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ABSTRACT 

This study deploys compound-specific multi-proxy isotopic study of lipid biomarkers to 

understand Neogene climatic and ecological variabilities in the Himalayan foreland. The 

investigation of compound-specific carbon and hydrogen isotopes along with glycerol dialkyl 

glycerol tetraether (GDGT) is the first of its kind for the Nepalese Siwalik. A total of 49 

mudstone (and some paleosol) samples were collected from the paleomagnetically age-

constrained Siwalik strata in the Surai Khola and Karnali River sections.  

δ13C results suggest a domination of C3 trees between 12 and 8.5 Ma, and a stepwise 

expansion of C4 grasses starting gradually at 8.5 Ma and culminating rapidly around 5.5 Ma. δD 

results show an overall gradual increase in rainfall since 12 Ma, with a rapid intensification 

around 5.5 Ma. The negative correlation between rainfall and GDGT-derived paleotemperature 

prior to 5.5 Ma indicates that the region experienced higher rainfalls during colder periods and 

vice versa. We propose that this negative correlation could be related to the strong presence of 

mid-latitude westerlies in the region because of the subdued Himalayas, when summer monsoon 

winds were weaker, that brought enhanced winter-precipitation particularly during colder 

periods. After 5.5 Ma, our data show a conspicuous positive correlation between rainfall and 

annual temperature, indicating the onset of modern-style seasonality in rainfall in the Indian 

subcontinent, which generates more rainfall during summer than during winter. Notably, this 

initiation of the Indian monsoon around 5.5 Ma favored the dominance of C4 grasses over C3 

trees that is reflected in our δ13C data.   

Key words: Multi-proxy; lipid biomarkers; vegetation change, paleohydrology; monsoon; 

Neogene; Siwalik    
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Chapter 1 

Introduction 

 

1.1 Motivation:  

Late Neogene global expansion of C4 grasses replacing C3 trees is well document (Quade 

et al., 1989, 1995; Fox and Koch, 2004; Tipple and Pagani, 2010; Cerling et al., 2011). Although 

a drop in atmospheric pCO2 level was advocated as a likely mechanism for this vegetation shift 

(Cerling et al. 1993, 1997), recent studies have pointed to a number of other mechanisms 

including changes in precipitation intensity, seasonality, aridity, and fire frequency (Huang et al. 

2007, Tipple and Pagani, 2007, Behrensmeyer et al. 2007, Stromberg, 2011). 

To understand the mode and tempo of climate change in the Himalayan front (Siwalik), a 

number of extensive studies were conducted. These studies presented different and sometimes 

conflicting opinions on the vegetation shift (from C3 to C4), onset of South Asian monsoon, and 

phases of rainfall intensification (Quade et al., 1989, 1995; Quade and Cerling, 1995; Dettman et 

al., 2001; Gupta et al., 2004; Sanyal et al., 2010; Singh et al., 2012).  Most of these studies 

agreed on the expansion of C4 plants replacing C3 vegetation and the monsoon intensification 

during the Neogene, but the mechanism and timing are still contentious. For a better 

understanding of the Neogene climate and vegetation change, we deploy the compound specific 

isotope analysis (CSIA) of δ13C and δD, and glycerol dialkyle glycerol tetraether (GDGT) based 

paleotemperature study for the first time in the Nepalese Siwalik. In this study, we have chosen 

the Surai Khola and Karnali River sections for three main reasons. First, these sections have well 

exposed and accessible Neogene outcrops. Second, both sections are paleomagnetically age 

constrained (Appel et al., 1991; Gautam and Fujiwara, 2000). Third, in the Surai Khola section, 

Quade et al. (1995) already performed δ13C and δ18O studies based on the bulk isotope analysis, 
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which is an advantage to validate our new method of CSIA in the region. Similarly, the Karnali 

River section probably represents the oldest exposed Siwalik succession in Nepal.  

1.2 defined problems 

Although, the expansion of vegetation and phases of monsoon intensification are widely 

discussed in the Himalayan foreland, timing and mechanism of such changes are still debated 

and needed to investigate further. To understand the plausible causes and linkages of climate on 

vegetation, we aim to address the following problems:  

1. Was the Neogene vegetation change synchronous along the Siwalik range and what was 

the mechanism of this vegetation shift?  

2. When did the South Asian monsoon start? Did overall rainfall increase or decrease in the 

Himalaya during the Neogene?  

3. Variability of Neogene temperature in the region, and its relation with the vegetation shift 

and rainfall intensification.  

1.3 Approach 

  To bring a new insight on the Neogene climate change in the Nepalese Siwalik, several 

extensive fieldwork were carried out in the two river sections of Nepal. Mudstone and some 

paleosol samples were collected at a high resolution (0.25 -0.5 myr) interval from the 

paleomagnetically age-constrained Siwalik strata (Appel et al., 1991; Gautam and Fujiwara, 

2000). The cutting edge technique of compound specific isotope analysis (CSIA) was performed 

to analyze sedimentary rock samples with sophisticated equipment such as: accelerated solvent 

extractor (ASE 200) to extract organic compounds from the samples, gas chromatograph and 

fame ionization detector (GC-FID) to determine the concentration of organic compounds in the 
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analyzed samples, and high performance liquid chromatography mass spectrometer (HPLC-MS) 

to obtain compound specific isotopic values of carbon and hydrogen. These analyses were 

conducted in the organic geochemistry lab of Brown University.  We focused on three biomarker 

proxies (δ13C, δD and GDGT), and prepared two separate chapters as publishable standalone 

manuscripts.   

Chapter two of this dissertation is focused on carbon isotope study (δ13C) to understand 

the vegetation changes from C3 tress to C4 grasses. We attempted to validate our CSIA δ13C 

result by comparing with the previous bulk carbon isotope study in the Surai Khola section 

(Quade et al., 1995), and to establish new carbon isotope record for the first time in the Karnali 

River section. The carbon isotope study of the two river sections demonstrates an asynchronous 

expansion of C4 vegetation even within a short lateral distance of about 200 km. In the Surai 

Khola section, the C4 vegetation started to appear around 8.5 Ma and dominated around 5.5 Ma. 

However, in the Karnali River section, although some contribution of C4 plants were observed 

between 14.5 to 9.5 Ma, no clear sign of C4 plant expansion was observed untill 5.2 Ma, Which 

is the age of our youngest sample.  

In chapter three, we bring all the multiproxy (δ13C, δD and GDGTs) data together to 

understand the relationship between the climate and vegetation change in the region. The result 

of δD and GDGT-derived paleotemperature show a negative correlation before 5.5 Ma in both 

river sections, suggesting a lack of seasonality, when more rainfall occurred during colder 

periods and vice versa.  After 5.5 Ma, climate reversed with a synchronous increase in both 

rainfall and temperature. We suggest that the modern-style Indian monsoon started around 5.5 

Ma, favoring C4 grasses over C3 trees.  
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Chapter 2 

Neogene vegetation shift in the Nepalese Siwalik: A compound 

specific isotopic study of lipid biomarkers 

 

Abstract:  

The late Neogene vegetation change of C4 plants replacing C3 plants is widely 

documented across the world. This vegetation shift has been particularly well documented in the 

Himalayan foreland based on δ13C isotopic data from paleosol carbonates and bulk organic 

matter in the Siwalik sedimentary rocks of Pakistan, India and Nepal, showing asynchronous 

expansion of C4 plants between 8 to ~5 Ma, 9 to 6 Ma, and around 7 Ma, respectively. In this 

study, we deploy compound-specific isotopic analysis of biomarkers extracted from shale and 

paleosols in the paleomagnetically age-constrained Nepalese Siwalik in the Surai Khola and 

Karnali River sections for a better understanding of this vegetation shift.   

Our δ13C n-alkane (C27-31) results from the Surai Khola section suggest a C3 plant 

domination between 12 and 8.5 Ma, and a stepwise expansion of C4 plants starting gradually at 

8.5 Ma and culminating rapidly at 5.2 Ma. However in the Karnali River section, where the age 

of our youngest sample is 5.2 Ma, data show no clear sign of C4 plant expansion, although a 

slightly more contribution of C4 plants to a predominately C3 biomass could be indicated 

between 14.5 and 9.5 Ma. In the two study locations separated laterally by ~200 km along 

tectonic strike, this contrasting trend of vegetation change likely indicates local controls like 

riparian vegetation in the flood plain of the paleo-Karnali river and/or physical disturbance (e.g., 

fire) that would be worth exploring in future studies. Our study also suggests that the past 

vegetation makeup of an area is better constructed with isotopic signatures of molecular markers.  
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Key words: Vegetation change, carbon isotope, lipid biomarkers, Siwalik, Himalayan foreland. 

Introduction:  

Late Miocene global expansion of C4 grasses over C3 trees is extensively documented 

from various parts of the world including the Siwalik range, Himalayan foreland. Although the 

grass expansion likely started between 32 and 23 Ma (Fox and Koch, 2004; Edwards et al., 2010; 

Urban et al., 2010), the main expansion occurred in the Late Miocene (Quade et al., 1989, 1995; 

Cerling et al., 1993, 1997).  

The expansion of C4 plants tends to be asynchronous from one continent to another and 

even regionally within one continent. For example, this vegetation shift started between 6.4 and 

4 Ma in the North American Great Plains (Fox and Koch, 2004) and around 2.6 Ma in the Gulf 

of Mexico region (Tipple and Pagani, 2010). The shift in East Africa occurred between 11 and 5 

Ma (Feakins et al., 2013), but more likely over the past 6 Ma (Cerling et al., 2011). The timing of 

C4 plant expansion in the Himalayan foreland was variously shown as between 7.4 and 7 Ma 

(Quade et al., 1989, 1995), 8 and 6.5 Ma (Hoorn et al., 2000), and between 7.9 and 5.5 Ma 

(Huang et al., 2007). 

Most studies of the Neogene vegetation shift were based on the widely used proxy of 

carbon isotope of pedogenic carbonate nodules or bulk organic matter (e.g., Cerling et al., 1993; 

Quade et al., 1989, 1995; Fox and Koch, 2004). Only a few studies are based on the compound 

specific isotopic analysis (CSIA) (e.g., Huang et al., 2007; Tipple and Pagani, 2010).  In the bulk 

carbon isotope study, the organic matter in the soil can receive input from organisms other than 

the vegetation, including insects, cyanobacteria, fungi and soil bacteria, as was reported in the 

Pakistani Siwalik (Freeman and Colarusso, 2001). Similarly, the diagenetic alteration of 
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carbonate nodules can also be a problem, as reported in the Siwalik succession in the Surai 

Khola section of Nepal (Sanyal et al., 2005).   

In CSIA, we can specifically target refractory compounds or biomarkers, derived only 

from higher (i.e., vascular) plants, that have widespread distributions in terrestrial, lacustrine and 

marine sediments (Tipple and Pagani, 2007). Moreover, this method analyzes leaf wax lipid, 

which is largely resistant to diagenetic alteration (Sessions et al., 2004). The extraction of lipids 

following different chemical treatments allows to analyze isotopic values of individual carbons 

in a carbon chain. This technique was applied in the Tibetan Plateau by Polissar et al. (2009) and 

Liu et al. (2005), and in the Arabian Sea by Huang et al. (2007) to understand Neogene 

vegetation change.  

For the Himalayan foreland, Freeman and Colarusso (2001) applied CSIA method in the 

Pakistani Siwalik, where they included additionally only two samples from the Nepalese Siwalik. 

Here, we present the first extensive studies of CSIA in the Nepalese Siwalik. We analyzed 

organic matter from paleomagnetically age-constrained mudstones and paleosols deposited in the 

Himalayan foreland basin during Middle Miocene to Early Pleistocene. The objective of this 

study is to test the applicability of CSIA in the Nepalese Siwalik and compare CSIA results with 

previously published bulk carbon isotope results from the same locality (Quade et al., 1995) for a 

better understating of the Late Neogene expansion of C4 plants. This study also report new 

isotopic results from a previously undocumented locality, the Karnali River section of Nepal.  

 

Geology of the study area:  

The Himalayan rock successions are divided into four tectonostratigraphic units (Tethyan 

Himalaya, Higher Himalaya, Lesser Himalaya and Siwalik), which are separated from each other 
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by the north-dipping thrust fault systems (Figs. 2.1 A-B; Gansser, 1964; Hodges, 1988, 1996; 

DeCelles et al., 1998a,b). The youngest unit Siwalik is separated from the Lesser Himalayan 

rocks by MBT (Main Boundary Thrust) to the north, and from the Gangetic plain (present day 

foreland basin) by the (MFT (Main Frontal Thrust) to the south. 

Figure. 2.1 (A) Outline Map of South Asia, showing Nepal in red boundary. (B) Regional geological map of the 
Himalaya from the Brahmaputra River in the east to the Indus River in the west. (C) Geological map of 
Nepal including all tectonostratigraphic rock units and major rivers. The two study locations are marked by 
red boxes in the Siwalik Rocks. (After Martin et al., 2005 and Corrie and Kohn, 2011). 

 

Out of the ~2,000 km long Siwalik outcrop belt in the Himalayan foreland, the Nepal 

Siwalik itself has ~800 km long exposures along E-W (Fig. 2.1C), with an average total 

thickness of ~6 km (Schelling et al., 1991; Gautam et al., 2000). The molasse sedimentary rocks 
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of the Siwalik succession were deposited during the Miocene and the Early Pleistocene (Prakash 

et al., 1980; Burbank et al., 1996; Tokuoka et al., 1986; Appel et al., 1991; Gautam and Fujiwara, 

2000; Ojha et al., 2000), and are now exposed in the foothill of Himalaya (Fig. 2.1C). Based on 

lithology, the Siwalik succession is divided into three units: Lower Siwalik, Middle Siwalik, and 

Upper Siwalik (Auden, 1935; Hagen, 1969; Yoshida and Arita, 1982; Ulak, 2009). The Lower 

Siwalik consists of interbedded of fine to medium grained, gray sandstone and variegated or gray 

mudstone (Fig. 2.2 A-B), which suggests fluvial and floodplain depositional environments 

(Gautam and Rösler, 1999; Ulak, 2009). The medium to coarse grained, “salt and pepper” 

sandstones, which are often multistory in nature and intercalated with mudstones (Fig. 2.2 C-D), 

indicate a braided river deposition in the Middle Siwalik (Gautam and Rösler, 1999; Nakayama 

and Ulak, 1999; Ojha et al., 2000; Ulak, 2009). On the other hand, the Upper Siwalik consists of 

bedded pebble and cobble conglomerates intercalated with loosely-packed sandstone and 

claystone layers that are interpreted to represent alluvial fan environments deposited closer the 

mountain belt (Gautam and Rösler, 1999; Ojha et al., 2000; Ulak, 2009).  

Several paleomagnetic studies were conducted in the Nepalese Siwalik to reveal high-

resolution ages of the Siwalik succession. These studies indicate that the Siwalik ranges in age 

from 16 to 2 Ma (Appel et al., 1991; Gautam and Rösler, 1999; Gautam and Fujiwara, 2000; 

Ojha et al., 2009). For this study, we selected two well exposed and paleomagnetically age-

constrained river sections, where organic-rich sedimentary rock samples were collected for 

carbon isotope study (Fig. 2.1C). These two along tectonic-strike sections are Surai Khola, which 

exposes 13 to 2 Ma old strata (Appel et al., 1991), and Karnali River, which exposes 16 to 5.2 

Ma old strata (Gautam and Fujiwara, 2000).  
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Figure 2.2. Siwalik fluvial sedimentary rocks in Nepal. (A) Lower Siwalik exposure in the Surai Khola 
section, showing sandstone interbedded with mudstone. (B) Close-up view of a mudstone bed. (C) Middle 
Siwalik exposure in the Karnali River section, showing interbedded sandstone and mudstone. (D) Close-

up view of a floodplain mudstone bed. 

Methodology:  

With the help of the detailed log data that were generously provided to us by the senior 

authors of previous paleomagnetic studies at the Surai Khola and Karnali River sections (Appel 

et al., 1991; Gautam and Fujiwara, 2000), we identified most of the paleomagnetic sample holes, 

where a few missing holes were located with the help of bearing and thickness data. These 

paleomagnetic ages are based on the time scale of Cande and Kent (1995).  

A total of 47 samples, mostly floodplain mudstones and some paleosols, were collected 

(28 from Karnali River and 19 from Surai Khola) with a regular sampling interval, averaging of  
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0.5– 0.25 Ma. Samples were chemically analyzed in the organic geochemistry lab at the Brown 

University for CSIA study. For sample preparation and chemical treatment, we followed the 

procedure described in Liu et al. (2005) and Gao et al. (2011).  

Samples were first cleaned three times with dichloromethane to remove any possible 

surface contamination and freeze-dried for 12 hours.  The dried samples were grinded in a 

ceramic pestle with mortar, weighted to collect 40–60 gm and then mixed with baked sands (2:1) 

to enhance the mobility of organic compounds. Prepared samples were placed in an ASE 200 

(Accelerated Solvent Extractor) and organic materials were collected in 40 ml glass vials using 

dichloromethane: methanol (9:1) solution at 120° C with 1200 psi. Extracted organic materials 

were separated into acid and neutral fractions by using silica-based LC-NH2 column, and 

dichloromethane: isopropanol (2:1) and ethyl-ether: acetic-acid (96:4) solutions. The neutral 

fractions of organic compounds were again eluted in silica gel column (LC-SiO2) with hexane 

solution to obtain n-alkanes, which were then run into a gas chromatograph and fame ionization 

detector (GC-FID) to identify the concentration of organic compounds in the analyzed samples. 

Identification of specific compounds was based on the comparison of mass spectra from GC-MS 

(gas chromatography-mass spectrometry) with respect to GC retention times (Gao et al., 2011). 

Finally, organic compounds (n-alkane fractions) were run in a HPCL-MS to obtain compound 

specific δ13C values. 

In vegetation shift (C3 vs. C4 plants) study using sedimentary samples, δ13C in various 

materials, including organic matter, lipid biomarker and soil carbonate, is used as a proxy.  In 

soil carbonates (carbonate nodules), δ13C value ranges from -14‰ to -8‰ for C3 plants, and > -

8‰ for C4 plants (Quade et al., 1989). For bulk organic matter, modern C3 plants have a wide 

range of δ13C values ranging from -35‰ to -20‰, whereas C4 plants have shorter range between 
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-14‰ and -10‰ (Tipple & Pagani, 2007). In lipid biomarkers, n-alkane δ13C shows an average 

value of -36‰ for modern C3 plants, whereas the average value range from -24‰ to -20‰ for C4 

plants (Collister et al., 1994; Tipple & Pagani, 2007). In this study, these values are used as 

general guidelines while interpreting the data with an assumption that δ13C of Miocene 

atmospheric CO2 was similar to preindustrial values. 

Results:  

Here, we present CSIA results from lipid biomarkers extracted from terrestrial mudstones 

and paleosols deposited during Neogene in the flood-plain environment. Generally, organic 

matter deposited in a flood-plain environment is sourced from nearby and upstream biota. In this 

study, we focus on the odd number long-chain carbons (C27 to C31) of n-alkanes, which come 

from terrestrial higher plants (Eglington and Hamilton, 1967; Tipple and Pagani, 2007; Sachse et 

al., 2012), as opposed to lower chain-length n-alkanes (<C25) that are commonly from aquatic 

plants and algae (Ficken et al., 2000; Gao et al., 2011).  Our δ13C values of C27, C29 and C31 n-

alkanes are strongly correlated with each other, and we refer to the value of C27 in describing our 

result. The chromatographs of n-alkane lipids show regular peaks with a strong odd-over-even 

preference (Fig. 2.3), indicating insignificant thermal alteration of the analyzed organic matter.   

 



12 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Representative chromatographs of n-alkanes for Karnali River (A) and Surai Khola (B) 
samples, both of which are floodplain mudstones. 

 

Surai Khola section: 

δ13C values of C27 range from -32.3‰ to -18.7‰ with an average of -25.5‰ in the Surai 

Khola section (Table 2.1). The oldest sample (12 Ma) has a δ13C value of -29.2‰, and the 

maximum depletion was recorded around 10 Ma (-32.3‰). From 12 to 8.5 Ma, the values show 

a fluctuating trend with an overall decrease of ~2‰.  From 8.5 to 6.5 Ma, the values show a slow 

yet steady increase by ~2‰. The δ13C values started to increase abruptly at 6.5 Ma (Fig. 2.4), 

where the values increase dramatically by ~6‰ to reach -23.6‰ at 5.2 Ma. From 5.2 to 2.5 Ma, 

our data show a higher-amplitude δ13C variability (Fig. 2.4C) with an overall increase by ~4‰ to 

reach -19.1‰ at 2.5 Ma.  
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Karnali River section:  

δ13C values of n-alkane C27 range from -32.8‰ to -27.8‰ with an average of -30.3‰ in 

the Karnali River section (Table 2.2). The oldest sample of 16 Ma shows a δ13C value of -29.6‰ 

that decreases by ~2‰ at 14.5 Ma. For the first time, the values start to increase after 14.5 but 

remains consistent around -28‰ until 9.5 Ma. From 9.5 to 5.2 Ma (the youngest sample age), the 

values show a high-amplitude δ13C fluctuations (Fig. 2.4C) in the range of ~3‰. Notably during 

this time, the δ13C values also show an overall depleting trend by ~3‰.  

Table 2.1. δ13C values of  n-alkane C27, C29 and C31 for Surai Khola samples. 
 

 

  δ13C n-alkane (‰) 
 

Sample # Age (Ma) C27 C29 C31 
 

13-NP-SK-29 2.50 -19.09 -19.72 -18.95 
 

13-NP-SK-30 3.00 -24.55 -26.79 -24.87 
 

12-NP-SK-26 3.85 -18.67 -18.96 -18.66 
 

12-NP-SK-25 4.70 -26.22 -28.12 -25.27 
 

12-NP-SK-24 5.20 -23.64 -25.62 -25.96 
 

12-NP-SK-16 5.40 -26.96 -26.84 -33.92 
 

12-NP-SK-15 5.55 -26.76 -25.65 -23.34 
 

12-NP-SK-14 6.05 -28.34 -27.22 -25.31 
 

12-NP-SK-13 6.50 -29.51 -30.39 -31.77 
 

12-NP-SK-11 7.00 -29.78 -30.01 -29.33 
 

12-NP-SK-10 7.50 -29.75 -30.56 -31.18 
 

12-NP-SK-9 8.00 -30.08 -30.05 -29.89 
 

12-NP-SK-7 8.50 -31.14 -31.45 -32.59 
 

12-NP-SK-5 9.00 -30.10 -30.47 -32.42 
 

12-NP-SK-4 9.50 -30.53 -30.68 -31.76 
 

12-NP-SK-2 10.00 -32.33 -32.95 -34.31 
 

12-NP-SK-23 10.80 -28.03 -29.21 -31.80 
 

12-NP-SK-22 11.20 -30.44 -30.76 -31.89 
 

12-NP-SK-20 11.95 -29.19 -29.21 -30.45 
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Table 2.2. δ13C values of n-alkane C27, C29 and C31 for Karnali River samples. 

  δ13C n-alkane (‰) 

Sample #  Age (Ma) C27 C29 C31 

13-NP-KR-50 5.20 -30.02 -31.91 -34.30 

13-NP-KR-49 5.25 -32.78 -32.43 -46.33 

13-NP-KR-48 5.50 -30.46 -33.50 -36.14 

13-NP-KR-47 5.90 -31.92 -32.80 -34.15 

13-NP-KR-46 6.00 -31.79 -33.34 -35.19 

13-NP-KR-44 6.25 -31.90 -31.64 -34.08 

13-NP-KR-43 6.40 -28.57 -30.85 -33.43 

13-NP-KR-42 7.00 -28.15 -29.19 -30.54 

13-NP-KR-41 7.25 -31.76 -32.81 -35.41 

13-NP-KR-40 7.50 -31.43 -32.12 -33.18 

13-NP-KR-39 7.75 -28.96 -30.17 -32.03 

13-NP-KR-38 8.00 -29.67 -30.72 -31.89 

13-NP-KR-37 8.25 -30.79 -30.90 -32.85 

13-NP-KR-36 8.50 -31.05 -31.68 -32.76 

13-NP-KR-35 8.75 -31.75 -31.69 -34.11 

13-NP-KR-34 9.00 -30.14 -31.27 -33.05 

13-NP-KR-32 9.50 -28.04 -28.95 -29.83 

13-NP-KR-29 10.25 -27.80 -28.68 -30.63 

13-NP-KR-28 10.50 -28.06 -28.28 -28.68 

13-NP-KR-25 11.25 -28.30 -29.18 -32.15 

13-NP-KR-22 12.00 -28.87 -29.52 -30.78 

13-NP-KRa-22 13.00 -28.46 -29.54 ---- 

13-NP-KRa-20 13.50 -28.20 -28.31 ---- 

13-NP-KR-18 14.00 -28.76 -29.12 -29.90 

13-NP-KR-16 14.50 -31.22 -31.25 -31.36 

13-NP-KR-14 15.00 -31.02 -32.21 -32.72 

13-NP-KR-13 15.40 -30.19 -32.11 -32.15 

13-NP-KR-11 16.00 -29.63 -33.19 -32.79 
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Figure 2.4. (A) & (B) δ13C n-alkane of C27, C29 and C31 from the Surai Khola and Karnali River sections, 

respectively. (C) Comparison of δ13C values of C27 from both the Surai Khola and Karnali River sections.  

 

Discussion:  

In the Himalayan foreland, previous isotopic studies of the Neogene vegetation shift from 

C3 plants to C4 plants used Siwalik paleosols or fossil teeth, which generally have a limited 

stratigraphic occurrence. To overcome this limitation, other isotopic studies used marine 

sediments from the Bay of Bengal and Arabian Sea (Freeman and Colarusso, 2001; Huang et al., 

2007). However, organic materials transported to marine basins from upstream continental lands 

represent a regionally-integrated signal of the terrestrial ecosystem (Tipple and Pagani, 2007). 

On the contrary, here we used both mudstone and paleosol samples collected from the terrestrial 

Siwalik strata at a regular and high-resolution interval of 0.5– 0.25 Myr. Moreover, we also 

applied molecular-specific (as opposed to bulk) carbon isotopic analysis. Therefore, our data 
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have more potential of revealing a proximate as well as direct evidence for the character of 

ancient vegetation and their temporal changes in the Himalayan foreland.  

Many previous studies used δ13C as a robust proxy for terrestrial vegetation types in the 

Himalayan regions (Quade and Cerling, 1995; Quade et al., 1995; Freeman and Colarusso, 2001; 

Huang et al., 2007; Behrensmeyer et al., 2007; Sanyal et al., 2010). Similarly, we argue that our 

δ13C data of n-alkane lipids extracted from floodplain strata reflect past vegetation character in 

the region. Our δ13C values of C27 of the Surai Khola section suggest a C3 plant domination 

between 12 and 8.5 Ma (Table 2.1; Fig. 2.4C). C4 plant likely started to expand gradually at 8.5 

Ma and rapidly at 6.5 Ma. By 5.2 Ma, C4 vegetation clearly dominated the landscape, as 

suggested by a heavily enriched δ13C value of -23.6‰. Maintaining this dominance, C4 plants 

continued to expand between 5.2 and 2.5 Ma. However, higher-amplitude δ13C fluctuations 

during this time (Fig. 2.4C) likely indicate that patches of C3 forest expanded and contracted 

several times. 

Overall, our lipid biomarker study of the Surai Khola section validates the results of 

Quade et al. (1995), who used δ13C of pedogenic carbonate nodules and bulk organic matter 

from the same section to document the late Miocene vegetation shift from C3 plants to C4 plants 

(Fig. 2.5). However, several differences are notable. Our data have relatively less scatter with 

clearer trend of vegetation change, which likely reflects the fact that molecule-specific biomarker 

proxy can specifically target organic matter sourced from terrestrial higher plants (Tipple and 

Pagani, 2007; Freeman and Colarusso, 2001). In this respect, our study supports the finding of 

Freeman and Colarusso (2001) that the history of terrestrial vegetation makeup is better 

constructed with isotopic signatures of molecular markers. Although Quade et al. (1995) data 

suggest a dramatic expansion of C4 plants replacing C3 plants around 7 Ma, our data indicates a 
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stepwise expansion of C4 plants starting gradually at 8.5 Ma and culminating rapidly at 5.2 Ma 

(Fig. 2.5). 

This study presents the first isotopic data in the Karnali River section. Our δ13C values of 

C27 suggest a different scenario of vegetation history in the Karnali River section (Table 2.2; Fig. 

2.4C) than what is interpreted from the Surai Khola data. No clear sign of C4 plant expansion is 

indicated in the Karnali River section till 5.2 Ma, which is the age of our youngest sample in this 

section. However, a slightly more contribution of C4 plants to a predominately C3 biomass could 

be indicated between 14.5 and 9.5 Ma (Fig. 2.4C). While Surai Khola data suggest expansion of 

C4 plants for the past 8.5 Ma, Karnali River data indicate expansion of rather C3 plants between 

9.5 and 5.2 Ma. This opposite trend of vegetation shift around 9 Ma in two different areas 

separated laterally by ~200 km along tectonic-strike is intriguing. 

The growing literature of the late Neogene vegetation shift is increasingly advocating 

asynchronous and spatially-heterogeneous expansion of C4 plants replacing C3 community in the 

Himalayan foreland. In the Pakistani Siwalik, based on δ13C of soil carbonate and bulk organic 

matter, previous studies showed a transition from C3 to C4 vegetation between 8 and ~5 Ma 

(Quade and Cerling, 1995; Behrensmeyer et al., 2007). Similarly, δ13C of carbonate nodules in 

the Indian Siwalik suggests appearance of C4 plants asynchronously in various areas between 9 

and 6 Ma (Sanyal et al., 2004, 2005, and 2010). Our lipid biomarker study in the Nepalese 

Siwalik suggests expansion of C4 vegetation between 8.5 and 5.2 Ma in the Surai Khola section, 

yet no definite sign of C4 plant expansion (till 5.2 Ma) in the Karnali River section (Fig. 2.4C). 

With a low pCO2 as a likely necessary precondition, the asynchronous and spatially-

heterogeneous late Neogene expansion of C4 vegetation can be better explained with region-

specific climatic factors (seasonal precipitation, aridity, temperature) and disturbances (fire, 
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herbivory) (Tipple and Pagani, 2007; Stromberg, 2011). In addition, local environments like 

riparian vegetation along river banks can be responsible for anomalous presence of C3 vegetation 

in the Siwalik floodplain (e.g. Behrensmeyer et al., 2007). For the Karnali river section, we 

speculate that such might be the case for the existence of C3 riparian-vegetation along the paleo-

Karnali river as late as 5.2 Ma.  

 

 
Figure 2.5. Correlation of lipid biomarker data of this study (A) with Quade et al. (1995) data (B and C) from 
the Surai Khola section.  
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Conclusions:  

There are two main advantages of molecular-specific lipid biomarker approach of carbon 

isotope in reconstructing past vegetation history: ability to specifically target terrestrial higher 

(i.e., vascular) plants, and sampling is not restricted to paleosols or fossil teeth. Here, we used 

δ13C of n-alkanes (C27-31) extracted from floodplain shale and paleosols in the Nepalese Siwalik 

for a better knowledge of the Neogene vegetation shift from C3 to C4 plants.   

Broadly, our data from the Surai Khola section support the results of Quade et al. (1995), 

who used δ13C of pedogenic carbonate nodules and bulk organic matter from the same section to 

document the vegetation shift. However, unlike a dramatic expansion of C4 plants around 7 Ma 

that was suggested previously, our data indicates a stepwise expansion of C4 vegetation starting 

gradually at 8.5 Ma and culminating rapidly at 5.2 Ma. We also present first isotopic data from 

the Karnali River section. While Surai Khola data suggest expansion of C4 plants for the past 8.5 

Ma, Karnali River data indicate expansion of rather C3 plants between 9.5 and 5.2 Ma. This 

opposite trend of vegetation shift around 9 Ma in two different locations separated laterally by 

~200 km along tectonic-strike is worth exploring further. 
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Chapter 3 

 

Constraining Neogene climate variability using multiproxy isotopic study of 

the Siwalik rocks, Nepalese Himalaya 
 

Abstract:  

Mudstone and paleosol samples collected from the Surai Khola and the Karnali River 

sections of the Neogene foreland basin strata (Siwalik) in Nepal were chemically analyzed and 

studied for the compound specific isotope analysis (CSIA) of carbon and hydrogen along with 

glycerol dialkyl glycerol tetraether (GDGTs). The carbon isotope data of the Surai Khola section 

indicates that the C4 greasses gradually expanded since 8.5 Ma and became dominant by 5.5 Ma. 

However, in the Karnali River section, although some contribution of C4 plants are identified 

between 14.5 and 9.5 Ma, no clear sign of C4 grass expansion is observed.  

δD data indicate two phases of rainfall intensification in the Surai Khola section- one 

around 10 Ma and the other around 5.5 Ma. Contrary to previous publications, our δD values 

indicate an overall increase in rainfall amount towards the younger age. The negative 

correlations between rainfall and GDGT-derived temperature before 5.5 Ma suggest that the 

region experienced higher rainfalls during period of lower annual temperatures and vice versa. 

The modern day rainfall pattern in the Indian subcontinent shows higher amount of rainfall 

during the hot summer than during cold winter. We propose that the negative correlation 

between rainfall and mean annual air temperature (MAAT) prior to 5.5 Ma could be related to 

the strong presence of mid-latitude westerlies in the region, when summer monsoon winds were 

weaker, that brought enhanced winter-precipitation particularly during colder periods. After 5.5 

Ma, our data show a conspicuous positive correlation between rainfall and annual temperature, 

indicating the onset of modern-style seasonality in rainfall in the Indian subcontinent. 

  Keywords: Multiproxy; lipid biomarkers, Neogene; vegetation shift; Siwalik; Indian monsoon 
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 Introduction:  

Various geochemical signatures in the terrestrial sedimentary rocks are valuable proxies 

in the study of paleoclimate and paleoecology. Particularly in the Indian subcontinent, scientists 

have used a number of geochemical climate proxies to reveal the nature and causes of the 

Neogene climate changes (Quade et al., 1989, 1995; Dettman et al., 2001; Gupta et al., 2004; 

Sanyal et al., 2010; Singh et al., 2012). The climate proxies such as carbon and oxygen isotopes 

(Quade et al., 1989; 1995; Quade and Cerling, 1995; Freeman and Colarusso, 2001; 

Behrensmeyer et al., 2007; Huang et al., 2007; Sanyal et al., 2010; Singh et al,. 2012), hydrogen 

isotopes (Ghosh et al., 2004; Huang et al., 2007; Sanyal et al., 2010), fossils (Konomatsu, 1997; 

Dettman et al., 2001), and chemical weathering and sedimentation rates (Clift et al., 2008) are 

previously used for paleoclimate studies of the region. These previous studies of the Himalayan 

region have provided valuable insights on evolution of climate over time; however, there are 

some ongoing debates on several issues. Specifically, the issues related to the timing and 

mechanisms for the changes in vegetation (i.e., C4 grasses replacing C3 trees), and the initiation 

and/or intensification of south Asian monsoon (with rainfall whether increasing or decreasing) 

are not yet completely resolved.    

Majority of the previous carbon isotope (δ13C) studies conducted on the Siwalik 

sediments showed incongruent timing for the vegetation shift from C3 to C4 type. For example, 

Quade et al. (1989, 1995) reported that the vegetation shift occurred between 7.4 and 7 Ma in 

Pakistan and Nepal, whereas Hoorn et al. (2000) argued that the transition occurred between 8 

and 6.5 Ma. Similarly, Freeman and Colarusso (2001) suggested that the vegetation transition 

was initiated at ca. 9 Ma and completed between 8 and 6 Ma. Other researchers, such as 

Behrensmeyer et al. (2007), Huang et al. (2007), and Sanyal et al. (2010) advocated that the 

vegetation shift occurred  at 8 - 4 Ma, , 7.9 - 5.5 Ma, and  6 Ma, respectively.    
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Similarly, rainfall proxies such as δ18O and δD of the Siwalik strata pointed an 

incongruent mode and tempo of the rainfall intensifications. Quade et al. (1989, 1995) and 

Quade and Cerling (1995) reported a strong rainfall intensification in the region around 7 Ma. 

Subsequently, Dettman et al. (2001) suggested an earlier (ca.11 Ma) occurrence of such a rainfall 

intensification event; however, Sanyal et al. (2010) identified three phases of monsoon 

intensifications that occurred at 11, 6, and 3 Ma. Singh et al. (2012) concurred with Sanyal et al. 

(2010) on three phases of intensifications but differed on timings such that these intensifications 

occurred ca. 10, 5 and 1.8 Ma. Meanwhile, using the sedimentation rate in the distal part of the 

Bengal fan, Clift et al. (2008) identified two phases of monsoon intensifications between 15 and 

10.5 Ma and around 3.5 Ma. 

δ13C and δ18O from pedogenic carbonate nodules or bulk organic matter were the most 

commonly used climate proxies in previous studies (Quade et al., 1989, 1995; Quade and 

Cerling, 1995; Sanyal et al., 2010; Singh et al., 2012), whereas only a few studies used 

compound specific lipid biomarkers as a proxies (Freeman and Colarusso, 2001;   Huang et al., 

2007). In the bulk isotope study, the high likelihood of diagenetic alterations of carbonate 

nodules in the ~6 km thick successions of Siwalik rocks can be problematic for data 

interpretation. For example, diagenetic alteration is reported in the Surai Khola section of the 

Nepalese Siwalik (Sanyal et al., 2005). Furthermore, pedogenic carbonate formation is highly 

sensitive to evaporation (Polissar et al., 2009). Similarly, in the bulk carbon isotope studies of 

organic matters, it is difficult to identify the various source of organic materials received by the 

soil other than vegetation. Such sources may include insects, cyanobacteria, fungi and soil 

bacteria as reported by Freeman and Colarusso (2001) in Pakistani sections of the Siwalik. On 

the other hand, the Neogene Himalayan paleoclimate studies based on sedimentological, 
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chemical, and isotopic proxies retrieved from the drilling cores of the Bengal Fan  (Clift et al., 

2008) and Arabian Sea (Huang et al., 2007) might represent regionally integrated signals of the 

terrestrial ecosystem (Tipple and Pagani, 2007) rather than representing direct local records.  

Although paleotemperature constitutes an important part of the past climate 

reconstruction, previous studies rarely investigated paleotemperature of the region with little 

success. Based on the lowest δ18O values from modern groundwater and lowest δ18O values of 

soil carbonate from the upper part of the Surai Khola section, Quaide et al. (1995) estimated a 

Neogene paleotemperature of 26.5 °C. Sanyal et al. (2010) attempted a temperature measurement 

based on the δ18O from modern precipitation and δ18O from soil carbonate, but the Neogene 

temperature was abnormally high (39 °C). A recent study of Quade et al. (2013) showed that 

paleotemperature estimation based on clumped isotope of paleosol carbonate is unreliable for the 

Siwalik strata of ages >6 Ma because of the diagenetic resetting of clumped isotope values.  

The main objective of the present study is to present a deeper insight on Neogene climate 

changes in the Himalayan foreland region using paleoclimate proxies derived from the 

compound specific isotope analysis (CSIA) of the lipid biomarkers extracted from the 

mudstone/paleosol samples. We intended to minimize data uncertainties and to reveal multiproxy 

interpretation of the paleoclimate and ecological changes in the Siwalik by collecting samples at 

a high-resolution interval from the paleomagnetically age constrained sections of the Siwalik – 

the Surai Khola (Appel et al., 1991) and the Karnali River (Gautam and Rösler, 1999; Gautam 

and Fujiwara, 2000). Specifically, we used microbially derived branched glycerol dialkyl 

glycerol tetraether (brGDGT) as a temperature proxy, and compound specific measurement of 

δ13C (vegetation proxy) and δD (precipitation proxy) for the first time in the Siwalik. The 

isotope data were used to understand the changes in mean annual air temperature (MAAT), 
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vegetation (from C3 trees to C4 grasses), and rainfall/monsoon intensification in the Neogene 

foreland basin.  

Geology of the study area:  

 

The Himalayan orogeny started around 55 Ma with a collision between the Indian and 

Asian plates (Gansser, 1964; Rowely, 1996; Clift, 2008). Over time, the Himalaya began to rise 

in phases: such as ca. 55 Ma (Hodges, 2000), at ca. 34 Ma and ca. 20 Ma (Aitchison et al., 2007), 

between 45 to 55 Ma and < 23 Ma (Clift et al., 2008), and around 2.4 Ma (Sorkhabi et al., 1996) 

with the formation of major south-propagating thrusts (Catlos et al., 2001, 2002; Huyghe et al., 

2001). The exhumed Himalayan rocks are being eroded, transported, and deposited by multiple 

rivers in the foreland basin to the south (Dickinson, 1985; DeCelles and Giles, 1996; Khanal and 

Robinson, 2013).  

The south-propagating and north-dipping structural discontinuities (i.e., thrust faults) 

characterize the Himalayas into four tectonostratigraphic units: Tethys Himalaya, Higher 

Himalaya, Lesser Himalaya and sub-Himalaya or Siwalik (Gansser, 1964; Guchs and Frank, 

1970; Upreti, 1999).  From north to south, these Himalayan tectonostratigraphic units are 

separated from each other and the Gangetic Plain to the south by the South Tibetan Detachment 

System (STDS), Main Central Thrust (MCT), Main Boundary Thrust (MBT), and Main Frontal 

Thrust (MFT) (Fig. 3.1). 

The southernmost ~2000 km long tectonostratigraphic unit (Siwalik) represents one of 

the most extensive Neogene foreland basin succession with thick fluvial deposits. The succession 

is well exposed in the Himalayan front along the major river sections throughout the Himalaya 

(Fig. 3.1). One third length of this Siwalik unit is located in Nepal with an average thickness of 

~6 km (Schelling et al., 1991; Gautam and  Rösler, 1999).  



25 
 

The Siwalik sediments were deposited between middle Miocene to early Pleistocene 

(Prakash et al., 1980; Burbank et al., 1996; Tokuoka et al., 1986; Appel et al., 1991; Gautam and 

Fujiwara, 2000; Ojha et al., 2000). In general, the coarsening-upward succession of the Siwalik 

are divided into three lithostratigraphic units: Lower Siwalik (LS), Middle Siwalik (MS) and 

Upper Siwalik (US) (Auden, 1935; Hagen, 1969; Yoshida and Arita, 1982; Rao et al., 1988; 

Gautam and  Rösler, 1999; Ulak, 2009). The Lower Siwalik (Fig. 3.2 A-D) is characterized by 

flood plain deposits of variegated and bioturbated mudstone layers that are interbedded with very 

fine- to medium-grained, gray sandstone beds (Gautam and  Rösler, 1999; Nakayama and Ulak, 

1999; Ulak, 2009). 

Figure 3.1. (A) Geological map of the Himalaya showing Nepal in red boundary. Location of previous 

studies are marked by stars (modified after Gansser, 1964; Gautam et al., 2000). (B) Geologic map of 

Nepal showing different tectonostratigraphic units. The present study (sample locations are marked with 

green circles) is focused on the Neogene Siwalik rocks (yellow) (modified after Martin et al., 2005; Corrie 

and Kohn, 2011). 
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The Middle Siwalik contains medium- to coarse-grained, mica-rich, multistory sandstone beds 

(Fig. 3.2B) with interbeds of mudstone deposited by braided river systems (Gautam and Rösler, 

1999; Nakayama and Ulak, 1999; Ojha et al., 2000; Ulak, 2009). Similarly, the Upper Siwalik 

(Fig. 3.2 C) alluvial fan deposits consisting of tens of meters thick pebble and cobble 

conglomerates beds with some loose, boulder conglomerate, claystone, and grey sandstone layers 

(Gautam and  Rösler, 1999; Nakayama and Ulak, 1999; Ojha et al., 2000; Ulak, 2009). 

Figure 3.2. (A) Variegated mudstones (light yellow) interbedded with fine-grained sandstone beds (dark 
brown) in the Lower Siwalik of the Surai Khola section, (B) Multistoried sandstones interbedded with 
mudstone beds in the Middle Siwalik of the Karnali River section, (C) Conglomerate units interbedded 
with mudstones in the Upper Siwalik of the Surai Khola section, and (D) A mudstone sampling site in the 
Lower Siwalik of the Surai Khola section (hammer is 28 cm in length).  

 

Detailed paleomagnetic ages for the Siwalik sediments are available for different river 

sections of Nepal (e.g., Appel et al., 1991; Gautam and Rösler, 1999; Gautam and Fujiwara, 

2000; Ojha et al., 2009). For this study, we selected two  river sections, the Karnali River section 
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strata ranging in age from 16 Ma to 5.2 Ma (Gautam and Fujuiwara, 2000), and the Surai Khola 

section representing strata  13 Ma to 2 Ma (Appel et al., 1991). 

Materials and methods  

Mudstone and some paleosol samples (n = 49) were collected with an average sampling 

interval of 0.25 to 0.5 Myr from both the Karnali River and the Surai Khola sections. Well 

constrained paleomagentic age data for the sedimentary succession along the both river sections 

have been completed by previous researchers (e.g., Appel et al., 1991; Gautam and Rösler, 1999; 

Gautam and Fujiwara, 2000). The sample processing and chemical analysis including CSIA were 

performed in the organic geochemistry laboratory at Brown University, Rhode Island, USA 

following the procedures detailed in Liu et al. (2005) and Gao et al. (2011).   

The sedimentary samples were freeze-dried for 12 hours and grinded to fine size. The 

organic materials in the powdered sample were extracted using an ASE 200 (Accelerated Solvent 

Extractor) with a mixture of dichloromethane DCM and methanol (9:1) at 120° C and 1200 psi. 

The extracts were dried under nitrogen gas and passed through a silica-based LC-NH2 column 

using a mixture of DCM/isoproponal (2:1) and ethyl ether/acetic acid (96:4) to separate neutral 

and acid fractions, respectively. The extracted neutral fraction was further eluted in a silica gel 

column (LC-SiO2) by a hexane solution to obtain n-alkanes. Further cleanup of the acid fraction 

was performed by mixing it with a mixture of acetyl chloride/cold methanol (5:95) and overnight 

heating at 60° C. The fatty acid methyl esters was recovered by adding ~ 3ml of 5% NaCl water 

solution and hexane. Likewise, the obtained fatty acid further refined with DCM by passing 

through silica gel for one more time. Finally, the n-alkane and n-alkonic acid extracts were run to 

the gas chromatograph fame ionization detector (GC-FID) to check the concentration of organic 

compounds in the prepared sample.  
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Identification of specific n-alkyl (n-alkane and n-alkonic acid) compounds was based on 

comparison of mass spectra from GC-MS (Gas Chromatography-Mass Spectrometry) with 

respect to GC retention times (Gao et al., 2011). Finally, organic compounds (n-alkyl) were run 

in a HPLC-MS to obtain compound specific δD values and δ13C values.  In this study, we 

targeted long-chain odd and even number compounds that are originally derived from the 

terrestrial higher plants. The odd number compounds (C27 to C31) from the n-alkane fraction are 

used for δ13C study and n-alkane compounds C27 and C29 are used for the δD study (Fig. 3.3, 

3.4). However, due to low concentration of n-alkanes, n-alkonic acid compounds (C26 and C28) 

are used for δD study in the Karnali River section.  

For the GDGT sample preparation, the neutral fraction of organic compounds were eluted 

in silica gel column (LC-SiO2) with hexane, dichloromethane (DCM) and methanol (MeOH). 

The methanol fraction was serially eluted further through Al2O3 column with hexane:DCM (9:1) 

and a mixture of hexane:DCM (1:1) and DCM:MeOH (1:1) and blown out completely with the 

help of nitrogen gas. The DCM:MeOH fraction of organic compounds was dissolved in a 

solution of hexane: isopropanol (99:1) and passed through a 0.2 µm filter. The final extract was 

analyzed with a HPLC-MS. 

 GDGTs are large membrane lipid generally produced by Archaea and some bacteria 

commonly found in lake, soils and oceans (Tierney, 2012). There are two types of GDGTs 

(isoGDGTs and brGDGTs). Where brGDGTs are commonly found in soils, peats, lakes, and 

marginal environments (Tierney, 2012) but not in the pelagic marine environments (Hopmans et 

al., 2004). As our study deals with floodplain deposits, we applied brGDGTs as a temperature 

proxy. The production of GDGT is sensitive to soil temperature, and can be used to calculate 

MAAT (Weigers et. al., 2007). Temperatures are calculated using both methods described by 
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Weijers et al. (2007) and Peterse et al. (2012). Although both methods produced similar values 

(Fig. 3.5), our paleotemperature interpretation is based on the recent procedure of Peterse et al. 

(2012). 

 

Results: 

Surai Khola section:  

A total of 20 samples were analyzed from this section. The carbon isotope (δ13C) values 

of n-alkane C27, C29 and C31 are strongly correlated to each other (Fig. 3.3), and we used the 

value of C27 for vegetation change interpretation. The δ13C values range from –32.33‰ at 10 Ma 

to –18.67‰ at 3.85 Ma (Table 3.1). From 12 to 5.5 Ma, the δ13C values show a minor enriching 

trend in general. Around 5.5 Ma, δ13C started to enrich conspicuously. From 3.5 to 2.5 Ma, the 

δ13C values show a greater variability with a major enrichment trend (Fig. 3.6).  

 

The δD values obtained from n-alkane C27 and C29 are strongly correlated with each other 

(Fig. 3.4C), and we use the value of C27 for our interpretation. The δD values ranges from -

106.19‰ to -180.58‰ with an average of -143.38‰ (Table 3.2). From 12 to 3.85 Ma, the 

maximum depletion of δD occurred around 10 Ma and 3.85 Ma, whereas the maximum 

enrichment occurred around 9 Ma (Fig. 3.6A). From 12 Ma to 5.5 Ma, δD values show a cyclic 

pattern, but from 5.5 Ma to 3.8 Ma, δD values remain depleted highly. Overall δD values show a 

general depletion trend from 12 Ma to 3.8 Ma.  

The GDGT values in the Surai Khola section were obtained from 11.20 Ma to 2.5 Ma age 

range. Although the values of mean annual air temperature (MAAT) calculated with approaches 

of Weijers et al. (2007) and Peterse et al. (2012) are strongly correlated with each other (Fig. 

3.5A), we used MAAT values obtained with Peterse et al. (2012) method. Paleotemperatures in 
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the Surai Khola section range from 13.5 °C to 23.5 °C with the average of 18 °C (Table 3.3). 

Paleotemperature data show the lowest value of 13.5 °C at 11.2 Ma and the highest value of 23.5 

°C at 3 Ma. Temperature pattern shows a cyclic change from 12 Ma to 5.5 Ma, after which it 

remained high (Fig. 3.6A). From 12 to 2.5 Ma, temperature values show an overall increase 

trend. Around 5.5 Ma, temperature started to increase conspicuously with a breakdown of the 

cyclical changing pattern (Fig. 3.6A). 

 

 

 

 

 

Table 3.1. δ13C values of  n-alkane C27, C29 and C31 for the Surai Khola samples. 
 

 

  δ13C n-alkane (‰) 
 

Sample #  Age (Ma) C27 C29 C31 
 

13-NP-SK-29 2.50 -19.09 -19.72 -18.95 
 

13-NP-SK-30 3.00 -24.55 -26.79 -24.87 
 

12-NP-SK-26 3.85 -18.67 -18.96 -18.66 
 

12-NP-SK-25 4.70 -26.22 -28.12 -25.27 
 

12-NP-SK-24 5.20 -23.64 -25.62 -25.96 
 

12-NP-SK-16 5.40 -26.96 -26.84 -33.92 
 

12-NP-SK-15 5.55 -26.76 -25.65 -23.34 
 

12-NP-SK-14 6.05 -28.34 -27.22 -25.31 
 

12-NP-SK-13 6.50 -29.51 -30.39 -31.77 
 

12-NP-SK-11 7.00 -29.78 -30.01 -29.33 
 

12-NP-SK-10 7.50 -29.75 -30.56 -31.18 
 

12-NP-SK-9 8.00 -30.08 -30.05 -29.89 
 

12-NP-SK-7 8.50 -31.14 -31.45 -32.59 
 

12-NP-SK-5 9.00 -30.10 -30.47 -32.42 
 

12-NP-SK-4 9.50 -30.53 -30.68 -31.76 
 

12-NP-SK-2 10.00 -32.33 -32.95 -34.31 
 

12-NP-SK-23 10.80 -28.03 -29.21 -31.80 
 

12-NP-SK-22 11.20 -30.44 -30.76 -31.89 
 

12-NP-SK-20 11.95 -29.19 -29.21 -30.45 
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Table 3.2. δD values measured in n-alkane C27 and C29 in the Surai Khola section   

    

  δD n-alkane fraction (‰) 

Sample #.  Age (Ma) C27 C29 

12-NP-Sk-29 2.50 ----- ----- 

12-NP-Sk-30 3.00 ----- ----- 

12-NP-Sk-26 3.85 -180.58 -194.52 

12-NP-Sk-25 4.70 -179.59 -191.71 

12-NP-Sk-24 5.20 -157.80 -165.89 

12-NP-Sk-16 5.40 -172.13 -189.63 

12-NP-Sk-15 5.55 -136.03 -154.34 

12-NP-Sk-14 6.05 -118.34 -133.65 

12-NP-Sk-13 6.50 -156.60 -174.74 

12-NP-Sk-11 7.00 -159.72 -163.07 

12-NP-Sk-10 7.50 -118.74 -122.15 

12-NP-Sk-9 8.00 -147.27 -143.62 

12-NP-Sk-7 8.50 -129.76 -136.59 

12-NP-Sk-5 9.00 -106.19 -139.42 

12-NP-Sk-4 9.50 -126.99 -136.78 

12-NP-Sk-2 10.00 -186.05 -184.14 

12-NP-Sk-1 10.40 ----- ----- 

12-NP-Sk-23 10.80 -121.38 -135.92 

12-NP-Sk-23a 10.80 -118.90 -134.70 

12-NP-Sk-22 11.20 -148.52 -152.34 

12-NP-Sk-20 11.95 -113.48 -133.01 
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Table 3.3. Paleotemperature values for the Surai Khola section.  

    

  Based on Weijer et al. (2007) Based on Peterse et al.( 2012) 

Sample #: Age (Ma) MAAT (°C) MAAT (°C) 

12-NP-SK-29 2.50 18.9 17.5 

12-NP-SK-30 3.00 28.2 23.5 

12-NP-SK-26 3.85 26.3 18.8 

12-NP-SK-25 4.70 25.8 18.8 

12-NP-SK-24 5.20 24.6 17.9 

12-NP-SK-16 5.40 18.5 14.5 

12-NP-SK-15 5.55 30.7 22.2 

12-NP-SK-14 6.05 24.6 15.3 

12-NP-SK-13 6.50 17.3 14.2 

12-NP-SK-11 7.00 28.0 20.6 

12-NP-SK-10 7.50 27.7 19.3 

12-NP-SK-9 8.00 24.1 16.7 

12-NP-SK-7 8.50 21.0 16.3 

12-NP-SK-5 9.00 27.8 18.4 

12-NP-SK-4 9.50 24.9 17.8 

12-NP-SK-23a 10.80 26.7 20.0 

12-NP-SK-22 11.20 17.4 13.5 

12-NP-SK-20 11.95 -----  -----  

MAAT: mean annual air temperature 
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Figure 3.3. Correlations between δ13C of C27 and δ13C of C29 (A and C), and δ13C of C29 and δ13C of C31 
(B and D) for both the Karnali River (A and B) and Surai Khola sections (C and D).   

 

Karnali River section:  

In the Karnali River section, a total of 29 samples were analyzed for the isotopic study. 

Paleomagnetic ages of these samples range from 16 Ma to 5.2 Ma. δ13C values of the n-alkanes 

(e.g., C27, C29 and C31) are strongly correlated with each other (Fig. 3.3A, B), and we have 

chosen C27 values for data interpretation. δ13C values in the Karnali River section (Table 3.4) 

range from -27.80‰ to -32.78‰ with an average of -29.98‰ (Table. 3.4). Between 16 to 14.5 

Ma, δ13C values slightly depleted from -29.63‰ to -31.22‰, but enriched by ~3‰ at 14 Ma and 

remained fairly the same until 9.5 Ma. From 9.5 Ma to 5.25 Ma, δ13C values show some 

variabilities with higher depleted values of ~ -31‰ at 8.75, 7.25 Ma, and ca. 6 Ma, and the 

highest depletion of ~ -33‰ at 5.25 Ma (Fig. 3.6B). Meanwhile, during the intervening enriching 
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period, δ13C values enriched to -28.96‰ at 7.75 Ma, and to ~ -28‰ between 6.5 and 7 Ma (Fig. 

3.6B). In general, δ13C values show a slight depleting trend over time.   

 

 

Table 3.4. δ13C values of n-alkane C27, C29 and C31 for the Karnali River samples. 

  δ13C n-alkane (‰) 

Sample #:  Age (Ma) C27 C29 C31 

13-NP-KR-50 5.20 -30.02 -31.91 -34.30 

13-NP-KR-49 5.25 -32.78 -32.43 -46.33 

13-NP-KR-48 5.50 -30.46 -33.50 -36.14 

13-NP-KR-47 5.90 -31.92 -32.80 -34.15 

13-NP-KR-46 6.00 -31.79 -33.34 -35.19 

13-NP-KR-44 6.25 -31.90 -31.64 -34.08 

13-NP-KR-43 6.40 -28.57 -30.85 -33.43 

13-NP-KR-42 7.00 -28.15 -29.19 -30.54 

13-NP-KR-41 7.25 -31.76 -32.81 -35.41 

13-NP-KR-40 7.50 -31.43 -32.12 -33.18 

13-NP-KR-39 7.75 -28.96 -30.17 -32.03 

13-NP-KR-38 8.00 -29.67 -30.72 -31.89 

13-NP-KR-37 8.25 -30.79 -30.90 -32.85 

13-NP-KR-36 8.50 -31.05 -31.68 -32.76 

13-NP-KR-35 8.75 -31.75 -31.69 -34.11 

13-NP-KR-34 9.00 -30.14 -31.27 -33.05 

13-NP-KR-32 9.50 -28.04 -28.95 -29.83 

13-NP-KR-29 10.25 -27.80 -28.68 -30.63 

13-NP-KR-28 10.50 -28.06 -28.28 -28.68 

13-NP-KR-25 11.25 -28.30 -29.18 -32.15 

13-NP-KR-22 12.00 -28.87 -29.52 -30.78 

13-NP-KRa-22 13.00 -28.46 -29.54 ---- 

13-NP-KRa-20 13.50 -28.20 -28.31 ---- 

13-NP-KR-18 14.00 -28.76 -29.12 -29.90 

13-NP-KR-16 14.50 -31.22 -31.25 -31.36 

13-NP-KR-14 15.00 -31.02 -32.21 -32.72 

13-NP-KR-13 15.40 -30.19 -32.11 -32.15 

13-NP-KR-11 16.00 -29.63 -33.19 -32.79 
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Table 3.5. δD values of n-alkonic acid C24, C26, and C28 in the Karnali River section   

     

  δD acid fraction (‰) 

Sample #:  Age (Ma) C24 C26 C28 

13-NP-KR-50 5.20 -174.88 -179.06 -198.09 

13-NP-KR-49 5.25 -166.26 -164.80 -175.49 

13-NP-KR-48 5.50 -187.25 -188.60 -193.68 

13-NP-KR-47 5.90 -165.73 -171.22 -187.77 

13-NP-KR-46 6.00 -164.30 -166.69 -169.68 

13-NP-KR-44 6.25 -175.22 -173.37 -180.14 

13-NP-KR-43 6.40 -172.60 -167.40 -193.59 

13-NP-KR-45 6.75 ----- ----- -153.48 

13-NP-KR-42 7.00 ----- ----- -153.50 

13-NP-KR-41 7.25 -166.82 -176.11 -176.22 

13-NP-KR-40 7.50 -168.40 -166.70 ----- 

13-NP-KR-39 7.75 ----- ----- -150.01 

13-NP-KR-38 8.00 -163.98 -167.20 -179.02 

13-NP-KR-37 8.25 -173.46 -166.31 -162.91 

13-NP-KR-36 8.50 -152.01 -154.34 -168.74 

13-NP-KR-34 9.00 -160.02 -156.84 -164.94 

13-NP-KR-22 12.00 ----- -121.70 ----- 

13-NP-KR-11 16.00 ----- -143.89 -161.32 
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Figure 3.4. (A) and (B) Correlations of δD values for C24 vs. C26 and C26 vs. C28 for the Karnali River 
section, and (C) Correlation of δD values for C27 vs. C29 for the Surai Khola section.  

 



37 
 

Due to the low concentration of lipid biomarker, we were unable to obtain δD values 

from n-alkane fraction. However, we present the δD result obtained from the n-alkonic acid 

fraction in Table 3.5. Even in n-alkonic fraction, there is data gap between 16 to 12 Ma and 12 to 

9 Ma. δD values obtained from n-alkonic acids of C24, C26 and C28 strongly correlate to each 

other (Fig. 3.4A and B), and we based our interpretation on C28 values. δD values show cyclical 

patterns superimposed on an overall depleting trend with time. δD values range from -150.01‰ 

to -198.09‰ with an average value of -173.04‰. Greater enrichments are observed at 7.75, 7 

and 6.75 Ma with a value of ~ -152‰. Whereas, the highest depletion is observed at 5.2 Ma with 

a value of -198.09‰. Because of the lack of age data < 5.2 Ma, we are unable to present δD 

values for younger rocks.  

 
Figure 3.5. Correlation of paleotemperature values (MAAT: mean annual air temperature in °C) 
calculated based on Weijer et al. (2007) versus Peterse et al. (2012) for both Surai Khola (A) and Karnali 
River (B) sections. 

 

GDGT data for the Karnali River section range from 16 Ma to 5.2 Ma (Table 3.6). The 

temperature values range from 14 °C to 21.8 °C with an average of ~18 °C.  From 15.4 to 12 Ma 

temperature remained fairly constant (~18 °C) but dropped to a minimum of 14 °C at 11.25 Ma. 

Since 11.25 Ma, temperature gradually increased to 19.7 °C at 8.5 Ma and then decreased to 14.1 

°C at 8.25 Ma. Since 8.25 Ma, temperature increased to 21.8 °C (maximum) at 7.75 Ma and then 
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dropped to 14.6 °C at 6.4 Ma. Since 6.4 Ma, temperature continuously increased to 20.6 °C at 

5.2 Ma with an exception of a minor fall to 17.3 °C at 5.5 Ma (Fig. 3.6B).  

 

.  

Table 3.6. Paleotemperature values for the Karnali River Section.  

    

  Based on Weijer et al. (2007) Based on Peterse et al. (2012) 

Sample #:. Age (Ma)                      MAAT (°C) MAAT (°C) 

13-NP-KR-50 5.20 25.6 20.6 

13-NP-KR-49 5.25 24.8 20.0 

13-NP-KR-48 5.50 20.4 17.3 

13-NP-KR-47 5.90 22.5 18.6 

13-NP-KR-46 6.00 24.8 20.0 

13-NP-KR-44 6.25 22.3 18.5 

13-NP-KR-43 6.40 14.4 14.6 

13-NP-KR-41 7.25 26.7 21.2 

13-NP-KR-40 7.50 25.4 20.4 

13-NP-KR-39 7.75 27.7 21.8 

13-NP-KR-38 8.00 18.8 16.3 

13-NP-KR-37 8.25 15.2 14.1 

13-NP-KR-36 8.50 24.3 19.7 

13-NP-KR-34 9.00 21.3 17.8 

13-NP-KR-32 9.50 21.3 17.8 

13-NP-KR-25 11.25 15.1 14.0 

13-NP-KR-22 12.00 21.4 17.9 

13-NP-KRa-22 13.00 22.4 18.5 

13-NP-KR-13 15.40 21.4 17.9 

13-NP-KR-11 16.00 22.9 18.8 

MAAT: mean annual air temperature  
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Discussion:  

Carbon isotope (vegetation proxy):  

Some previous δ13C isotopic studies of the Siwalik strata (e.g., Quade and Cerling, 1995; 

Quade et al., 1995; Behrensmeyer et al., 2007; Sanyal et al., 2010) suggested different phases of 

vegetation shift (from C3 forest to C4 grassland) in the Himalayan foreland. Our isotopic study 

using lipid biomarker extracted from the flood plain deposits revealed new insight of the 

Neogene vegetation shift in the region. Using δ13C of pedogenic carbonate, Quade et al. (1995) 

suggested a dramatic expansion of C4 vegetation around 7 Ma in the Surai Khola section. 

However, our δ13C values for the same section obtained from n-alkane C27 show that the 

expansion of C4 vegetation likely started earlier at ca. 8.5 Ma,  gained a faster transition around 

6.5 Ma, and become dominant around 5.5 Ma (Table 3.1, Fig. 3.6A).  

However, the δ13C values of n-alkane C27 from the Karnali River section do not show any 

clear trend like that of the Surai Khola section (Table 3.4; Fig. 3.6B). From 16 Ma to 5.2 Ma, 

where 5.2 Ma represent the youngest sample in the section, no clear signal of vegetation change 

can be seen. Although there may be  a partial appearance of C4 vegetation from 14  to 9.5 Ma 

(Fig. 3.6B), the area was likely dominated  by C3 plants between 9.5 and 5.2 Ma, contradicting 

the  results of the Surai Khola section where a gradual expansion of C4 vegetation with time is 

clear (Fig. 3.6A). We speculate that, such an asynchronous pattern of C3 vegetation expansion in 

the younger succession of the Karnali River section likely linked to the existence of a riparian 

vegetation in the Neogene floodplain along the paleo-Karnali River.  

As documented in previous studies about a heterogeneous expansion of C4 vegetation in 

the Neogene Siwalik succession in Pakistan and India (Quade and Cerling, 1995; Quade et al., 
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1995; Sanyal et al., 2004, 2005, 2010), the present study not only revealed a gradual expansion 

of C4 vegetation but also showed that the vegetation expansion can be heterogeneous within a 

short lateral distance of 200 km.  In Pakistan, the expansion of C4 vegetation occurred at 7.7 Ma 

(Quade and Cerling, 1995), and in the Indian sections of Siwalik, the transition from C3 to C4 

plants occurred between 9 and 6 Ma (Sanyal et al., 2004, 2005, 2010). Our study shows that such 

transition started at 8.5 Ma and completed by 5.2 Ma in the Surai Khola section, but no dominant 

C4 signal was detected in the Karnali River section at least till 5.2 Ma (Fig. 3.6B).  This 

asynchronous pattern of vegetation shift within the entire ~2000 km long Neogene foreland basin 

indicates that microscale (i.e., local scale) climate dynamics likely influenced the vegetation 

shift. Local influences, like seasonality, forest fires, and rainfall amount, are thought to be the 

causes for such heterogeneities in the vegetation shift (Tipple and Pagani, 2007).   

Hydrogen isotopes (precipitation proxy):  

 As described by Dansgaard (1964) depletion of rainwater δD (and δ18O) is associated 

with the “amount effect” such that the higher the rainfall amount the greater the depleted (i.e., 

negative) isotope values. A similar relation between rainfall amount and rainwater isotope values 

was also reported in New Delhi, India (e.g., IAEA, 2003; Bhattacharya et al., 2003). The 

hydrogen isotope data of lipid biomarkers from both the Surai Khola (C27 of n-alkane) and 

Karnali River (C28 of n-alkonic acid) sections (Table 3.2 and Table 3.5) show a cyclic variability 

in rainfall amount. The results of the Surai Khola section show a greater depletion of δD values 

at 10 Ma (-186.05‰), indicating a wetter period (Fig. 3.6A). Around 5.5 Ma, the cyclic trend 

breaks down with a heavier depletion of δD thus a significant increase in rainfall. In both river 

sections, rainfall increase with time in general.    
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A previous study (Quade et al., 1995) in the Surai Khola section showed that the 

enrichment of pedogenic δ18O started since 6 Ma. However, in the Quade and Cerling (1995) 

study, such trend of decreasing rainfall was suggested to start 2 myr early in Pakistani Siwalik. In 

contrast, our δD values of n-alkane C29 of the Surai Khola section shifted in opposite trend, i.e., 

they gradually depleted (increasing rainfall) with time with major depletion around 5.5 Ma (Fig. 

3.6A).  δ18O in soil carbonate and δD in clay minerals from the Indian Siwalik along the Haripur 

Khola (Fig. 3.1A), west of the Yamuna River, showed high rainfall activity around 4 Ma  (Ghosh 

et al., 2004). Sanyal et al. (2010) proposed two occurrences of monsoon intensifications 

(increasing or decreasing annual rainfall?) at around 3 and 6 Ma, based on the δD values of clay 

minerals from the same area. Furthermore, based on the δ18O results of soil carbonates, they 

proposed two additional phases of monsoon intensifications around 11 and 6 Ma in the Kangra 

Valley area. Likewise, further west in Jammu area (Fig. 3.1A) of the Indian Siwalik, Singh et al. 

(2012) proposed three phases of rainfall intensifications (so-called monsoon intensification?) at 

around 10, 5 and 1.8 Ma based on the δ18O from pedogenic carbonate.  Although the present 

study indicates two phases of rainfall intensifications at 10 Ma and 5.5 Ma in the Surai Khola 

section the most intriguing part is the overall trend of the rainfall. Most previous studies showed 

an enrichment (i.e., less rainfall) of δD and δ18O values with time. In contrast, our results showed 

an opposite trend, i.e., depletion of δD values thus increasing rainfall with time (Fig. 6). Our 

results also contradict with the results reported in Clift et al. (2008), where the chemical 

weathering study of sediment cores, (ODP 718, Bengal fan), exhumation rate (40Ar/39Ar 

muscovite thermochronology)  from the Himalayan hinterland and proximal foreland, and the 

sedimentation rate in the (Indus fan suggest decreasing rainfall trend until ca. 3.5 Ma.  
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Such an asynchronous pattern of rainfall intensification within short lateral distances 

along the Siwalik Range in Pakistan, India and Nepal could be related to local topographic 

changes, which can be linked with the spatio-temporal variability of tectonic uplift of the 

Himalaya by imbrication, activation, and reactivation of the major thrust faults (e.g., MCT and 

MBT) between 12 to 10 Ma and around 6 Ma in Central Himalaya (Huyghe et al., 2001; Catlos 

et al., 2002). Similarly, the increasing rates of sedimentation and the development of multistory 

channel sandbodies in the Siwalik, especially in the Karnali River section (Huyghe et al., 2005), 

between 6.5 and 5.5 Ma support of the presence of local changes of river discharge thus rainfall 

in the Neogene foreland basin.  

GDGTs (Temperature Proxy):  

 The paleo-temperature results (Table 3.3) for the Surai Khola section indicate periodic 

fluctuation between 12 Ma and 5.5 Ma (Fig. 3.6), whereas since 5.5 Ma the temperature 

gradually increased and reached a maximum of 23.5 °C at 3 Ma. The overall trend of 

paleotemperature in this section is slightly increasing with time, with an average temperature of 

18 °C for the study interval.  Similarly, data for the Karnali River section (Table 3.6) reveal a 

variability in temperature between 16 and 5.2 Ma. Similar to that of the Surai Khola section, 

paleo-temperature in the Karnali River section increases with time, resulting a similar average 

temperature (~ 18 °C). 

Integration of all results (δ13C, δD and GDGT):  

The δD and temperature values from both river sections show negative correlation until 

5.5 Ma, suggesting that the amount of rainfall was higher during low temperature period and the 

amount of rainfall was lower during high temperature period (Fig. 3.6A, B). However, the 

modern monsoon patterns in the Indian subcontinent shows a positive correlation between 
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rainfall and temperature, i.e., higher amount of rainfall during  warmer time (in the summer) 

between June to September and little rainfall during cooler time (in the winter) between 

December to February (Gupta, 2010; Gupta et al., 2015). This seasonal rainfall is fully depended 

on the wind circulation pattern: the summer monsoon is due the low-latitude southwesterly wind 

coming from the Bay of Bengal and Arabian Sea, whereas the winter monsoon is due to the 

northeasterly wind coming from the Asian interior (Schott and McCreary, 2001; Kuppusamy and 

Ghosh, 2012).  

 

Figure 3.6. Correlation between δ13C, δD and GDGT-based paleotemperature for the Surai Khola section 
(A) and the Karnali River section (B). The shaded line represents the onset of Indian monsoon and the 
vegetation shift. Paleomagnetic dates are from Appel et al. (1991) and Gautam and Fujiwara. (2000). 
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Some previous studies linked the Indian monsoon initiation/intensification to the Tibetan 

Plateau uplift, critical height gain by the Himalayas, and solar radiation (Quade et al., 1989; 

Ruddiman and Kutzbach, 1989; Prell and Kutzbach, 1992). The equilibrium sensitivity 

coefficient (ESC) modeling indicated the Himalayan-Tibetan Plateau must have been less than 

half the current height prior to 8 Ma (Prella nd Kutzbach, 1992; Prell et al., 1992). Recently, 

Gupta et al. (2015), based on the data of the ocean drilling program (ODP Hole 722B, 728B, 

730A, and 731A) at Oman margin, suggested the presence of a weaker summer monsoon winds 

in the region between 11 to 7 Ma when Findlater jet was either weak or its axis was positioned 

far away from Oman margin Hole 730A. They also emphasized the presence of a stronger winter 

monsoon based on the high percentage of G. bulloides at the Owen Ridge Hole 731A. Thus, they 

argued that the higher sedimentation rate during 11 to 7 Ma, previously reported by Sangode and 

Kumar (2003) and Raiverman (2002) in the Himalayan foreland, could be due to the winter 

precipitation during strong mid-latitude westerlies when the summer monsoon winds were 

weaker. Notably, the mid westerlies in the northern hemisphere can get stronger and shift 

southward during the colder geologic time.   

Figure. 3.7. Modern-day wind circulation pattern in South Asia during winter and summer. ITCZ refers to 

Intertropical Convergence Zone. (Modified after ThoughtCo., 2017). 
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Our results indicate occurrence of higher rainfall during colder geologic times and lower 

rainfall during warmer times before 5.5 Ma (Fig. 3.6). As the modern day rainfall pattern in the 

Indian subcontinent shows higher amount of rainfall during summer than during winter (Fig. 

3.7), we propose that the negative correlation between rainfall and mean annual air temperature 

(MAAT) prior to 5.5 Ma could be related to the strong presence of mid-latitude westerlies in the 

region, when summer monsoon winds were weaker, that brought enhanced winter-precipitation 

particularly during colder periods (Fig. 3.8). 

Figure. 3.8. Schematic map representation the wind circulation patter before 5.5 Ma. During colder 
geological times, mid-latitude pressure belt moved further south and caused more rainfall in the 
Himalayan front (A), whereas during warmer times, the mid-latitude pressure belt moved further north 
causing less rainfall in the Himalayan front. (Map retrieved from Thinglink, 2015) 
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After 5.5 Ma, our data show a conspicuous positive correlation between rainfall and 

annual temperature, indicating the onset of modern-style seasonality in rainfall in the Indian 

subcontinent. We suggest that the Himalaya likely reached a critical height around 5.5 Ma, 

blocking the influence of mid-westerlies and enhancing the strength of the summer monsoon 

winds (Fig. 3.7). This initiated the famous Indian monsoon at that time, creating a hot-wet 

summer and cold-dry winter, which favored the dominance of C4 grasses over C3 trees starting 

around 5.5 Ma, as reflected in drastic enrichment of δ13C values around 5.5 Ma in the Surai 

Khola section (Fig. 3.6A).  

Conclusions:  

 The mudstone and some paleosol samples collected from the Neogene foreland basin 

strata along the Surai Khola and Karnali River sections of Nepal were chemically analyzed to 

understand paleoclimatic and paleoechological changes in the region. Our δ13C results from n-

alkane C27 demonstrate a gradual expansion of C4 grasses starting at 8.5 Ma and a domination of 

these plants around 5.5 Ma in the Surai Khola section. However, no clear evidence of the 

vegetation shift was observed in the Karnali River section.  

δD results revealed two phases of rainfall intensifications in the Surai Khola section, one at 10 

Ma and the other around 5.5 Ma, with a gradual intensification over time.  However, δD data 

indicate one phase of rainfall intensification in the Karnali River section at 6.5 Ma. Such 

asynchronous pattern of rainfall and the vegetation change along tectonic strike could be due to 

the spatio-temporal variability of tectonic uplift of the Himalaya by imbrication, activation, and 

reactivation of the major thrust faults (MCT and MBT). Moreover, contrary to many previous 

studies, our δD values demonstrate a gradual increase in rainfall over time.  
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The negative correlation between temperature and precipitation prior to 5.5 Ma is likely 

due to the absence of strong summer monsoon before 5.5 Ma when mid-latitude westerlies could 

freely pass across the subdued Himalaya. Once monsoon started around 5.5 Ma, the vegetation 

started to shift from C3 trees to C4 grasses favored by wet and humid summer and dry and cool 

winter.  

To understand local to regional scale variability in paleohydrology and paleoecology as 

well as their link to tectonic uplift of the Himalaya, further extensive study is needed along the 

Siwalik range.  
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Chapter 4 

Conclusions and Future works 

Conclusions:      

A total of 49 mudstone and some paleosol samples were collected from the 

paleomagnetically age-constrained Neogene Siwalik strata at the Surai Khola section (from 12 to 

2.5 Ma, n-20) and the Karnali River section (from 16 to 5.2 Ma, n=29). All the samples were 

chemically analyzed to understand paleoclimate and paleoecological changes in the Himalayan 

foreland region.  We focused on three climate proxies such as: δ13C (vegetation proxy), δD 

(precipitation proxy) and brGDGTs (temperature proxy).  δ13C values obtained from n-alkane 

C27 of the Surai Khola section showed gradual expansion of C4 grasses  starting at ca. 8.5 Ma, 

and a domination of C4 plants around 5.5 Ma. Although some contribution of C4 plants were 

observed between 14 and 9.5 Ma, no significant changes in vegetation was observed till 5.5 Ma 

in the Karnali River section  

The δD values indicate two phases of rainfall intensification at 10 Ma and 5.5 Ma in the 

Surai Khola section. However, only one phase of rainfall intensification can be observed in the 

Karnali River section at 6.5 Ma. Such incongruence pattern of rainfall along tectonic-strike could 

be due to the spatial variability of tectonic uplift linked to imbrication, activation and 

reactivation of major thrust faults (MCT and MBT) in the Himalaya during Neogene (Huyghe et 

al., 2001; Catlos et al., 2002). Contrary to the results of the previous studies, our δD values in 

both river sections show depleting trend over time, representing an overall gradual increase in 

rainfall during the Neogene.   
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The integration of δD and GDGT-derived paleotemperature showed negative correlation 

between rainfall and temperature prior to 5.5 Ma, suggesting the absence of seasonality. After 

5.5 Ma, rainfall and temperature showed a positive correlation, suggesting the onset of the South 

Asian monsoon, which is a favorable climate for C4 grasses over C3 trees.     

Future works:  

The present CSIA study focused on two river sections along the Nepalese Siwalik 

revealed a possible local-scale climate/ecological change within a short (around 200 km) lateral 

distance. To understand the lateral variability in paleohydrology and paleoecology along ~ 2000 

km long Siwalik belt, future studies should target CSIA study along this belt in Nepal, India and 

Pakistan.  Such an integrated along-strike study can reveal regional-scale Neogene climate 

changes and can help to understand the uplift and exhumation history of the Himalaya and its 

impact on such changes.  

By providing water for agriculture and recharging groundwater, a source for potable 

drinking water, the Indian monsoon plays a critical role in the lives of more than 1.5 billion 

people residing the Indian subcontinent. The cutting-edge techniques and methods used in this 

study are useful in understanding both the past history and modern dynamics of the Indian 

monsoon across the region. 
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