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ARTICLE INFO ABSTRACT
Article history: Late Pliocene fossil deposits outcrop in the Siwalik Frontal Range
Available online along the North Western Himalayas. These formations are located
in the Subathu sub-basin dispersed over 70 km in different
Keywords: fossiliferous sectors between the 30th and 31st parallels north:
g}ioeiTe the Chandigarh anticlinorium, the Ghaggar-Moginand and Khet-
1wallks

purali sectors and then the Saketi-Kanthro and Haripur sections.

?;ﬂ;mns Undisputable marks of butchery and lithic industries have been
Climate regularly collected between 2008 and 2019 in the fossiliferous

Dispersal Quranwala Zone (QZ) of the Masol Formation located in the
Chandigarh anticlinorium. The production of lithic tools was
definitively confirmed in 2017 by at least one chopper in situ. This
biozone, 50 meters thick, perfectly circumscribed and geomor-
phologically isolated, yielded the First Appearance Datum (FAD) of
Equus in Eurasia and its oldest co-existence with Hipparion. Our
magnetostratigraphy dated the Quranwala Zone and hominin
activities thanks to a short excursion measured at its lower limit
and whose minimum age can be the one at 2.68 Ma and the oldest
at 2.95 Ma (Huahine). We present a synthesis of the different
fossiliferous localities with their sedimentation rates on a regional
scale and which have constrained the age of the excursion to
2.95 Ma. This date allows us to reconstruct the environmental and
climatic factors responsible for the appearance and disappearance
of the Quranwala Zone by placing them on both regional and global
scales. The FAD of Equus is explained by its dispersal from North
America to Asia thanks to the formation of Beringia during the cold
and dry interval MIS G 20 (3.043-3.025 Ma). The FAD of hominin
activities since 2.95 Ma can be explained by a northward shift of
the Summer Inter-Tropical Convergence Zone (ITCZ) during the
final peak of a warming at the end of the Piacenzian at 2.97-2.96
Ma and allowing a dispersal in western Asia. We propose the most
parsimonious and consistent paleoclimatic hypothesis of hominin
dispersal from latitudes 30°-31° that covered the river systems
along the ITCZ from Northern Africa to the Sub-Himalayan plain
and which accounts the formation of the Quranwala Zone
including Equus before the onset of glaciation at 2.75 Ma with a
common passage through the Afghan depression of Seistan.

© 2025 Elsevier Masson SAS. All rights are reserved, including
those for text and data mining, Al training, and similar

technologies.
RESUME

Mots clés : Des dépots fossiliféres du Pliocéne supérieur affleurent dans des
P}locéﬂe plissements de la chaine frontale des Siwaliks, le long de la chaine
zwa!‘lfs nord-occidentale de I'Himalaya. Ces formations se situent dans le
Eoﬂémnes sous-bassin de Subathu, dispersées sur 70 km, entre les 30° et 31°
Ccllimat paralléles nord, en quatre secteurs fossiliféres : I'anticlinal de
Dispersion Chandigarh, les sections de Ghaggar-Moginand et Khetpurali, puis

celles de Saketi-Kanthro et Haripur. Des marques de boucherie
incontestables et des industries lithiques ont été collectées
réguliérement entre 2008 et 2019 dans la formation fossilifére
nommée Quranwala Zone (QZ) de la Formation Masol située dans
I'anticlinal de Chandigarh. La production d’outils lithiques a été
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confirmée définitivement en 2017 par au moins un chopper en
place. Epaisse de 50 métres, parfaitement bien circonscrite et
géomorphologiquement bien isolée, cette biozone a également
livré la premiére occurrence d’Equus en Eurasie (First Appearance
Datum [FAS]) et sa plus ancienne coexistence avec Hipparion. La
magnétostratigraphie a daté la Quranwala Zone et les activités des
hominines grice d une courte excursion mesurée d sa limite
inférieure dont I'dge minimum peut étre celle de 2,68 Ma et I'dge
maximum celle de 2,95 Ma (Huahine). Nous présentons une
synthése des différentes localités fossiliféres avec leurs vitesses de
sédimentation a I'échelle régionale et qui ont contraint I'dge de
I'excursion a 2,95 Ma. Cette date nous permet de reconstituer les
facteurs environnementaux et climatiques responsables de I'ap-
parition puis de la disparition de la Zone Quranwala en les
replacant aux échelles régionale et planétaire. La présence d’Equus
s’explique par sa dispersion depuis '’Amérique du Nord vers I'Asie
avec la formation de la Béringie lors de I'intervalle froid et sec MIS
G 20 (3,043-3,025 Ma). La présence d’hominiens a partir de
2,95 Ma peut s’expliquer par un déplacement de la Zone de
Convergence Inter-Tropicale estivale (ZCIT) vers le nord lors du pic
de réchauffement a 2,97-2,96 Ma, a la fin du Piacenzien,
permettant alors une dispersion en Asie occidentale. Nous
proposons une hypothése paléoclimatique la plus parcimonieuse
et cohérente d'une dispersion d’hominines depuis les latitudes
30°-31° qui couvraient les réseaux hydrographiques le long de la
ZCIT depuis le nord de I'Afrique jusque dans la plaine sous-
himalayenne. Elle permet de rendre compte de la formation de la
Zone Quranwala incluant Equus avant l'entrée en glaciation a
2,75 Ma avec un passage commun par la dépression afghane du
Seistan.
© 2025 Elsevier Masson SAS. Tous droits réservés, y compris ceux
relatifs a la fouille de textes et de données, a I'entrailnement de
l'intelligence artificielle et aux technologies similaires.

1. Introduction

The Mio-Pleistocene geological formations of the Siwaliks, or Siwalik Group, are world-renowned
for the richness of their paleontological fauna. Composed of molasses, those Mio-Pliocene deposits
border the Southern Himalayan Front (SHF) from the Potwar Plateau in Pakistan to Assam in North-
East India (Fig. 1).

Cut and percussion marks have been observed on 4 bones among 1600 fossils collected since
2009 in the geological Masol Formation, more precisely in the Quranwala Zone, a fossiliferous
formation identified in the Chandigarh anticlinorium since the 60s (Figs. 2-4). This anticlinorium
belongs to the Siwalik Frontal Range (SFR) located in the Subathu sub-basin, Northwestern India
(Punjab) (Sahni and Khan, 1964, 1968). The paleontological formation has been perfectly dated to the
Late Pliocene (called Tatrot in the Siwaliks) by paleontologists since the 1960s and 1990s by
geochronologists (magnetostratigraphy), then by ourselves with a clear and precise delimitation over
50 meters thick well circumscribed on the field and isolated in a comb by surrounding crests (Tudryn
et al,, 2016; Chapon Sao et al., 2024). The layers are geomorphologically perfectly isolated in the
deepest levels of a comb dug on either side of an anticline axis, the whole surrounded by crests (Fig. 5).
In addition to these traces of butchery, we have collected artefacts in quartzite (Gaillard et al., 2016;
Cauche et al.,, 2021) scattered in the Quranwala Zone and totaling more than 330 pieces since
2019. These are the sole silts with accumulations of pebbles in the lithostratigraphic log of the comb,
which totalizes 175 m of deposits. We also have collected fossils of Equus which henceforth
corresponds to its First Appearance Datum (FAD) outside North America (Moigne et al., 2016).
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Fig. 1. Location of Masol and the Chandigarh anticlinorium in the Siwalik Frontal Range: A. at the subcontinental scale (white
arrow); B. white box of A, the geological map of the Himalayan chain and its foothills; C. black box of B, geomorphology of the
Himalayan and Sub-Himalayan region of Masol with the Sutlej River, the last tributary of the Indus (in Dambricourt Malassé,
2016).

Localisation de Masol et de I'anticlinal de Chandigarh dans la chaine frontale des Siwaliks : A. d I'échelle sous-continentale (fléche
blanche) ; B. encadré blanc de A, carte géologique de la chaine himalayenne et de ses piémonts ; C. encadré noir de B, géomorphologie
de la région himalayenne et sous-himalayenne de Masol, avec la Sutlej, dernier affluent de I'Indus (in Dambricourt Malassé, 2016).

New artefacts are collected every year on the same silts regularly eroded by monsoon rains
(Gargani et al., 2016; Dambricourt Malassé, 2020). Masol 1 provided 387 fossils and 17 artefacts. The
presence of stone tools in the silt has been confirmed in 2017 with a chopper in situ uncovered by a
meticulous excavation, filmed step by step. The mineralogical analysis of the section demonstrates
indisputably that the deposit is in place. This artefact has been shaped on a pebble split by bipolar
percussion and was at 45 meters from a shaft tibia with undisputable cut marks uncovered on the
same sedimentary unit c3 of our lithostratigraphic sequence (Cauche et al., 2021). The chopper was at
a lower level in the wine lees silt whereas the cut marks come from the yellow silt at the top of ¢3
(Fig. 5). This spatial and temporal proximity of cut marks and stone tools is quite consistent with other
undisputable traces of butchery and artefacts collected in and on the silt or among concentrations of
pebbles visible over the 50 meters thickness corresponds to the Quranwala Zone.

The typo-technological homogeneity of the Masol industry excludes it from the North-Indian
tradition called Early Soanian, and from the 2.9 Ma Oldowan culture (Plummer et al., 2023), but on the
other hand, brings it closer to that of the Longgupo culture (Cauche et al., 2021) located in central
China (Sichuan Province) (Boéda and Hou, 2011; Wei et al., 2014), 4000 km east of Masol at the same
latitude and dated to 2.6-2.5 Ma (Han et al., 2017). Our last magnetostratigraphic study of the Masol
Formation has assigned to the c3 unit a short excursion with a minimum age of 2.68 Ma and up to
2.95 Ma (Huahine) (Chapon Sao et al., 2024) (Table 1). We test the different excursions by placing them
in the regional context of the Subathu sub-basin with the sections of Ghaggar-Moginand- Khetpurali
and Saketi-Kanthro-Haripur.
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Fig. 2. Marks of intentional percussions on a bovid metapodial showing the reproduction of the profile of the lithic striking edge
and the superposition of two impacts. A: original fossil; in the upper rectangle, the percussion marks and in the lateral rectangle,
the fracture zone. B: X rays microtomography showing the superposed marks indicating the direction of the shifting from the
dense, impact-resistant part of the bone to the medullary cavity broken by the shock with a bursting of the cortical bone.
Marques de percussions intentionnelles sur un métapode de bovidé montrant la reproduction du profil du tranchant lithique et la
superposition de deux impacts. A : fossile original ; dans le rectangle supérieur, les marques de percussion et dans le rectangle latéral, la
zone de fracture. B : Microtomographie aux rayons X des marques superposées indiquant la direction du déplacement depuis la partie
dense de l'os et résistante aux chocs vers la cavité médullaire fracturée par le choc avec un éclatement de l'os cortical.

2. The objective: solving the origin and the disappearance of the Quranwala Zone

The indisputable presence of hominin in South Asia at more than 2.6 Ma (probably Homo genus)
(Coppens, 2014, 2016, 2020; Dambricourt Malassé, 2016, 2020, 2022; Dambricourt Malassé et al.,
20164, 2016b; Cauche et al., 2021; Dambricourt Malassé and Cauche, 2022), constitutes a major
paradigm shift in paleoanthropology and prehistory but perfectly consistent with the lithic
assemblage of Lomekwi 3 (Kenya) unquestionably in place and dated to 3.3 Ma (Harmand et al., 2019).
Lithic assemblages at 2.5 Ma in northern Jordan (Zarqa Valley) (Parenti et al., 2024) is also consistent
with an out of Africa before the onset of the North Hemisphere Glaciation ~ 2.75 Ma (Hodell and
Channell, 2016; Trauth et al., 2021) as well as Riwat (Pakistan) in the Soan Valley (2.4-2.3 Ma; Dennell
et al., 1988). It is noticeable that these Asian sites are located between the latitudes 31° and 32° (Fig. 6).
In such a context, stone tools and cut mark at Ain Boucherit in Southern Algeria (36°), dated to 2.4 Ma
(Sahnouni et al., 2018), become even more representative of Late Pliocene hominin North-African
corridors.

This study aims to understand the environmental circumstances responsible of the appearance and
disappearance of the Quranwala biozone at the regional scale of the Siwaliks. In order to clarify these
events we have looking for (1) the climatic, geomorphological and tectonic conditions that allowed the
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Fig. 3. Cut marks on a tibia of Stegodon (A, B, C); D: comparison with traces after cutting the leather and the muscles of a pig’s
metapodial using a quartzite of Masol split for the experiment.

Marques de découpe sur un tibia de Stégodon (A, B, C) ; D : comparaison avec des traces apreés la découpe du cuir et des muscles d'un
meétapode de porc d l'aide d'un quartzite de Masol fendu pour I'expérience

arrival of herds of Equus and hominin/human communities in the Upper Indus Basin before the
Pleistocene glaciation and (2) the paleomagnetic excursion measured at the base of the Quranwala
Zone. To achieve our goal, we have conducted a synthesis with our data and the documentation on the
Late Pliocene from other sectors of the Siwalik Frontal Range from the Ghaggar section (Haryana) to
Haripur (Himachal Pradesh) (Fig. 7). The synthesis brings together the regional knowledges on fluvial
and marsh sedimentations as well as fauna and flora bioindicators and place them at the scale of the
Upper Indus Basin. We then discuss the hypothesis of dispersal routes from North America for Equus,
during the cold and dry interval MIS G 20 at 3.043 et 3.025 Ma, and from North Africa for hominin/
Homo, both converging in the Seistan depression and high valleys of the West Hindu Kush which give
access to the Upper Indus River Basin.

3. Method: an interdisciplinary approach and a synthesis of data

Before establishing a synthesis of the Late Pliocene sections in the Siwalik Frontal Range, we recall
the geomorphological and tectonic context of the Chandigarh anticlinorium with previous studies
completed by our lithostratigraphic, geomorphological, magnetostratigraphic and paleontological
results. Then, we present the multidisciplinary data of other sections (lithostratigraphy, fauna, flora,
paleomagnetism) in order to test the consistency of the Huahine excursion. Once the relevance has
been confirmed by the synthesis, we searched in the scientific literature if glacial climatic episodes
have been identified in the Northern Hemisphere before the Pleistocene glaciation to explain the FAD
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Fig. 4. Marks of intentional cutting on a bovid shaft tibia (Masol 1). A and B, dorsal face; C: image of B with a 3D digital
microscope Hirox; D: cranial face. 1: two parallel and short cut marks on the insertion crest, 2: long parallels cut marks
sectioning the crest; 3: curved path of a cut mark and its resumption in 4, for the readjustment in order to detach an aponeurosis
under the crest. The curve clearly shows the transition from one to two parallel furrows.

Marques de découpe intentionnelle sur le fiit tibial d’'un bovidé (Masol 1). A et B, face dorsale ; C : Image de B au microscope numeérique
3D Hirox ; D : face crdniale, 1 : deux marques de découpe courtes et paralléles sur la créte d’insertion, 2 : marques de découpe paralléles
longues sectionnant la créte ; 3 : tracé courbe d’'une marque de découpe et sa reprise en 4, pour le réajustement afin de détacher une
aponévrose sous la créte. La courbe montre clairement la transition d’'un d deux sillons paralléles.

of Equus and we refined the paleoclimatic data collection to understand the appearance and
disappearance of corpses accumulations in the Sub-Himalayan floodplain during the Late Pliocene.

3.1. The Masol Formation

3.1.1. Geomorphology, tectonics, magnetostratigraphy and lithostratigraphy

Molasses forming the Siwalik Frontal Range (SFR) were gradually unearthed by the tectonic folding
in the Himalayan foreland (Bhattacharya, 2005). They were deposited in a basin, which forms today
the Subathu sub-basin, a remnant of the continental crust of the Indian plate. The SFR is bordered on
the north by the Main Boundary Thrust (MBT) and on the south by the Himalayan Frontal Thrust (HFT)
still active (Barnes et al., 2011) (Fig. 8).

The Masol Formation was identified in the 1960s during the mapping of the Chandigarh
anticlinorium, which stretches 40 km between the Himalayan Sutlej River in the northwest and the
Ghaggar River in the southeast (Sahni and Khan, 1964, 1968). The fossiliferous zone was determined
around the village Quranwala with a fauna assemblage typical of the Late Pliocene and placed in a
stratigraphic column established for the whole anticlinorium. Masol sections were mapped by
comparing their lithostratigraphic and paleontological sequences. When we uncovered the first
choppers, flakes and cut-marked bones among fossils in 2009, there was no comprehensive study of
the Formation. We only had the lithostratigraphic sequence of the Quranwala Zone, the publication of



8 A. Dambricourt Malassé et al./L’anthropologie 129 (2025) 103392

Fig. 5. The archaeo-paleontological localities of Masol in the Quaranwala Zone, on the central dome which corresponds to the
anticline axis (dotted line) (M1-M3) and on each side in lower position due to the dip of the fossiliferous layers (M4-M13), the
whole surrounded by crests. A: geomorphological view on Masol’s site with the 13 localities. B: view on Masol 1 at the top of the
central dome, 1: location of a bovid shaft tibia with cut marks, 2: location of a chopper in situ. Dotted line: the lower limit of the
Quranwala Zone.

Les localités archéo-paléontologiques de Masol dans la Zone de Quaranwala, sur le dome central qui correspond d l'axe anticlinal
(pointillé) (M1-M3) et de chaque coté en position plus basse en raison du pendage des couches fossiliferes (M4-M13), le tout entouré
de crétes. A : vue géomorphologique du site de Masol avec les 13 localités. B : vue sur Masol 1 au sommet du déme central, 1 :
localisation d’un fiit tibial de bovidé avec des marques de boucherie, 2 : emplacement d’un chopper en place. Ligne pointillée : la limite
inférieure de la Quranwala Zone.

geological sections with one map delimiting the Pliocene and Pleistocene (Sahni and Khan, 1964,
1968) and the PhD thesis of Badam (1973) (Fig. 9).

The Masol Formation is visible at the top of an anticline excavated by the watershed of a seasonal
torrent, the Patiali Rao fed by the monsoon rains and which ends in the Indus plain (Figs. 5 and 7). The
geomorphology is a sub-circular depression bordered by crests to the northwest and southeast at an
elevation of 550 meters with a lower central dome (530 meters), which corresponds to the axis of the
anticline. The first cut-marked bones and stone tools have been collected on this small dome, the
summit of which corresponds to the lower layers of the Quranwala Zone. The geological section of the
Patiali Rao valley represents 1296 meters of molasses. The boundary between the Pliocene and the
Pleistocene has been the subject of many discussions in the scientific literature, based mainly on fauna
assemblages (e.g. Sahni and Khan, 1964, 1968; Badam, 1973; Nanda, 1981, 2002, 2013; Nanda et al.,
1991, 2018; Patnaik, 1995; Sangode et al., 1996). The magnetostratigraphy was carried out in the
1990s by Ranga Rao (1993), Ranga Rao et al. (1995) identifying the magnetozones of Gauss (Late



Table 1

Summary of the pre-Gauss-Matuyama reversal excursions recorded in sedimentary and basaltic records. The sedimentation rates were calculated for a thickness of 150 m between the top
magnetostratigraphy of the Masol Formation and the short excursion in ¢3 unit. The duration is calculated between the age of 2.58 Ma for the Gauss-Matuyama reversal and the age of each
magnetic excursions.

Résumé des excursions magnétiques enregistrées dans les archives sédimentaires et basaltiques avant l'inversion Gauss-Matuyama. Les taux de sédimentation ont été calculés pour une épaisseur de
150 m, entre la limite supérieure de la magnétostratigraphie de la formation Masol et la courte excursion dans l'unité c3. La durée est calculée entre I'dge de 2,58 Ma pour l'inversion Gauss-Matuyama
et I'dge de chaque excursion magnétique.

Magnetic excursions

Huahine Island Raiatea L8 excursion Porcupine L7 excursion L6 excursion L5 excursion Pirnuar, West
excursion excursion I0DP 1314 I0DP Site 10DP 1314 10DP 1314 IODP 1314 Turkmenistan
(Society Island) (Society Island) U1308
Estimated age in Ma - - 2.75 (Ohno 2.737 (Channell 2.71 (Ohno 2.65 (Ohno 2.62 (Ohno 2.62
et al, 2012) et al., 2016) et al,, 2012) et al,, 2012) et al, 2012)
Radiometric age in Ma 2.95+0.03 Ma 2.77+£0.02 - - - - -
(Roperch and (Yamamoto
Duncan, 1990) et al., 2007)
Duration between the 0.37 Ma 0.19 Ma 0.17 Ma 0.157 Ma 0.13 Ma 0.07 Ma 0.04 Ma 0.04 Ma
Gauss-Matuyama
reversal and the
excursion
Sedimentation rate 0.41 m.kyr™! 0.79 m.kyr~! 0.88 m.kyr~! 0.96 m.kyr~! 1.15m.kyr™! 2.14m.kyr™! 3.75m.kyr™! 3.75m.kyr™!

estimated from the
top of the Masol
Formation to the
excursion ¢3 unit
(150 m thick)
Age of the QZ top (Ma)  2.83 2.71 2.69 2.68 2.67 2.63 2.61 2.61

Z6€£01 (5202) 621 2130j0doayiup,1/ b 12 aSSDIDIA 1AN0IUGUID] Y
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Fig. 6. Late Pliocene and Lower Pleistocene Asian prehistorical sites between latitudes 30° and 32° (Zarqa, Riwat, Masol,
Longgupo) and the African site of Ain Boucherit at latitude 36° (Mapdata, Google Earth, 2025).

Les sites asiatiques du Pliocéne supérieur et du trés ancien Pléistocéne inférieur entre les latitudes 30° et 32° (Zarqa, Riwat, Masol,
Longgupo) et le site africain d’Ain Boucherit d la latitude 36° (Mapdata, Google Earth, 2025).

Pliocene), Matuyama (Lower Pleistocene) — with the submagnetozones of Réunion, Olduvai and
Jaramillo, and Brunhes (Middle Pleistocene). This magnetostratigraphy confirmed the Late Pliocene
age of the Quranwala Zone.

We have undertaken multidisciplinary studies of the comb between 2012 and 2019 covering an
area of 80 hectares identifying a dozen paleonto-archaeological localities on both sides of the anticline
axis and on the central dome. The lithostratigraphic sequence was established considering the
geomorphological context and the dip of the layers. We reconstructed the sequences from the bed of
the Patiali Rao to the western crest over a thickness of 168 meters (Tudryn et al., 2016; Chapon Sao
et al,, 2016a) and later on 175 meters passing the crests to the south (Chapon Sao et al., 2024). The
lithostratigraphic column is composed of repetitive sedimentary cycles of silt/clays (so-called “c”
units) and sandstones that sometimes contain gravel and pebble levels (“s” units), corresponding to
the cyclical influx of detrital material in a fluvial environment (Fig. 10). The column is composed, from
the base to the top, of silt, sandstone, sands and gravels, and in its upper part of a pebbly sandstone
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Fig. 7. Satellite view of areas cited. Top: Himalayan rivers, G: Ghaggar, M: Markanda, S: Sutlej, Y: Yamuna. Bellow: Location of
the geological sections in the Siwalik Frontal Range: Masol, Ghaggar-Moginand and Khetpurali, Saketi-Kanthro, Haripur (Map
data Google Earth 2025).

Vue satellite des zones citées. En haut : rivieres himalayennes, G : Ghaggar, M : Markanda, S : Sutlej, Y : Yamuna. En bas : localisation
des coupes géologiques dans la chaine frontale de Siwalik : Masol, Moginand et Khetpurali, Saketi-Kanthro, Haripur (données
cartographiques Google Earth 2025).

bed, in accordance with the sequences of Sahni and Khan (1964, 1968). Badam (1973) called them
“conglomeratic beds” which precedes a long sequence of sand with rare silty passages.

All archaeological localities are in the Quranwala Zone limited to 50 meters thick and confined in
the lower levels of the depression around and on the central dome on which remain only 5 meters of
its lower part (Chapon Sao et al,, 2016a; Tudryn et al., 2016). Moreover, for the first time, we have
observed lenses of pebbles in these fossiliferous silts composed of a single layer deposited directly on
the silts. Theses lenses correspond to accretion bars formed during flooding and are strictly
circumscribed to the biozone (Abdessadok et al., 2016). Stone tools are among these pebble deposits,
or always in the vicinity of fossils, on and in the silts leached annually by monsoon rains. Finally, the
magnetostratigraphy have identified an excursion in unit c3 at the base of the Quranwala Zone
(Fig. 10a) visible at Masol 1-Masol 2 on the dome and at Masol 7-Masol 12 on the eastern side of the
Masol anticline (Chapon Sao et al., 2016b, 2024). This excursion dates the oldest cut marks and the
chopper in situ.

Our recent magnetostratigraphy have also modified the supposed location of the Gauss-Matuyama
Reversal, which is higher in the stratigraphy and at least 150-155 meters above the unit c3. The last
syntheses concluded the age of the excursion exceeding 2.77 Ma (Raiatea) but not older than Huahine
(Chapon Sao et al., 2024) studied by Roperch and Duncan (1990) and dated to 2.95 + 0.03 (Yamamoto
et al.,, 2007).
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Fig. 8. Block diagram showing the geomorphology and structural geology of the Himalayan range, the foothills, and the Indusian
plain with its hydrogeological network (S. Abdessadok after an illustration from the website of the Department of Mines and
Geology of Nepal).

Bloc diagramme de la géomorphologie et de la géologie structurale de la chaine himalayenne, des piémonts et de la plaine indusienne
avec son réseau hydrogéologique (S. Abdessadok d’aprés une illustration du site du Department of Mines and Geology du Népal).

3.1.2. The Quranwala Zone in Masol: environment, climate, and fauna diversity

3.1.2.1. Resume presentation. The Chandigarh anticlinorium began to fold at about 600 ka as a result of
the increased speed of the India-Asia collision system (Gargani et al., 2016). The current tectonic
activity combines its effects with the monsoon rains; the Quranwala Zone erodes rapidly, delivering
new lithic and fossil tools on its fossiliferous silts every year. The base of the Quranwala Zone (c3) is
composed of silt, with discontinuous lenses of pebbles mostly quartzite, paleosols with some pebbles
among blocks of indurated silt, fossils of terrestrial and aquatic vertebrates (mammals and reptiles)
(Moigne et al., 2016). The Quranwala Zone ends with pebbles and stone tools caught in silts (base of
unit c7). Beyond these silts, the stratigraphic sequence continues towards the crests without fossils or
pebbles for a thickness of 95 meters of sediment, before a clear change in hydraulic regime attested by
the “conglomerate” (Badam, 1973) and the extreme scarcity of fossils (base of s17). Thus, it appeared
that (1) the thickness of the Quaranwala Zone is limited to 50 meters, (2) QZ is geomorphologically
well isolated by crests, (3) this biozone is peculiar for its concentration of fossils, but also (4) for pebble
lenses and (5) its lower limit is, at least, 150-155 meters below the Gauss-Matuyama Reversal and
characterized by the paleomagnetic excursion Huahine (2.95 Ma).

3.1.2.2. Mineralogy and Himalayan rivers. The environment and climate recorded in the Masol
Formation are inferred from the mineralogy and particle size of the deposits, as well as from the fauna
assemblages confined in the Quranwala Zone.

Iron minerals such as hematite and goethite are present in low contents in the Masol Formation as a
whole and indicate dominant oxic conditions during and after deposition (Tudryn et al., 2016). The
distribution of clay minerals shows illite and smectite as principal components of the clay fraction
(Abdessadok et al.,2016; Tudryn et al., 2016); their contents are expressed by the smectite versus illite
ratio in Fig. 10d. Illite dominates as a whole. However, smectite presents higher contents in the lower
part of the sequence and decreases steeply in sediments belonging to the Quranlawa Zone. Carbonate
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Fig. 9. Geological map of the Chandigarh anticlinorium with the location of the eroded anticline dome of Masol accessible by the
Patiali Rao after Sahni and Khan (1964) (recognition by S. Abdessadok et al. in Chapon Sao et al., 2016b).

Carte géologique de l'anticlinal de Chandigarh avec la localisation du dome anticlinal érodé de Masol accessible par le Patiali Rao
d’aprés Sahni et Khan (1964) (réalisation S. Abdessadok et al. in Chapon Sao et al., 2016b).

contents are also changing through the Quranwala Zone, but from low values at the bottom to higher
values above (Fig. 10c). Fe and Mg rich illite is identified through its low chemistry index (Fig. 10g).
Both illite and smectite present very good and good crystallinity all along the sequence (Fig. 10e, f).
The illite composition and crystallinity of both minerals indicates their detrital origin. According to
Suresh et al. (2004), the Higher Himalaya is the principal source area for illite, and the Lesser Himalaya
is a source area for smectite. Some authors (Chaudhri and Gill, 1983; Rainverman, 2002; Rainverman
and Suresh, 1997) postulated two independent paleo-drainage systems for the Late Pliocene, similar
to the present-day Indus and Ganga systems and separated by a water divide along the Subathu sub-
basin. However, the presence of detrital smectite originating from the Lesser Himalaya in sediments of
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Fig. 10. Sedimentary sequence from Masol anticline with simplified lithology and highlighted Quranwala Zone (after Tudryn
etal., 2016 and Chapon Sao et al., 2024), as well as a) geomagnetic normal polarity Gauss chron (after Chapon Sao et al., 2016a,
2016b, 2024; Ranga Rao et al., 1995); b) mean particle size within less than 2 mm sediment fraction; ¢) Ca and Mg carbonate
content; d) smectite-to-illite ratio; e) smectite crystallinity index; f) illite crystallinity index; g) illite chemistry index. Data
from b) to d) (after Tudryn et al., 2016), data in e), f), and g) obtained from Tudryn et al. (2016) following the methodology
described in Kong et al. (2022) and references therein. Chopper symbol: artefact in situ.

Séquence sédimentaire de I'anticlinal de Masol avec la lithologie simplifiée et la zone de Quranwala mise en évidence (d’apreés Tudryn
et al., 2016 et Chapon Sao et al., 2024), ainsi que : a) la polarité géomagnétique normale Gauss (d’aprés Chapon Sao et al., 2016a,
2016b, 2024 ; Ranga Rao et al., 1995) ; b) la taille moyenne des particules dans une fraction sédimentaire inférieure d 2 mm ; c¢) la
teneur en carbonate de Ca et de Mg ; d) rapport smectitelillite ; e) indice de cristallinité de la smectite ; f) indice de cristallinité de
l'illite ; g) indice de chimie de l'illite. Les données de b) d d) ont été obtenues d’apreés Tudryn et al. (2016), les données de e), f) et g) ont
été obtenues de Tudryn et al. (2016) en suivant la méthodologie décrite dans Kong et al. (2022) et les références qui y figurent.
Symbole : chopper en place.

the Quranwala Zone suggests that it had to be supplied from its source area by a major river system. In
that case, the Subathu sub-basin was still a paleo-drainage area for major river(s) during the
“Quranwala time,” and the following decrease of smectite could reflect the establishment of a
definitive water divide after.

3.1.2.3. The fauna of the Sub-Himalayan plain. The fauna list of nearly 1470 fossils in 2014 (Moigne
et al.,, 2016) and 1600 since 2019 (130 unpublished) includes small to very large terrestrial
herbivorous mammals, with grazers and browsers. Grazers are the most numerous in terms of
families, with deer (Cervus), Suidae (Propotamochoerus), proboscideans (Stegodon and Elephas), bovids
(Bubalus, Duboisia), giraffids with Sivatherium, and camelids. Browsers were present with bovids
Hemibos or Leptobos, Hippotragus, Sivacapra (goats), tragulids (Dorcatherium), and equids, Hipparion, as
well as Equus, with its first occurrence in Eurasia. Indeed, equids are represented in the QZ sequence in
several localities, by at least two species of Hipparion (Hipparion antilopinum and Hipparion theobaldi)
(Moigne et al., 2016), corresponding in size and morphology to the Hipparions already observed in the
Late Pliocene of the Chandigarh anticlinorium (Sahni and Khan, 1964, 1968; Badam, 1973). The
material allocated to Equus have been collected at Masol 2 (unit ¢3), Masol 3, and Masol 6 (unit ¢6) and
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Fig. 11. A: Occlusal view of a lower premolar P4 of Equus, Masol R 11459, B: molar of Hipparion (Masol 3 n° 10050, end of the
hammer handle) near a third phalanx of Sivatherium (Masol 3 n° 11149), C: Hipparion molar, D: Sivatherium phalanx. The
hammer give the scale (photo credit: A: A.-M. Moigne and B-C-D: A. Dambricourt Malassé).

A : Vue occlusale d'une prémolaire inférieure P4 d’Equus, Masol R 11459, B : molaire d’Hipparion (Masol 3 n° 10050, extrémité du
manche du marteau) prés d’une troisieme phalange de Sivatherium (Masol 3 n° 11149), C : Molaire d’Hipparion, D : Sivatherium
phalanx. Le marteau donne I'échelle (crédit photo : A : A.-M. Moigne et B-C-D : A. Dambricourt Malassé).

consists of dental material (four teeth), a talus, and a very characteristic tibia. The Quranwala Zone is
therefore the biozone that provides not only the first occurrence of Equus in Eurasia but also its first
association with Hipparion (Fig. 11).

Its presence in Late Pliocene has recently been confirmed by the discovery of a mandible in the
Haripur section, 70 km south of Masol (Singh et al., 2022). The association of both Hipparion and Equus
in the Late Pliocene of Siwaliks (Tatrot) confirms the following conclusion: “The paleomagnetic and
biostratigraphic evidence indicates that the Tatrot Beds are between 2.5 and 3.4 m.y. B.P., with a
preferred maximum age of 2.9 m.y. B.P. A major faunal event at 9.5 m.y. BP introduced equids, suids,
and large giraffes from Eurasia into the Indian subcontinent. A second, more diffuse fauna event
between 5.3 and 2.9 m.y. BP introduced several African taxa as well as Equus and cervids from Eurasia”
(Barry et al., 1982). Recent discoveries in the Khetpurali Formation (Late Pliocene of the Siwaliks) have
revealed the existence of a hipparionine horse Eurygnathohippus which dates back to the Pliocene of
Afar in Hadar, Ethiopia (3.4-2.9 Ma) (Jukar et al., 2019). Authors conclude: “Given the post-Miocene
dispersal barriers between East Africa and West Asia across the Red Sea (Fernandes et al., 2006), the
most probable dispersal route for Eurygnathohippus is via North Africa east through the Levantine
corridor, and through the Middle East into South Asia”. A fauna dispersal out of Africa was therefore
possible at a given time between 3.4 and 2.9 Ma.

In addition to terrestrial herbivores, the fauna list provides wetland and aquatic herbivores with
Merycopotamus and Hexaprotodon. The carnivores are scarce with the hyena (Crocuta) and the panther
(Panthera). Terrestrial reptiles include the giant tortoise Testudo atlas, a few monitor lizards, and
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aquatic reptiles such as the gharial (gavial) and the crocodile. Grazers feed on leaves, shoots, or fruits of
tall vegetation, while browsers feed on low vegetation such as grasses. The fauna diversity thus attests
to a wooded grassland environment, in a floodplain with marshes and Himalayan rivers of variable
regime, in a hot and humid tropical climate, in agreement with the sedimentological data (Abdessadok
et al., 2016).

3.1.2.4. The flora. We have not yet undertaken palynological studies; these were carried out by Saxena
et al. (1987) in a section from Masol to the northern fringe of the anticlinorium (Kiratpur, Ambala
district). The palynoflora is represented by spores of algae, fungi, and pteridophytes (plants without
flowers or seeds such as ferns), and pollens of gymnosperms (flowerless plants such as pine and cedar)
and angiosperms (flowering plants such as grasses). The list includes 17 genera and 23 species with
two new species, Araucariacites masolensis (a species of conifer) and Frasnacritetrus siwalikus (fungus).
The Late Pliocene palynoflora is represented by 9 genera and 11 species and that of the Lower
Pleistocene by 15 genera and 20 species, including 8 common species. These plio-pleistocene
assemblages are dominated by gymnosperm pollen (61% and 65%, respectively), but the Lower
Pleistocene is distinguished by Pinus-pollenites (16%) (pine) and Pinjoriapollis (Magnoliaceae) (10.5%)
(Magnolia), absent in the Late Pliocene. The palynoflora indicates the predominance of a tropical-
subtropical climate with a relatively cooler climate in the nearby upland areas during the Lower
Pleistocene sedimentation. The depositional environment is interpreted as fluvial (Saxena et al., 1987).

3.2. Synthesis of Masol Formation and open questions

The presence of pebbles in the Late Pliocene silts had not be mentioned before our fieldwork. This
was a real anomaly for this epoch during which hydraulic regimes were lower than in the Pleistocene
marked by a greater supply of heavy materials (Kumar et al., 2007). These pebbles were unexpected as
well as the lithic industry and cut-marks outside Africa before 2.6 Ma. Nevertheless, these
undisputable discoveries are consistent with natural disasters of climatic origins. The enormous
accumulation of corpses and pebbles means that the Sub-Himalayan plain has been exposed to
recurrent flooding following an increase in the flow of Himalayan rivers dismantling their terraces,
and the alluvial fans of the piedmonts. We replace these natural disasters with a paleoclimatic
approach in order to understand when and why Equus and hominines dispersed in Asia before
reaching the Upper Indus Basin 2.95 Ma ago.

4. The Quranwala Zone and the Late Pliocene biozones of the Subathu sub-basin

Since 2007, we have surveyed the Pliocene and Pleistocene paleontological localities of the Siwalik
Frontal Range from the Chandigarh anticlinorium to Haripur (Fig. 12). The Quranwala Zone outcrops
southeast of the Masol anticline in the Khora sub-anticline for about ten kilometers (Fig. 9). The
anticlinorium is then incised by the Ghaggar River and continues 15 km south of Masol in the
Khetpurali sector with fossiliferous localities of the Late Pliocene and the Lower Pleistocene (Nanda,
1981, 1994, 2002, 2013; Nanda et al., 1991, 2016, 2018; Patnaik, 1995; Rao and Patnaik, 2001). The
Siwalik Frontal Range continues without paleontological deposits for 30 km to the Markanda River,
where Mio-Pleistocene fossiliferous formations reappear at Saketi-Kanthro, then in the Haripur region
along the Somb Nadi River and its tributary Jamni Khol. The geological section of Haripur is
exceptional with the height of its lithostratigraphic sequence, the magnetostratigraphy and the
paleoenvironmental studies with fauna and flora (Phadtare et al., 1994; Sangode et al., 1996; Kumar
et al,, 2007).

4.1. Lithostratigraphy, fauna and magnetostratigraphy
4.1.1. Ghaggar and Moginand

The geological section of the Ghaggar River has been identified with volcanic ash by Tandon and
Kumar (1984). Later, the magnetostratigraphy was carried out on 1030 meters in thickness (see Fig. 2
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Fig. 12. Geological localities visited: A: Masol, folded comb in the Chandigarh anticlinorium, Late Pliocene Formation, 2015; B:
Khetpurali, Late Pliocene Formation, 2012; C: Moginand, Lower Pleistocene Formation, 2010; D: Saketi sector, Late Pliocene
Formation, 2017; E: Haripur, Late Pliocene Formation, 2017 (photo credit: A: A. Tudryn; B to E: A. Dambricourt Malassé).
Localités géologiques visitées : A : Masol, combe plissée dans 'anticlinorium de Chandigarh, Formation du Pliocéne supérieur, 2015 ; B :
Khetpurali, Formation du Pliocéne supérieur, 2012 ; C : Moginand, Formation du Pléistocéne inférieur, 2010 ; D : Secteur de Saketi,
Formation du Pliocéne supérieur, 2017 ; E : Haripur, Formation du Pliocéne supérieur, 2017 (crédit photo : A : A. Tudryn; Bd D :
A. Dambricourt Malassé).

in Kumaravel et al., 2005). The lithostratigraphic column begins ~2.7 Ma and ends ~ 500 ka. The
volcanic ash is dated to 2.14 + 0.5 Ma. The section of the Moginand River completed the stratigraphy and
became the reference for the Lower Pleistocene of the Siwaliks (Kumaravel et al., 2005). The Late Pliocene
is visible for only 37 meters, with a gap in the field of 24 meters thick before the Lower Pleistocene
deposits, so the Gauss-Matuyama reversal is not identified. Furthermore, no geomagnetic excursion was
recorded in the section of the Late Pliocene limited to a maximum of 61 meters under the Lower
Pleistocene (Kumaravel et al., 2005). The Late Pliocene deposits of the Ghaggar section is still too high in
the stratigraphy to be compared with Masol. But the sedimentation rate for the Ghaggar section with
~45 cm/Ka, was useful as we will see below.

4.1.2. Khetpurali

The sequence of the Khetpurali section totals 900 meters and begins around 5.23 Ma with the Late
Pliocene outcropping over 220 meters in thickness (Fig. 3 in Tandon et al., 1984). The lithostratigraphic
column is incomplete but thicker than Masol, and a paleomagnetic inversion has been recorded about
150 meters below the Gauss-Matuyama Reversal; this thickness is close to the one above the c3 unit.
In view of the sedimentation rate estimate at 37 cm/Ka (Kumaravel et al., 2005), this geomagnetic
inversion can be dated to 2.99 Ma, which corresponds to the top of the Kaena Subchron: 3.02 + 0.01 Ma
(Hilgen, 1991), 3.1 Ma to 3.03-3.04 Ma (Cande and Kent, 1995; Lourens et al., 2004).
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4.1.3. Saketi-Kanthro

The analysis of Late Pliocene micromammals from the Saketi-Kanthro section (Patnaik, 2001) is
illustrated by the lithostratigraphic column of Verma and Verma (1969), which begins as of the Late
Miocene. The Late Pliocene fauna assemblage is similar to Masol with Hexaprotodon, Elephas,
Sivatherium, Cervus, Sus, Hemibos, the reptiles Testudo atlas, and the crocodile. Nevertheless, the Plio-
Pleistocene boundary remains imprecise due to the lack of magnetostratigraphic measurements.
These were carried out in the Haripur section.

4.1.4. Haripur

The lithostratigraphic sequence totals 2375 meters of molasses since the Upper Miocene; the Late
Pliocene is complete (1300 meters). The fauna list of the Late Pliocene is composed of Archidiskodon
planifrons, Stegodon insignis, Stegodon bombifrons, Elephas hysudricus, Hipparion, Cormohipparion, Cervus
sp., Rhyzomiides sivalensis, Hippohyus lydekkeri, and Hexaprotodon sivalensis (Nanda et al., 1991, 2016).

The magnetostratigraphy have located the Gauss-Matuyama Reversal ~ 1685 meters above the
floor of the lithostratigraphic column (sample PMS75 in Sangode et al., 1996). The Gilbert/Gauss Chron
boundary dated to 3.596 Ma is located at ~1350 meters (see Figs. 2,12, and 13 in Sangode et al., 1996).
A geomagnetic reversal recorded in the middle of the Gauss Chron ~1517 meters above the floor and
~168 meters below the Gauss-Matuyama Reversal has been attributed to the Kaena Subchron (see
Fig. 13 in Sangode et al., 1996). The upper limit of Kaena is dated to 3.03 Ma. Therefore, the
sedimentation velocity between 3.03 Ma and 2.588 Ma should be 37 cm/Ka, like in the Khetpurali
section, but authors conclude 32 cm/Ka.

The Haripur section allowed comparing the environments of the Late Pliocene with the Late
Miocene-Early Pliocene, on one hand, and the Lower and Middle Pleistocene, on the other. The
Himalayan foothills deposition system predominates around 3.2 Ma, suggesting an uplift and
denudation of the outer margin of the Lesser Himalaya during this period (Sangode et al., 1996). This is
followed by a system of low-sinuosity streams that form important river systems from the Himalayas
over 600,000 years of sedimentation (Kumaravel et al., 2005). Then, around 2.6 Ma, the first record of
the conglomerate appears, dominated by pre-Tertiary clasts, and the second conglomerate, around
1.76 Ma, is dominated by the tertiary clasts of the foreland basin. Kumar et al. (2003a, 2003b)
confirmed these lithological changes of tectonic origin. The Sub-Himalayan plain was crossed by
braided river systems in zigzag with a slow sedimentation rate before a reactivation of the Main
Boundary Thrust and the Intra-Foreland Thrust around 1.77 Ma (Kumaravel et al., 2007).

4.1.5. Flora

Thakur et al. (2015) took over the study of the Late Pliocene from the Saketi region (Kala Amb-
Nahan) and the Haripur section, similar to the list of Rao and Patnaik (2001) (27 genera and
37 species). This distribution represents lowland, freshwater marsh, montane, and back mangrove
taxa, indicating a tropical-subtropical climate. The presence of algal zygospores (Zygnemataceae)
indicates stagnant and shallow freshwater ponds. The montane taxa were transported from the
northern highlands of the region.

Palynology has made it possible to reconstruct the climatic changes following the progressive
uplift of the Tibetan plateau and the Himalayas (see Awasthi (1991) for a detailed bibliographic
review). During the Pliocene, the assemblage was dominated by wetland species, dipterocarps native
to Southeast Asia (very large evergreen trees), added to the tropical plant diversity as far as the Sub-
Himalayan slopes. Then, in the Pleistocene, with the rise of the Himalaya, the vegetation diversified
into tropical and subtropical deciduous species on the lower slopes in the humid zone and deciduous
species but with a temperate climate on the drier upper slopes. In detail, there is very little
palynological study of the Late Pliocene. The Lower Pleistocene is better documented. Rao and Patnaik
(2001) studied the deposits in the Ghaggar River sector over a 2.5-meter section, identifying 28 genera
and 37 species, algal, fungal, pteridophyte spores, and pollen. Angiosperms (Poaceae, herbaceae) and
gymnosperms dominate, followed by pteridophytes. The whole corresponds to a marshy depositional
environment in a hot and humid tropical-subtropical climate. The pollens of temperate gymnosperms,
Abies (fir), Pinus (pine), and Picea (spruce), are thought to come from the highlands of the Himalayas,
close to the plain.
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The most comprehensive comparative analysis remains that of Haripur by Phadtare et al. (1994). A
microflora has been located relative to a botanized mudstone. Such volcanic stratigraphic markers are
slightly older than 2.58 Ma. A typical dry grassland flora may have existed before the Late Pliocene period,
but it would have been replaced by wet and marshy grasslands and then mainly by ponds before a wet,
open, and mixed flora invaded the Sub-Himalayan plain. The fossilized flora of the Lower Pleistocene is
characterized by leaf tissues, a high incidence of algae cysts, and relatively little pollen and spores.

4.2. Synthesis

The Late Pliocene period of the Subathu sub-basin corresponds to a warm and humid tropical to
subtropical climate. The environments were shrubby grasslands with marshes and rivers flowing from
the Himalayas. An unexplained event, which occurred at the end of the Pliocene for a few hundred
thousand years, caused and favored the conservation of many corpses and therefore their rapid burial,
revealing an important diversity of terrestrial and aquatic herbivore communities, including very
large species such as Stegodon and Elephas, Sivatherium, Hemibos, and Merycopotamus, but also the
arrival of Equus alongside the Hipparion already present (Moigne et al., 2016). Crocodiles and gharials
shared the rivers with Hexaprotodon. Very few carnivores, on the other hand (Badam, 1973; Moigne
et al.,, 2016), appear in the fauna list of animals. Then the climate deteriorated with a drop-in
temperature that would correspond to the entry into glaciation on a global scale, and fossilized fauna
is becoming rarer. The Lower Pliocene collections represent only 20% of the specimens collected in the
Chandigarh anticlinorium (Sahni and Khan, 1968).

5. Discussion on the age of the geomagnetic excursion of the Quranwala Zone—Masol Formation

The sedimentation rate is the only value which determines what excursion has been recorded in c3
among the 8 known before the Gauss-Matuyama Reversal, from Huahine (2.95 Ma), Raiatea (2.77 Ma)
to Pirnuar (2.62 Ma). We have already made a first estimate based on minimum height of the
sedimentary column above ¢3 (155-150 meters), the age of the excursion and the sedimentation rate
for each excursion (Chapon Sao et al., 2024). The results are respectively 41 cm/Ka, 79 cm/Ka, 88 cm/
Ka, 96 cm/Ka, 115 cm/Ka, 214 cm/Ka, 375 cm/Ka, 375 cm/Ka (Table 1). Then comparing with the
velocities of the Late Pliocene and the Lower Pleistocene in the Subathu sub-basin, we have eliminated
the averages incompatible with the factual data.

In the section of the Ghaggar below the Gauss-Matuyama Reversal, the sedimentation velocity is
47 cm/Ka. During the Olduvai Subchron (1.95-1.77 Ma) it increases rapidly to 67 cm/Ka because of the
Himalayan uplift which supplied detrital materials (Kumar et al., 2002, 2003a, 2003b, 2007; Nanda,
2013). In the Patiali Rao, Ranga Rao retained the velocity of 47 cm/Ka for the Matuyama Chron,
specifying that the rate of sedimentation accelerated as in all the Pleistocene sections of the Subathu
sub-basin (Ranga Rao, 1993). This average is therefore overestimated for the siltier Masol Formation.
The most realistic sedimentation velocity is less than 47 cm/Ka. At Khetpurali, the sedimentation
velocity of the Late Pliocene is 37 cm/Ka and in the Haripur section, 32 cm/Ka. None of the excursions
after Huahine is compatible with the regional sedimentation rates, they are all much more too fast.
When we applied the velocity of 47 cm/Ka to 150-155 meters minimum above c3, the excursion
reaches the minimum age of 2.90-2.91 Ma, and with 37 cm/Ka the age become 2.99-3.00 Ma, the age
of the Kaena inversion. The short excursion recorded in the unit c3 is necessary youngest. The
calculation for 150 meters minimum is 41 cm/Ka, a realistic value between 47 cm/Ka and 37 cm/Ka
giving an age of ~ 2.95 Ma which corresponds to Huahine. With an average of 41 cm/Ka the end of the
Quranwala Zone is estimated at ~2. 84 Ma.

6. Origin of the Quranwala Zone: Paleoclimatic hypotheses
6.1. Origin of Equus in the Western Sub-Himalayan Plain in the Late Pliocene

Equus originated in North America, separated from Asia by the Bering Strait. Dispersal of herds is
attested in northern China around 2.55 Ma (Equus eisenmannae, Nihewan Basin) (Deng and Xue, 1999;
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Sun and Deng, 2019) and in Western Europe around 2.58 Ma (Equus livenzovensis, Tuscany, Italy)
(Bernor et al., 2018), but never before the Gauss/Matuyama transition (see Singh et al., 2022 for a
review of the bibliography). The presence of Equus since 2.95 Ma in the western Sub-Himalayan plain
implies a drop-in ocean level of the strait during Late Pliocene cooling sufficient for the formation of an
intercontinental bridge with Siberia, the Bering Strait Land Bridge, but free of ice due to a climate too
dry, turning the land into vast steppe. What could be the Late Pliocene glacial interval allowing the
passage of Beringia, and what corridors were used by these herds to reach the Upper Indus Basin?

The formation of an intercontinental bridge between Alaska and Siberia was possible before the
Pleistocene glaciation. Indeed, a first peak of glaciation is known in the Northern Hemisphere before
the mid-Piacenzian Warm Period (mPWP, 3.264 Ma to 3.025 Ma, even 2.97-2.96 Ma, e.g., Haywood
etal,, 2010; Berends et al., 2019; Siifke et al., 2022). This glaciation occurred during the Marine Isotope
Stage M2 between 3.312 and 3.264 Ma (Fig. 13) and caused a drop-in sea level of 20 to 60 m depending
on the author (De Schepper et al., 2014; Tan et al., 2017). In northeast Siberia, the Zhuravlinean
glaciation has been well documented during this period (Laukhin et al., 1999; De Schepper et al.,
2014). Pollen samples taken from the sedimentary column of Lake El'gygytgyn, an ancient 3.58 Ma
meteorite crater located to the east of the Chukotka Peninsula (Fig. 14), enabled Andreev et al. (2014)
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Fig. 13. Variation in certain parameters reflecting climate change over time during the Pliocene-Pleistocene by following the
magnetostratigraphy: Left column, Magnetic Subchrons (O: Olduvai, R: Réunion, K: Kaena, M: Mammoth, C: Cochiti, N:
Nunivak, S: Sidufjall); a) and b) the LR04 benthic 8'80 stack constructed by correlating the 8'80 records of globally distributed
benthic foraminifera (Lisiecki and Raymo, 2005) at different time scales, with highlighted middle Pliocene Warm Period
(mPWP) and Marine Isotope Stages (MIS) M2, KM2, G20, G18, and G17 in the column §'80; c) reconstruction of the mean
temperature of the warmest month (MTWM) at Lake El'gygytgyn (after Brigham-Grette et al., 2013) with indicated
Zhuravlinean glaciation time as Zh; d) the iron oxides content of the Arabian Sea sediments, which reflect the intensity of the
Indian monsoon (according to Cai et al., 2019); e) geomagnetic polarity (excursions: Pir: Pirnuar, Por: Porcupine, Rai: Raiatea,
Hua: Huahine, L5 to L8 are unnamed) (synthesis A. Tudryn).

Variation de certains parameétres reflétant le changement climatique au cours du Pliocéne-Pléistocene en suivant la
magnétostratigraphie: Colonne de gauche, Subchrons magnétiques, (O : Olduvai, R : Réunion, K : Kaena, M : Mammoth, C :
Cochiti, N : Nunivak, S : Sidufjall) ; a) et b) empilement benthique 380 LR04 construit en corrélant les enregistrements 80 de
foraminiféeres benthiques répartis d I’échelle mondiale (Lisiecki et Raymo, 2005) d différentes échelles de temps et avec la période
chaude du Pliocéne moyen (mPWP) ainsi que les Stades Isotopiques Marins (SIM) M2, KM2, G20, G18 et G17 dans la colonne 8'%0 ; c)
reconstitution de la température moyenne du mois le plus chaud (MTWM) au lac EI'gygytgyn (d’aprés Brigham-Grette et al., 2013)
avec le temps de glaciation zhuravlinéen indiqué comme Zh ; d) teneur en oxydes de fer des sédiments de la mer d’Arabie, qui reflétent
lintensité de la mousson indienne (selon Cai et al., 2019) ; e) polarité géomagnétique (excursion : Pir : Pirnuar, Por : Porcupine, Rai :
Raiatea, Hua : Huahine, L5 d L8 ne sont pas nommés) (synthése A. Tudryn).
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Fig. 14. Location of lakes El'gygytgyn (Siberia), Balkhach (Kazakhstan), and the current endorheic lake Seistan (Afghanistan),
probably marking out one of the Equus dispersal routes before reaching the Upper Indus Basin (Masol) (Map data Google Earth
2025).

Localisation des lacs EI'gygytgyn (Sibérie), Balkhach (Kazakhstan) et l'actuel lac endoréique Seistan (Afghanistan) jalonnant
probablement I'une des voies de dispersion d’Equus avant d’atteindre le bassin supérieur de I'Indus (Masol) (Données cartographiques
Google Earth 2025).

to identify it between 3.305-3.275 Ma. According to these authors, this glacial period generated very
pronounced environmental changes, such as the appearance of permafrost with tundra and cold
steppe replacing spruce and larch trees. In addition, numerous spores of coprophilous fungi suggest an
increase in the presence of grazing mammals around the lake from the cold and dry intervals that
correspond to Marine Isotope Stage (MIS) G 20 at 3.043-3.025 Ma and MIS G 18 at 2.935-2.912 Ma
(Lisiecki and Raymo, 2005, fig. 4; Andreev et al., 2014). Beringia likely emerged during these two cold
intervals, and herds of herbivores such as Equus would have crossed it as early as 3.043 Ma.

Their dispersal depended on grasslands, lakes, rivers, and ponds, the faster routes to reach the
Western Upper Indus Basin as early as 2.95 Ma was the vast central Asian steppe until the Amu Darya
and Harirud-Murgab basins (Turkmenistan), which originate respectively in the Pamir plateau and the
Paropamisus mountains at the western limit of the Hindu Kush, bordering the Northern edge of the
Harirud River valley (Figs. 14 and 15).

The rapid elevation of the massifs bordering the Indian subcontinent from west to east (Hindu
Kush, Karakoram, Himalayas, Patkai) followed four main tectonic events at 3.5-3 Ma, 2.7 Ma, 2.1 Ma,
and 1.7 Ma (Burbank and Johnson, 1983; Sakai et al., 2002; Chakrabarti et al., 2024). At 3 Ma, the reliefs
of the Hindu Kush were thus lower than at the onset of the Pleistocene. Western corridors for Equids
were suggested on a schematic map for the oldest dispersal routes of Plesiohipparion zandaense and
Lower Pleistocene Equus sivalensis (Rook et al., 2019). This hypothesis is consistent with the
conclusions of Kotlia (2013) about the dispersal from Europe of both palaearctic rodents,
Rhagapodemus and Kilarcola in the Karewas (Kashmir), which “may indicate a shift of the Palaearctic
province southward during the Late Pliocene cooling” (Patnaik, 2016).

Khan et al. (2020) studied the diet of mammals, the vegetation, and the climate of the Plio-
Pleistocene deposits of the Upper Indus Basin in Pakistan with the stable isotopes analysis of carbon
and oxygen. These periods correspond to a floodplain environment with increased aridity, favoring the
appearance of grasses between 3.6 Ma and 600 ka. The authors note that the faunas have close
affinities with African species in terms of diet and ecological niche. Similarly, carbon isotopes of fatty
acids of leaf waxes (8!3Cy.y values) (82Hw,y values) extracted from deposits in the Bay of Bengal
suggest an increase in C4 vegetation on the Indian peninsula between the mid-Pliocene and mid-
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Fig. 15. The different river and endorheic basins most likely crossed by hominins and Eurygnathohippus (from the Arabian Plate)
and Equus (through the High Asia fluvial network) before reaching the Upper Indus Basin (Map data Google Earth 2025).
Les différents bassins fluviaux et endoréiques trés probablement empruntés par les homininés et Eurygnathohippus (depuis la plaque
arabique) et Equus (via le réseau fluvial de la Haute Asie) avant d’atteindre I'’Asie centrale et le bassin supérieur de I'Indus (Map data
Google Earth 2025).

Pleistocene (~3.5 to 1.5 million years ago) already observed in East Africa and northwestern Australia
(Dunlea et al., 2020). According to the authors, these tropical ecosystems surrounding the Indian
Ocean remained highly sensitive to hydroclimatic changes after the initial spread of C4 plants in the
Late Miocene. Thus, the altitude of the western Hindu Kush was not an obstacle to reach the floodplain
environment favorable for Equus.

6.2. What converging routes of Equus and Hominin expansions into the Upper Indus Basin

For scavenging hominins, dependent on watercourses and the daily supply of usable stones,
physical and hydrographic geography gives an idea of the dispersal routes from North Africa. The
faster route to have found themselves in the Upper Indus Basin at 2.95 Ma lies between latitudes 30°
and 32° (Figs. 6 and 15). What climatic episode would account for the dispersal of hominins towards
the north of Africa around 3 Ma? The most northerly hominin fossils have been collected on the
northeastern edge of the paleolake Mega-Chad at latitude 16° N and attributed to Australopithecus
bahrelghazali dated at 3.58 Ma (Brunet et al., 1996; Guy et al., 2008). Macho (2015) concludes “The
habitat at Koro Toro appears to have been mosaic too, consisting of swamps, patches of forest, wooded
savannah, and grassland”. This ecosystem was close to the Quranwala Zone with similar fauna
assemblages Stegodon, Hipparion, Hexaprotodon, Sivatherium, suids, turtles, and crocodiles (Brunet
etal., 1996). The paleolake Mega-Chad is located in the summer Intertropical Convergence Zone (ITCZ)
of heavy precipitation. Yet, the ITCZ moves southward during glaciations, which must have been the
case during the Zhuravlinean episode (3.305-3.275 Ma) and again between 3.043-3.025 Ma.
Assuming that hominins continued to reproduce up to 3 Ma as in Ethiopia and Kenya, it was only after
this glacial interval that a dispersal was possible when the summer rainfall of the ITCZ rose again
towards North Africa feeding river systems during the warming ~ 2.97-2.96 Ma (Haywood et al.,
2010; Berends et al., 2019; Siifke et al., 2022). In 2010, satellite studies have identified a giant
paleodrainage system, the Kufrah River, north to the paleolake Mega-Chad in eastern Libya (Paillou
et al,, 2012) (Fig. 16).

Very probably, hydrographic corridors have favored dispersal of faunas, including hominins and
hipparionine Eurygnathohippus, towards the Mediterranean Sea. It has been enough for the ITCZ to be
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Fig. 16. Satellite view of the Kufrah paleobasin projected on a planetary map of Africa, north of the equator with the paleolake
Mega-Chad and the hominin locality Australopithecus bahrelghazali (inserted image of Paillou et al., 2012) (Map data Google
Earth 2025).

Vue satellitaire du paléobassin Kufrah projetée sur une carte planétaire de I’Afrique, au nord de I'équateur avec le méga paléo-lac Tchad
et la localité d homininés Australopithecus bahrelghazali (image incrustée de Paillou et al., 2012) (Map data Google Earth 2025).

moved a few degrees of latitude to the north to create paleo-basin networks connected from the Nile
to the Arabian Peninsula, joining the Seistan depression in Afghanistan fed by the Helmand River (Figs.
15 and 17). This river rises in the Hindu Kush near the source of the Kabul River, the northwestern
tributary of the Indus. Both valleys are in connection with the Unai Pass at a current altitude of about
3300 meters. This dispersal route was probably not the only one, but it was the faster given that the
Red Sea and the Persian Gulf, which isolate Africa from South Asia have always been submerged.
Moreover, the Seistan depression gives access the Great Steppe of Kazakhstan through the basins of
Amu Darya and Murghab-Hari-Rud. Thus, herds of Equus and tribes of hominins could converge in the
Seistan depression and then cross the Hindu Kush.

6.3. Origin of the appearance and disappearance of the Quranwala Zone

We hypothesize that the cumulation of corpses and cobbles in the Quranwala Zone between
2.95 Ma and 2.84 Ma corresponds to a conjunction of climatic events specific to the Himalayas
previously exposed to a glaciation at 3 Ma.

A warming peak appears in studies of globally distributed benthic foraminifera (North Atlantic,
North Pacific and Southern Ocean) at the time of the Quranwala onset. Dowsett et al. (2011) have
compared chronological and magneto-stratigraphic data with the 8'80 of these foraminifera (Lisiecki
and Raymo, 2005). The 880 decreases with the warming and melting of the poles. Their diagram
shows a short but drastic drop in 880 after the geomagnetic Subchron of Kaena (3.02 + 0.01 Ma): for
the last time since 5.3 Ma, 8'80 is less than 3 %o and corresponds to the MIS G17 dated at 2.95 Ma (Fig. 13).

Correlations between warm periods and intensification of the Indian monsoon during the mid to
late Piacenzian (3.3-2.7 Ma) has been demonstrated based on the sediments of the Arabian Sea and
the Bay of Bengal (e.g., Cai et al., 2019; Sarathchandraprasad et al., 2021). The International Ocean
Discovery Program (IODP) in the Arabian Sea identifies the intensification of the Indian monsoon over
the western Himalayas through increased detrital input into the Indus submarine fan (Laxmi Basin).
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Fig. 17. The current Inter-Tropical Convergence Zone in red (in July maximum in the northern hemisphere, in January
maximum in the southern hemisphere) and a hypothetical visualization of the northward shift of the summer limit (blue curve)
during the peak of global warming of 2.97-2.96 Ma (the profile of the winter curve is in dotted blue because it results from the
displacement of the two red curves and is not significant in itself). We can see the superposition with latitudes 30°-32°. The
inflection to the south of the Arabian Plate would probably be modified by the distance from the Arabian Sea (curves taken from
a map by INHAME, Instituto Nacional de Meteorologia e Hidrologia, Venezuela; realization S. Abdessadok).

La Zone de Convergence Inter-Tropicale actuelle en rouge (en juillet maximum dans I'hémisphére nord, en janvier maximum dans
I’hémisphére sud) et une visualisation hypothétique du décalage vers le nord de la limite estivale (courbe bleue) lors du pic du
réchauffement climatique de 2,97-2,96 Ma (le profil de la courbe hivernale est en bleu pointillé car il résulte du déplacement des deux
courbes rouges, il n’est pas significatif en soi). On constate la superposition avec les latitudes 30°-32°. L'inflexion au sud de la plaque
arabique serait sans doute modifiée par I'éloignement avec la mer d’'Oman (courbes reprises d’une carte de 'INHAME, Instituto
Nacional de Meteorologia e Hidrologia, Venezuela; réalisation S. Abdessadok).

This is represented in Fig. 13 by an increase in iron oxides during the mid-Piacenzian Warm Period
with a peak at 2.95 Ma and until 2.7 Ma.

Seeking to understand the origin of the intensification of erosion in the Southern Front of the
Himalayan chain (SHF), Thiede et al. (2004) studied the Himalayan Crystalline Core in the Upper Sutlej
Valley (Fig. 1). The causes are climatic and not tectonic; these are areas on which the monsoon rainfall
has been concentrated. “Monsoon rainfall in this region has a strong influence on surface erosion
processes. River erosion along the SHF is concentrated in high mountain areas, where the orographic
barrier forces the evacuation of more than 80% of the annual precipitation with an average cooling rate
of about 4° to 5 °C/Ma during the Pliocene-Quaternary period.”

Similarly, Huntington et al. (2006) showed that “there is no evidence of significant changes in the
distant tectonics of the Himalayan-Tibetan orogenic system during this interval, suggesting a largely
climatic factor of increased erosion at the Himalayan front.” Ultimately, the last warming following
the end of Piacezian would have led to the vertical migration of thermal gradients and the snow line in
the Higher Himalaya. The intensification of monsoon rains added to the migration in altitude of the
0 °Cisotherm, caused significant seasonal flooding spilling in the Sub-Himalayan grasslands with tons
of pebbles and drowning herbivores until the decrease of temperatures and the return of the snow line
to lower altitudes.

If our climatic hypothesis is correct, the Quranwala Zone would have appeared with the last peak of
warming around 2.95 Ma, after the glacial episode MIS G 20 (3.043-3.025 Ma) because of the
combination of the melting of glaciers accumulated in the Great Himalayas and the intensification of
the monsoon. The QZ disappeared with the gradual cooling of the North Hemisphere, the migration of
the 0 °C isotherm to lower altitudes and the glacier extents in the Great Himalayas.
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7. Conclusion

The First Appearance Datum (FAD) of Equus outside North America is attested in the Upper Indus
Basin in the Quranwala biozone (QZ) of the Masol Formation, north of Chandigarh, India. A short
geomagnetic reversal measured at the base of QZ (unit c3) is attributed to the Huahine excursion dated
to ~ 2.95 Ma. Their presence in the steppes of Central Asia was possible before the Pleistocene
glaciation, following the glacial intervals attested in the Siberian peninsula of Choukotka from
3.01 Ma, creating an intercontinental bridge with North America via the Beringia. Their dispersal to the
western Sub-Himalayan plain at 2.95 Ma was still possible by passes and corridors from the Hari Rud-
Murghab basins (Turkmenistan) and/or to the Seistan basin with the Helmand River, to the Kabul
River, a western tributary of Indus, before the intensification of the uplift to 2.7 Ma (Fig. 15).

Following the glacial interval with the Equus “exit” from North America ~ 3.01 Ma, the subsequent
last warming interval ~ 2.97-2.96 Ma led the summer intertropical convergence zone (ITCZ) to the
north of Africa and the Arabian Plate. This climatic shift facilitated the migration of ecosystems with
their associated fauna, including hominins in western Asia. Subsequently, these groups dispersed
along the intertropical band via hydrographic networks to Afghanistan, converging with herds of
Equus before reaching the Upper Indus Basin.

It is therefore plausible that the Asian dispersal of Equus from North America and that of hominins
from North Africa to the great plains of the Upper Indus Basin are the consequence of planetary
climatic oscillations before the Pleistocene glaciation, with a glacial episode in the northern
hemisphere (3 Ma), and a final peak of global warming in the intertropical convergence zone in Africa
between 2.97 and 2.96 Ma.

Acknowledgements

This work of the Siwaliks Program was supported by the UMR 7194 CNRS (HNHP), Histoire
Naturelle des Humanités Préhistoriques, Département Homme et Environnement, Muséum national
d’Histoire naturelle, and the UMR 8148 CNRS (GEOPS), Géoscience Paris-Saclay, Université Paris-
Saclay, France.

References

Abdessadok, S., Chapon Sao, C., Tudryn, A., Dambricourt Malassé, A., Singh, M., Gaillard, C., Karir, B., Bhardwaj, V., Pal, S., Moigne,
A.M., Gargani, J., 2016. Sedimentological study of major paleonto-archaeological localities of the Late Pliocene Quranwala
Zone, Siwalik Frontal Range, northwestern India. In: Dambricourt Malassé, A. (Guest Ed.), Human origins in the Indian sub-
continent. Comptes Rendus Palevol, Part of special issue: Human Paleontology, Prehistory 15 (3-4), 393-406, http://dx.doi.
org/10.1016/j.crpv.2015.09.020.

Andreev, A.A., Tarasov, P.E., Wennrich, V., Raschke, E., Herzschuh, U., Nowaczyk, N.R., Brigham-Grette, J., Melles, M., 2014. Late
Pliocene and Early Pleistocene vegetation history of the northeastern Russian Arctic inferred from the Lake El'gygytgyn
pollen record. Climate of the Past 10 (3), 1017-1039, http://dx.doi.org/10.5194/cp-10-1017-2014.

Awasthi, N., 1991. Changing patterns of vegetation through Siwalik succession. The Palaeobotanist 40, 312-327, http://dx.doi.
org/10.54991/jop.1991.1781.

Badam, G.L., 1973. Geology and Palaeontology of the Upper Siwaliks of a Part of Pinjore-Nalagarh Area (Ph.D. Thesis). Faculty of
Science and Mathematics, Panjab University, Chandigarh.

Barnes, J.B., Densmore, A.L., Mukul, M., Sinha, R,, Jain, V., Tandon, S.K., 2011. Interplay between faulting and base level in the
development of Himalayan frontal fold topography. Journal of Geophysical Research: Earth surface 116 (F3), http://dx.doi.
org/10.1029/2010JF001841 (article F03012).

Barry, J.C., Lindsay, E.H., Jacobs, L.L., 1982. A biostratigraphic zonation of the middle and upper siwaliks of the potwar plateau of
Northern Pakistan. Palaeogeography, Palaeoclimatology, Palaeoecology 37 (1), 95-130, http://dx.doi.org/10.1016/0031-
0182(82)90059-1.

Bhattacharya, A.R., 2005. An “Expanding Mountain Front” hypothesis for the tectonic evolution of the Siwalik zone, Outer
Himalaya. Journal of the Palaeontological Society of India spl (2), 73-80.

Berends, CJ., de Boer, B., Dolan, A.M., Hill, D.J., van de Wal, R.S.W., 2019. Modelling ice sheet evolution and atmospheric CO,
during the Late Pliocene. Climate of the Past 15 (4), 1603-1619, http://dx.doi.org/10.5194/cp-15-1603-2019.

Bernor, R.L., Cirilli, 0., Wang, S.Q., Rook, L., 2018. Equus cf. livenzovensis from Montopoli, Italy (early Pleistocene; MN16b; ca.
2.6 Ma). Bollettino della Societa Paleontologica Italiana 57 (3), 203-216, http://dx.doi.org/10.4435/BSP1.2018.13.

Boéda, E., Hou, Y., 2011. Etude du site de Longgupo-Synthése. L'Anthropologie 115 (1), 176-196, http://dx.doi.org/10.1016/j.
anthro.2010.12.001.

Brigham-Grette, J., Melles, M., Minyuk, P., Andreev, A., Tarasov, P., DeConto, R., Koenig, S., Nowaczyk, N., Wennrich, V., Rosén, P.,
Haltia, E., Cook, T., Gebhardt, C., Meyer-Jacob, C., Snyder, ]., Herzschuh, U., 2013. Pliocene warmth, polar amplification, and


http://dx.doi.org/10.1016/j.crpv.2015.09.020
http://dx.doi.org/10.1016/j.crpv.2015.09.020
http://dx.doi.org/10.5194/cp-10-1017-2014
http://dx.doi.org/10.54991/jop.1991.1781
http://dx.doi.org/10.54991/jop.1991.1781
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0020
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0020
http://dx.doi.org/10.1029/2010JF001841
http://dx.doi.org/10.1029/2010JF001841
http://dx.doi.org/10.1016/0031-0182(82)90059-1
http://dx.doi.org/10.1016/0031-0182(82)90059-1
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0035
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0035
http://dx.doi.org/10.5194/cp-15-1603-2019
http://dx.doi.org/10.4435/BSPI.2018.13
http://dx.doi.org/10.1016/j.anthro.2010.12.001
http://dx.doi.org/10.1016/j.anthro.2010.12.001

26 A. Dambricourt Malassé et al./L’anthropologie 129 (2025) 103392

stepped Pleistocene cooling recorded in NE Russia. Science 340 (6139), 1421-1427, http://dx.doi.org/10.1126/sci-
ence.1233137.

Brunet, M., Beauvilain, A., Coppens, Y., Heintz, E., Moutaye, A.H.E., Pilbeam, D., 1996. Australopithecus bahrelghazali, une nouvelle
espéce d’'Hominidé ancien de la région de Koro Toro (Tchad). Comptes rendus des séances de I'’Académie des Sciences, Paris
tome322 (série Ila), 907-913.

Burbank, D.W., Johnson, G.D., 1983. The Late Cenozoic chronologic and stratigraphic development of the Kashmir intermontane
basin, northwestern Himalaya. Palaeogeography, Palaeoclimatology, Palaeoecology 43 (3-4), 205-235, http://dx.doi.org/
10.1016/0031-0182(83)90012-3.

Cai, M., Xu, Z,, Clift, P.D., Lim, D., Khim, B.K,, Yu, Z., Kulhanek, D.K,, Li, T., Chen, H., Sun, R., 2019. Depositional history and Indian
summer monsoon controls on the silicate weathering of sediment transported to the eastern Arabian Sea: geochemical
records from IODP Site U1456 since 3.8 Ma. Geochemistry, Geophysics, Geosystems 20 (9), 4336-4353, http://dx.doi.org/
10.1029/2018GC008157.

Cande, S.C., Kent, D.V., 1995. Revised calibration of the geomagnetic polarity timescale for the Late Cretaceous and Cenozoic.
Journal of Geophysical Research: Solid Earth 100 (B4), 6093-6095, http://dx.doi.org/10.1029/94]B03098.

Cauche, D., Dambricourt Malassé, A., Singh, M., Tudryn, A., Abdessadok, S., Moigne, A.-M., Voinchet, P., Gargani, J., Chapon Sao, C.,
Karir, B., Pal, S., 2021. Pre-Quaternary hominin settlements in Asia: archaeology, bio-lithostratigraphy and magnetos-
tratigraphy evidences at Masol, Siwaliks, Northwestern India. L’Anthropologie 125 (1) , http://dx.doi.org/10.1016/j.
anthro.2021.102846 article 102846.

Chakrabarti, C.G., Gulyuz, E., Gulyuz, N., Narzary, B., Jaiswal, M.K., Karaoglan, F., 2024. Geomorphological and geo/thermo-
chronological responses of Indian plate’s deformation during neogene-quaternary time along the Eastern Himalayan
Syntaxis: Formation of Manabhum anticline. Journal of Asian Earth Sciences 260, , http://dx.doi.org/10.1016/j.
jseaes.2023.105967 , article 105967.

Channell, J.E.T., Hodell, D.A., Curtis, ].H., 2016. Relative paleointensity (RPI) and oxygen isotope stratigraphy at [ODP site U1308:
North Atlantic RPI stack for 1.2-2.2 Ma (NARPI-2200) and age of the Olduvai Subchron. Quaternary Science Reviews 131
(Part A), 1-19, http://dx.doi.org/10.1016/j.quascirev.2015.10.011.

Chapon Sao, C., Abdessadok, S., Dambricourt Malassé, A., Singh, M., Karir, B., Bhardwaj, V., Pal, S., Gaillard, C., Moigne, A.M.,
Gargani, J., Tudryn, A., 2016a. Magnetic polarity of Masol 1 Locality deposits, Siwalik Frontal Range, Northwestern India. In:
Dambricourt Malassé, A. (Guest Ed.), Human origins in the Indian sub-continent. Comptes Rendus Palevol, Part of special
issue: Human Paleontology and Prehistory 15 (3-4), 407-416, http://dx.doi.org/10.1016/j.crpv.2015.09.018.

Chapon Sao, C., Abdessadok, S., Tudryn, A., Dambricourt Malassé, A., Singh, M., Karir, B., Gaillard, C., Moigne, A.M., Gargani, ].,
Bhardwaj, V., 2016b. Lithostratigraphy of Masol paleonto-archeological localities in the Quranwala Zone, 2.6 Ma, North-
western India. In: Dambricourt Malassé, A. (Guest Ed.). Human origins in the Indian sub-continent. Comptes Rendus Palevol,
Part of special issue: Human Paleontology and Prehistory 15 (3-4), 417-439, http://dx.doi.org/10.1016/j.crpv.2015.10.005.

Chapon Sao, C., Tudryn, A., Dambricourt Malassé, A., Moigne, A.M., Gargani, J., Singh, M., Abdessadok, S., Voinchet, P., Cauche, D.,
Karir, B., Pal, S., 2024. Magnetostratigraphy of the Pliocene Masol Formation, Siwalik Frontal Range, India: implications for
the age of intentional cut-marked fossil bones. Journal of Asian Earth Sciences 259, , http://dx.doi.org/10.1016/j.
jseaes.2023.105884 , article 105884.

Chaudhri, R.S,, Gill, G.T.S., 1983. Clay mineralogy of the Siwalik Group of Simla Hills, northwestern Himalaya. Journal of the
Geological Society of India 24 (3), 159-165, http://dx.doi.org/10.17491/jgsi/1983/240305.

Coppens, Y., 2014. The Outstanding universal value of Human evolution in Asia. In: Sanz, N. (Ed.), Human Origins Sites and
World Heritage Convention in Asia. UNESCO, Mexico, pp. 10-14, (World heritage series: paper 39. https://unesdoc.unesco.
org/ark:/48223/pf0000229174).

Coppens, Y., 2016. Origines de 'homme dans le sous-continent Indien. In: Dambricourt Malassé, A. (Guest Ed.), Human origins in
the Indian sub-continent. Comptes Rendus Palevol, Part of special issue: Human Paleontology, Prehistory 15 (3-4), 279-
280, http://dx.doi.org/10.1016/j.crpv.2015.11.001.

Coppens, Y., 2020. Qui était qui, qui a fait quoi, ot et quand ? In: Coppens, Y., Vialet, A. (Eds.), Un bouquet d’ancétres. Premiers
humains. Pontifical Academy of Sciences et CNRS Editions, Paris, pp. 399-403.

Dambricourt Malassé, A., 2016. The first Indo-French prehistorical mission in Siwaliks and the discovery of anthropic activities
at 2.6 million years. In: Dambricourt Malassé, A. (Guest Ed.), Human origins in the Indian sub-continent. Comptes Rendus
Palevol, Part of special issue: Human Paleontology, Prehistory 15 (3-4), 281-294, http://dx.doi.org/10.1016/j.
crpv.2015.12.001.

Dambricourt Malassé, A., 2020. Activités hominiennes dans la plaine inondable sous-himalayenne 4 la fin du Pliocéne/Hominin
activities in the sub-Himalayan floodplain during the late Pliocene. In: Coppens, Y., Vialet, A. (Eds.), Un bouquet d’ancétres.
Premiers humains. Pontifical Academy of Sciences et CNRS Editions, Paris, pp. 197-212.

Dambricourt Malassé, A., 2022. Embryogeny and Phylogeny of the Human Posture 2. A New Glance at the Future of our Species.
John Wiley & Sons publisher, Inc, Hoboken, NJ (Biology series. Comparative anatomy and posture of animal and human set, 4).

Dambricourt Malassé, A., Singh, M., Karir, B., Gaillard, C., Bhardwaj, V., Moigne, A.M., Abdessadok, S., Chapon Sao, C., Gargani, J.,
Tudryn, A, Calligaro, T., Kaur, A., Pal, S., Hazarika, M., 2016a. Anthropic activities in the fossiliferous Quranwala Zone, 2.6 Ma,
Siwaliks of Northwest India, historical context of the discovery and scientific investigations. In: Dambricourt Malassé, A.
(Guest Ed.), Human origins in the Indian sub-continent. Comptes Rendus Palevol, Part of special issue: Human Paleontology,
Prehistory 15 (3-4,), 295-316, http://dx.doi.org/10.1016/j.crpv.2015.06.004.

Dambricourt Malassé, A., Moigne, A.M.,, Singh, M., Calligaro, T., Karir, B., Gaillard, C., Kaur, A., Bhardwaj, V., Pal, S., Abdessadok, S.,
Chapon Sao, C., Gargani, J., Tudryn, A., Garcia Sanz, M., 2016b. Intentional cutmarks on bovid from the Quranwala Zone,
2.6 Ma, Siwalik Frontal Range, NW India. In: Dambricourt Malassé, A. (Guest Ed.). Comptes Rendus Palevol, Part of special
issue: Human Paleontology and Prehistory 15 (3-4), 317-339, http://dx.doi.org/10.1016/j.crpv.2015.09.019.

Dambricourt Malassé, A., Cauche, D., 2022. Des traces de boucherie aux outils lithiques de Masol (Pliocéne supérieur, Inde du
Nord). Une approche psychomotrice de l'origine et de I'identité des hominiens. L’Anthropologie 126 (4), http://dx.doi.org/
10.1016/j.anthro.2022.103070 , article 103070.

Deng, T., Xue, X., 1999. Expression of the rapid dispersal event of the horse Equus at 2.5 Ma B.P. in China. Journal of Northwest
University 29 (6), 557-559.


http://dx.doi.org/10.1126/science.1233137
http://dx.doi.org/10.1126/science.1233137
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0060
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0060
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0060
http://dx.doi.org/10.1016/0031-0182(83)90012-3
http://dx.doi.org/10.1016/0031-0182(83)90012-3
http://dx.doi.org/10.1029/2018GC008157
http://dx.doi.org/10.1029/2018GC008157
http://dx.doi.org/10.1029/94JB03098
http://dx.doi.org/10.1016/j.anthro.2021.102846
http://dx.doi.org/10.1016/j.anthro.2021.102846
http://dx.doi.org/10.1016/j.jseaes.2023.105967
http://dx.doi.org/10.1016/j.jseaes.2023.105967
http://dx.doi.org/10.1016/j.quascirev.2015.10.011
http://dx.doi.org/10.1016/j.crpv.2015.09.018
http://dx.doi.org/10.1016/j.crpv.2015.10.005
http://dx.doi.org/10.1016/j.jseaes.2023.105884
http://dx.doi.org/10.1016/j.jseaes.2023.105884
http://dx.doi.org/10.17491/jgsi/1983/240305
https://unesdoc.unesco.org/ark:/48223/pf0000229174
http://dx.doi.org/10.1016/j.crpv.2015.11.001
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0125
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0125
http://dx.doi.org/10.1016/j.crpv.2015.12.001
http://dx.doi.org/10.1016/j.crpv.2015.12.001
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0135
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0135
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0135
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0140
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0140
http://dx.doi.org/10.1016/j.crpv.2015.06.004
http://dx.doi.org/10.1016/j.crpv.2015.09.019
http://dx.doi.org/10.1016/j.anthro.2022.103070
http://dx.doi.org/10.1016/j.anthro.2022.103070
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0160
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0160

A. Dambricourt Malassé et al./L'anthropologie 129 (2025) 103392 27

Dennell, R.W.,, Rendell, H., Hailwood, E., 1988. Early tool-making in Asia: two-million-year-old artefacts in Pakistan. Antiquity
62 (234), 98-106, http://dx.doi.org/10.1017/S0003598X00073555.

De Schepper, S., Gippard, P.L., Salzmann, U., Ehlers, ]., 2014. A global synthesis of the marine and terrestrial evidence for
glaciation during the Pliocene Epoch. Earth-Science Reviews 135, 83-102, http://dx.doi.org/10.1016/j.earsci-
rev.2014.04.003.

Dowsett, H.J., Haywood, A.M., Valdes, PJ., Robinson, M.M., Lunt, D,J., Hill, D.J., Stoll, D.K., Foley, KM., 2011. Sea surface
temperatures of the mid-Piacenzian Warm Period: a comparison of PRISM3 and HadCM3. Palaeogeography, Palaeoclima-
tology, Palaeoecology 309 (1-2), 83-91, http://dx.doi.org/10.1016/j.palaeo.2011.03.016.

Dunlea, A.G., Giosan, L., Huang, Y., 2020. Pliocene expansion of C4 vegetation in the core monsoon zone on the Indian Peninsula.
Climate of the Past 16 (6), 2533-2546, http://dx.doi.org/10.5194/cp-16-2533-2020.

Fernandes, C.A., Rohling, EJ., Siddall, M., 2006. Absence of post Miocene Red Sea land bridges: biogeographic implications.
Journal of Biogeography 33, 961-966.

Gaillard, C,, Singh, M., Dambricourt Malassé, A., Bhardwaj, V., Karir, B., Kaur, A,, Pal, S., Moigne, A.M., Chapon Sao, C., Abdessadok,
S., Gargani, J., Tudryn, A., 2016. The lithic industries on the fossiliferous outcrops of the Late Pliocene Masol Formation,
Siwalik Frontal Range, northwestern India (Punjab). In: Dambricourt Malassé, A. (Guest Ed.). Human origins in the Indian
subcontinent. Comptes Rendus Palevol, Part of special issue: Human Paleontology and Prehistory 15 (3-4), 341-357, http://
dx.doi.org/10.1016/j.crpv.2015.09.017.

Gargani, J., Abdessadok, S., Tudryn, A., Chapon Sao, C., Dambricourt Malassé, A., Gaillard, C., Moigne, A.M., Singh, M., Bhardwaj,
V., Karir, B., 2016. Geology and geomorphology of Masol paleonto-archaeological site, Late Pliocene, Chandigarh, Siwalik
Frontal Range, NW India. In: Dambricourt Malassé, A. (Guest Ed.), Human origins in the Indian sub-continent. Comptes
Rendus Palevol, Part of special issue: Human Paleontology and Prehistory 15 (3-4), 379-391, http://dx.doi.org/10.1016/j.
crpv.2015.06.001.

Guy, F., Mackaye, H.T., Likius, A., Vignaud, P., Schmittbuhl, M., Brunet, M., 2008. Symphyseal shape variation in extant and fossil
hominoids, and the symphysis of Australopithecus bahrelghazali. Journal of Human Evolution 55 (1), 37-47, http://dx.doi.
org/10.1016/j.jhevol.2007.12.003.

Han, F., Bahain, ].J., Deng, C., Boéda, E., Hou, Y., Wei, G., Huang, W., Garcia, T., Shao, Q., He, C., Falguéres, C., Voinchet, P., Yin, G.,
2017. The earliest evidence of hominid settlement in China: Combined electron spin resonance and uranium series (ESR/U-
series) dating of mammalian fossil teeth from Longgupo cave. Quaternary International 434 (Part A), 75-83, http://dx.doi.
org/10.1016/j.quaint.2015.02.025.

Harmand, S., Lewis, J.E., Taylor, N., Feibel, C.S., Boés, X., Prat, S., Roche, H., 2019. Reply to Dominguez-Rodrigo and Alcala:
interpretation without accurate evidence is fantasy. Journal of African archaeology 17 (2), 177-181, http://dx.doi.org/
10.1163/21915784-20190007.

Haywood, A.M., Dowsett, HJ., Otto-Bliesner, B., Chandler, M.A., Dolan, A.M., Hill, D.J., Lunt, D.J., Robinson, M.M., Rosen-
bloom, N., Salzmann, U., Sohl, L.E., 2010. Pliocene Model Intercomparison Project (PlioMIP): experimental design and
boundary conditions (Experiment 1). Geoscientific Model Development 3 (1), 227-242, http://dx.doi.org/10.5194/gmd-
3-227-2010.

Hilgen, FJ., 1991. Astronomical calibration of Gauss to Matuyama sapropels in the Mediterranean and implication for the
Geomagnetic Polarity Time Scale. Earth and Planetary Science Letters 104 (2-4), 226-244, http://dx.doi.org/10.1016/0012-
821X(91)90206-W.

Hodell, D.A., Channell, J.E.T., 2016. Mode transitions in Northern Hemisphere glaciation: co-evolution of millennial and orbital
variability in Quaternary climate. Climate of the Past 12 (9), 1805-1828, http://dx.doi.org/10.5194/cp-12-1805-2016.
Huntington, KW., Blythe, A.E., Hodges, K.V., 2006. Climate change and Late Pliocene acceleration of erosion in the Himalayas.

Earth and Planetary Science Letters 252 (1-2), 107-118, http://dx.doi.org/10.1016/j.epsl.2006.09.031.

Jukar, A., Sun, B., Bernor, R.L.,, 2019. The first occurrence of Plesiohipparion huangheense (Qiu, Huang & Guo, 1987) (Equidae,
Hipparionini) from the late Pliocene of India. Bollettino della Societa Paleontologica Italiana 57 (2), 125-132, http://dx.doi.
org/10.4435/BSP1.2018.08.

Khan, A.M,, Igbal, A., Waseem, M.T., Ahmad, R.M., Ali, Z., 2020. Palaeodietary and palaeoclimatic interpretations for herbivore
fauna from late Pliocene to early Pleistocene Siwaliks of Pakistan. The Journal of Animal and Plant Sciences 30 (2), 355-363,
http://dx.doi.org/10.36899/JAPS.2020.2.0057.

Kong, T., Tudryn, A., Gibert-Brunet, E., Tucholka, P., Motavalli-Anbaran, S.-H., Ahmady-Birgani, H., Lankarani, M., Miska, S., Noret,
A., Dufaure, 0., 2022. 30,000 years of the southwestern Lake Urmia (Iran) paleoenvironmental evolution inferred from
mineralogical indicators from lake and watershed sediments. Journal of Asian Earth Sciences 239, , http://dx.doi.org/
10.1016/j.jseaes.2022.105387 (article 105387).

Kotlia, B.S., 2013. Rhagapodemus (Rodentia, Mammalia) from the Karewas of Kashmir (India): another evidence of Pliocene
faunal exchange between Europe and NW India. Himalayan Geology 34 (1), 1-8.

Kumar, R., Ghosh, S.K., Sangode, S.J., Thakur, V.C., 2002. Manifestation of Intra-Foreland thrusting in the Neogene Himalayan
foreland basin fill. Journal of Geological Society of India 59 (6), 547-560.

Kumar, R., Ghosh, S.K,, Sangode, S.J., 2003a. Mio-Pliocene sedimentation history in the northwestern part of the Himalayan
foreland basin, India. Current Science 84 (8), 1006-1013.

Kumar, R., Ghosh, S.K., Mazari, R.K., Sangode, S.J., 2003b. Tectonic impact on the fluvial deposits of Plio-Pleistocene Himalayan
foreland basin, India. Sedimentary Geology 158 (3-4), 209-234, http://dx.doi.org/10.1016/S0037-0738(02)00267-1.
Kumar, R., Suresh, N., Sangode, S.J., Kumaravel, V., 2007. Evolution of the Quaternary alluvial fan system in the Himalayan
foreland basin: implications for tectonic and climatic decoupling. Quaternary International 159 (1), 6-20, http://dx.doi.org/

10.1016/j.quaint.2006.08.010.

Kumaravel, V., Sangode, S.J., Kumar, R, Siddaiah, N.S., 2005. Magnetic polarity stratigraphy of Plio-Pleistocene Pinjor Formation
(type locality), Siwalik Group, NW Himalaya, India. Current Science 88 (9), 1453-1461.

Kumaravel, V., Sangode, S.J., Kumar, R., Siddaiah, N.S., 2007. Pedogenic variations in the Plio-Pleistocene Siwalik paleosols from
the Subathu Sub-basin, NW Himalaya, India. Himalayan Geology 28 (1), 47-61.

Laukhin, S.A., Klimanov, V.A,, Belaya, B.V., 1999. Late Pliocene and Pleistocene climates in northern Chukotka. Antropozoikum
23, 17-24.


http://dx.doi.org/10.1017/S0003598X00073555
http://dx.doi.org/10.1016/j.earscirev.2014.04.003
http://dx.doi.org/10.1016/j.earscirev.2014.04.003
http://dx.doi.org/10.1016/j.palaeo.2011.03.016
http://dx.doi.org/10.5194/cp-16-2533-2020
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0185
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0185
http://dx.doi.org/10.1016/j.crpv.2015.09.017
http://dx.doi.org/10.1016/j.crpv.2015.09.017
http://dx.doi.org/10.1016/j.crpv.2015.06.001
http://dx.doi.org/10.1016/j.crpv.2015.06.001
http://dx.doi.org/10.1016/j.jhevol.2007.12.003
http://dx.doi.org/10.1016/j.jhevol.2007.12.003
http://dx.doi.org/10.1016/j.quaint.2015.02.025
http://dx.doi.org/10.1016/j.quaint.2015.02.025
http://dx.doi.org/10.1163/21915784-20190007
http://dx.doi.org/10.1163/21915784-20190007
http://dx.doi.org/10.5194/gmd-3-227-2010
http://dx.doi.org/10.5194/gmd-3-227-2010
http://dx.doi.org/10.1016/0012-821X(91)90206-W
http://dx.doi.org/10.1016/0012-821X(91)90206-W
http://dx.doi.org/10.5194/cp-12-1805-2016
http://dx.doi.org/10.1016/j.epsl.2006.09.031
http://dx.doi.org/10.4435/BSPI.2018.08
http://dx.doi.org/10.4435/BSPI.2018.08
http://dx.doi.org/10.36899/JAPS.2020.2.0057
http://dx.doi.org/10.36899/JAPS.2020.2.0057
http://dx.doi.org/10.1016/j.jseaes.2022.105387
http://dx.doi.org/10.1016/j.jseaes.2022.105387
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0250
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0250
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0255
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0255
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0260
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0260
http://dx.doi.org/10.1016/S0037-0738(02)00267-1
http://dx.doi.org/10.1016/j.quaint.2006.08.010
http://dx.doi.org/10.1016/j.quaint.2006.08.010
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0275
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0275
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0280
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0280
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0285
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0285

28 A. Dambricourt Malassé et al./L’anthropologie 129 (2025) 103392

Lisiecki, L.E., Raymo, M.E., 2005. A Pliocene-Pleistocene stack of 57 globally distributed benthic 8'®0 records. Paleoceanography
and Paleoclimatology 20 (1), http://dx.doi.org/10.1029/2004PA001071 , article PA1003.

Lourens, L., Hilgen, F.J., Laskar, J., Shackleton, N.J., Wilson, D., 2004. The Neogene period. In: Gradstein, F.M., Ogg, J., Smith, A.
(Eds.), A Geologic Time Scale. Cambridge University Press, Cambridge, pp. 409-440.

Macho, G.A., 2015. Pliocene hominin biogeography and ecology. Journal of Human Evolution 87, 78-86, http://dx.doi.org/
10.1016/j.jhevol.2015.06.009.

Moigne, A.M., Dambricourt Malassé, A., Singh, M., Kaur, A., Gaillard, C., Karir, B., Pal, S., Bhardwaj, V., Abdessadok, S., Chapon Sao,
C., Gargani, J., Tudryn, A., 2016. The fauna assemblage of the paleonto-archaeological localities of the Late Pliocene
Quranwala Zone, Masol Formation, Siwalik Range, NW India. In: Dambricourt Malassé, A. (Guest Ed.), Human origins in the
Indian sub-continent. Comptes Rendus Palevol, Part of special issue: Human Paleontology, Prehistory 15 (3-4), 359-378,
http://dx.doi.org/10.1016/j.crpv.2015.09.016.

Nanda, A.C., 1981. Occurrence of the pre-Pinjor beds in the vicinity of Chandigarh. In: Sastry, M.V.A,, Kurien, T.K., Dutta, A.K.,
Biswas, S. (Eds.), Proceedings Field Conference Neogene/Quaternary Boundary, India, 1979. IGCP 41, Chandigarh, pp. 113-
116.

Nanda, A.C., 1994. Upper Siwalik mammalian faunas from Chandigarh and Jammu regions with comments on certain faunal
discrepancies. In: Riaz, A., Arshad, M.S. (Eds.), Geology in South Asia-l. Proceedings of the First South Asia Geological
Congress, Islamabad, Pakistan, (February 23-27, 1992) Hydrocarbon Development Institute of Pakistan publisher, Isla-
mabad, pp. 39-45.

Nanda, A.C., 2002. Upper Siwalik Mammalian faunas of India and associated events. Journal of Asian Earth Sciences 21 (1), 47—
58, http://dx.doi.org/10.1016/S1367-9120(02)00013-5.

Nanda, A.C., 2013. Upper Siwalik mammalian faunas of the Himalayan foothills. Journal of the Palaeontological Society of India
58 (1), 75-86.

Nanda, A.C,, Sati, D.C., Mehra, G., 1991. Preliminary report on the stratigraphy and mammalian faunas of the Middle and Upper
Siwalik, West of River Yamuna, Paonta, Himachal Pradesh. Journal of Himalayan Geology 2 (2), 151-158.

Nanda, A.C., Schleich, H.H., Kotlia, B.S., 2016. New fossil reptile records from the Siwalik of North India. Open Journal of Geology
6 (8), 673-691, http://dx.doi.org/10.4236/0jg.2016.68052.

Nanda, A.C., Sehgal, RK., Chauhan, P.R., 2018. Siwalik-age faunas from the Himalayan Foreland Basin of South Asia. Journal of
Asian Earth Sciences 162, 54-68, http://dx.doi.org/10.1016/j.jseaes.2017.10.035.

Ohno, M., Hayashi, T., Komatsu, F., Murakami, F., Zhao, M., Guyodo, Y., Acton, G., Evans, H.F., Kanamatsu, T., 2012. A detailed
paleomagnetic record between 2.1 and 2.75 Ma at IODP Site U1314 in the North Atlantic: Geomagnetic excursions and the
Gauss-Matuyama transition. Geochemistry, Geophysics, Geosystems 13 (5), 1-16, http://dx.doi.org/10.1029/
2012gc004080.

Paillou, P., Tooth, S., Lopez, S., 2012. The Kufrah paleodrainage system in Libya: a past connection to the Mediterranean Sea?
Comptes Rendus. Géoscience 344 (8), 406-414, http://dx.doi.org/10.1016/j.crte.2012.07.002.

Parenti, F., Varejdo, F.G., Scardia, G., Okumura, M., Araujo, A., Ferreira Guedes, C.C., Neves, W.A., 2024. The Oldowan of Zarqa
Valley, Northern Jordan. Journal of Paleolithic Archaeology 7, , http://dx.doi.org/10.1007/s41982-023-00168-6 (article 3).

Patnaik, R., 1995. New murids and gerbillids (Rodentia, Mammalia) from Pliocene Siwalik sediments of India. Palaeovertebrata
26 (1-4), 129-165.

Patnaik, R., 2001. Late Pliocene micromammals from Tatrot Formation (Upper Siwaliks) exposed near village Saketi, Himachal
Pradesh, India. Palaeontographica Abteilung A: Paldozoologie-Stratigraphie 261 (1-3), 55-81, http://dx.doi.org/10.1127/
pala/261/2001/55.

Patnaik, R., 2016. Neogene-Quaternary Mammalian Paleobiogeography of the Indian subcontinent: an appraisal. Comptes
Rendus Palevol 15 (7), 889-902, http://dx.doi.org/10.1016/j.crpv.2015.11.004.

Phadtare, N.R., Kumar, R., Ghosh, S.K., 1994. Stratigraphic palynology, floristic succession and the Tatrot/Pinjor boundary in
Upper Siwalik sediments of Haripur Khol area, District Sirmaur (H.P) India. Himalayan Geology 15, 69-82.

Plummer, T.W., Oliver, ].S., Finestone, E.M., Ditchfield, P.W., Bishop, L.C., Blumenthal, S.A., Lemorini, C., Caricola, I., Bailey, S.E.,
Herries, A.LR., Parkinson, J.A., Whitfield, E., Hertel, F., Kinyanjui, R.N., Vincent, T.H., Li, Y., Louys, ]., Frost, S.R., Braun, D.R.,
Reeves, ].S., Early, E.D.G., Onyango, B., Lamela-Lopez, R., Forrest, F.L., He, H., Lane, T.P., Frouin, M., Nomade, S., Wilson, E.P.,
Bartilol, S.K., Rotich, N.K., Potts, R., 2023. Expanded geographic distribution and dietary strategies of the earliest Oldowan
hominins and Paranthropus. Science 379 (6632), 561-566, http://dx.doi.org/10.1126/science.abo7452.

Rainverman, V., 2002. Foreland Sedimentation in Himalayan Tectonic Regime: A Relook at the Orogenic Process. Bishen Singh
Mahendra Pal Singh Publishers, Dehra Dun, India.

Rainverman, V., Suresh, N., 1997. Clay mineral distribution in the Cenozoic sequence of the western Himalayan Foothills. Journal
of Indian Association of Sedimentologists 16 (1), 63-75.

Ranga Rao, A., 1993. Magnetic-polarity stratigraphy of the Upper Siwalik of Northwestern Himalayan foothills. Current Science
64 (11/12, special issue Quaternary period in India), 863-873 (http://www.jstor.org/stable/24096200).

Ranga Rao, A, Nanda, A.C,, Sharma, U.N,, Bhalla, M.S., 1995. Magnetic polarity stratigraphy of the Pinjor Formation (Upper
Siwalik) near Pinjor, Haryana. Current Science 68 (12), 1231-1236 (http://www.jstor.org/stable/24096598).

Rao, M.R,, Patnaik, R., 2001. Palynology of the Late Pliocene sediments of Pinjor Formation, Haryana, India. The Palaeobotanist,
Journal of Palaeosciences 50 (1-3), 267-286, http://dx.doi.org/10.54991/jop.2001.1828.

Rook, L., Bernor, R.L., Avilla, L.S., Cirilli, O., Flynn, L., Jukar, A., Sanders, W., Scott, E., Wang, X., 2019. Mammal biochronology (land
mammal ages) around the world from late Miocene to middle Pleistocene and major events in horse evolutionary history.
Frontiers in Ecology and Evolution, sect. Paleontology 7, , http://dx.doi.org/10.3389/fevo.2019.00278 , article 278.

Roperch, P., Duncan, R.A., 1990. Records of geomagnetic reversals from volcanic islands of French Polynesia. 1. Paleomagnetic
study of a polarity transition in a lava sequence from the island of Huahine. Journal of Geophysical Research: Solid Earth 95
(B3), 2713-2726, http://dx.doi.org/10.1029/JB095iB03p02727.

Sahni, M.R,, Khan, EJ., 1964. Boundary between the Tatrots and Pinjaurs. Journal of the Palaeontological Society of India 5-9 (1),
29-30, http://dx.doi.org/10.1177/0971102319640106.

Sahni, M.R,, Khan, E.J., 1968. Stratigraphy, structure and correlation of the Upper Shiwaliks, East of Chandigarh. Journal of
Palaeontological Society of India 1960-1964 (5-9), 61-74.


http://dx.doi.org/10.1029/2004PA001071
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0295
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0295
http://dx.doi.org/10.1016/j.jhevol.2015.06.009
http://dx.doi.org/10.1016/j.jhevol.2015.06.009
http://dx.doi.org/10.1016/j.crpv.2015.09.016
http://dx.doi.org/10.1016/j.crpv.2015.09.016
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0310
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0310
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0310
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0315
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0315
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0315
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0315
http://dx.doi.org/10.1016/S1367-9120(02)00013-5
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0325
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0325
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0330
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0330
http://dx.doi.org/10.4236/ojg.2016.68052
http://dx.doi.org/10.1016/j.jseaes.2017.10.035
http://dx.doi.org/10.1029/2012gc004080
http://dx.doi.org/10.1029/2012gc004080
http://dx.doi.org/10.1016/j.crte.2012.07.002
http://dx.doi.org/10.1007/s41982-023-00168-6
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0360
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0360
http://dx.doi.org/10.1127/pala/261/2001/55
http://dx.doi.org/10.1127/pala/261/2001/55
http://dx.doi.org/10.1016/j.crpv.2015.11.004
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0375
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0375
http://dx.doi.org/10.1126/science.abo7452
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0385
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0385
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0390
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0390
http://www.jstor.org/stable/24096200
http://www.jstor.org/stable/24096598
http://dx.doi.org/10.54991/jop.2001.1828
http://dx.doi.org/10.3389/fevo.2019.00278
http://dx.doi.org/10.1029/JB095iB03p02727
http://dx.doi.org/10.1177/0971102319640106
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0425
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0425

A. Dambricourt Malassé et al./L'anthropologie 129 (2025) 103392 29

Sahnouni, M., Pares, ].M., Duval, M., Caceres, I., Harichane, Z., Made, ]J. van der, Perez-Gonzalez, A., Abdessadok, S., Kandi, N.,
Derradji, A., Medig, M., Boulaghraif, K., Semaw, S., 2018. 1.9-million- and 2.4-million-year-old artifacts and stone tool-
cutmarked bones from Ain Boucherit, Algeria. Science 362 (6420), 1297-1301, http://dx.doi.org/10.1126/science.aau0008.

Sakai, H., Fujii, R., Kuwahara, Y., 2002. Changes in depositional system of the Paleo-Kathmandu Lake caused by uplift of the
Nepal Lesser Himalayas. Journal of Asian Earth Sciences 20 (3), 267-276, http://dx.doi.org/10.1016/S1367-9120(01)00046-
3.

Sangode, S.J., Rothtash, K., Ghosh, S.K., 1996. Magnetic polarity stratigraphy of the Siwalik Sequence of Haripur area (H.P.), NW
Himalaya. Journal of the Geological Society of India 47 (6), 683-704, http://dx.doi.org/10.17491/jgsi/1996/470605.

Sarathchandraprasad, T., Tiwari, M., Behera, P., 2021. South Asian Summer Monsoon precipitation variability during late
Pliocene: role of Indonesian Throughflow. Palaeogeography, Palaeoclimatology, Palaeoecology 574, , http://dx.doi.org/
10.1016/j.palae0.2021.110447 , article 110447.

Saxena, RK.,, Singh, H.P., Rao, M.R., 1987. Palynology of the Tatrot-Pinjor sequences exposed between Masol and Kiratpur in
Ambala District, Haryana. Geophytology 17 (2), 270-284.

Singh, N., Jukar, A.M., Rana, R.S., Patel, R., 2022. The earliest occurrence of Equus in South Asia. Journal of Vertebrate Paleontology
42 (6) , http://dx.doi.org/10.1080/02724634.2023.2227236 , article €2227236.

Siifke, F., Kaboth-Bahr, S., Wei, K.Y., Chuang, C.K., Gutjahr, M., Pross, ]., Friedrich, O., 2022. Intensification of Asian dust storms
during the Mid-Pliocene Warm Period (3.25-2.96 Ma) documented in a sediment core from the South China Sea. Quaternary
Science Reviews 292, , http://dx.doi.org/10.1016/j.quascirev.2022.107669 , article 107669.

Sun, B., Deng, T., 2019. The Equus Datum and the Early Radiation of Equus in China. Frontiers in Ecology and Evolution, Sec.
Paleontology 7, 1-19, http://dx.doi.org/10.3389/fev0.2019.00429.

Suresh, N., Ghosh, S.K., Kumar, R., Sangode, S.J., 2004. Clay-mineral distribution pattern in late Neogene fluvial sediments of the
Subathu sub-basin, central sector of Himalayan foreland basin: implications for provenance and climate. Sedimentary
Geology 163 (3-4), 265-278, http://dx.doi.org/10.1016/j.sedge0.2003.07.006.

Tan, N., Ramstein, G., Dumas, C., Contoux, C., Ladant, ].-B., Sepulchre, P., Zhang, Z., De Schepper, S., 2017. Exploring the MIS M2
glaciation occurring during a warm and high atmospheric CO, Pliocene background climate. Earth and Planetary Science
Letters 472, 266-276, http://dx.doi.org/10.1016/j.epsl.2017.04.050.

Tandon, S.K., Kumar, R., 1984. Discovery of tuffaceous mudstones in the Pinjor formation of Panjab sub-Himalaya, India. Current
Science 53 (18), 982-984.

Tandon, S.K., Kumar, R., Koyama, M., Niitsuma, N., 1984. Magnetic polarity stratigraphy of the Upper Siwalik Subgroup, east of
Chandigarh, Punjab Sub-Himalya, India. Journal of the Geological Society of India 25 (1), 45-55, http://dx.doi.org/10.17491/
jgsi/1984/250104.

Thakur, O.P., Dogra, N.N., Sarkar, S., 2015. Palynofloral assemblage from the Upper Siwalik Rocks of Sirmaur District, Himachal
Pradesh. India. Himalayan Geology 36 (2), 161-167.

Thiede, R.C., Bookhagen, B., Arrowsmith, J.R., Sobel, E.R., Strecker, M.R., 2004. Climatic control on rapid exhumation along the
Southern Himalayan Front. Earth and Planetary Science Letters 222 (3-4), 791-806, http://dx.doi.org/10.1016/].
epsl.2004.03.015.

Trauth, M.H., Asrat, A., Berner, N., Bibi, F., Foerster, V., Grove, M., Kaboth-Bahr, S., Maslin, M., Mudelsee, M., Schabitz, F., 2021.
Northern Hemisphere Glaciation, African climate and human evolution. Quaternary Science Reviews 268, , http://dx.doi.
org/10.1016/j.quascirev.2021.107095 , article 107095.

Tudryn, A., Abdessadok, S., Gargani, J., Dambricourt Malassé, A., Gaillard, C., Moigne, A.M., Chapon Sao, C., Singh, M., Bhardwaj,
V., Karir, B., Miska, S., 2016. Stratigraphy and paleoenvironment during the Late Pliocene at Masol paleonto-archeological
site (Siwalik Range, NW India): preliminary results. In: Dambricourt Malassé, A. (Guest Ed.), Human origins in the Indian
sub-continent. Comptes Rendus Palevol, Part of special issue: Human Paleontology and Prehistory 15 (3-4), 440-452,
http://dx.doi.org/10.1016/j.crpv.2015.05.011.

Verma, B.C., Verma, S.N., 1969. Geological Mapping of the Siwalik Hills Lying in Parts of Ambala District Harayana and Sirmaur
District Himachal Pradesh and Studies of Vertebrate Fossils. Geological Survey, Chandigarh, India (Unpublished report).

Wei, G., Huang, W., Chen, S., He, C, Pang, L., Wu, Y., 2014. Paleolithic culture of Longgupo and its creators. Quaternary
International 354, 154-161, http://dx.doi.org/10.1016/j.quaint.2014.04.003.

Yamamoto, Y., Ishizuka, O., Sudo, M., Uto, K., 2007. “°Ar/>°Ar ages and palacomagnetism of transitionally magnetized volcanic
rocks in the Society Islands, French Polynesia: Raiatea excursion in the upper-Gauss Chron. Geophysical Journal Interna-
tional 169 (1), 41-59, http://dx.doi.org/10.1111/j.1365-246X.2006.03277 .x.


http://dx.doi.org/10.1126/science.aau0008
http://dx.doi.org/10.1016/S1367-9120(01)00046-3
http://dx.doi.org/10.1016/S1367-9120(01)00046-3
http://dx.doi.org/10.17491/jgsi/1996/470605
http://dx.doi.org/10.1016/j.palaeo.2021.110447
http://dx.doi.org/10.1016/j.palaeo.2021.110447
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0450
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0450
http://dx.doi.org/10.1080/02724634.2023.2227236
http://dx.doi.org/10.1016/j.quascirev.2022.107669
http://dx.doi.org/10.3389/fevo.2019.00429
http://dx.doi.org/10.1016/j.sedgeo.2003.07.006
http://dx.doi.org/10.1016/j.epsl.2017.04.050
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0480
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0480
http://dx.doi.org/10.17491/jgsi/1984/250104
http://dx.doi.org/10.17491/jgsi/1984/250104
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0490
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0490
http://dx.doi.org/10.1016/j.epsl.2004.03.015
http://dx.doi.org/10.1016/j.epsl.2004.03.015
http://dx.doi.org/10.1016/j.quascirev.2021.107095
http://dx.doi.org/10.1016/j.quascirev.2021.107095
http://dx.doi.org/10.1016/j.crpv.2015.05.011
http://dx.doi.org/10.1016/j.crpv.2015.05.011
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0510
http://refhub.elsevier.com/S0003-5521(25)00043-3/sbref0510
http://dx.doi.org/10.1016/j.quaint.2014.04.003
http://dx.doi.org/10.1111/j.1365-246X.2006.03277.x

	Masol (India, Punjab): Horses (Equus) and hominins in the sub-Himalayan floodplain as early as 2.95 Ma. A pluridisciplinar...
	1 Introduction
	2 The objective: solving the origin and the disappearance of the Quranwala Zone
	3 Method: an interdisciplinary approach and a synthesis of data
	3.1 The Masol Formation
	3.1.1 Geomorphology, tectonics, magnetostratigraphy and lithostratigraphy
	3.1.2 The Quranwala Zone in Masol: environment, climate, and fauna diversity
	3.1.2.1 Resume presentation
	3.1.2.2 Mineralogy and Himalayan rivers
	3.1.2.3 The fauna of the Sub-Himalayan plain
	3.1.2.4 The flora


	3.2 Synthesis of Masol Formation and open questions

	4 The Quranwala Zone and the Late Pliocene biozones of the Subathu sub-basin
	4.1 Lithostratigraphy, fauna and magnetostratigraphy
	4.1.1 Ghaggar and Moginand
	4.1.2 Khetpurali
	4.1.3 Saketi-Kanthro
	4.1.4 Haripur
	4.1.5 Flora

	4.2 Synthesis

	5 Discussion on the age of the geomagnetic excursion of the Quranwala Zone—Masol Formation
	6 Origin of the Quranwala Zone: Paleoclimatic hypotheses
	6.1 Origin of Equus in the Western Sub-Himalayan Plain in the Late Pliocene
	6.2 What converging routes of Equus and Hominin expansions into the Upper Indus Basin
	6.3 Origin of the appearance and disappearance of the Quranwala Zone

	7 Conclusion
	Acknowledgements
	References


