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A B S T R A C T

The formation of sandstone-style uranium deposits are significantly controlled by the latest tectonic uplift
events, especially those generated in an open system by the infiltration of meteoritic water. This study explores
the spatiotemporal relationship between global Miocene tectonics and sandstone-style uranium deposits to
evaluate the link between tectonic uplift and metallogenic ages. In general, modern landforms were shaped by
diverse global tectonic events that began in the Middle and Late Miocene. This includes the formation of con-
tinental-scale faults and fold belts, including the uplift of the three broadly contemporaneous ranges, the
Alpine–Himalayan Belt, the Cordillera, and the East African Rift. These events were accompanied by intense
magmatic activity, as well as an increase in the spreading rates of oceanic ridges and higher sedimentation rates
in the Pacific, Indian, and Atlantic oceans. Modern global climate patterns are a direct consequence of these
Miocene tectonic events. Studies on sandstone-style uranium deposits report that though their stratigraphic ages
extend from the Proterozoic to the Cenozoic, they notably occur from the Late Mesozoic to the Neogene.
Uranium mineralization ages are concentrated between 20 and 0.1Ma, clustering mainly in the Miocene al-
though remobilizations are known to have occurred subsequently, some even in the Holocene. Global tectonics
in the Miocene, between 20 and 5Ma, resulting in the regional uplift of mountain ranges and continental tilts,
may have exerted significant control over the migration directions of uranium-bearing fluids that formed these
sandstone-style uranium deposits. Climate patterns in the Miocene, specifically subtropical high-pressure belts
on both sides of the equator controlled the creation of arid and semi-arid areas, creating characteristic rainfall
patterns which would also have influenced the spatial distribution of these uranium deposits. Thus, the spa-
tiotemporal characteristics of most sandstone-style uranium deposits in the world were controlled by global
tectonics in the Miocene that uplifted mountain ranges and tilted continents, generating subtropical high-
pressure belts and the Asian high pressure region. In addition to new ideas adding greater research value to the
study of global sandstone-style uranium mineralization, this paper also provides a new exploration indicator for
sandstone-style uranium deposits.

1. Introduction

Sandstone-style uranium deposits in this paper are defined as basal
channel, tabular and roll front deposits that form by the infiltration of
meteoric or groundwater enriched in uranium (Cuney, 2013). The
linkage between Miocene tectonics and the infiltration of uranium-rich
meteoric water that precipitates to form sandstone-style uranium de-
posits remains vague. The characteristics of hydrogenic, dynamic, and
open system mineralization have generated considerable uncertainty,
resulting in a wide span of deposit ages (Wang, 2002; Xia, 2015; Jaireth
et al., 2016; Zhang, 2016; Hall et al., 2017; Jin et al., 2017). In China,

the Sunjialiang deposit ages range from 20 to 8Ma (Xia, 2015) and
those from Ningdong range from 11 to 4Ma (Wang et al., 2018); the
Qianjiadian ore deposits have a longer age range, from 53 to 3Ma
(Zhang et al, 2005; Zhao et al., 2018). The Kazakhstan Chu–Sarysu
deposit ages range from the Oligocene to the Quaternary, and in the
USA, the ages of the Grants deposit in New Mexico range from 13 to
4Ma (Jaireth et al., 2016), while those from Texas range from 5.07 to
0.15Ma (Hall et al., 2017). The ages of uranium deposits coincide with
Cenozoic tectonic events, but are significantly younger than their strata
ages, which range from the Proterozoic to the Cenozoic (Jin et al.,
2017; Wang et al., 2017a). Consequently, the precise dating of
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sandstone-style uranium deposits is very difficult and remains an un-
resolved research problem due to the small quantity of uranium avail-
able for in situ dating, its mineralogical complexity which includes ur-
anium oxides mixed with coffinite or ningyoite, and its frequent
alteration either by lead loss or from radon loss by alpha recoil because
of the small size of uranium minerals.

The significance of tectonics, climate, and fluids on sandstone-style
uranium deposits is widely recognized (e.g., Liu et al., 2009a; Jiao
et al., 2015; Jaireth et al., 2016; Sheahan et al., 2016; Zhang, 2016; Jin
et al., 2016; Hall et al., 2017; Wang, 2017b). Most sandstone-style ur-
anium deposits formed in arid and semi-arid environments (Wang et al.,
2017a), and continental tilt belts (Liu et al., 2009a; Wang et al., 2017a).
Studies suggest that their formation may have been controlled by
Cenozoic tectonics (Chen et al., 2010a) and neotectonics (Zhang, 2016),
Neogene synsedimentary tectonic activity (Zhou et al., 2017), mono-
clinal structural control (Liu et al., 2009a), and intra-basin uplift (Jin
et al., 2016). Complex mineralization ages, in addition to their hydro-
genic and dynamic characteristics suggest that uranium may have been
concentrated in veins and subsequently leached (Placzek et al., 2016;
Domnicka et al., 2018). Uranium mineralization is most likely a con-
tinuous process; it is strongly influenced by regional tectonics, and may
persist till today. However, questions regarding when and which events
most influenced uranium mineralization in the world remain un-
answered.

In this study, we assemble evidence from global Miocene tectonics
that reshaped the modern global landscape (Fig. 1), forming major river
systems (Harrison et al., 1992; Gradstein et al., 2004; Clark and Bilham,
2008; Potter and Szatmari, 2009, 2015; Bracciali et al., 2015) and
modern geomorphology, and formed today’s climate which is very si-
milar to that of the Miocene (Xiao et al., 2014; Wang et al., 2017a); we
then explore their relationship with regional sandstone uranium mi-
neralization on Earth. Our study reveals that the modern mountain
ranges that were formed by major global tectonic events in the Miocene
controlled the development of the three main metallogenic belts for
sandstone-style uranium deposits (Fig. 2), the Alpine–Himalayan Belt,
the Cordillera Belt, and the East African Rift Belt, respectively. The
mineralization ages of sandstone-style uranium deposits are clustered
from the Miocene to the Pleistocene, indicating continuous miner-
alization and multiple remobilizations. The development of subtropical
high-pressure belts (SHPBs) on both sides of the equator controlled the
formation of arid and semi-arid areas as well as regional rainfall pat-
terns, influencing the distribution of sandstone-style uranium deposits.

2. Global tectonics in the Miocene

2.1. Tectonic setting

The world's two longest mountain chains—the 13,000 km
Alpine–Himalayan Belt in the Eurasian plate and the 16,000 km

Cordillera in the western Americas, respectively—and the 6400 km East
African Rift, together form the largest intra-continental rifting belts.
These three ranges and the tilts along these ranges control the dis-
tribution of most sandstone-style uranium deposits in the world (Fig. 2).
Subduction, collision, and extension are the three types of interactions
between two plates; any of them can raise continental elevations and
back-tilt entire continents. These mountain ranges are focal points of
study for the dynamic mineralization of sandstone-style uranium de-
posits. Epeirogenic uplift increasing the average elevation of continents
was also proposed as an important factor leading to local climate
change (Eyles, 1996; Guo, et al., 2002).

The Alpine–Himalayan Belt contains many complex sutures that
started in the Permian from successive collisions of Gondwana frag-
ments, and which culminated with the impact of Africa, Arabia, and
India during the Cenozoic (Potter and Szatmari, 2015). These sutures
closed the Tethyan Ocean and the residual Mediterranean, Black, Cas-
pian, and Aral Seas in Europe, forming a complex of collisional
mountains, wide plateaus, and large intermountain basins along the
chain, namely the Himalayas, the Tibetan Plateau, and the Tarim Basin
in Asia.

The Cordillera mountains occur along the eastern Pacific Ocean
(Fig. 2) and have a completely different tectonic setting from that of the
Alpine–Himalayan Belt. Most were formed due to the collision of the
westward-moving American plates over subducting Pacific Ocean li-
thosphere (Sclater et al., 1985; Potter and Szatmari, 2015). In the
Miocene, both the American plates moved westward consuming old,
cold, and deep Pacific lithosphere. These plates subsequently contacted
young, hot, and shallow Pacific lithosphere, which resisted subduction
and accelerated the rise of the Andean and Cordilleran mountains
(Potter and Szatmari, 2015).

The East African Rift is the largest intra-continental rifting belt east
of the African plate. It lies between the African and Indian plates, and
formed as a result of tension between them. The whole area was up-
lifted between the Late Oligocene and the Miocene, during which time,
the mantle beneath the Earth’s crust rose and was diverted, resulting in
great tension and the formation of a rift valley. The depression of the
East African Rift began in the Oligocene. Movement along the main
fault and tectonic uplift occurred in the Miocene, and the period of
large strike-slip movement lasted from the Pliocene to the Quaternary
(Guillocheau et al., 2018).

3. 2. Global tectonics in the Miocene

We synthesize evidence from global magmatic activity, faults and
fold belts, and the relationships between tectonic uplift and miner-
alization changes during the dynamic Miocene Epoch (23.0 to 5.3Ma;
Fig. 1) and demonstrate how they facilitated the mineralization of
sandstone-style uranium deposits.

3.0.1. Active magmatism

In the Miocene, widespread volcanism occurred not only along mid-
oceanic ridges and ocean–continent convergent margins, but also on the
continents and in some intra-plate regions. Global occurrences of
Cenozoic magmatic rocks and Miocene adakites assessed in this study
(Fig. 3) indicate that igneous rocks in the Cenozoic include andesite and
basalt from convergent margins, continental rifts and ocean island
settings, in addition to adakite; they are mainly distributed along the
Alpine–Himalayan suture (formed by continent–continent collisions),
the circum-Pacific magma arc (volcanic and subduction-related), and
the East African Rift (continental rift) (Potter and Szatmari, 2015;
Guillocheau, et al., 2018). During the Cenozoic, magmatic activity ei-
ther started or intensified along these plate suture zones, achieving a
peak in the Miocene (Fig. 3a), as did the formation of adakite, in-
dicating strong crustal compression and thickening leading to regional
tectonic uplift (Fig. 3b). The distribution of Miocene adakite along theFig. 1. Epochs, stages, and ages of the Cenozoic (Gradstein et al., 2004).
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Alpine–Himalayan Belt and the Cordillera has spatial characteristics
similar to those of sandstone-style uranium deposit mineralization belts
(Fig. 2). Continental rift volcanic rocks display a bimodal suite in the
East African Rift during the Paleogene and in the Miocene (Guillocheau,
et al., 2018); sandstone-style uranium deposits are also distributed
along the East African Rift (Fig. 2). Magmatic rocks from the west and
east of the Alpine–Himalayan Belt have ages of 15–5Ma (Lustrino and
Wilson, 2007) and 26–7Ma (Wu et al., 2015); those from the Cordillera
have ages of 16–0.6Ma (Guillocheau, et al., 2018), and those from the
Andes have ages of 15–10Ma (Armijo et al., 2015). The ages of these
magmatic rocks are mostly Middle to Late Miocene, a relic of the in-
creased tectonic activity and significant continental tilts which devel-
oped at that time (Fig. 2), providing tectonic conditions favorable for
fluid migration and the formation of sandstone-style uranium deposits.

3.0.2. The last regional tectonic uplift in the Miocene

Tectonic uplift plays an important role in the mineralization of
sandstone-style uranium deposits (Jin et al., 2016), especially the most
recent tectonic events. The thermo-tectonic events of the three sand-
stone-style uranium deposit mineralization belts indicate that these
mountain ranges experienced rapid uplift in the Middle and Late Mio-
cene (Fig. 4). The last uplift ages of the Alpine–Himalayan epeirogenic

belt are 20–5Ma in the eastern part (Fig. 4a) and 14–4Ma in the
western part (Fig. 4b), the uplift ages of the East African Rift are
16–5Ma (Fig. 4c), and the uplift ages of Cordillera epeirogenic belt are
25–4Ma (Fig. 4d). The thermo-tectonic data from these three ranges
indicate that their last tectonic uplift occurred at 15–5Ma (Fig. 4e). In
addition, the age of the sandstone-style uranium metallogenic region of
Australia is∼12Ma (Van Ufford and Cloos, 2005) with the last tectonic
uplift ages at the southeastern margin being 50–25Ma (Gleadow et al.,
2002).

3.0.2.1. Alpine–himalayan epeirogenic uplift
The eastern and western regions of the Alpine–Himalayan orogenic

belt are different. In the eastern part, the last regional tectonic uplift of
the north Tibetan Plateau occurred mostly from 20 to 5Ma (Li et al.,
2011; Wang, 2013), as confirmed by apatite and zircon fission-track
data from Qilian (10Ma), the Tianshan Mountains (24–12Ma), the
Longmen Mountains (13–5Ma), the Liupan Mountains (8Ma), the
Kyrgyz Range (11Ma), Altyn Tagh (15Ma), Gobi–Altay (5Ma) (Wang,
2013), the Songliao area (16Ma) (Cheng et al., 2018), and Kaghan
Valley, Pakistan (24–5Ma) (Wilke et al., 2012); this is also corrobo-
rated by continuous aeolian deposits with ages from 22 to 6.2Ma, es-
timated from palaeomagnetic measurements and fossil evidence (Guo
et al., 2002). Southern Kazakhstan, since the Oligocene, has been

Fig. 2. Digital elevation model map and global distribution of sandstone-style uranium deposits (Jin et al., 2016, 2017; Wang et al., 2017a) and Miocene adakite (Ma
et al., 2017) showing Cenozoic faults (after Coltice et al., 2017); red dots are scaled to the relative size of the resource; dotted lines show sandstone-style uranium
deposit belts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Age distribution histograms of (a) global magmatic rocks and (b) adakite rocks during the Cenozoic (modified after Liu et al., 2017a).
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subjected to compression due to the rapid Arabia-Turan oblique con-
vergence in the south and collision with the Indian plate in the south-
east; in the Neogene, this convergence reactivated and reversed the

Permo-Mesozoic faults responsible for the uplift of the Karatau Moun-
tains (Lyberis and Manby, 1999). In the western Alpine–Himalayan
orogenic belt, intense tectonic uplift occurred during the Late Oligocene
and Early Miocene, with the last uplift taking place during the Middle
and Late Miocene (Fig. 4b). For example, the Turkish–Iranian Plateau
formed during 20–10Ma (Faccenna et al., 2006). Other events, such as
the drying up of the Tethys during 20–5Ma because of tectonic uplift,
and the closure of the Spain Benitez Strait and Morocco Strait occurred
at∼7.2Ma (Boulton et al., 2016; Liu et al., 2017a).

3.0.2.2. Cordillera epeirogenic uplift
In North and South America, the last Cordillera epeirogenic uplift

began in the Miocene and ended in the Pliocene, peaking at the end of
the Miocene (Fig. 4d). The uplift of British Columbia occurred at 10Ma
(Farley et al., 2001) accompanied by the Middle and Late Miocene
epeirogenic uplift of much of the interior and coastal regions of the
southern United States (Dooley et al., 2013). The 10Ma uplift in the
central Andes (Garzione et al., 2008), and the crustal thickening and
exhumation beginning at∼12 and∼7Ma in the Miocene of the Aba-
nico Basin, central Chile (Piquer et al., 2017) are related to the abrupt
crustal thickening and uplift of the Andean ranges during 16–3Ma in
South America (Kay and Kay, 2002). High rates of initial tectonic uplift
at 10Ma were estimated for southeast Alaska and southwest Yukon,
North America (Enkelmann et al., 2017). Middle to Late Miocene
cooling events in the sediment source areas were identified in the
Central and Western Cordilleras of Colombia, South America
(Piedrahita, et al., 2017), and at the eastern rheological boundary of the
Baja California block (Balestrieri et al., 2017) in North America, with
fission-track ages of 12–5Ma.

3.0.2.3. East African rifting uplift
In East Africa, multiple tectonic uplift events occurred during the

Middle and Late Miocene. A tectonic uplift event occurred at∼10Ma in
East Africa (Potter and Szatmari, 2015) and the central Africa uplift
occurred during the Early Miocene, between 23 and 16Ma, as con-
firmed by the stratigraphic record of the basin margins and thermo-
chronological data in Gabon (Walgenwitz et al., 1992). The uplift in-
creased during the Late Miocene to Early Pliocene (11–3Ma), as
confirmed by an increase in the sediment supply in the Ogooué Delta
(Mougamba, 1999) and the rifting uplift of central Africa from 10 to
3Ma (Sakai et al., 2010; Guillocheau et al., 2018). Significant events in
northern Africa during the Miocene include the uplift of the Atlas
mountains in the Burdigalian in Algeria, and in the Tortonian in Tunisia
(Piqué et al., 2002), closing of the Strait of Gibraltar with the drying up
of the Mediterranean (Hsü, 1983; Krijsman et al., 1999), erosion of the
Rhone and the Nile canyons (Said, 1981; Issawi and Maccauley, 1993),
and tectonic uplift and erosion in the Red Sea and Gulf of Aden areas
with ages from 25 to 10Ma (Balestrieri et al., 2005). By the end of the
Miocene, much of the landscape of Africa would be easily recognizable
as similar to today's (Potter and Szatmari, 2009).

3.0.3. Faults and fold belts in the Cenozoic

Three broadly contemporaneous faults, with tectonic uplift, ex-
humation, erosion belts, and gradually manifesting continental tilts
formed along the Alpine–Himalayan Belt, the Cordillera and the East
African Rift ranges during Cenozoic (Fig. 2). The Alpine–Himalayan
epeirogenic uplift belt is∼13,000 km long. It formed by con-
tinent–continent collision stretching across southern Eurasia, with the
rejuvenation of Mesozoic and Paleozoic mountain chains and a regional
northeastward continental tilts along these ranges. This orogeny re-
sulted from the Australian, Indian, Arabian, and African Plates im-
pacting the southern Eurasian Plate, as a consequence of the break-up
of Gondwana and the northward movement of its fragments
over∼120Ma to finally close the Tethys Ocean in the Early Miocene
(Potter and Szatmari, 2015). Many folds and thrust-faulting complexes
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formed in the compressional environment prevailing along this belt
during the Cenozoic (Coltice et al., 2017). The circum-Pacific orogenic
belt is a∼26,000 km mountain chain generated by subduction along
the margins of the Pacific Ocean plate. The narrow mountains of the
South American Cordillera were produced near the coast, with con-
tinental tilts eastward to the southern Atlantic Ocean while continental
tilts in North America are directed eastward, away from its western
marginal mountain ranges and towards the northern Atlantic Ocean.
The East African Rift Belt is∼6400 km long; trans-African rifting in the
southwestward direction developed in the Miocene. Along the belt,
regional continental tilts developed to the southeast and northwest,
towards the Indian Ocean and Sahara Desert, respectively.

3.0.4. Clastic deposition in the Miocene

Sedimentation rates (Fig. 5a) greatly increased in the Pacific, In-
dian, and Atlantic Oceans during the Middle and Late Miocene, and
exhibit similar rate changes in the Cenozoic (Hsü et al., 1977; Lugli
et al., 2015), indicating synchronous global fluctuations. Sedimentation
rates during the Middle and Late Miocene were greater by a factor of
7–8 than in the Oligocene. These changes indicate significantly dif-
ferent modes of continental weathering and an appreciable elevation
difference between the mountain ranges and ocean surfaces, since the
Miocene was the time in which most ranges in the world developed
(Potter and Szatmari, 2015). Many hiatuses occurred and un-
conformities developed from deep-water scour as a result of Late Cre-
taceous to Cenozoic global tectonics, as indicated by stable isotope test
results (Fig. 5b). Based on many hundreds of benthic foraminifera
samples, the stepwise increase in the flooding of hemipelagic mud to
the global oceans in the Miocene was well identified at 16Ma by a
sharp rise in δ7Li0/00 (Misra and Froelich, 2012); this coincided with
orogenic activity during the Middle and Late Miocene. Global con-
tinental basins also recorded rapid sedimentation in the Neogene (Li
et al., 2013) and continuous aeolian deposition in China is indicated by
deposition ages from 22 to 6.2Ma (Guo et al., 2002).

3.0.5. Other tectonic events in the Miocene

Other significant tectonic events that occurred in the Miocene in-
clude the rotation of the southwestern and northwestern archipelagos
of Japan into their present position between 20 and 13Ma (Potter and
Szatmari, 2009), an increase in the spreading rates of mid-ocean ridges
globally in the Middle Miocene (Kominz, 1984), the initiation of polar
conveyor belts in response to the opening and closing of seven key
oceanic gateways (Potter and Szatmari, 2015), increased sedimentation
rates in the Pacific, Indian and Atlantic oceans during the Middle and
Late Miocene, and many deep-sea hiatuses and unconformities devel-
oping from deep-water scour (Hsü et al., 1977; Lugli et al., 2015).

4. Global climate in the Miocene and the modern world

Climate changes peaked in the Miocene, forming the modern cli-
mate patterns that are prevalent today (Zachos et al., 2001; Whipple,
2009; Hoorn et al., 2010; Sakai et al., 2010; Lu and Guo, 2013). Global
oceanic and atmospheric cooling events between 15 and 14Ma, in the
Middle Miocene, as inferred from δO18 isotopes of benthic foraminifera
(Fig. 6) greatly altered the world's temperature regime (Zachos et al.,
2001; Miller et al., 2005). The global CO2 imbalance in the Cenozoic
(Fig. 6) indicated that the maximum CO2 loss occurred at∼16Ma,
followed by cooling at 14.5–13Ma (Compton and Mallinson, 1996).
Many other climatic changes occurred in the Miocene; these changes
include (i) the expansion of the Antarctic ice sheet between 15 and
14Ma (Keller and Barron, 1983) and an increase in mountain glaciation
(Eyles et al., 1991), (ii) high oxidization in the oceans in the early
Middle Miocene (Norris et al., 2013), (iii) a Middle Miocene climatic
optimum at 17.0–14.7Ma (Hilgren et al., 2012), (iv) the formation of
the Asian monsoon in the Middle and Late Miocene (Lu and Guo, 2013;
Potter and Szatmari, 2015), and (v) a strong weathering event between
10 and 8Ma, evidenced from 40Ar/39Ar dating of individual grains of
cryptomelane (Carmo and Vasconcelos, 2004), following the develop-
ment of large rain shadows, along with deserts and loess on continents
(Potter and Szatmari, 2015).

The climate during the Miocene (Fig. 7) was similar to today’s
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(Fig. 8), but differed greatly from that in the Oligocene. In the Miocene,
well-defined climate belts stretched from the poles to the equator. Arid
and semi-arid areas were mainly distributed in northern and southern
Africa, southwestern Eurasia, and middle-west America, with char-
acteristics similar to those of the modern world (Qian et al., 2017).
However, Australia was less arid than it is today, possibly influenced by
the subtropical high-pressure belt in the southern hemisphere. In the
Late Oligocene–Early Miocene, central Australia was farther to the
south and yet supported tropical forests (Langford et al., 1995).

5. Relationships among uranium mineralization, tectonic uplift,
and climate

5.1. Mineralization ages

Mineralization ages of sandstone-style uranium deposits cover a
wide span of time leading to some confusion between primary uranium
deposition and multiple remobilizations, in many deposits. In this
study, experimental tests were used to study mineralization times. The
ages of host units for sandstone-style uranium deposits range from the
Proterozoic to the Cenozoic, although 80% of their worldwide occur-
rences are concentrated in the Mesozoic and Cenozoic (Wang et al.,
2017a). Ages of sandstone-style uranium deposits are concentrated in

Jurassic (J), Cretaceous (K), Paleogene (E), and Neogene (N) strata
(Fig. 9), followed by the Carboniferous (C) to Triassic (T), and the
Quaternary (Q) (Wang et al., 2017a). In South America, uranium ores
occur mostly in K and Permian (P), and then in E-N and C-T strata in
Argentina, Paraguay, and Brazil (Labenski et al, 1982; Dahlkamp,
2010). In North America, ore-bearing horizons occur mostly in E-N
strata in the Wyoming basin and in south Texas (Dahlkamp, 2010), and
then in T3-J2 strata in the Colorado Plateau (Wang et al., 2017a). In
Middle Asia, uranium-bearing strata occur mostly in K2-E in Kazakhstan
and Uzbekistan, and then in T3-J1 in East Kyrgyzstan (Dahlkamp, 2010;
Wang et al., 2017a). In East Asia, uranium deposits occur mostly in J2-K
strata in China and Russia, and in Mongolia, in K, and then in E3-N1 and
even in Q strata (Jin et al., 2017; Wang et al., 2017a). In Australia, they
occur mostly in K-N strata in the Callabonna sub-Basin, Carnarvon
Basin, Gunbarrel Basin and Eucla Basin, and then in C strata in the
Canning Basin, Ngalia Basin and Amadeus Basin (Jaireth et al., 2016;
Wang et al., 2017a). In Europe, the uranium ore-bearing horizons are
older than in other areas, mostly in C-P, and then in E3-N1 strata
(Dahlkamp et al., 2016; Wang et al., 2017a) as well as in Africa, where
they occur in P-T, and also, to a lesser extent, in N strata (Cairncross,
2001; Wang et al., 2017a). From the above, it is obvious that E–N host
units are widely distributed in Asia, Eurasia, America, Australia, and
Africa (Fig. 9), which indicates that there was widespread uranium
mineralization during E–N. Coal–oil data (Jin et al., 2017) reutilized for
the sandstone-style uranium deposit survey in China revealed a large
number of uranium mineralization in E–N strata (Jin et al., 2017; Zhou
et al., 2017). The wide age span of the host units suggests that uranium
mineralization might continue to present.

Sandstone uranium mineralization is a hydrogenic and dynamic
process, making precise dating very difficult (Ludwig et al., 1982;
Placzek et al., 2016; Domnicka et al., 2018). The mineralization age
characteristics of the main sandstone-style uranium deposits in the
world are assessed (Fig. 10) and all the mineralization ages are listed in
Table 1. The statistics suggest that (i) the main stages of mineralization
of most sandstone-style uranium deposits occurred from the Miocene to
Holocene and the older ages (> 80Ma) account for approximately less
than five percent of these deposits, (ii) uranium mineralization ages
exhibited a continuous trend after the Miocene, similar to the “Tan-
ghulu”, (iii) most J–K and E–N host units had mineralization ages from
the Miocene and Pliocene to the Pleistocene, and (iv) the older ages
were residual ores caused by multiple early uplifts and fluid dynamics,
and most of them were destroyed by the last tectonic uplift (Fig. 10).
The Hangjinqi deposits in the Ordos Basin were used to assess the re-
lationship between the uranium ore that formed from the Miocene to
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Fig. 6. Comparison of the CO2 imbalance (Compton and Mallinson, 1996) with
the δ18O record (Zachos et al., 2001; Miller et al., 2005) for Cenozoic benthic
foraminifera.

Fig. 7. Climate during the Miocene (from the Paleomap Project, C. R. Scotese, http://www.scotese.com/miocene1.htm).
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the Holocene, and that which formed prior to the Miocene. Forty-nine
in-situ micro U-Pb dating were carried out on coffinite; 32 spots show
U-Pb isotope ages of 17.3–1.0Ma, 11 spots range from 32 to 30Ma, and
6 spots vary between 69 and 67Ma. Much of initially formed coffinite
was destroyed and the uranium was redistributed in subsequently
formed coffinite (Song, 2013; Fig. 11). Ten electron microprobe ana-
lyses were conducted on coffinite from the Ningdong deposits in the
Ordos Basin, all of which suggest an age range of 10.7–3.9Ma with no
older ages (Wang et al., 2018). In comparison, of 18 electron microp-
robe analyses conducted on pitchblende from the Qianjiadian deposits
in the Songliao Basin, 14 spots fall in the age range of 16.0–3.0Ma and
the rest, vary from 41 to 28Ma (Zhao et al., 2018). The analytical data

from these three deposits suggest that the formation of sandstone-style
uranium deposits occurred between the Miocene and Holocene; few
formed in the Paleogene and fewer in the Cretaceous. In general, the
overall age distribution trend is characterized by a drastic decrease of
older minerals, regardless of deposit (Fig. 10). Other studies revealed a
similar phenomenon. Zhao et al. (2013) estimated that regional ur-
anium mineralization in central Asia occurred after 20Ma. Placzek
et al. (2016) proposed that significant uranium leaching and mobility
are characteristic of active roll fronts, indicating that uranium miner-
alization might occur at any time if the appropriate environmental
conditions exist. Wang (2002) concluded that sandstone-style uranium
deposits mostly formed after the Oligocene, based on a worldwide study
of sandstone-style uranium deposits, although recent studies also em-
phasized Cenozoic mineralization (Chen et al., 2010a; Zhang, 2016; Liu
et al., 2017b; Wang et al., 2017a; Zhou et al., 2017). Theoretically, once
Earth’s atmosphere achieved its present oxygen content, it would have
been possible to oxidize exposed uranium minerals to the water-soluble
hexavalent form. Therefore, groundwater processes were most likey
responsible for the emplacement of epigenetic uranium ores. In fact,
uranium mineralization ages from the youngest ores (Fig. 10) suggest
that redistributed ores might still be forming today (Ludwig et al,
1982).

5.2. Mineralization and tectonic uplifts

In view of the hydrogenic and dynamic characteristics of sandstone-
style uranium deposits, only the relationship between the last regional
tectonic uplift and mineralization ages are discussed. There are three
main metallogenic belts for sandstone-style uranium deposits that
correspond to the tectonic uplifted regions of the Alpine-Himalayan
Belt, the Cordillera and the East African Rift, suggesting a close spa-
tiotemporal relationships between sandstone-style uranium deposits
and uplift ranges (Fig. 2). For example, the east and west tectonic uplift
ages of the Alpine–Himalayan Belt are 20–5Ma (Fig. 4a) and 14–4Ma
(Fig. 4b) with peaks of 8–10Ma, which correspond to mineralization
ages of 20–0.8 and 40–5Ma (Fig. 10), respectively. The Cordillera
tectonic uplifts occurred at 25–4Ma (Fig. 4d), with peaks at 5–7Ma
(Kay and Kay, 2002), and the mineralization ages are mostly at
17–0.1Ma (Fig. 10). The central range epeirogenic uplift in Australia
occurred at∼ 12Ma (Van Ufford and Cloos, 2005) and the miner-
alization ages are mostly at 6.7–0.4Ma (Wülser et al., 2011). The

Fig. 8. Relationship between sandstone-style uranium deposits and modern climate; hyper-arid, arid, and semi-arid distributions are from Qian et al. (2017); uranium
deposits are from Fig. 2.

Fig. 9. Host units for sandstone-style uranium deposits in the world (Jin et al.,
2016, 2017; Wang et al., 2017a); gray highlights indicate a geologic unit that
contains uranium occurrences.
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Fig. 10. Global sandstone-style uranium mineralization ages, most of which occur in the Miocene and later, corresponding to the intense Miocene tectonic uplift; the
uranium deposit ages are from Dooley et al. (1974), Ludwig et al. (1982), Rosenberg and Hooper (1982), Cathelineau and Holliger (1988), Cole et al. (2001), Xia
et al. (2003, 2004, 2015), Xiao et al. (2003), Liu et al. (2004), Zhang et al. (2005), Cai et al., (2007); Liu et al. (2009b), Chen et al. (2010b), Wülser et al. (2011),
Golubev et al. (2013), Song (2013), Meek (2014), Zhu et al. (2014), Jaireth et al. (2016), Hall et al. (2017), Wang et al. (2018), Zhao et al. (2018) and Zhang et al.
(2018).

Y. Cheng et al. Ore Geology Reviews 106 (2019) 238–250

245



Ta
bl
e
1

A
ge

s
of

m
in
er
al
iz
at
io
n
of

ty
pi
ca
l
sa
nd

st
on

e-
st
yl
e
ur
an

iu
m

de
po

si
ts

in
th
e
w
or
ld
.

C
on

ti
ne

nt
al

ti
lt
s

U
pl
if
t
fi
ss
io
n
tr
ac
k
ag

es
Ba

si
n

U
ra
ni
um

de
po

si
ts

M
in
er
al
iz
at
io
n
ag

e
(M

a)
A
na

ly
si
s
m
et
ho

d
A
ge

of
ho

st
st
ra
ta

R
ef
er
en

ce

A
lp
s-
H
im

al
ay

a
20

–5
M
a

O
rd
os

H
an

gj
in
qi

68
.6
,
30

.0
,1

6.
9,

7.
07

,
1.
2

U
ra
ni
ni
te

U
-P
b

J 2
So

ng
,2

01
3

O
rd
os

D
ay

in
g

91
,3

7,
17

.5
U
ra
ni
ni
te

U
-P
b

J 2
So

ng
,2

01
3

O
rd
os

N
al
in
gg

ou
30

.0
,
25

.1
,1

6.
7,

7.
07

,
3.
46

,1
.2

U
ra
ni
ni
te

U
-P
b

J 2
W
u
et

al
.,
20

15
O
rd
os

C
iy
ao

pu
59

.6
,
52

.0
,2

1.
9

C
offi

ni
te

U
-P
b

J 2
C
he

n
et

al
.,
20

10
b

O
rd
os

H
ui
an

pu
6.
8,

6.
2

w
ho

le
ro
ck

U
-P
b

J 2
C
he

n
et

al
.,
20

10
b

O
rd
os

G
uo

jia
w
an

98
.0
,
18

.6
w
ho

le
ro
ck

U
-P
b

K
1

C
he

n
et

al
.,
20

10
b

O
rd
os

D
on

gs
he

ng
1

65
–6

0,
25

.0
U
-P
b

J 2
Zh

an
g
et

al
.,
20

18
O
rd
os

D
on

gs
he

ng
2

22
–9

.8
C
offi

ni
te

U
-P
b

J 2
C
ai

et
al
.,
20

07
O
rd
os

Su
nj
ia
lia

ng
18

6,
17

7,
12

0,
80

.0
,2

0.
0,

8.
0

w
ho

le
ro
ck

U
-P
b

J 2
X
ia
,2

01
5

O
rd
os

N
in
gd

on
g

10
.7
,
9.
6,

9.
0,

8.
5,

6.
6,

6.
6,

5.
1,

4.
7,

4.
2,

3.
9

C
offi

ni
te

EP
M
A

J 2
W
an

g
et

al
.,
20

18
So

ng
lia

o
Q
ia
nj
ia
di
an

41
.0
,
37

.0
,3

2.
0,

16
.0
,
11

.0
,1

0.
0,

8.
0,

6.
0,

6.
0,

5.
0,

5.
0,

5.
0,

4.
0,

4.
0,

3.
0,

3.
0,

3.
0

C
offi

ni
te

EP
M
A

K
2

Zh
ao

et
al
.,
20

18

So
ng

lia
o

Q
ia
nj
ia
di
an

,
Ba

ix
in
gt
u

96
,6

7,
53

.0
,
52

,4
0,

7.
0

w
ho

le
ro
ck

U
-P
b

K
2

Zh
an

g
et

al
.,
20

05
H
ai
la
er

K
el
ul
un

67
.0
,
51

.0
w
ho

le
ro
ck

U
-P
b

K
1

X
ia

et
al
.,
20

04
H
ai
la
er

X
ih
ul
it
u

81
.0
,
44

.0
,9

.0
,2

.0
w
ho

le
ro
ck

U
-P
b

K
1

X
ia

et
al
.,
20

04
Ji
ud

on
g

ho
ng

go
uy

ao
10

6.
0,

57
.0

w
ho

le
ro
ck

U
-P
b

K
1

C
he

n
et

al
.,
20

10
b

Ji
an

qu
an

Ji
an

qu
an

11
3.
0,

21
.4

w
ho

le
ro
ck

U
-P
b

K
1

C
he

n
et

al
.,
20

10
b

C
ha

os
hu

i
D
ah

on
gs
ha

n
21

.4
w
ho

le
ro
ck

U
-P
b

K
1

C
he

n
et

al
.,
20

10
b

Tu
ha

H
on

gs
hi
ta
n

48
.0
,
28

.0
w
ho

le
ro
ck

U
-P
b

J 1
Li
u
et

al
.,
20

04
Y
ili

K
uj
ie
er
ta
i,
Zh

aj
is
it
an

38
.0
,
25

.0
,1

9.
0,

12
.0

w
ho

le
ro
ck

U
-P
b

J
C
he

n
et

al
.,
20

10
b

Y
ili

W
uk

ue
rq
i

7.
0,

5.
0,

2.
0,

1.
0

w
ho

le
ro
ck

U
-P
b

J
C
he

n
et

al
.,
20

10
b

Y
ili

K
uj
ie
rt
ai

38
.0
,
25

.0
w
ho

le
ro
ck

U
-P
b

J
C
he

n
et

al
.,
20

10
b

Y
ili

51
1

11
.4
,
6.
9,

6.
1,

5.
4,

3.
2,

2.
7,

2.
7,

1.
9,

0.
7

w
ho

le
ro
ck

U
-P
b

J
X
ia

et
al
.,
20

03
Y
ili

51
2

29
.8
,1

5.
9,

11
.5
,1

1.
1,

10
.2
,8

.0
,8

.0
,8

.1
,5

.3
,4

.6
,4

.1
,3

.5
,

3.
1,

2.
0,

1.
7,

1.
2,

0.
8

w
ho

le
ro
ck

U
-P
b

J
X
ia

et
al
.,
20

03

Y
ili

50
9

6.
7,

5.
7

w
ho

le
ro
ck

U
-P
b

J
X
ia

et
al
.,
20

03
Er
lia

n
Ba

ya
nt
al
a

7
w
ho

le
ro
ck

U
-P
b

K
X
ia

et
al
.,
20

03
Er
lia

n
N
uh

et
in
g

85
.0
,
41

.0
,1

3.
0,

10
.0
,
6.
0

w
ho

le
ro
ck

U
-P
b

K
2

C
he

n
et

al
.,
20

10
b

Ta
ri
m

Ba
sh

Bu
ra
k

76
.0
,
16

.0
w
ho

le
ro
ck

U
-P
b

K
1

C
he

n
et

al
.,
20

10
b

Ta
ri
m

Sa
va

Bu
tc
h

38
.9
,
6.
6

w
ho

le
ro
ck

U
-P
b

J 1
-2

Li
u
et

al
.,
20

09
b

Lo
ng

ch
ua

nj
ia
ng

C
he

ng
zi
sh
an

4.
4,

43
.6
,
2.
2

w
ho

le
ro
ck

U
-P
b

N
2

C
he

n
et

al
.,
20

10
b

H
en

gy
an

g
W
an

gj
ia
ch

on
g

80
.0
,
60

.0
,2

2.
5

w
ho

le
ro
ck

U
-P
b

K
2
-E

C
he

n
et

al
.,
20

10
b

H
on

sy
u

To
no

20
–5

C
offi

ni
te

U
-P
b

N
K
om

ur
o,

20
09

C
hu

-S
ar
ys
u

C
hu

-S
ar
ys
u

La
te

O
lig

oc
en

e
to

Q
ua

te
rn
ar
y

U
-P
b

J-
K

Ja
ir
et
h
et

al
.,
20

16
V
it
im

D
yb

ry
n

26
.9
,
23

.2
,1

2.
5,

12
.0
,
10

.2
,9

.5
,9

.3
,8

.6
,7

.4
,6

.5
U
ra
ni
ni
te

U
-P
b

N
go

lu
be

v
et

al
.,
20

13
D
al
m
at
ov

o
D
al
m
at
ov

o
30

–2
5

w
ho

le
ro
ck

U
-P
b

K
X
ia
o
et

al
.,
20

03
So

ut
h
Br
it
ta
ny

G
ue

ra
nd

e
Pe

ni
ns
ul
a

40
–5

U
-P
b

S-
D

C
at
he

lin
ea
u
an

d
H
ol
lig

er
,1

98
8

C
or
di
lle

ra
-A
nd

es
25

–4
M
a

C
ol
or
ad

o
Ta

bu
la
r/
N
eb

ra
sk
a

34
,2

2,
11

,3
U
ra
ni
um

U
-P
b

J/
E

M
ee
k,

20
14

N
ew

M
ex
ic
o

M
ar
ia
no

15
.9
,
13

.8
,6

.7
,6

.6
Fi
ss
io
n
Tr
ac
k

J
R
os
en

be
rg

an
d
H
oo

pe
r,

19
82

N
ew

M
ex
ic
o

C
hu

rc
h
R
oc

k
68

.7
,7

.8
,1

.1
,1

.1
,1

.0
,0

.9
7,

0.
91

,0
.8
3,

0.
62

,0
.4
9,

0.
49

,
0.
49

,
0.
49

,0
.4
7,

0.
11

w
ho

le
ro
ck

U
-P
b

J 3
Lu

dw
ig

et
al
.,
19

82

N
ew

M
ex
ic
o

G
ra
nt
s

12
.5
–3

.3
C
offi

ni
te

EM
PA

J 3
Ja
ir
et
h
et

al
.,
20

16
N
ew

M
ex
ic
o

G
ra
nt
s

36
.6
–0

.7
C
offi

ni
te

EM
PA

J 3
D
ed

it
iu
s
et

al
.,
20

08
Te

xa
s

Bu
rk
e
H
ol
lo
w

ve
ry

yo
un

g
U
-P
b

N
3

H
al
l
et

al
.,
20

17
Te

xa
s

K
in
gs
vi
lle

D
om

e
0.
45

–0
.1
5

U
-P
b

N
3

H
al
l
et

al
.,
20

17
Te

xa
s

Fe
ld
er

5.
07

U
-P
b

N
2

H
al
l
et

al
.,
20

17
Te

xa
s

Si
ck
en

iu
<

0.
25

U
-P
b

N
1

H
al
l
et

al
.,
20

17
W
yo

m
in
g

Sh
ir
le
y

35
,2

4,
22

,1
7,

13
–4

.5
w
ho

le
ro
ck

U
-P
b

E-
N

D
oo

le
y
et

al
.,
19

74
;S

an
to
s
an

d
Lu

dw
ig
,1

98
3

Po
w
de

r
R
iv
er

H
ig
hl
an

d
13

–7
,4

.3
,
1.
7,

1.
7,

1.
6,

1.
2,

1.
1,

1.
0,

0.
91

w
ho

le
ro
ck

U
-P
b

E
Lu

dw
ig

et
al
.,
19

82
So

ut
he

rn
C
al
if
or
ni
a

La
ke

M
ar
gi
n

16
.4

U
-P
b

N
C
ol
e
et

al
.,
20

01
A
us
tr
al
ia
n

ce
nt
ra
l
ab

ou
t
12

M
a;

so
ut
he

as
te
rn

50
–2

5
M
a

C
al
la
bo

nn
a
Su

b-
ba

si
n

Be
ve

rl
ey

6.
7–

0.
4,

5.
5–

3.
4

C
offi

ni
te

U
-P
b

N
W
ül
se
r
et

al
.,
20

11

W
es
t
A
us
tr
al
ia

Y
ee
lir
ri
e

N
eo

ge
ne

-Q
ua

te
rn
ar
y

St
ra
tu
m

N
Zh

u
et

al
.,
20

14

Y. Cheng et al. Ore Geology Reviews 106 (2019) 238–250

246



eastern Ordos Basin was uplifted at 20–8Ma; mineralization ages close
to the uplift range were estimated at 17.3–1.0Ma for the Hangjinqi
deposits (Song, 2013) and at 10.7–3.9Ma (Wang et al., 2018). The
Qianjiadian uplifted at 38–10Ma with peak uplift occurring at∼16Ma
(Cheng et al., 2018), while the mineralization ages broadly cluster at
41–3Ma with peaks at 16–3Ma. The tectonic uplift of these three
mountain ranges resulted in continental tilts along their length that
provided good tectonic conditions for fluid migration and the formation
of sandstone-style uranium deposits. Their last rapid uplift ages were
from the Middle and Late Miocene (Fig. 4e).

Recent studies discuss how tectonic uplift may have controlled ur-
anium mineralization. For example, Jin et al. (2016) identified intra-
basin uplift-related uranium mineralization with coal–oil data re-
utilized for a sandstone-style uranium deposit survey in China, and
emphasized the types of structures controlling the migration of fluids in
the mineralization process. Liu et al. (2017a,b) suggested that an oro-
genic hydrothermal solution derived from strong folding and the or-
ogeny of Tianshan has, since the Miocene, reformed former uranium
ore bodies. Cheng et al. (2018) proposed that the tectonic inversion
from the Oligocene to the Miocene controlled the regional uranium
mineralization in the Songliao Basin. Hou (2010) indicated that the
40–26Ma tectonic inversion caused fluid activity in the vicinity of the
Himalaya, forming regional uranium deposits on continental tilts over
thousands of kilometers (Jin et al., 2017). Saucier (1980) suggested that
the Zuni uplift, formed during the Tertiary in New Mexico, USA con-
trolled the oxidative destruction and redistribution of primary uranium
ore deposits into redistributed or stacked ore, and controlled the re-
gional incursion of oxidizing groundwater well into the basin. In Aus-
tralia, the last Miocene uplift events with ages of 6–4Ma at Lake Frome
resulted in the formation of the Beverley ore deposit at 6.7 to 0.4 Ma,
redistributing prior uranium ore deposits (Wülser et al., 2011; Jaireth
et al., 2016). In other words, sandstone-style uranium deposits are the
result of the last regional tectonic uplift that controlled fluid migration,
erosion, sedimentation, and mineralization.

5.3. Mineralization and climate

Based on the hydrogenic and dynamic characteristics of sandstone
uranium mineralization, the regional climate influences groundwater,
playing an important role in the uranium mineralization process. The
distribution of sandstone-style uranium deposits and modern climate
(Fig. 8) indicate that sandstone-style uranium deposits were mainly
distributed in arid and semi-arid areas, which are mainly controlled by
SHPBs characterized by drought and less rain on both sides of the
equator, till∼30° latitude. The sandstone-style uranium deposit dis-
tribution of the Alpine–Himalayan mineralization belt is mainly north
of the SHPB and the Asian high-pressure region (Fig. 8) in the northern

hemisphere. The distribution of sandstone-style uranium deposits of the
Cordillera and East African Rift mineralization belts are near the
crossing of ranges and SHPBs (Fig. 2). Hyper-arid areas are not suitable
for uranium mineralization because of the lack of sufficient fluid
supply, such as in northern Africa. Similarly, humid areas are also not
suitable for uranium mineralization because excess groundwater might
redistribute prior uranium ores (Ludwig et al., 1982), which is not
conducive to their preservation, as seen in southeast China. An Asian
high-pressure region might influence arid regions with less rain, such as
in northwest China, Kazakhstan, Mongolia, and south Russia, all of
which are favored uranium metallogenic areas.

During the Miocene, especially in the Middle and Late Miocene,
global plate activity was very intense and formed regional magma belts,
folding and faulting belts, and tectonic uplift along the
Alpine–Himalayan Belt, the circum-Pacific orogenic belt and the East
Africa Rift belt. These tectonic events reshaped the global landscape
and formed many of today's major river systems (Harrison et al., 1992;
Gradstein et al., 2004; Clark and Bilham, 2008; Potter and Szatmari,
2009, 2015; Bracciali et al., 2015; Wang, 2017b). Regional continental
tilts formed along these ranges enabling uranium-rich fluid migration
and mineralization, forming sandstone-style uranium deposits. These
intense tectonic events of the Miocene formed modern geomorphology
and influenced climate (Gradstein et al., 2004; Potter and Szatmari,
2009, 2015; Xiao et al., 2014). Uranium mineralization was controlled
by local groundwater conditions, which might have redistributed prior
ores if oxidation conditions persisted (Ludwig et al., 1982; Xia, 2015;
Jin et al., 2016; Placzek et al. 2016). Consequently, sandstone-style
uranium deposits may still be forming today, under reducing condi-
tions. Arid and semi-arid areas are favorable regions for sandstone-style
uranium deposits because less rain is beneficial to ore preservation,
while oxygenated water redistributes prior ores.

Global tectonic events in the Miocene caused the uplift of three
regional mountain ranges, the Alpine–Himalayan Belt, the Cordillera,
and the East African Rift, along with continental tilts which controlled
the migration of groundwater and influenced local climate. Modern
climate had almost formed in the Miocene with the SHPBs on both sides
of the equator, extending to around 30° latitude, influencing rainfall
patterns. All these factors controlled the mineralization and distribution
of sandstone-style uranium deposits (Fig. 12). In the first-stage of the
formation of uranium ores, percolating rainwater carried +6U to prior
strata, consuming the reducing medium. During the second-stage,
rainwater again carried +6U to prior strata, consuming the next redu-
cing medium, and forming second-stage uranium ores, and so on; later
stage uranium ores may have formed on complete or partial destruction
of prior stage ores if the percolating groundwater carried enough
oxygen. The previously formed ores were mostly destroyed by the latest
tectonic uplift and oxygenic fluids, preserving a little residual ore and

Fig. 11. Laser ablation back-scattered images and U-Pb isotope age (Ma) distribution of the Hangjinqi uranium ore deposit in the Ordos Basin (Song, 2013); white
highlights indicate coffinite; the ages indicate that most of the coffinites formed during the Miocene or later; very few residual coffinites were identified; images
courtesy Professor B. L. Wu, Northwestern University.
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forming new ores. The last tectonic uplift in the Miocene was the most
dynamic factor in this mineralization; subsequently, multiple uranium
ores may have formed because of interaction with oxygenic fluids
(Fig. 12).

6. Conclusions

Intense global tectonic events in the Middle and Late Miocene have
shaped modern geomorphology, resulting in the regional uplift of
ranges and continental tilts that developed along the Alpine–Himalayan
Belt, the Cordillera, and the East African Rift, among others.

These ranges and continental tilts controlled the migration direc-
tions of uranium-bearing fluids which, in turn, controlled the formation
and distribution of sandstone-style uranium deposits, most of which
have spatiotemporal characteristics related to Miocene tectonics around
the world.

Regional uplift of the Alpine–Himalayan Belt, the Cordillera, and
the East African Rift occurred between 20 and 5Ma; uranium miner-
alization ages are estimated to have occurred during 20–0.1Ma, with
evidence for multiple remobilizations; some of these remobilizations
continued through the Holocene.

Modern-day climate had almost fully formed during the Miocene,
and the development of the SHPBs on both sides of the equator along
with the Asian high-pressure region controlled the occurrence of arid
and semi-arid areas, as well as rainfall patterns, influencing the dis-
tribution of sandstone-style uranium deposits.
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