sand and silt account for 30.17, 26.23 and 17.34%
respectively; (2) coarse sand and clay are the second, with an
average of 9.86 and 9.43%; (3) the content of extremely coarse
sand is the least, with an average content of 0.97%. Whereas the
beach sand in Pingtan island is mainly composed of medium
sand, fine sand and coarse sand, with average contents of 48,
32.18, and 17.68% respectively, and almost without silt or clay
(Zhang and Ming-Tong, 2014). Although beach sand is mainly
composed of medium sand and fine sand, its contents of coarse
sand and gravel is significantly higher than those in the ORS; in
addition, the ORS contains more fine materials such as silt and
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TABLE 5 | Grain size composition and Grain size parameters of QF profile.

The Old Red Sand

Profile Grain size composition/% (pm) Grain size parameters
<4 4-63 >63 63-125 125-250 250-500 500-1,000 Mz Sd Sk Kg
QF Max 19.83 34.18 90.77 13.87 48.83 41.51 27.07 4.76 3.23 2.34 4.75
Min 2.97 6.25 45.99 1.48 10.59 15.29 0.04 2.45 1.97 0.25 1.69
Mean value 9.43 17.34 73.23 6.00 26.23 30.17 9.86 3.38 2.94 1.12 3.05
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FIGURE 3 | The grain-size frequency curve of QF profile (A) and ZS profile (B).

clay, while beach sand has little silt or clay. Shepard believes that
the difference in clay content is one of the most significant
differences between beach sand and aeolian sand (Shepard and
Young, 1961). Wave disturbance makes the fine materials such as
silt and clay in a suspension state, which are carried to the open
sea by waves instead of depositing on the beach, while wind can
transport and deposit these fine materials (Shepard and Young,
1961). According to Whalley’s wind erosion quartz test, a small
amount of fine materials such as silt and clay can be produced
during the saltation process of sand grains transported by wind
(Pye, 1983). The QF ORS profile contains more fine-grained
materials, which is likely to be related to transport process of wind
and the strong chemical weathering in a warm-humid
subtropical monsoon climate after deposition.

The average grain size (Mz) of samples from QF profile varies
2.45-4.76¢ (mean 3.38¢) (Table 5). Whereas the average grain size
(Mz) of beach sand in coast of Fujian Province is 1.26-2.08¢ (mean
1.76¢9) (Zeng et al., 1999a). The sorting coefficient (Sd) ranges from
1.97 to 3.23 (mean 2.94¢), indicating a poor sorting. It is suggested
that aeolian sand has a good sorting, while the sorting of modern
coastal aeolian sand and beach sand are better than that of the ORS,
this may be related to the chemical weathering in a warm-humid
subtropical monsoon climate after deposition, which greatly
increased the content of fine materials such as silt and clay; The

TABLE 6 | The identification result of the QF profile.

Profile No. of Actual Discriminant
codes samples category results

AD HD
NT 33 HD 0 33
QF 70 AD 70 0

skewness (Sk) varies from 2.34 to 0.25 (mean 1.12), Most of the
samples show positive skewness, analogous to aeolian sand, while
beach sand mostly show negative skewness (Zeng et al., 1999b).
The kurtosis (Kg) ranges from 1.69 to 4.75 (mean 3.05), most
samples are sharply peaked, analogous to aeolian sand, while beach
sand mostly are medium to narrow peaked, without very narrow
peaks (Zeng et al, 1999b). The grain-size frequency curve
(Figure 3A) of QF profile is characterized by a single peak, a
positive skewness and a long tail, which is very similar to that of a
typical paleo-aeolian dune in Zhoushan (ZS) island, indicating QF
profile a aeolian sand dune. The modal grain size is located near
2.5¢, and there is a small bulge from 4 to 12¢, indicating that the
QF profile contains a certain amount of fine materials, namely silt
and clay component, suggest an aeolian transportation and a
strong chemical weathering process after deposition.
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FIGURE 5 | (A) Conchoidal fractures. (B, C) V-shaped cracks. (D) Triangular cracks. (E) Solution crevasses. (F) Silica globules.

Seventy samples from QF profile were computed using the
function, as shown in Table 6, all the ORS samples from QF
profile were identified as AD, and all the floodplain deposit
samples from NT profile were identified as HD. Therefore, the
QF ORS profile is considered as an aeolian sediment.

Quartz Grain Surface Microtextures of QF

Profile

SEM observations show that most quartz grains in QF profile
are characterized by subrounded (57%) outlines (Figure 4;
Figure 5; Figure 6), with a certain number of angular
particles (10%) and round particles (16%) (Figure 6).
Mechanically produced features in QF profile are abundant

and varied, suggest that the quartz grains have experienced a
range of external forces. Characteristics typical of aeolian quartz
grains in QF profile are common (Figures 4B-F), for example
dish-shaped depressions (Figures 4C,D) and crescentic
depressions (Figure 4E) have occurrence rates of 72%
(Figure 6) and 65% (Figure 6), respectively. Other aeolian
features such as upturned plates and meandering ridges also
occur on the grains, as well as pockmarks, formed pockmarked
surfaces (Figure 4F), indicating obvious surface erosion during
wind transportation. Meanwhile, many subaqueous features are
also observed in QF quartz grains: for example, V-shaped cracks
(Figures 5B,C), triangle cracks (Figure 5D), conchoidal fractures
(Figure 5A), underwater polished surfaces (Figure 5C), grooves
(Figures 5A,D), parallel striations caused by scratch (Figure 5A)
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FIGURE 6 | Frequencies of microtextures identified in QF profile.

Microtextures

in subaqueous environments. V-shaped cracks, the most
representative feature produced by grain-to-grain collisions in
subaqueous environments (Mahaney, 2002; Krinsley and
Doornkamp, 2011), reach an occurrence rate of 56% in QF
ORS profile (Figure 6), indicating a subaqueous environment.
A majority of quartz grains with abundant mechanical V-shaped
cracks as well as parallel striations caused by scratches
demonstrated that QF quartz grains have undergone a high-
energy subaqueous transport. Some grains have surface
microtextures typical of a subaqueous environment, on which
dish-shaped depressions and pockmarked surfaces are
superimposed: this combination suggests the quartz grains
were abraded in a fluvial environment before undergoing
aeolian transportation. In addition, the quartz grains in QF
profile exhibit silica dissolution and silica precipitation
textures indicative of chemical weathering as well. Silica
dissolution mainly comprise oriented etch pits, solution pits
and crevasses (Figure 5E). Oriented etch pits are usually
oriented and aligned, mainly developed in rivers, lakes, and
especially marine environments where the water affects the
grains by dissolution (Mahaney, 2002), 27% of the quartz
grains in QF profile show oriented etch pits, indicating a
subaqueous environment. Silica precipitation suggest that the
QF quartz grains have produced silica globules (Figure 5F), silica
pellicles, some grains are even completely covered by silica
pellicles, indicating that the quartz grains have undergone a
strong chemical weathering after deposition.

DISCUSSION

Evidence of Aeolian Deposition

The QF ORS profile is mainly composed of medium sand, fine sand
and silt, with more silt and clay components, the average grain size
is fine; whereas beach sand is mainly composed of coarse sand,
medium sand and fine sand, almost without silt or clay components,
and the average grain size is much coarser than that of the ORS
(Zeng et al., 1999a), indicating that the grain size composition of the
ORS is obviously different from that of beach sand, but close to that
of aeolian sand. On the other hand, it is suggested that aeolian sand

dunes usually show positive skewness, while beach sand mostly
show negative skewness (Zeng et al., 1999b), our results indicate
that most samples of QF profile show positive skewness, suggest
typical aeolian characteristics of the ORS. In addition, it is believed
that aeolian sand dunes usually show narrow peaks, while beach
sand mostly correspond to medium-narrow peaks, without very
narrow peaks. Most samples from QF profile show very sharp
peaks, suggest an aeolian origin. The QF profile contains more silt
and clay materials than modern coastal aeolian sand and beach
sand, but its sorting is not as good as those of modern coastal
aeolian sand and beach sand grains, this is probably related to the
strong chemical weathering in the warm-humid subtropical
monsoon climate after deposition, which greatly increased the
content of fine materials and resulted in a poor sorting. The
grain-size frequency curve (Figure 3A) of QF profile is very
similar to that of a typical paleo-aeolian dune profile in
Zhoushan (ZS) island, indicating QF ORS a aeolian sand
accumulation, and the QF samples were all identified as aeolian
sand by FLDA. Finally, all grain size characteristics of QF profile are
consistent with those of other reported ORS profiles along the
southeast coast of China, including a fine grain size, more silt and
clay component, positive skewness, a poor sorting, very sharp peaks
etc, indicating that they share the same provenance (Zeng et al.,
1999a; Zeng et al., 1999b; Zhang et al., 2007; Fangen et al., 2012; Yu
etal, 2014; Jin et al,, 2018). It is suggested that quartz grains >63 pm
are difficult to be transported by wind for long distances and are
regarded as near-source materials (Liu, 1985), in QF profile, sand
content is the first dominant grain size, constituting the highest
composition, indicating a near-source accumulation. Thus we
suggest that the ORS should be aeolian deposit originated from
river sand or beach sand nearby, which were transported and
deposited by wind along the coast.

SEM observations show that quartz grains in QF profile are
mainly characterized by subrounded (57%) outlines. Mechanically
produced marks are abundant and varied, including both subaqueous
environment features such as triangle marks, V-shaped cracks, and
aeolian traces like dish-shaped depressions and pockmarked surfaces,
suggest that the QF ORS quartz grains have experienced
comprehensive effect of two external forces. It is suggested that
triangle cracks, V-shaped cracks and dish-shaped depressions are
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typical or indicative characteristics of river sand, beach sand and
aeolian sand respectively. Furthermore, river sand and beach sand are
without aeolian features like dish-shaped depressions, crescentic
marks etc (Wu et al,, 1995). In addition, it is suggested that river
sand and beach sand are characterized by subangular outlines, while
aeolian sand are mostly characterized by subrounded outlines (Ying
and Deonarine, 1985; Krinsley and Doornkamp, 2011). Our results
show that most sand grains from QF profile are subrounded in
outline, its roundness is much better than that of river sand and beach
sand. Finally, some subaqueous environment marks of the sand
grains from QF profile were transformed or rounded by later wind
transportation. Comprehensive analysis show that the ORS should be
aeolian sand dune originated from river sand or beach sand. The ORS
is likely to have been transported by rivers or waves, and then
transported and deposited by wind power, ultimately transformed by
chemical weathering after deposition. The better roundness of the
ORS resulted from the abrasion by the fluvial process and the later
aeolian process.

Paleoenvironmental Significance of the
ORS Along the Southeast Coast of China

Based on the results of our study and the latest reported dating
results (Zhang et al., 2007; Fangen et al., 2012; Yu et al., 2014; Jin
et al, 2017), we found that the ORS was aeolian deposit mainly
developed in 6 stages: 125-115, 105-97, 84-74, 61.5-52.0, 39-29,
and 15-9 ka. Therefore, we can draw the conclusion that the ORS
developed in the warm-humid high sea level stages during the last
interglacial period and in the relatively cold-dry low sea level stages
during the last glacial period, but not occur in the lowest sea level
stages during the LGM, the formation of the ORS was restricted
jointly by climate changes of the source area and the distance from
the shoreline that resulted from sea level changes. This result is
consistent with previous studies that red dunes developed in high
sea level stages and in relatively low sea level stages (Giannini et al.,
2007; Tamura et al., 2011; Jayangondaperumal et al., 2012; Alappat
et al, 2013). During the last interglacial period, under a
warm-humid climate, the precipitation increased significantly,
rivers transported sufficient sand supply to the coast, the
intensified East Asian summer monsoon transported these sand
materials and deposited along the coast. During the last glacial
period, with the sea level declined, the exposed continental shelf
plain provided abundant sand materials for aeolian activities, the
intensified East Asian winter monsoon transported these loose
materials and deposited along the coast, subsequently dune
reddening could occur rapidly in areas with high rainfall and
high temperature, the red coating of sands resulted from iron
oxides formed by in-situ weathering of garnet over hundreds of
years (Chase and Thomas, 2007; Alappat et al., 2013). However, it
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is not the case that aeolian activities are non-existent along the
coast in the LGM, just because with the rapid rise of the sea level
after 15 ka BP, the aeolian dunes were submerged by sea water,
became paleodunes buried in seabed. It has been widely reported
that aeolian dunes developed on the shelf during the LGM. For
example, there were aeolian dunes on the west African shelf in the
LGM (Shepard and Young, 1961). A drilling research shows that
there are a large number of submerged aeolian dunes on the shelf of
the South China Sea at a depth of 60-200 m (Wu and Wu, 1987;
Wu et al., 1995), and the distribution area of the ORS in southeast
China coastal areas have evolved into an inland denudation
environment because it was too far away from the coastline.

CONCLUSION

Grain size characteristics and quartz grain surface microtextures
were analyzed to study the origin and paleoenvironmental
significance of the ORS, the results show that the ORS show
typical aeolian features and subaqueous environments
characteristics, combined with the latest OSL dating data, we
suggest that the ORS should be coastal aeolian sand dunes
developed since the last interglacial period. The formation of the
ORS was restricted jointly by climate changes of the coastal area and
the distance from the shoreline that resulted from sea level changes.
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The study of past global change is paramount to comprehending the present and future,
as well as to better understand the mechanisms and influences of human-land interactions
in a given region. The northeastern margin of the Qinghai-Tibetan Plateau has complex
natural environments, sensitive to global change, and renowned for its long history of
human occupancy. This makes it an ideal region for the study of anthropogenic impacts on
the paleo-natural environment. This paper reconstructed the prehistoric temporal and
spatial distribution of cultivated lands on the northeast margin of Qinghai-Tibetan Plateau,
and analyzed the Dianziping pollen assemblage to disclose the anthropogenic impacts on
the paleo-environment. The results demonstrated that around 4.3-4.0 cal ka BP, the rapid
development of the Majiayao culture boosted the population to approximately 39,200
people, over 460 km? of the land area was converted to cropland, concomitantly, evidence
of tree pollen decreased significantly. This marked the earliest identification of
anthropogenic impacts on vegetation through agricultural activity in this region. At
4.0-3.6 cal ka BP, the population appeared to have diminished in conjunction with the
cultivated land area. Nevertheless, forested areas continued to decrease, primarily due to
adverse climatic conditions, but, anthropogenic activities played an undeniable role.
Dianziping profile demonstrated the existence of natural forest in the Hehuang Valley
during Qijia cultural Period. There was also evidence for the occurrence of regional fire
events, suggesting large-scale burning of land cover in the area. This further illustrates
anthropogenic impacts. At 3.6-2.6 cal ka BP, populations reached approximately 61,300
people, coinciding with the peak of cropland expansion. Consequently, more of the natural
vegetation were converted to crops, and the superimposed influences of farming and
grazing aggravated the process of deforestation and vegetation succession. Likewise,
deforestation during the historical period can be explained, mostly by human driven causes
with limited influence from climatic factors. The extensive exploitation of forest and
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expansion of cropland consequently resulted in extensive land deterioration, leaving the
region with forest islands scattered in less populated, mountainous regions.

Keywords: cultivated land reconstruction, pollen analysis, Qinghai-Tibetan plateau, vegetation destruction, mid-late

Holocene, anthropogenic impact

INTRODUCTION

Understanding the temporal and spatial evolution of land use as
well as the resulting implications for ecological systems from the
past may contribute to our understanding of global change,
human-land interactions, and sustainable land use (Gaillard
et al., 2018). Since the Holocene, land use and cover change
driven by anthropogenic activities, primarily cultivation and
grazing, have profoundly influenced surface vegetation
patterns, and even the entire terrestrial ecosystems that
persisted until today, consequently, humans have changed the
physical, ecological, and biological components of the Earth’s
planetary systems (Goldewijk et al., 2007; Pielke et al., 2011;
Zhang et al,, 2012; Ellis et al., 2013; Gaillard et al., 2018; Fang
et al., 2019). The extent to which human activities modified the
palaeoecological environment may prove vital in explaining the
current environmental conditions. As such, the study of the
human dimensions of global change is considered an integral
part of palacoecological environmental research (Miehe et al.,
2014).

The northeast margin of the Qinghai Tibet Plateau (QTP) is
densely populated and extensively cultivated. Relative to the rest
of the plateau, it receives more precipitation and experiences
warmer temperature. Denisova, an argumentum prima facie for
early human footprints on the QTP, actively demonstrates that
hunter-gatherers occupied this part of the world from the late
Pleistocene (Zhang et al., 2020a, b). The palaeo-anthropogenic
impacts on the natural vegetation on the northeast margin of the
QTP are not known in detail. Agriculture is widely considered to
be one of the most striking impacts humans have exerted on the
natural ecosystem (Pongratz et al., 2008). In the northeast margin
of the QTP, the climate was relatively warm and humid during
the mid-Holocene (Cheng et al, 2013; Li et al, 2014), and
provided a suitable environment for the introduction of
agriculture in the area (Dong et al., 2012). Farming tools, such
as stone knives and axes have been excavated (Xie, 2002).
Moreover, charred seeds of millet were discovered in the
Majiayao cultural sites (Jia et al, 2013). These provide
unquestionable evidence for the onset of cultivation in this
area. The ways in which agriculture may have transformed the
natural environment in this part of the world, have yet to be
studied in depth.

Agriculture emerged following the hunting and gathering
culture and developed rapidly over time (Harlan, 1971;
Bellwood et al., 2005). Agricultural activities have been a
driving force for humans to adapt and modify the
environment (Edwards, 1991; Cavalli-Sforza et al, 1993).
Palynological and archaeological evidence have been used to
reconstruct past environments (Zhou et al., 2011; Wei H.-c.
et al., 2020; Miehe et al,, 2021). In Europe, land cover change

in the form of cropland expansion, caused severe deforestation as
early as approximately 7 cal ka BP (Lowe and Walker, 1997).
Pongratz et al. (2008) reconstructed the spatial dispersion of
global cultivated land and other past land usage using historical
population data and modern land use patterns. The results
indicated that broadleaf deciduous forests were severely
affected by cropland expansion. Vitousek et al. (1997), found
that terrestrial vegetation has been significantly altered by the
rapid development of agriculture. Driven by sharp increases in
human populations, over 30-50% of the Earth’s land cover has
been converted into agricultural land. The development of
ancient Chinese civilization is entangled with the emergence of
agriculture. During the mid-Holocene, a shrinking of forests
across much of China was concomitant with the patterns of
human settlement and cropland expansion (Ren, 2000). In the
western Loess Plateau, the Yangshao people started millet
cultivation around 6.0 cal ka BP, which developed rapidly,
forming a complex farming structure with a variety of crops.
The amplified intensity of farming resulted in a decrease in shrub
and grassland coverage in the Longdon area (Zhou et al., 2011).
Owing to the human disturbance, the coniferous and broadleaf
mixed forests cover decreased markedly after 4.6 cal ka BP (Li
etal., 2012). Hou et al. (2012) reconstructed prehistoric cultivated
land areas in the middle and lower reaches of the Yellow River
based on prehistoric population estimations and prehistoric sites.
The results indicated that cropland expansion reduced area of the
pristine forests along the lower reaches of the Yellow River. Based
on those studies, it is clear that cultivation has had extensive
consequences for the natural environment. To what extent this
process has played out on the northeast margin of QTP is largely
unknown. By reconstructing the prehistoric cropland area using
palynological and archaeological evidence, this paper attempts to
describe the impacts of anthropogenic activity on the natural
vegetation in the northeastern margin of the QTP. In particular,
this paper draws attention on changes in forests, as forest
ecosystems are crucial components of the carbon cycle,

biodiversity =~ conservation,  soil = maintenance,  water
conservation, and climate regulation. In summary, this paper
aims to better explain  bio-physical environmental

changes resulting from human intervention and make a
contribution to the fields of palaeoecology, paleoenvironment,
and paleo-climate.

STUDY AREA

Environmental Setting of the Study Area

The northeastern margin of QTP encompasses the eastern part of
Qinghai Province, including the areas along the Huangshui River
and upper reaches of the Yellow River from Tongde County to
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FIGURE 1 | Northeast margin of the QTP. Scope of this study.

Xunhua County, as well as the Gonghe Basin (Figure 1). This
subregion is an important transitional zone between the QTP and
Loess Plateau, marking the boundary between the East Asia
summer monsoon and the northwest arid region. It features
mostly north-south-oriented, high mountains, deep and broad
valleys, well-developed river terraces, and elevations ranging
between 1,650 and 5,206 m above sea level. The region is
climatically sensitive and ecologically vulnerable. It is classified
as having a temperate-arid and semi-arid continental climate,
with mean annual precipitation between 252 and 535 mm, and
mean annual temperature between 3 and 8°C (Jia et al., 2019). The
dominant biome in this area is temperate grassland with
distinctive vertical zonality. This area is typical of the
agropastoral areas where river terraces are densely cultivated
and it has one of the highest rates of agricultural land use on
the QTP. In spite of the fact that this region accounts for only
5.18% of the province’s total area, the population exceeds 70% of
the province’s total. Cropland area accounts for 73% of that found
in the province (Zhao, 2016).

The Dianziping profile was collected from Gaomiao basin,
Ledu County, Qinghai Province, which is characterized as having
a temperate-plateau, semi-arid climate. The basin sits at an
elevation of 1,870 m, has a mean temperature of 7.6°C and a
mean precipitation of 333.7 mm annually. The Huangshui River
runs through the basin from west to east. In the river valley, flat
terrain and intact terraces are common. At present, cropland is
widely distributed on terraces and slopes, and most of the plants
observed in the valley are cultivated species such as Triticum
aestivum, Vicia faba, Pisum sativum, Juglans regia, Zanthoxylum
bungeanum, Populus, Salix, and others. In the foothills, temperate
grasslands are dominant, with Stipa bungeana occurring as the
dominating species; clustered Stipa glareosa and artemisia
gmelinii are commonly observed. In the high mountains,
shrub species such as Potentilla fruticosa, Salix oritrepha,
Rhododendron lapponicum, and a few Picea crassifolia, Picea
wilsonii are abundant. Mountain regions above 3,200 m are
mainly Kobresia dominated alpine grassland.

Cultural Sequence
The scope of this study extends from the Neolithic Age to the

historical time period (5.3-0.11 cal ka BP). This time frame
coincides with the occurrence of the Majiayao, Qijia,
Xindian, and the Kayue cultures. The Majiayao culture,
renowned for its excellency in pottery, was centered in the
Hehuang Valley and mainly practiced farming. Based on
radiocarbon dating, the Majiayao culture can be categorized
into three different subsets, the Majiayao type (5.3-4.5 cal ka
BP), Banshan type (4.5-4.3 cal ka BP), and Machang type
(4.3-4.0 cal ka BP). Around 4.2 cal ka BP, the Qijia culture
(4.2-3.6 cal ka BP) replaced the Majiayao culture in the
region, representing the onset of the Bronze Age. During
the mid-late Bronze Age, people of the Kayue culture
(3.6-2.7cal ka BP), who practiced both farming and
grazing, and the Xindian culture, which practiced farming,
occupied the area. While the Kayue culture was mainly
distributed in the western part of the study area, the
Xindian Culture (3.6-2.6 cal ka BP) was found in the east
(Xie, 2002; Chen et al., 2015).

MATERIALS AND METHODS

Agricultural intensity is inherently linked to population density
(Vasey, 1992; Pongratz et al., 2008). As such, population sizes can
be used as a proxy for agricultural activity. To estimate the
population, and analyze the spatial distribution pattern of
cultivated land, the prehistorical sites in the northeast of QTP
were examined here. The data for prehistoric sites were primarily
obtained from the Atlas of Chinese Relics. More recent
discoveries are also incorporated. The study area includes
approximately 280 sites of the Majiayao type, 90 sites of the
Ban Shan type, 520 sites of the Machang type, 430 sites of the
Qijia Culture, 1,700 sites of the Kayue Culture, and 350 sites of the
Xindian Culture (Bureau of National Cultural Relics, 1996; Zhang
and Dong, 2017).

Frontiers in Earth Science | www.frontiersin.org

32

May 2021 | Volume 9 | Article 681995


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

Wende et al.

Population
Prehistoric population sizes are estimated mainly by settlement

archaeology, grave analysis, bio-archaeology, relics study, and other
analytical methods (Fang, 2007). In this study settlement archaeology
and grave analysis were used for population estimation. Calculation of
the prehistoric population was based on both the sizes of prehistoric
sites (settlement archaeology) and the number of graves excavated at
each site (grave analysis). In light of the fact that there were no record of
prehistoric population and former studies of the specific human
population, we used the data attained from officially excavated sites.
Uncertainty around the population estimates are the result of
inaccuracies in grave numbers due to both natural, and human
disturbances such as grave robbery and village construction. These
disturbances have resulted in an inaccurate number of recorded graves
and excavated human bones. Consequently, the population estimates
for this study are likely low, but provides a reasonable approximation of
the population and general population growth trends, if used
consistently across all sites.

Settlement Archeology

For the prehistoric sites identified within a specified area,
settlement archaeology was used, and the following equation
was adopted:

Pi = s#d

In this, Pi stands for the total population of the prehistoric site 7; s
represents the area size, and d provides the population density.
Since the prehistoric population density of northeast QTP was
unavailable, the prehistoric population density of the Yangshao
culture (d = 0.005625 person/mz) was applied (Qiao, 2010). The
Yangshao culture expanded to the east of QTP and established the
early Majiayao culture. The sites of these two cultures were
similar in terms of geographical settings; the Yangshao culture
sites were located along the western fringe of the Loess Plateau
which is connected to the northeast fringe of the QTP. Both sites
exhibited similar climatic conditions as both were strongly
influenced by continental monsoon and both cultures
practiced millet farming. As such, the population density of
the Yangshao culture was seemed applicable for estimating the
population density of the Majiayao culture.

Grave Analysis

For the prehistoric sites with unspecified size area, grave analysis
was adopted. The number of graves and human bones excavated
at each typical cultural site was used as a reference for the total
population of that particular cultural site. The life span, which
was estimated from the study of human bones, was obtained from
other studies (Table 1). Thus, the residential populations (annual
population in a cultural site) for each cultural site were obtained
using the following equation:

. PixLi
i =
Ti

Here, Pri stands for the residential population of the site i: Pi gives
the total population of the site i; Li is the estimated life span of the
site i; Ti stands for the time span of the cultural site i (Table 1).

Anthropogenic Impacts on Paleo-Environment

The total population of a cultural/type was estimated using the
formula

Pt= Z Li;fi = iPri

i=1

The populations of all cultural sites with the same cultural
types were summarized to obtain the total population (Pt) for
each group.

Cultivated Land

The most distinct change in vegetation cover brought by
anthropogenic activity is the conversion of natural to
cultivated lands. The total area of the cropland can be used to
estimate the extent of human disturbance to natural vegetation.
Elevation, slope aspect, and gradient, as well as soil types, are
considered as limiting factors for cultivation (Luo et al., 2015;
Han et al, 2020). During the prehistoric time periods, the
distance to the river was also considered a limiting factor for
cultivation due to the lack of vehicles for transportation and
undeveloped irrigation technology. Generally speaking, the
suitable land area available for cultivation was limited by one
social factor; population, and four natural factors; elevation,
slope, water source, and soil type.

Natural Factors

Elevation, slope, water source, and soil type are considered the four
natural factors affecting the suitability of cropland. Elevation
greatly affects rainfall and temperature of the area. On the
Tibetan Plateau precipitation and temperature are mostly at the
edge of ecological limitation for forest. Slight elevation changes
may lead to changes in the distribution of vegetation and even the
entire ecosystem structure (Huang et al, 2008; Li D.-M. et al,
2008). Assuming that the topography of the prehistoric sites
remained consistent with current landform, and millet was the
main crop, three elevation zones were designated: 0-2,000 m,
2,000-2,800 m, >2,800m. The high-altitude mountainous
regions above 2,800 m are characterized by low temperatures,
high precipitation, severe frost, low incidence of farming, and
sparse vegetation cover (Zeng et al, 2012). They are, thus,
considered unfavorable for cultivation. The major rivers along
the settlement area provide a reliable water source for settlers
within a 3 km or 1 h walking distance (Vita Finzi, 1969). Distance
to a river (water source), in this case, has been identified as another
limiting factor for cultivation. Slope gradient also greatly constrains
the expansion of the cropland area (Han et al, 2020) and
determines the potential for land erosion. It also influences the
texture of the soil, and to an extent, the thickness of soil layers. A
gradient of 20 is considered steep, prone to erosion, and hence,
unsuitable for long-term cultivation (Li, 1978). The Tibetan Plateau
is made up mostly of alpine desert and brown desert soil, which are
not suitable for cultivation. Soil types that are suitable for
cultivation, are relatively scarce. (Table 2).

Social Factor: Population
The extent of arable land use is determined, in part, by the
population of the area and mode of production employed
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TABLE 1 | Population and life span of each culture/type.

Age/time 5.0-4.5 cal ka BP 4.5-4.3 cal ka BP 4.3-4.0 cal ka BP 4.0-3.6 cal ka BP 3.4-2.6 cal 3.6-2.6 cal
ka BP ka BP
Culture/type Majiayao type Banshan type Machang type Qijia culture Xindian culture Kayue culture
Site Hetao Zhuang, Minhe Yangshan, Minhe Liuwan, Ledu Gamatai, Guinan Hetao Zhuang Shang Sunjiazhai
County County County County Minhe County Datong County
Approximate population 180 215 890 55 75 1,080
estimate
Mean life span 30 35 40 35 30 30
References 1 2 3 485 1 6&7

1, Qinghai Province Cultural Relics Archaeological Institute, 2004, 2, Qinghai Province Cultural Relics Archaeological Institute, 1990; 3, Qinghai Province Cultural Relics Management
Branch Archaeological team, Chinese Academy of Social Sciences, Institute of Archaeology, 1984; 4, Bureau of National Cultural Relics, 1996; 5, Ren, 1998; 6, Su et al., 2010; 7, Li and
Lu, 1981.

«The estimated results were rounded and kept to the nearest five.

TABLE 2 | Natural limiting factors in the reconstruction of cultivated farmland.

Type Category Value* Type Category Value*

Soil Chestnut soil and sierozem (suitable for cultivation) 1 Slope Slope aspect 0-45 0
Highland desert soil and Brown desert soil (unsuitable for cultivation) 0 45-225 1
225-360 0

Gradient 0-10 1
Water source Distance to river <3 km 1 10-20 0.5
>20 0

Elevation 0-2,000 m 2

Distance to river >3 km 0 2,000-2,800 m 1
>2,800 m 0

*Value equals 0 is unsuitable for cultivation. Higher the value the more suitable it for cultivation.

TABLE 3 | The estimated result of population.

Culture/type Majiayao type Banshan type Machang type Qijia culture Xindian culture Kayue culture
Residential population 35 40 70 50 70 30
Total population 9,900 3,710 39,200 22,790 6,930 54,400

«The estimated results were rounded and kept to the nearest five.

(Chen Q. et al., 2019). In prehistoric times, a primitive method of (site i theoretical cultivated land). Applying the buffer tool in Arc-
cultivation was adopted whereby, land was burned prior to the ~ GIS to that estimate, we obtained an approximation spatial
planting of seeds. A similar strategy was also utilized during the  distribution pattern of theoretical cropland area in each
Xia Dynasty and produced a grain yield of 37.5kg/ha (Yang,  different culture. However, the distribution of cultivated land
1998). The likeness in methodologies suggests that the grain  at any site is restricted by the natural factors of topography, as
production of the two may have been similar. The annual grain ~ previously discussed. In areas where the sites are densely
consumption of the Yangshao settlers was around 258 kg/person  distributed, the actual cultivated land area may be smaller
(Qiao, 2010), so, theoretically, the size of prehistorical cropland than that of the theoretical cultivated land area. The raster
could be calculated through the following formula: data was assessed again considering the natural limiting
pisC factors (Table 2). Areas were classified as; unsuitable (0-1) or
= more suitable (2-3) for crop cultivation. Superimposing the two
Y estimated results and the new results ratings of three to four were
where Si stands for the theoretical size of cropland at prehistorical ~ considered to be practical for cropland area cultivated during the
site i. Pi stands for the population size of the site i, and C stands ~ time period of a culture. In this way, the spatial distribution
for the grain consumption per person and Y stands for grainyield.  patterns and the sizes of practical cropland area for each culture
Estimates of the practical cropland area in use during each ~ were obtained. It is important to note that, during the Kayue
cultural time period were reconstructed using Arc-GIS. Assuming  cultural period, the mode of production was more diversified.
that cultivation would have taken place within a circle, with the =~ Agriculture was the main subsistence strategy of the Kayue people
prehistoric site in the center, the radius of the circle can be set as  living along the Yellow and Huangshui Rivers, but grazing and
the measured range of cropland. The radius was based on the Si  hunting supplemented their diets (Xie, 2002). The mean elevation

Si
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of the Xindian sites is lower than that of the Kayue sites, thus the
proportion of agriculture in the Xindian culture is higher than
that of the Kayue culture. It follows that the grain in Xindian
culture and Kayue culture accounts for approximately 80 and
60% of food consumption respectively. The radii for estimated
cultivated land areas for the two cultures were approximately 535
and 320 m (rounded to the nearest five) respectively.

On-Site Profile for Pollen Analysis and

Dating
A 3.5m profile with intervals of 4 and 6 cm (280-311 cm) was
collected from Dianziping (36°26'28"N,  102°34'51"E,

1,938 m.a.s.l), Gaomiao basin for the purpose of dating and
pollen analysis. Fifty samples were prepared according to
standardized protocols and the experiment was carried out
using standard procedures (Li et al., 1995). A known number
of Lycopodium spores (27,637 + 563 grain/slice) were added to
each sample for calculating the values of pollen and charcoal
concentration. Carbonate and silicate were removed with 10%
hydrochloride and 40% hydrofluoric acid, respectively, and
washed through 10 um sieves. Five charcoal samples from the
stratum were collected at depths of 108, 173, 194, 205, and 241 cm
for AMS dating. These charcoal samples were sent to Quaternary
Dating Laboratory for AMS14C dating in Peking University. Ages
were calibrated using IntCall3 atmospheric curve (Reimer et al.,
2013), using the program OxCal v4.2.4 (Bronk Ramsey, 2015).

RESULTS

Population

Table 3 illustrates the population estimations of the different
cultures. The Neolithic residential population size increased from
40 people in the early stages of the Majiayao culture to
approximately 70 people during the Machang type. The
residential population dropped to 50 people during the Qijia
cultural period, but recovered during the Xindian cultural period
and augmented to a similar rate of the Machang type. This
indicates that, in spite of low population, the Xindian sites
were more densely populated. The total population of the Majiayao
type reached 9,900 people but fell by nearly half during the Banshan
period. During the Machang type, the population increased
dramatically and reached the peak of the Neolithic Age with a total
population of 39,200 people in the northeast part of the QTP. Numbers
decreased significantly during the Qjjia cultural period and reached
22,790 people. The study area was occupied by both the Xindian culture
and the Kayue culture during the mid-late Bronze Age when the total
population reached approximately 61,330 people. Around 2.0 cal ka BP,
during the Han dynasty, Zhao Chongguo, an official in Hehuang
Valley, reported in his letter to the emperor, that there were about fifty
thousand Qiangs (refers to the Kayue people) in the area. This supports
the estimated results of the Kayue population.

Cultivated Land

The statistical result of the reconstructed cultivated land showed
that during the Majiayao culture, the cultivated land area grew

Anthropogenic Impacts on Paleo-Environment

from approximately 150-460 km* during the Machang type.
However, this was decreased during the Banshan type, falling
to approximately 25 km® (Table 4). During the Qijia Culture, it
decreased slightly to 330 km* and then, was followed by an
increase during the mid-late Bronze Age. During this period,
cultivated land area expanded to approximately 1,080 km? in the
west. In the eastern region of the study area, the cultivated land
area was 80 km”. The total cultivated land area in the northeast
margin of the QTP reached 1,160 km>.

Figure 2 illustrates the temporal and spatial distribution of
cultivated land throughout the prehistoric time period. Rivers played a
central role in the distribution patterns of the cultivated land area.
During the early Majiayao culture, the cultivated lands were sparsely
distributed along the two major rivers: the Huangshui and the Yellow
Rivers. During the late Neolithic Age, the cultivated land area
expanded along the Huangshui River and the east edge of QTP
appeared to be heavily cultivated. In the mid-late Bronze Age, the
cultivated land area expanded westward, to the source region of the
Yellow River and its tributaries, and northward to the areas along the
Beichuan River, a main tributary of the Huangshui River.

Palynology

Dating

The high precision AMS"C is reported as a mean age within a range
of error. The results indicated that the 3.5 m section of Dianziping site
captured a specific, concentrated time period between 4.0 and 3.7 cal ka
BP (Table 5); classified as the Qjjia cultural period. There was a small
inversion of dates, suggesting anthro