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Stable carbon isotope analyses of pedogenic carbonates were conducted on two Siwalik sections, Jammu–
Nandni and Purmandal–Uttarbehani, covering a lateral
stretch of ~ 25 km, in Ramnagar sub-basin, in order to
reconstruct palaeovegetation history over the past
~ 12 Ma. The results revealed that the carbon isotopic
record in studied sections fell in two broad divisions,
an older part (> 7 Ma) characterized by δ 13C-depleted
isotopic values and a younger part (< 5 Ma) consisting
of δ 13C-enriched values, indicating exclusive presence
of C3 and C4 vegetation respectively. The present work
provides an important link to the extensive palaeovegetational studies done in the Pakistan and Nepal
Siwaliks.
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THE Sub-Himalaya forms the outermost foothills of the
Himalaya and preserves record of post-collision sediments produced by weathering and erosion of debris of
the rising Himalayan front. These sediments were carried
and deposited in a foredeep basin called the Himalayan
Foreland Basin (HFB). The HFB is divided into a number
of sub-basins separated from each other by sub-surface
basement highs and ridges1. The Neogene Siwalik Group
sediments of HFB have received much attention from the
geologists and enormous work has been done in palaeontology, biostratigraphy, sedimentology, geomorphology
and magnetostratigraphy in the Indian part of the Siwalik
belt since the early eighties2–10. In comparison to this,
meagre amount of work has been accomplished in
palaeopedology, palaeoclimatic and palaeoecological
reconstructions2,8,11–16.
Many faunal and floral changes are apparent from the
Siwalik sediments and the change is largely attributed to
uplift of the earth’s youngest and dynamic orogenic belt
called the ‘Himalaya’ during the Cenozoic, which has had
a profound effect in regulating climate, atmospheric CO2,
and flora and fauna on the Asian continent17–19. This may
be possible because the Asian monsoon climate got estab*For correspondence. (e-mail: geoseema05@yahoo.co.in)
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lished only when the Himalaya attained a critical height
and weathering in the tectonically active Himalaya
caused a lowering of atmospheric CO2, which had substantial effect on the nature of the photosynthetic pathway
or the type of vegetation17. A large number of workers
have illustrated that the Himalaya and the Tibetan Plateau
attained sufficient elevations to initiate major palaeoclimatic changes only during Late Miocene. For example,
fossil evidences indicate that no significant physical
barrier to the migration of mammal faunas existed prior
to Late Miocene18,19. Palaeoecological reconstructions
have long been consistently based on the study of verteberate and inverteberate fossil evidences, but due to their
poor preservation in various Siwalik sections and the
recent emphasis on more refined techniques, it becomes
natural to switch over to some other reliable studies
besides fossil evidences.
Palaeosols have proved to be beneficial in solving
various geological problems, especially palaeoclimatic
reconstructions. Siwalik palaeosols are associated with
alluvial deposits forming a part of thick aggradational
pedocomplexes within the alluvial strata and commonly
do not occur as single isolated units of palaeosol profiles,
but rather as multiple sequences. Stable isotope ratios of
carbon and oxygen of pedogenic carbonates (or soil carbonates or pedogenic calcretes) preserved in ancient soils
are being used to track vegetation and climate changes
through time within many different Cenozoic rock
sequences20. Quade and co-workers21 first analysed the
carbon (13C) and oxygen (18O) isotope ratios of pedogenic
carbonates in the Himalayan Cenozoic sediments from the
Potwar Plateau of Pakistan Siwaliks, ranging in age from
18 Ma to Recent. Thereafter, a large amount of work on
palaeovegetation aspects has been carried out in Pakistan
and Nepal Siwaliks20–23, followed by some palaeovegetational reconstructions using stable isotope ratios of
pedogenic carbonates in the Indian Siwalik belt restricted
to the Kangra, Subathu and Dehradun sub-basins14,15,24.
Despite the fact that there are numerous exposures of
Siwaliks in the Ramnagar sub-basin and also that these
have several palaeosol assemblages containing pedogenic
carbonate nodules, no work is available on their palaeovegetational reconstructions using stable isotope compo213
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sition. In view of this, for the present study two Siwalik
sections in the Ramnagar sub-basin have been considered, viz. Jammu–Nandni (J–N) and Purmandal–
Uttarbehani (P–U) in Jammu and Kashmir, India.
An attempt has been made to use carbon isotope ratios
of pedogenic carbonates as proxy palaeo-records in order
to reconstruct palaeovegetational history of the Ramnagar
sub-basin since Late Miocene. The present work may provide a good opportunity for more studies in the Jammu
region, which could reveal important and significant
information on past climate and vegetation history of the
NW part of the foreland basin and consequently offer a
good link for global palaeovegetation correlation since
late Miocene.

Study area
The study area comprises low-lying Siwalik hills sloping
gently towards south, but gradually becoming steep as we
move northward. The Siwalik Group has developed all
along the southern margin of the Himalayan mountain
belt as the folded, faulted and uplifted part of the Himalayan foreland basin and is stratigraphically divided into
Lower, Middle and Upper Siwaliks ranging in age
from Mid-Miocene to Lower Pleistocene. We carried out
carbon isotope analysis of soil carbonate, largely
nodules, from two Indian Siwalik sections: J–N and P–U,

which are placed laterally ~ 25 km from each other
(Figure 1). Both the studied sections fall in Ramnagar
sub-basin of the Outer Himalaya between lat. 32°34′ and
32°80′, and long. 74°50′ and 75°12′ (Figure 1). The complete Siwalik Group stratigraphy of the Jammu area is
given in Table 1.

Methodology
Analysis of soil carbonate in palaeosol beds
In order to use stable isotope ratios of carbon and oxygen
in the soil carbonate mineral to study its relationship with
climate, it is necessary to eliminate the problem of carbonate or calcrete not formed by pedogenic processes in
the soil, because the stable isotope ratios of carbon and
oxygen in both organic and inorganic components of the
plant soil environment can only record and integrate
information relating to ecosystem/vegetation and climatic
parameters, whereas groundwater carbonates do not have
such a reliable mechanism14. It is therefore a necessity
and prerequisite action to first distinguish pedogenic and
groundwater carbonates (non-pedogenic) in the palaeosols.
Various field and micromorphological evidences have
been used by different workers to distinguish pedogenic
carbonates from non-pedogenic carbonates25–28, many of
which are used in the present study and are also illustrated in Figures 2 and 3. For example, Birkeland25 suggested that pedogenic carbonate is mainly micrite and has
dry colours of 7.5YR7/4 to 10YR8/3, and the original
grains have been forced apart (Figures 2 and 3). Pedogenic
carbonate may be distinguished in the field from shallow
groundwater carbonate by gradational contacts, palaeosol
horizons above the zone of carbonate accumulation (particularly the presence of B/Bt horizon overlying a Bk or K
horizon) and a vertical arrangement of peds, root traces,
dessication cracks and tubules, and a groundwater rather
than soil origin of carbonate is indicated by sharp contacts and lack of associated soil horizons26 (Figure 2).
Similarly, Pal et al.28 concluded that pedogenic calcrete
can be micritic, micro-sparitic or sparitic occurring as
coatings, fillings and nodules affecting weathering of
primary minerals, but has fabric similar to adjacent soil
fabric, i.e. inclusion of primary minerals and usually
occurs together with illuvial clay pedofeatures (Figure 3).

Field analysis

Figure 1. Geological map showing location of the studied sections:
Jammu–Nandni (J–N) and Purmandal–Uttarbehani (P–U) (modified
after Dey et al.53 and Pandita and Bhat6).
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Extensive field work was done along road and river-cut
exposures in the J–N and P–U sections. The identification
and characterization of Siwalik palaeosols has been done
by recording horizon-wise field properties29. Pedogenic
carbonate is usually nodular, but is also present in forms
like powdery and pedotubule (Figure 2 a–g), as defined
CURRENT SCIENCE, VOL. 100, NO. 2, 25 JANUARY 2011
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Table 1. Siwalik Group stratigraphy of Jammu region on the basis of palaeontology, lithology and
palaeomagnetic studies (modified after Dasarathi51, Ranga Rao et al.3 and Aggarwal et al.5)
Siwalik

Potwar/Chandigarh, etc.

Tawi Valley, Jammu

Upper

Boulder Conglomerate Formation
Pinjor Formation
Tatrot Formation
Dhokpathan Formation

Tawi/Bahu Conglomerate Formation
Nagrota Formation
Purmandal Sst. Formation

Middle

Nagri Formation
Chinji Formation

Bantalao/Mansar Formation
Nandini Formation

Lower

Kamlial Formation

Jahjjar Formation

by Wright and Tucker27, in the palaeosols and was collected from the respective pedons for analysis. Dilute
(about 10%) hydrochloric acid carried in an eyedropper
bottle was needed for testing the carbonate content of the
samples by their effervescence during reaction with the
acid29. It is important to mention here that the sampling
for pedogenic carbonates was confined to the B/Bk/BChorizons and at least more than 30 cm deep from the surface of the palaeosol profile to avoid any possible surficial alteration of CO2 composition in the carbonate due to
exchange with the atmosphere. Sampling of carbonate
nodules from the C-horizon was avoided in order to
exclude the possibility of mixing of the detrital nonpedogenic carbonates present in the parent material with
the pedogenic carbonates. The pedogenic carbonates were
distinguished from the groundwater carbonates while
sampling on the basis of one or more of the field characters as described earlier (Figure 2).

Laboratory analysis
Micromorphological analysis: Before proceeding to the
laboratory techniques for isotopic analysis, the collected
pedogenic carbonate samples from the field were checked
for their pedogenic nature. This was done by crosschecking with thin-section study of samples, and the
presence of various pedogenic micromorphological features in accordance with studies by various workers26–28,30
further confirmed the pedogenic origin of calcium carbonate (Figure 3).
Micromorphological features often serve as first-order
criteria in evaluating diagenesis of sediments. Preservation of micrite and absence of obvious recrystallization
should indicate relatively lesser occurrence of diagenetic
alteration, and the measured δ 18O and δ 13C values are
primary. The dominantly micro-sparitic groundmass, partial
replacement of micrite by microspar, and nonluminescence of all the groundmass components suggest that
diagenetic alteration (post-calcrete nodule formation) is
insignificant in altering the isotopic values31. Singh
et al.32 have shown the occurrence of diagenesis of Lower
Siwalik palaeosols in the Katilu Khad section from the
Kangra sub-basin. In a similar manner, we have found the
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presence of sparite calcite veins and less micritic textures
in the oldest analysed Lower Siwalik sediments in the
J–N section, and as we move from the Lower Siwalik to
Middle Siwalik sediments, finer-grained micritic textures
become abundant, ultimately dominating the Upper
Siwalik sediments (Figure 3).
However, various workers have cited that the diagenesis of sediments is more likely to alter the δ 18O values,
rather than δ 13C values33–37. The reasons for contrasting
preservation of oxygen versus carbon isotopic compostions are well known and relate to the fact that a typical molar water/rock ratio between natural waters and
limestone is 103–104 times larger for oxygen than for carbon38. Hence, fluids are far more likely to alter δ 18O than
δ 13C values of cabonates. This means δ 18O values of palaeosol carbonates will have larger probability of
alteration by diagenesis than δ 13C values from the same
bed. For example, co-existing micrite and sparite from
buried palaeosol nodules in Eocene sediments in Wyoming showed that δ 13C values are essentially unchanged
by recrystallization, but δ 18O values were often 4–8‰
depleted in 18O in sparite33. In a similar manner, the
palaeosol carbonates from the Eocene Willwood Formation show that the effects of recrystallization during
diagenesis do not significantly shift the 13C content of
nodules, although these nodules become depleted by
upto 10‰ in 18O during diagenetic recrystallization34. Also,
Cerling et al.39 illustrated that the original δ 13C values of
organic matter and pedogenic carbonate from palaeosols
of Pleistocene to late Miocene in Pakistan were not
altered by diagenesis. In view of this, we assume insignificant alteration of δ 13C isotopic values due to diagenesis, if any, of the Lower Siwalik palaeosols.
Isotopic analysis: For isotopic analyses of the nodules,
they were first washed in mild HCl to remove any modern
carbonate sticking to the outer surface. The nodules were
then powdered in agate mortar and left for drying in an
oven prior to conversion to CO2 with phosphoric acid
(specific gravity 1.88). Isotopic analyses were performed
on G. V. Instruments Isoprime Continuous Flow Mass
Spectrometer at the National Institute of Hydrology,
Roorkee, India. Samples were reacted in individual vials,
215
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Figure 2. Different forms of pedogenic carbonate nodules in the palaeosols of the studied sections. The white, green and yellow
ellipses indicate nodular, powdery and tubular/rhizome forms of carbonates respectively. Pedogenic carbonate nodules: (a) having
pale-brown colour (10YR7/3) in the Upper Siwalik subgroup of the J–N section. Diameter of coin used as scale is ~ 2.2 cm; (b) In
the red palaeosol of the Lower Siwalik subgroup in the J–N section, Jhajharkotli. Each white and black unit in the scale is ~ 1 cm;
(c) In the yellow palaeosol of the Upper Siwalik Nagrota Formation in the J–N section; (d) In the lower red and upper gleyed
palaeosol of the Upper Siwalik Nagrota Formation in the P–U section. Note the gradational nature of palaeosol horizons. Spade
used as scale is ~ 26 cm; (e) In the gleyed palaeosol of the Upper Siwalik Nagrota Formation in the P–U section. Diameter of coin
used as scale is ~ 2.4 cm; ( f ) In the moderately developed light-brown palaeosol of the Middle Siwalik subgroup in the J–N section.
Note the presence of B horizon overlying the carbonate horizon (i.e. Bk); (g) In the palaeosol of the Upper Siwalik subgroup in the
J–N section. Pen used as scale is ~ 15 cm; (h) Light brownish-red palaeosol showing shallow groundwater carbonate nodules in
the Siwalik Group of the J–N section. Note the almost parallel alignment of the groundwater nodules along the bedding, indicating the
direction of groundwater flow and the sharp contact between the lithologies, and (i) Shallow groundwater carbonate nodules in the
Siwalik Group. Note the presence of sharp contacts and lack of associated soil horizons. Pen used as a scale is ~ 15 cm.
216
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Figure 3. a, Typic micritic pedogenic carbonate nodule in the youngest analysed Upper Siwalik palaeosol, XPL. b and c, Large
carbonate nodules present in well-developed ped consisting of micritic (m) to sparitic (s) textures during different stages of carbonate formation in the Upper Siwalik palaeosol. Note the sparitic to micro-sparitic filled abundant root traces (r). Smaller alphabets
written in black represent the different stages of formation of the carbonate nodules, XPL. d, Well-preserved calcite grain in the
Upper Siwalik palaeosol, XPL. e, Well-developed, largely micritic to micro-sparitic, carbonate nodule in the upper Middle Siwalik
palaeosol, XPL. f, Micro-sparitic pedogenic carbonate nodule in the Middle Siwalik palaeosol. Note the ferran hypocoating and
presence of primary minerals (largely quartz grains) in the nodule, XPL. g, Presence of abundant sparry calcite vein fillings in a
channel/root in the palaeosols of the Lower Siwalik Formaion in the J–N section, PPL. Note the presence of soil groundmass matrix
in the carbonate.

eliminating the risk of cross-contamination from one
sample to the next. Instrumental precisions are ± 0.12‰
for δ 13C value and ± 0.15‰ for δ 18O value.
Measurements of stable isotopes were done in terms of
abundance ratios, i.e. atomic mass of heavy atom to the
atomic mass of light atom. Only the relative difference
in the ratio of the heavy isotope to the more abundant
light isotope of the sample with respect to a standard (or
reference) was determined. The difference was designated by δ. If the δ value is positive, it refers to the enrichment of the sample in the heavy-isotope species with
respect to the standard, whereas a negative value corresponds to the sample depleted in the heavy-isotope
species. Generally, δ units are quoted relative to an internationally recognized standard, which is arbitrarily set to
0‰. In the present study, the isotopic results for carbon are
presented in the usual notation as the per mil (‰) deviation
of the sample CO2 from the VPDB standard, where
R = 13C/12C, using

δ = [(Rsample/Rstandard) – 1] × 1000.
CURRENT SCIENCE, VOL. 100, NO. 2, 25 JANUARY 2011

Other reference materials used in the isotopic analyses,
whose values are referenced with respect to VPDB, are
IAEA marble CO-1 (δ 13C = +2.48‰; δ 18O = –2.44‰);
IAEA calcite CO-8 (δ 13C = –5.75‰; δ 18O = –22.7‰);
BaCo3–Loba (δ 13C = –11.89‰; δ 18O = –5.66‰) and
Na2Co3–Loba (δ 13C = –25.62‰; δ 18O = –17.46‰).
Age assignments: A total of 93 samples (59 and 34
pedogenic carbonate nodules from J–N and P–U respectively) have been analysed. The analysed samples cover
all the three subgroups of the Siwalik Group spanning a
period from ~ 12 to ~ 0.4 Ma. Age estimates for different
horizons in the studied Siwalik sections are based on
palaeomagnetic dating3,40. In both the studied sections,
soil carbonate nodules were collected from the palaeosol
horizons and their ages assigned from those of the corresponding palaeosol beds in the respective stratigraphic
lithosections, whose ages are based on palaeomagnetic
dates. The Lower–Middle Siwalik and Middle–Upper
Siwalik boundaries in the J–N and P–U sections fall at
10.8 and 4.92 Ma respectively6,40.
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Results
The carbon isotopic record of pedogenic carbonates in
palaeosol beds of the studied sections when plotted
against age falls into two broad divisions; an older part
characterized by δ 13C-depleted isotopic values (< –6‰)
and a younger part showing δ 13C-enriched isotopic values (> –6‰), which are named as Zones I and III respectively (Figure 4). This change in δ 13C-values from the
δ 13C-depleted isotopic values in Zone I to δ 13C-enriched
isotopic values comprises a transition period, named as
Zone II, of approximately 2 Ma (Figure 4). The period
12–7 Ma consists of Zone I comprising samples from the
Lower Siwalik and the lower part of the Middle Siwalik
subgroups having δ 13C values between –11.36 and
–7.48‰. The isotopic transition zone, i.e. Zone II, has
δ 13C values –9.43 to –4.88‰ and consists of samples
from the upper part of the Middle Siwalik subgroup covering an approximate age between 7 and 5 Ma. The
younger part of the studied sections ranging in age
between 5 and 0.40 Ma, named as Zone III, comprises
samples from the Upper Siwalik subgroup. The δ 13C
isotopic values in Zone III vary from –6.18 to +2.18‰.

Discussion and conclusion
A large number of workers have done palaeovegetational
reconstructions from the carbon isotope ratios of

Figure 4. Plot showing variation of δ 13C values of pedogenic carbonates of the studied sections against age. It divides the δ 13C values into
two broad divisions; an older part characterized by δ 13C-depleted isotopic values (<– 6‰) and a younger part showing δ 13C-enriched isotopic values (>– 6‰), which are named as Zones I and III respectively.
This change in δ 13C values with age from the δ 13C-depleted isotopic
values in Zone I to δ 13C-enriched isotopic values comprises a transition
period, named as Zone II, of approximately 2 Ma. The δ 13C values are
expressed in per mil (‰).
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pedogenic carbonates in soils. But how the δ 13C values
are useful in palaeovegetational reconstructions and their
application in the present study is discussed below in
detail.

Selective intake of 12C and 13C by different types of
vegetation
The stable carbon isotope ratio of soil organic matter/
humus and pedogenic carbonate in palaeosols can be directly used to reconstruct palaeovegetation present during
pedogenesis33,39. This is because plants metabolize and in
the process fractionate carbon isotopes along three distinct photosynthetic pathways41,42. This means different
types of vegetation present during soil formation can be
distinguished broadly into three plant groups on their
characteristic carbon isotope ratios.
The stable isotopes 12C and 13C are found in rocks and
palaeosols of all geological ages43. These carbon isotopic
values (δ 13C) are affected by a variety of physical,
chemical and biological processes. The key photosynthetic enzyme of plants, Rubisco, selects the light isotope
(12C) preferentially to the heavy isotope (13C), so that
plant organic matter is isotopically much lighter (δ 13C
more negative) than the atmospheric or oceanic CO2 from
which it was derived. The δ 13C values of pedogenic carbonate are 14–17‰ enriched than the plant organic matter.
Majority of the continental plants (i.e. virtually all trees,
shrubs, herbs and a few grasses favoured by a cool growing season) employ a photosynthetic pathway creating at
first a three-carbon phosphoglyceric acid using C3 or
Calvin–Benson photosynthetic cycle. Plants which use a
photosynthetic pathway creating at first a four-carbon
malic and aspartic acid are called C4 plants, as they use
C4 or Hatch–Slack photosynthetic cycle. C4 plants
include most of the grasses favoured by a warm growing
season and a few shrubs in the families Euphorbiaceae
and Chenopodiaceae. The C3 plants fractionate carbon
isotopes more intensely, and so have more negative δ 13C
values than the C4 plants43. The δ 13C values for C3 plants
range from –22‰ to –38‰ with an average of –27‰,
whereas values for C4 plants range from –9‰ to –21‰
with an average value of –13‰, and hence these distinct
δ 13C isotopic values between C3 and C4 plants make them
different from each other44–46. The third type of plants
have crassulacean acid metabolism (CAM) photosynthetic cycle, which includes desert succulents47 and
shows a natural range of δ 13C values between –10‰ and
–20‰. This photosynthetic pathway is in some ways a
combination of C3 and C4 pathways, but these plants are
geographically restricted48 and are not important components of any ecosystem outside deserts21. In view of this
and the fact that the analysed samples do not form part of
the desert ecosystem, these CAM plants are not taken into
account in the present study.
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Figure 5. The δ 13C values of pedogenic carbonate nodules plotted against age in the (a) J–N and (b) P–U sections. Dotted ellipse marks the first appearance of C4 plants at 7 Ma in the J–N section. (c) Composite plot of δ 13C values against
age from the studied sections. It divides the δ 13C values into two broad divisions; an older part characterized by
δ 13C-depleted isotopic values (<– 6‰) and a younger part showing δ 13C-enriched isotopic values (>– 6‰), which are
named as Zones I and III respectively. Zone I indicates the exclusive presence of C3 plants, whereas Zone III indicates the
exclusive presence of C4 plants on the basis of δ 13C values. This change in vegetation with age from C3 to C4 plants comprises a transition period, named as Zone II, in which the presence of both C3 and C4 plants has been found. Dotted ellipse
marks the first appearance of C4 plants at 7 Ma in the J–N. The δ 13C values are expressed in per mil (‰).

Palaeovegetational reconstruction in the studied
sections
J–N section: A total of 59 pedogenic carbonate samples
were analysed from the J–N section, which ranges in age
between ~ 12 and 0.73 Ma. The δ 13C values vary from
–11.36‰ to +1.22‰, and when plotted against age fall
into three distinct zones: Zones I–III, characterized by the
CURRENT SCIENCE, VOL. 100, NO. 2, 25 JANUARY 2011

presence of δ 13C-depleted isotopic values, both δ 13Cdepleted and -enriched isotopic values, and δ 13C-enriched
isotopic values respectively (Figure 5 a). The δ 13C values
vary between –11.36‰ and –7.48‰ in Zone I, ranging in
age from ~ 12 to 7.5 Ma. The depleted or negative nature
of δ 13C values in this zone imply vegetation composed of
pure or nearly pure C3 plants and is also corroborative
with δ 13C value range for C3 plants. The δ 13C values
219
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Table 2.

Approximate time of first appearance of C4 plants in different parts of the earth, which shows the
global nature of expansion of C4 plants during late Miocene
Time of first appearance
of C4 plants (Ma)

Reference

Asia (Siwalik)
Jammu–Nandni, Jammu and Kashmir, India; 32°N
Kangra Valley, Ranital–Kotla section, India; 32°N
Potwar Plateau, Pakistan; 32°–33°N
Surai Khola, Nepal; ~ 27°N

7
6
7.4–7
6.8

Present study
15
21
23

East Africa; 3°S–5°N
Central Africa; ~ 16°N
South Africa; 24°–25°S

8
7
5

North America; 20°–37°N
North America; 40°–43°N

6.8–5.5
4

50

South America; 28°–32°S

7.3–6.7

52

Place and latitude

vary between –9.43‰ and –4.88‰ in Zone II, ranging in
age from 7 to 5 Ma. These δ 13C values indicate the presence of both C3 and C4 plants, and the first appearance of
C4 plants started in this transition period at ~ 7 Ma, with
δ 13C value of –4.88‰ (Figure 5 a). Zone III comprising
5–0.7 Ma shows the presence of δ 13C-enriched isotopic
values varying between –6.18‰ and 1.22‰. The δ 13C
values indicate the complete dominance of C4 vegetation
after 5Ma (Figure 5 a).
P–U section: A total of 34 pedogenic carbonate samples
were analysed from this section, which ranges in age
between ~ 4.8‰ and ~ 0.40 Ma. The δ 13C values are
highly positive or enriched, and when plotted against age
fall in Zone III of the J–N section. The δ 13C values vary
between –5.41‰ and +2.18‰, and indicate the exclusive
presence of C4 plants (Figure 5 b).
The composite plot of δ 13C values against age in the
J–N and P–U sections indicate that an older part characterized by δ 13C-depleted isotopic values ranging in age
between 12 and 7 Ma comprises exclusively of C3 vegetation (i.e. Zone I; Figure 5 c). In a similar manner, the
younger part ranging in age between 5 and 0.4 Ma,
named as Zone III, consists of δ 13C-enriched values and
hence indicates exclusive presence of C4 vegetation (Figure 5 c). Hence, the study area was dominated by C3 and
C4 vegetation pre-7 Ma and post-5 Ma respectively,
with a narrow transition period of 2 Ma (i.e. 7–5 Ma) consisting of both C3 and C4 plants (i.e. Zone II; Figure 5 c).

Palaeovegetational change during late Miocene:
local or global
It has been shown earlier that pre-7 Ma there was exclusive presence of C3 plants and then at 7 Ma the first
appearance of C4 plants took place, which became dominant by 5 Ma. What becomes interesting is that this
dramatic change in vegetation during late Miocene was
not a local phenomenon, but rather global. This is
220
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because it has been shown by many workers that the carbon isotopic trends of palaeosol carbonate, fossil mammal
tooth enamel and terrestrially derived organic matter
from Pakistan, South America and North America, and
Africa indicate a period of substantial ecological change
to C4-dominated vegetation between 8 and 4 Ma (ref. 49).
The present data also reveal a pronounced change in
vegetation from C3 to C4 after 7 Ma. This striking change
from C3 to C4 vegetation was first noted in palaeosol carbonates in the Siwalik sediments of the Potwar Plateau,
Pakistan21. Subsequent studies from other parts of the
earth showed that this change in vegetation from C3 to C4
at different places did not occur abruptly, but gradually
within a narrow time range largely from 8 to 5 Ma (Table
2). This difference is attributed to latitudinal variation of
places on the earth. Compared to high-latitude areas, the
change occurred earlier at lower latitudes where the threshold for C3 photosynthesis was higher at elevated temperatures50. Table 2 shows this latitudinal variation and global
nature of C4 expansion during the Upper Miocene.
The evidences thus far indicate that the change from C3
to C4 vegetation in the late Miocene was a major palaeoecologic event in the earth’s terrestrial history and the
causes behind this evolutionary phenomenon have
remained controversial since its discovery. To find out
the possible drivers of C4 expansion, we must first have
more such studies from the Indian Siwaliks which are
well exposed all along the Himalayan belt. The present
work constitutes a small part from the Siwaliks in the
Ramnagar sub-basin and provides opportunities for further studies in this region as it offers an important link to
the extensive palaeovegetational studies done in the Pakistan and Nepal Siwaliks.
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