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Abstract

The Asian interior represents the largest and most extensive mid-latitude arid
region in the Northern Hemisphere, differing from arid regions elsewhere in the
world that are distributed under subtropical high-pressure control. The contem-
porary mid-latitude arid region of Asia is located deep within the continental
interior, far from moisture sources of the major oceans. How exactly did the
mid-latitude arid region of Asia form? What aridification processes has it expe-
rienced? What are the dynamic mechanisms underlying its formation and evo-
lution? These have long been unresolved questions. In fact, the development of
the mid-latitude arid region of Asia into the arid desert observed today was not
achieved within a short period, but rather underwent a prolonged, staged evo-
lutionary process. Under the combined influence of regional and global factors
since the Cenozoic—including the collision of the Indian, Arabian, and African
plates with the Eurasian continent, the uplift of the Tibetan Plateau, the re-
treat of the Neo-Tethys Sea, and Cenozoic global climate cooling and sea-level
decline—it progressively evolved from semi-humid through semi-arid to arid and
ultimately hyper-arid conditions. This evolution encompassed a semi-humid cli-
mate during the Eocene, a semi-humid to semi-arid climate during the Oligocene,
and an arid to hyper-arid climate since the late Miocene.
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Abstract

The Asian interior represents the largest and most extensive mid-latitude arid
zone in the Northern Hemisphere, fundamentally distinct from arid regions con-
trolled by subtropical high-pressure systems. Situated deep within the Eurasian
continent, modern mid-latitude Asia remains far removed from oceanic moisture
sources. How did this vast arid region form? What aridification processes has
it undergone? What mechanisms drove its formation and evolution? These
questions have long remained unresolved. In reality, the development of today’
s desert environment in mid-latitude Asia was not a rapid event but rather a
prolonged, stepwise evolutionary process spanning millions of years. Through
the Cenozoic, the region progressively transformed from semi-humid to semi-
arid, then to arid, and finally to hyper-arid conditions, driven by the combined
effects of the collision between Indian, Arabian, and African plates with Eura-
sia, uplift of the Tibetan Plateau, retreat of the Neotethys Ocean, and global
climate cooling with associated sea-level decline. This evolution encompassed
a semi-humid climate during the Eocene, a semi-humid to semi-arid climate in
the Oligocene, and an arid to hyper-arid climate since the late Miocene.

Keywords: mid-latitude arid zone, Cenozoic long-term evolution, aridification,
forcing mechanism

The Asian interior constitutes the largest mid-latitude arid zone in the Northern
Hemisphere [Figure 1: see original paper|, spanning southern Mongolia, the
region north of China’s Loess Plateau, three major inland basins in northwestern
China, and arid areas of Central Asia—an important region traversed by the
overland Silk Road. Unlike arid zones controlled by subtropical high-pressure
systems elsewhere in the world (such as the Sahara Desert and Middle Eastern
deserts), this arid region is situated in mid-latitudes. Conversely, the middle
and lower Yangtze River region, which should be under subtropical high control,
has become a “land of fish and rice” with abundant precipitation due to the
influence of the Asian monsoon.

Modern mid-latitude Asia lies deep in the continental interior, far from oceanic
moisture sources [Figure 1: see original paper]. Moisture from the Indian Ocean
is blocked by the Himalayas; Pacific moisture is largely depleted before reaching
Central Asia after its long journey; and westerly moisture from the Atlantic and
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Mediterranean is mostly exhausted over the European continent, with limited
residual moisture further obstructed by the Pamir, Hindu Kush, Tian Shan,
and Altai mountains. Consequently, mid-latitude Asia has become the most
extensive arid region in the Northern Hemisphere.

How did this mid-latitude Asian arid zone gradually develop into its current
desert landscape? What aridification processes did it experience? What dy-
namic mechanisms governed its formation and evolution? What roles did re-
gional and global factors—including Cenozoic collisions of the Indian, Arabian,
and African plates with Eurasia, Tibetan Plateau uplift, Neotethys retreat, and
global climate cooling with sea-level decline—play in this process? These re-
main outstanding questions. The development of today’ s desert environment
in mid-latitude Asia was not a short-term phenomenon but a prolonged geo-
logical process involving stepwise evolution from semi-humid through semi-arid
to arid and finally hyper-arid conditions. This paper attempts to explore the
stepwise aridification of mid-latitude Asia based on previous research and recent
findings.

Eocene Semi-humid Paleoenvironment

The transformation of mid-latitude Asia into today’ s extensive arid zone has
profound tectonic underpinnings. The most recent supercontinent assembly
occurred during the Pangaea episode ~250 million years ago, but Pangaea began
rifting from ~230 million years ago. Rifting of the southern Gondwana continent
intensified after the Cretaceous (94 million years ago), with African and Indian
plates detaching from Antarctica and drifting northward. By ~60 million years
ago, the leading edge of the Indian plate had collided with Asia’ s southern
margin along the middle Yarlung-Zangbo suture zone [1-3]. However, collision
at the eastern and western syntaxes of the India-Asia collision zone is generally
considered to have occurred later, with complete collision not achieved until ~50
million years ago [2].

Not only was the Indian plate drifting northward, but the African plate was
as well. Their convergence with Eurasia accelerated the contraction of the
Neotethys Ocean. During the early Eocene, 50 million years ago [Figure 2: see
original paper], regional tectonic evolution had already influenced Central Asian
paleoclimate. Recent studies indicate that after the Indian subcontinent rifted
from Gondwana and drifted across the equator into the Intertropical Conver-
gence Zone (ITCZ), the South Asian monsoon had already formed, as confirmed
by early Eocene numerical simulations [4]. Shukla and Mehrotra [5] discovered
early Eocene (55-52 million years ago) coal-bearing strata in Rajasthan, north-
western India, indicating a humid climate. Analysis of abundant broadleaf plant
fossils suggests precipitation reached 1,800 mm/year with distinct wet and dry
seasons, demonstrating that the South Asian monsoon may have existed 50
million years ago.

It should be noted that India and Asia had completely collided by 50 million
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years ago, and mountain uplift along the collision boundary [7] would have at
least partially blocked the South Asian monsoon from penetrating deep into the
Asian continent. Furthermore, despite Africa-India-Eurasia collision reducing
the extent of the Neotethys Ocean, vast marine areas still existed in what is now
Central Asia and regions to the west, allowing westerly circulation to transport
substantial moisture into Central Asia.

Even by the late Eocene (~40 million years ago), seawater had only just re-
treated from the Tarim Basin [8,9], consistent with Carrapa’ s [10] conclusion
that marine regression at the westernmost Alai Strait connecting the Tarim
and Tajik basins (easternmost Tajik Basin) occurred 39 million years ago—the
Tarim Basin east of the Alai Strait could not have been later. However, the late
Eocene seawater retreat from the Tarim Basin was primarily related to north-
ward protrusion of the Pamir Plateau. At this time, most of the Tajik Basin
west of the Pamir and regions further west remained covered by extensive seas.
Moreover, the Pamir Plateau had not yet collided with the southern Tian Shan,
leaving at least a 300-kilometer moisture pathway between them [11]. The Tian
Shan mountains had not yet undergone tectonic reactivation and remained low-
elevation features after prolonged Mesozoic erosion [12]. Moisture could still
be transported to Central Asia by prevailing westerlies. Both the Suweiyi For-
mation in the Tarim Basin [13] and the Ziniquanzi Formation in the Junggar
Basin [14] consist primarily of lacustrine strata, while southern Mongolia in the
late Eocene also featured lacustrine-fluvial depositional environments [15]. This
indicates that Central Asia was at least semi-humid during this period.

Oligocene Semi-humid to Semi-arid Paleoenvironment

By the early Oligocene, 34 million years ago, intensified convergence of African,
Indian, and Eurasian plates directly caused further Tibetan Plateau uplift and
Neotethys contraction [Figure 3: see original paper|. Additionally, the early
Oligocene witnessed the most important climatic event in Cenozoic cooling—the
formation of the Antarctic ice sheet, marking the transition from “greenhouse”
to “icehouse” conditions with associated global sea-level decline.

Under combined effects of continental convergence and sea-level fall, the previ-
ously unified Neotethys Ocean was split into southern and northern branches,
with the northern branch called the Paratethys Sea [Figure 3: see original pa-
per]. By the early Oligocene, the central Tibetan Plateau had risen to near 3,000
meters elevation [16-18]. Although some foreign scholars have used carbonate
oxygen isotope paleoaltimetry to suggest the central plateau approached modern
elevations in the Oligocene [19,20], both soil and lacustrine carbonate oxygen
isotope paleoaltimeters have unavoidable issues—oxygen isotope fractionation
is strongly influenced by moisture sources and carbonate diagenetic resetting,
severely compromising reliability. Tibetan Plateau uplift undoubtedly more ef-
fectively blocked the South Asian monsoon from penetrating deep into Asia,
with its rain shadow effect becoming pronounced. The East Asian monsoon
had not yet formed in the Oligocene [4,21,22], leaving westerly moisture as the
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primary source for mid-latitude Asia [23].

Although the Paratethys Sea’ s extent had shrunk compared to the Eocene,
the Pamir had not yet collided with the southern Tian Shan, leaving the mois-
ture pathway from the Atlantic and Paratethys still open [24]. Moreover, the
Tian Shan remained a low-elevation range that had not undergone tectonic re-
activation [12], allowing westerlies to transport moisture from the Atlantic and
Neotethys into Central Asia. However, reduced upwind moisture sources meant
less moisture reached mid-latitude Asia, initiating semi-arid conditions in the
continental interior. In southern Mongolia, the most distant from Paratethys
moisture sources, eolian red clay deposition began in the early Oligocene [15].

However, Oligocene eolian red clays in Mongolia contain paleosol and carbon-
ate nodule layers, indicating at least semi-arid rather than hyper-arid conditions.
Pedogenic carbonate nodule formation requires sufficient moisture for chemical
leaching, so their presence precludes extreme aridity. Regional geological sur-
veys in Mongolia have also found no ancient dune deposits; the Oligocene red
clay deposits represent dust transported from piedmont alluvial fans and dry
paleochannels.

Around the late Oligocene, eolian red clay deposition also began in areas west
of the Liupan Mountains on the Loess Plateau and in the Junggar Basin of Xin-
jlang [21,25,26]. These eolian red clays similarly contain paleosols and carbon-
ate nodules, demonstrating sufficient moisture for chemical leaching. As dust
accumulations rather than sand deposits, they indicate steppe-to-dry-steppe
semi-humid to semi-arid environments.

Late Miocene Aridification of Central Asia

Since the late Miocene, India-Asia collision continued while the Arabian plate
collided with Asia in the late Miocene, causing uplift of the Iranian Plateau
[27,28]. The African plate also continued converging with Eurasia, further driv-
ing Paratethys retreat. Additionally, since 14 million years ago, continued ex-
pansion of the East Antarctic ice sheet [29] caused persistent sea-level decline.
Under combined effects of plate convergence and global cooling, the once-vast
Paratethys Sea had substantially retreated by the late Miocene [Figure 4: see
original paper].

More importantly, abundant geological evidence indicates that during the late
Miocene (7-5 million years ago), the northern Pamir front collided with the
southern Tian Shan, activating the Pamir frontal thrust [30-33] and gradually
closing the moisture pathway into the Tarim Basin [Figure 5: see original paper],
accelerating the onset of extreme aridity. During this period, although the
Mazartag section in central Tarim and Lop Nur drill cores still show lacustrine-
dominated deposition [33,34], sporadic ancient eolian sand interlayers appear in
late Miocene lacustrine strata at the Mazartag section, signaling the beginning
of extreme arid conditions. While the aridification history of the Tarim Basin
remains debated [35-38], more evidence indicates significantly drier conditions
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emerged since 5 million years ago [33,34,39-41]. Lacustrine strata disappeared,
replaced by fluvial and eolian sand deposits, as the Tarim Basin transitioned
toward hyper-arid conditions.

This aligns with geological records of intensified aridification in the Qaidam
Basin since the Pliocene, indicated by extraordinarily robust bones of the fish
Hsianwenia [42], and with evidence of late Miocene aridification from other
Central Asian regions [43].

Although the formation timing of other Chinese deserts (Badain Jaran, Tengger,
Ulan Buh, Kubuqgi, Mu Us) remains unclear, the widespread distribution of
late Miocene (8-7 million years ago) Tertiary eolian red clay east of the Liupan
Mountains on the Chinese Loess Plateau [44-48] indicates that the Central Asian
arid-to-semi-arid source area had already taken shape during this period.
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