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Key Points 15	

1. Isotopic composition of authigenic clays in sediments of the Himalayan foreland basin 16	
indicates environmental changes since Late Miocene. 17	

2. Surface uplift of the Shillong Plateau led to the formation of a rain shadow in its lee, in 18	
the Himalayan foreland. 19	

3. The mean annual precipitation over the foreland basin of the eastern Bhutan Himalayas 20	
has decreased by a factor of 1.7-2.5.	21	
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Abstract 24	

We measure the oxygen and hydrogen stable isotope composition of authigenic clays from 25	

Himalayan foreland sediments (Siwalik Group), and from present day small stream waters in 26	

eastern Bhutan to explore the impact of uplift of the Shillong Plateau on rain shadow formation 27	

over the Himalayan foothills. Stable isotope data from authigenic clay minerals (<2  µm) 28	

suggests the presence of three palaeoclimatic periods during deposition of the Siwalik Group, 29	

between ~7 and ~1 Ma. The mean  δ18O value in palaeo-meteoric waters, which were in 30	

equilibrium with clay minerals, is ~2.5‰ lower than in modern meteoric and stream waters at 31	

the elevation of the foreland basin. We discuss the factors that could have changed the isotopic 32	

composition of water over time and we conclude that: (a) The most likely and significant cause 33	

for the increase in meteoric water δ18O values over time is the “amount effect”, specifically, a 34	

decrease in mean annual precipitation. (b) The change in mean annual precipitation over the 35	

foreland basin and foothills of the Himalaya is the result of orographic effect caused by the 36	

Shillong Plateau’s uplift. The critical elevation of the Shillong Plateau required to induce 37	

significant orographic precipitation was attained after ~1.2 Ma. (c) By applying scale analysis, 38	

we estimate that the mean annual precipitation over the foreland basin of the eastern Bhutan 39	

Himalayas has decreased by a factor of 1.7-2.5 over the last one to three million years. 40	

 41	

Keywords 42	
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1. Introduction 46	
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Case studies on interactions between tectonics, climate, and erosion traditionally compare 47	

the pattern of erosion rates or the timing of activation of major tectonic structures with the spatial 48	

distribution of modern precipitation. However, these studies commonly lack either evidence that 49	

current climatic conditions operated during the time range for which erosion rates are usually 50	

estimated or a quantitative assessment on past climate change. Furthermore, for the case of active 51	

critical Coulomb wedges, it has been analytically demonstrated (e.g., [Whipple, 2009] that 52	

climate change must be recent (1-2 Ma) for its effect on landscape or structures to be preserved. 53	

It is equally difficult to isolate the respective contributions of tectonics and climate on 54	

erosion rates [Champagnac et al., 2012; Von Blanckenburg, 2005; Whipple, 2009]. Whereas on 55	

the global scale there is strong, yet disputed, evidence for higher erosion rates in mountain 56	

ranges due to Quaternary glaciation (e.g., [Herman et al., 2013; Willenbring and von 57	

Blanckenburg, 2010], a direct connection between climate and erosion is less evident at the 58	

regional scale in active orogens. 59	

Therefore, to demonstrate through observational studies that climate change has a 60	

measurable impact on upper crustal exhumation/erosion in an active orogen, we need to identify 61	

a region that, in the geological past, has undergone sufficiently large changes in precipitation 62	

amount for climate-modulated erosion to outpace tectonically-driven rock uplift and exhumation. 63	

One such region is the Himalayan orogenic front and its foreland basin in eastern Bhutan. It is 64	

the only segment of the Himalayan foreland with an elevated, tectonically active terrane: the 65	

Shillong Plateau. During the Indian Summer Monsoon (ISM), warm moisture-bearing air masses 66	

moving northwards, from the Bay of Bengal toward the Himalayan range, meet the Shillong 67	

Plateau, rise, cool and are condensed along the southern flank of the plateau (Fig. 1), making it 68	

one of the wettest area on Earth. It has been suggested, but not demonstrated, that this orographic 69	
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precipitation has significantly reduced leeward precipitation along the foothills of the Himalaya 70	

[Bookhagen and Burbank, 2010; Grujic et al., 2006]. It has been also observed that the segment 71	

of the Himalaya in the lee of the Shillong plateau, compared to the segments to the east and west, 72	

undergoes slower erosion rates since the Pliocene [Coutand et al., 2014], and has different 73	

seismotectonic characteristics [Marechal et al., 2016; Singer et al., 2017]. Topographic rise of 74	

the plateau occurred during the Pliocene [Biswas et al., 2007; Najman et al., 2016; Rosenkranz et 75	

al., 2018; Govin et al., 2018], which was long after the ISM was established (Section 2.1). We 76	

can, therefore, ask following questions: When did the plateau reach the threshold elevation to 77	

cause orographic precipitation on its southern flank? Did leeward precipitation simultaneously 78	

decrease? Can we quantify this change in space and time? 79	

The research objective of this study is to discern whether the Siwalik sediments can 80	

provide evidence for the surface uplift of the Shillong Plateau and its impact on the precipitation 81	

pattern of the eastern Himalayas, by characterising the climate trends during Siwalik deposition 82	

over the last 7 Ma using stable isotope proxies. We emphasise that our study represents a step 83	

toward understanding the interactions between climate and tectonics and focuses more on the 84	

potential causes of regional climate change (formation of an orographic rain shadow) rather than 85	

an interpretation of all climate-tectonic interactions (e.g. quantifying the change in erosion rate 86	

with precipitation). 87	

 88	

2. Background 89	

2.1 The Indian summer monsoon 90	

Climate simulations and palaeoclimate data (e.g., [Licht et al., 2014; Roe et al., 2016] 91	

conclude that Asian monsoon-like conditions were present at least as far back as 40 Ma. On a 92	
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million-year timescale, there are two conspicuous periods of geologically recent climate change in 93	

Asia. Palaeoclimate data suggest that a range of climatic changes occurred around 10 Ma 94	

throughout the regions surrounding Tibet [Dettman et al., 2001; Hoorn et al., 2000; Quade et al., 95	

1989; Quade et al., 1995]. These changes apparently marked a strengthening of the South Asian 96	

monsoon. Secondly, nearly all palaeoclimate proxies on Earth show a change between ~4 and 2.5 97	

Ma, when northern hemisphere cooling accelerated. Pollen, foraminifera, and δ13C analyses from 98	

north-west India, the northern Indian Ocean, and the Arabian Sea indicate a marked dry, semi-99	

arid climatic regime and a weaker monsoon in the Himalayas [Thomas et al., 2002], consistent 100	

with the global Pleistocene cooling that started at 2.7 Ma. 101	

102	
Figure 1. Landscape (a) and Indian summer monsoon precipitation (b) in the eastern Himalayas, 103	

Shillong Plateau, and the foreland. (a) Digital elevation map generated with GeoMapApp 104	

(http://www.geomapapp.org.) using the, the Global Multi-Resolution Topography Synthesis 105	
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basemap [Ryan et al., 2009]. (b) Mean annual rainfall is from the Tropical Rainfall Measuring 106	

Mission (TRMM) calibrated 12-year average product 2B31 [Bookhagen and Burbank, 2010]. 107	

 108	

On a regional scale, based on the difference in distribution of ISM precipitation across 109	

eastern and western Bhutan, [Grujic et al., 2006] hypothesised that uplift of the Shillong Plateau 110	

at the Miocene-Pliocene boundary decreased precipitation in eastern Bhutan. The decrease in 111	

precipitation over the foothills might have been sufficient to generate a transient landscape 112	

characterised by the presence of palaeolandscape remnants [Grujic et al., 2006] and to alter the 113	

geometry of the foreland fold-and-thrust belt [Hirschmiller et al., 2014]. Alternatively, the 114	

transient landscapes may have been formed by tectonic processes [Adams et al., 2016]. 115	

At present, the Shillong Plateau receives approximately 11000 mm/yr of rainfall on its 116	

southern slope [Breitenbach et al., 2010], creating a rain shadow on its leeward side (Fig. 1) 117	

where mean annual precipitation rate decreases to ~3500 mm/yr at Samdrup Jongkhar in eastern 118	

Bhutan (Royal Government of Bhutan, 2017). 119	

 120	

2.2 The Shillong Plateau 121	

The Shillong Plateau, within the Himalayan foreland, is a 1600 m-high orographic barrier 122	

to prevailing winds transporting moist air from the Bay of Bengal northwards to the Himalayan 123	

front (Fig. 1). It has been suggested that surface uplift of the plateau reduced the mean annual 124	

precipitation in the downwind direction along the Himalayan front of eastern Bhutan [Biswas et 125	

al., 2007; Bookhagen and Burbank, 2010; Grujic et al., 2006]. Initial basement rock uplift, 126	

starting at least 15-9 Ma ago, did not generate significant surface uplift until the basement 127	

became exposed at the Miocene-Pliocene transition, decreasing erosion rates and resulting in 128	
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plateau surface uplift after ~4-3 Ma [Biswas et al., 2007], 3.5-2 Ma [Najman et al., 2016], 129	

around 4.5 Ma [Rosenkranz et al., 2018] or at ca. 5.2–4.9 Ma [Govin et al. 2018]. Our hypothesis 130	

is that once the Shillong Plateau reached a sufficient elevation to cause orographic precipitation 131	

on its southern side by stable upslope ascent of warm moisture-bearing air masses ([Roe, 2004], 132	

and references therein), this decreased the amount of precipitation on the leeward side of the 133	

plateau, in the foothills of the eastern Bhutanese Himalayas to the north. This regional climatic 134	

change—in addition to the signal caused by the assumed synoptic changes of the ISM—should 135	

be evidenced by a shift in the stable isotope composition of the coevally deposited foreland 136	

sediments. 137	

 138	

2.3 The Siwalik Group 139	

The Dungsam Chu section, located in the foothills of the Himalayas in eastern Bhutan (Fig. 140	

2), is composed of synorogenic Neogene-Pleistocene foreland sediments of the Siwalik Group 141	

forming a ~2200 m-thick section with a continuous exposure on freshly eroded stream banks.  142	

The section belongs to the modern Himalayan foreland fold-and thrust belt, as defined by 143	

[Hirschmiller et al., 2014]. It is bounded to the north by the Main Boundary Thrust (MBT), 144	

along which the Lesser Himalayan Sequence (LHS) has been thrust over the Siwalik Group, and 145	

to the south by the Main Frontal Thrust (MFT), which juxtaposes the Siwalik Group strata 146	

against the modern Brahmaputra plain alluvial sediments (Fig. 2). All three lithostratigraphic 147	

subgroups, the Lower, Middle, and Upper Siwaliks (for definitions, see Quade et al. [1995]) are 148	

exposed along the Dungsam Chu section. 149	
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 150	

Figure 2. Geological map of the eastern Bhutan Sub-Himalayas. MBT: Main Boundary Thrust, 151	

MFT: Main Frontal Thrust. The studied section of the Siwaliks along Dungsam Chu is indicated 152	

by a thick brown line. 153	

 154	

In an accompanying study, we established the detailed stratigraphy and sedimentology 155	

along the Dungsam Chu section in the eastern Bhutan Himalaya [Coutand et al., 2016]. We 156	

revised the exclusively lithological subdivision of the Siwaliks by identifying 12 facies and four 157	

facies associations representative of distinct depositional palaeoenvironments. Furthermore, we 158	

dated Siwalik deposition along the Dungsam Chu section, using magnetostratigraphy constrained 159	

by vitrinite reflectance data combined with detrital apatite fission-track dating (Fig. 3, [Coutand 160	

et al., 2016], to the latest Miocene and the Pleistocene, between ~7.2 Ma and ~1 Ma. Unit 1 161	

deposits are interpreted as different parts of a river-dominated deltaic system, developed in either 162	

a lacustrine or marine environment between < 7.2 Ma and 6.4 Ma. Unit 2 deposits (6.4 - 5 Ma) 163	
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represent a river- and storm-dominated deltaic depositional environment, which transitioned after 164	

5 Ma into Unit 3 deposits, a sandy alluvial environment. Over a sharp transition Unit 3 shifts to 165	

Unit 4 (~3.8 and > 1.2 Ma), representing a gravelly alluvial environment. Of the traditional 166	

Siwalik subgroups, the Lower to Middle Siwalik boundary is dated at ~6 Ma, and the Middle to 167	

Upper Siwalik boundary at ~3.8 Ma. The youngest dated beds at the top of the section are ~1.2 168	

Ma old [Coutand et al., 2016]. Paleosols were identified throughout the section [Coutand et al., 169	

2016] and samples for this study were collected from each pedogenically modified horizon. 170	

 171	

Figure 3. Siwalik stratigraphy along the Dungsam Chu section. (a) Stratigraphic column and 172	

environmental units (as defined by Coutand et al. [2016]. Unit 1: river-dominated deltaic system, 173	

Unit 2: river- and storm-dominated system, Unit 3: sandy alluvial system, Unit 4: gravelly 174	

alluvial system. (b) Palaeosol sample locations. Samples were collected from each pedogenically 175	

modified horizon recognised in the field. Each of them is at a paleosol level recognised in the 176	

field. (c) Polarity zones defined for the section and the proposed correlations to (d) the 177	

geomagnetic polarity time scale of Gradstein and Ogg [2012]. (a), (c) and (d) after Coutand et 178	

al. [2016]. 179	
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3. Materials and Methods 181	

3.1. Samples 182	

3.1.1 Meteoric water 183	

There are no long-term measurements of isotopic composition of rain or meteoric water in 184	

the wider region of the study area. Isotopic composition of rivers in the foothills and the foreland 185	

of the Himalaya [Bhattacharya et al., 1985; Ramesh and Sarin, 1992; Rozanski et al., 2001; 186	

Lambs et al., 2005; Gajurel et al., 2006 (and references therein), Achyuthan et al., 2013] could 187	

potentially constrain the values of stable isotopes in the foreland basin of the Bhutan Himalaya. 188	

However, the published isotopic data cover the range along the meteoric water line from δ18O =-189	

3 to -12‰, and the sampling has not been systematic to distinguish the seasonal from latitudinal 190	

variations. All these short-term measurements are also biased because the ISM values are 191	

depleted relative to dry season values [e.g., Breitenbach et al., 2010]. Consequently, we decided 192	

to empirically derive the present day isotopic composition of water at the foreland basin 193	

elevation (50-150 m) based on isotopic composition versus elevation. Stream water samples 194	

were collected along a north-south transect across the study area at elevations from 206 m to 195	

3608 m (Figs. 6 a & b, Table S1). Although there is uncertainty in the spatial and temporal 196	

distribution of precipitation represented in river water, its tendency to integrate precipitation 197	

makes it a better representation of monthly or annual weighted averages than individual 198	

precipitation events [Kendall and Coplen, 2001]. The isotopic composition of the modern surface 199	

water was derived from a set of local small stream-water samples collected during a couple of 200	

days in October 2007, May 2008, and November 2010 along a 60 km-long, NS-trending transect, 201	

at elevations between 206 and 3608 m (Table S1). 202	

 203	
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3.1.2 Pedogenic clays 204	

Pedogenic carbonate concretion deposits in palaeosols have commonly been used to 205	

reconstruct palaeoclimatic conditions [Tabor and Myers, 2015], however, they are only found, 206	

formed, and preserved in moderate- to low-rainfall regions [Tabor and Myers, 2015]. Trend 207	

towards fewer carbonate concretions in the Siwalik sediments observed from western to eastern 208	

sections in Nepal [Quade et al., 1995], and the lack of carbonate nodules in Siwalik sediments of 209	

eastern Himalaya (this study and [Vögeli et al., 2017]), suggest that the lateral environmental and 210	

climatic differences in the modern Himalaya are representative of long-term climatic patterns 211	

[Vögeli et al., 2017]. Nevertheless, in palaeosols lacking soil carbonate, the oxygen and 212	

hydrogen isotopic composition of pedogenic clay minerals can be used as an alternative 213	

palaeoclimate indicator [Stern et al., 1997]. To achieve the objectives of this study, 87 palaeosol 214	

samples were collected along the Dungsam Chu transect in southeastern Bhutan (Fig. 3). 215	

Overall, the palaeosols found within the Siwalik Group are bioturbated, and in the central 216	

and western Himalaya, typically enriched in illuvial clays [DeCelles et al., 1998; Quade et al., 217	

1995]. Palaeosols along the Dungsam Chu consist of mudstone, siltstone to sandy siltstone 218	

characterised by spheroidal weathering, partial to complete obliteration of original depositional 219	

features, root traces, bioturbation, and a lack of carbonate nodules (Fig. 4). Root structures, when 220	

present, are typically poorly defined root halos. The upper horizons also exhibit sand or mud-221	

filled clastic dikes. Most of the paleosols have weak grey to red matrix colours with fine to 222	

coarse mottling. 223	
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 224	

Figure 4. Palaeosol field photographs of a) Spheroidal weathering pattern in varicoloured 225	

siltstone. Note the absence of bedding. Unit 1, sample 12 location; b) Unit 2 Sample 30 location; 226	

c) Root traces in siltstone. Unit 2, sample 34 location; d) Weathering pattern in siltstone. Unit 2, 227	

sample 66 location. 228	

 229	

3.2. Clay mineral separation  230	

For the separation of clay minerals, care was taken to avoid diminution of the minerals. 231	

Each palaeosol sample was crushed using a mortar and pestle, then broken up using an ultrasonic 232	

bath. The sample was then treated with glacial acetic acid (0.3 M) to remove carbonates and 30% 233	
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H2O2 solution to remove organic matter. After each treatment, the samples were rinsed with 234	

deionised water by centrifugation five or six times. After 100 seconds of centrifugation at 800 235	

rpm, and applying Stokes' Law to the machine parameters [Moore and Reynolds, 1997], the 236	

material left in suspension was the <2 µm size fraction. In hopes of getting a mostly pedogenic 237	

clay fraction with further centrifugation of several samples, we isolated grain size fractions <0.4 238	

µm and <0.1 µm. The fractions were suctioned out of the vial and dried in an oven at 60 °C. 239	

 240	

3.3. X-ray diffraction (XRD) 241	

Samples for XRD measurements were prepared using the smear method [Moore and 242	

Reynolds, 1997] by pipetting the suspensions (~5 mg/cm3) onto glass slides. The X-ray 243	

diffractograms were made using an untreated, heated to 500 °C for 2 h, and a glycolated sample 244	

(Figure S1) on a Phillips PW 3710 diffractometer (Dalhousie University, Halifax). Details of 245	

analytical procedures are described in the Supporting Information S1.1. 246	

 247	

3.4. Oxygen and Hydrogen mass spectrometry  248	

The oxygen and hydrogen isotopic compositions of clay minerals were measured by a 249	

Finnigan MAT 253 isotope ratio mass spectrometer and a TC/EA coupled to a gas 250	

chromatographic column and a mass spectrometer [Bauer and Vennemann, 2014], respectively, 251	

in the Stable Isotope Laboratory at the University of Lausanne (Switzerland). Oxygen mass 252	

spectrometry followed a method outlined in [Vennemann et al., 2001] and the hydrogen mass 253	

spectrometry followed the method by [Bauer and Vennemann, 2014]. Details of analytical 254	

procedures are given in Supporting Information S1.3. 255	

 256	
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4. Results 257	

4.1 Clay composition  258	

XRD analyses indicate that samples are predominantly composed of clay minerals and 259	

fine-grained quartz, and do not contain detrital micas (Table S2). Illite is present in all samples, 260	

and kaolin group clays are in all but four samples from the Lower Siwalik subgroup. Smectite is 261	

found in about half of the samples throughout the sedimentary section. Chlorite occurs only in 262	

samples from Lower Siwalik sediments (Table S2). Furthermore, glauconite is found in samples 263	

from the bottom 170 m of the section. These mineral identifications were confirmed with the 264	

scanning electron microscopy and energy dispersive spectroscopy (SEM/EDS), and transmission 265	

electron microscopy (TEM). 266	

 267	

4.2 Clay oxygen and hydrogen isotopes  268	

In samples that have three grain-size fractions (0.1 µm, 0.4 µm, and 2 µm), the δ18O and 269	

δD isotopic data show no consistent relation between grain size and isotopic composition (Table 270	

S3). The measured δ18O and δD Vienna Standard Mean Ocean Water (VSMOW) values of 271	

palaeosol clays range from 11.5 to 14.3‰ and from -103.8 to -81.5 ‰, respectively (Fig. 5 and 272	

Table S2). Quartz will contain only negligible water therefore an isotopic signal from it will not 273	

bias the  δD. The 13 samples that contain chlorite form an array with similar δ18O and highly 274	

variable δD values and represent some of the outliers (Table S3). Because of the likely detrital 275	

origin of chlorite, these samples are excluded from further calculations and from the figures. 276	

Samples from the first 170 m of the stratigraphic column preserve more negative δD values than 277	

the other samples, while the samples from the top 400 m of the sedimentary column (SB77-278	

SB87) preserve more positive δ18O values. The remaining samples (SB13-SB74), from ~170 to 279	
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~1400 m (between ~6.7-4.8 Ma, Fig. 3), form a tight cluster. The mean isotopic composition of 280	

clay in this group is δ18O =12.4 ± 0.4‰ (1σ) and δD = -85.3 ± 2.2‰ (1σ). 281	

 282	

Figure 5. Isotopic composition of clays vs. their stratigraphic depth. Blue:  δ18O, green: δD. 283	

 284	

4.3 Isotopic composition of local meteoric water 285	

Stable isotope composition of modern meteoric water samples is shown in Figure 6. On 286	

average, the δ18O lapse rate is ~-0.25‰ per 100 m hypsometric basin elevation change, similar to 287	

empirical data for the central Himalayan front [Garzione et al., 2000; -0.23‰ to -0.35‰/100 m), 288	

eastern Tibet [Hren et al., 2009; -0.29‰/100 m] and a global calibration [Poage and 289	

Chamberlain, 2001; -0.28‰/100 m). The isotopic composition of meteoric water at the 100 m is 290	

estimated based on linear extrapolation (defined using an ordinary least squares regression) of 291	

isotopic composition vs. mean basin elevation as δ18O = -4.5 +2.2/-1.2‰, δD = -33.8+16/-8‰. 292	

The local meteoric water line (LMWL) of eastern Bhutan Himalaya is defined using an ordinary 293	

least squares regression (Fig. 7). Its slope is slightly lower than that of the global meteoric water 294	
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line (GMWL [Craig, 1961]); δD = 7.24 × δ18O – 0.97 (R2 = 0.9) vs. δD = 8.20 × δ18O + 11.27 295	

[Rozanski et al., 1993]. 296	

 297	

Figure 6. Isotopic composition of modern stream water vs. mean catchment elevation above sea 298	

level. Samples were collected between 26.8 and 27.6 °N. The continuous straight line is the 299	

linear best fit and dashed curved lines are the 2σ. Red symbols indicate the predicted mean 300	

isotopic composition of meteoric water at 100 m, the current elevation of the foreland basin at 301	

the latitude of Samdrup Jongkhar. 302	
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 303	

 304	

 305	

Figure 7. Oxygen and hydrogen isotopic composition of river waters. Dashed black line is the 306	

Global Meteoric Water Line (GMWL, [Craig, 1961]). Blue diamonds are measurements of the 307	

isotopic composition of stream water in eastern Bhutan (this study). Continuous black line is the 308	

Local Meteoric Water Lines (LMWL) for the stream waters from the eastern Bhutan Himalayas. 309	

The blue triangle is the isotopic composition of stream waters at 100 m elevation estimated from 310	

the isotopic value elevation linear regression (see Fig. 6). The error bars are 1σ uncertainties at 311	

that elevation. The blue rectangle is the range of isotopic compositions of sea-water in the Bay of 312	

Bengal (BoB, [Achyuthan et al., 2013]). Thick orange line is the range of values calculated for 313	

the palaeo-meteoric water in equilibrium with the pedogenic clays (see Fig. 8, and related text). 314	

 315	

5. Discussion 316	

5.1. Stable isotope composition of palaeosol clays as palaeoenvironmental proxies 317	
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In palaeosols, the clay fraction can represent a mixture of detrital, pedogenic, and burial 318	

authigenic clays, among which diagenetically altered pedogenic clays. Pedogenic clay minerals 319	

form in or close to oxygen isotopic equilibrium with the environment of formation [Lawrence 320	

and Taylor, 1972; Savin and Epstein, 1970; Savin and Hsieh, 1998]. Isotopic studies of clays 321	

thus yield useful information about climatic and pedogenic conditions during the time they 322	

formed [Mix and Chamberlain, 2014; Rosenau and Tabor, 2013; Stern et al., 1997; Tabor and 323	

Montañez, 2005; Tabor et al., 2002; Vitali et al., 2002]. 324	

The isotopic data tightly cluster, rather than spread along the water line. This suggests that 325	

the pedogenic clays did not form at different elevations and wash in from the paleo-drainage. 326	

While it is possible that all of the clays were chemically and isotopically altered from their 327	

original compositions during burial and diagenesis, or that pedogenic clays from a given 328	

palaeosol may be composed of several different fractions that crystallised under different 329	

climatic regimes during soil development, we suggest that the bulk of clays preserved in these 330	

paleosols were formed in situ. We did not observe diagenetic processes such as cementation and 331	

mineral dissolution. Although there is likely detrital illite, it is most likely a weathering product 332	

that is washed in from the weathering in the catchment. Since the clays in a sample were formed 333	

at different places within the catchment, the paleo-meteoric water isotopic composition 334	

calculated from the clay δ18O and δD values may be considered as average palaeoenvironmental 335	

conditions that persisted during weathering, pedogenesis and/or isotopic equilibration with 336	

meteoric waters during burial. We interpret the isotopic composition of clays as a combined 337	

signature that records the water isotopic signature that characterizes the integrated catchment. 338	

 339	

5.2. Clay formation 340	

The isotopes are most depleted in Unit 1 when the depositional environment was brackish 341	
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or more likely to be influenced by brackish water. Thus, the switch to running water would cause 342	

stable isotope values to change in the opposite direction than observed. Both smectite and 343	

kaolinite result from intense terrain weathering under tropical to subtropical conditions. 344	

Kaolinite, as a pedogenic clay mineral, is favoured by acidic conditions and is unlikely to form in 345	

submerged, alkaline waters [Gastuche and De Kimpe, 1961]. While smectite is promoted by poor 346	

drainage (e.g. in low-lying areas) and contrasting wet/dry seasonality, kaolinite is favoured by 347	

well-drained areas of high, non-seasonal rainfall and is formed by extensive chemical weathering 348	

promoted by high rainfall and leaching [Gastuche and De Kimpe, 1961; Robert and Chamley, 349	

1991; Robert and Kennett, 1994]. All of these conditions are consistent with the rainfall and 350	

temperature conditions of the study area and the complete lack of carbonate concretions in the 351	

sediments. Previous studies on clay minerals from Siwalik sediments have demonstrated that 352	

smectite is pedogenic rather than detrital [Quade et al., 1989; Stern et al., 1997] and that it 353	

predominantly forms during summer monsoon rainfalls [Quade et al., 1989]. 354	

In the Lower and Middle Siwaliks of eastern Bhutan, vitrinite reflectance (R0) values of 355	

~0.3-0.5% correspond to temperatures of ~ 60-85 °C [our work, Coutand et al., 2016].  356	

Based on this evidence, pedogenesis and the onset of diagenesis (compaction, but absence of 357	

cementation and mineral dissolution) are considered to be the dominant processes responsible for 358	

the palaeosol clay δ18O and δD values reported in this study. The studied clays are therefore not 359	

strictly pedogenic, according to their temperature record, as they are likely isotopically altered by 360	

meteoric groundwater during shallow burial, and are therefore referred to as authigenic.  361	

 362	

5.3. Isotopic composition of the palaeo-meteoric water 363	

To interpret the isotopic composition of clays for palaeoclimate investigation, one must 364	

calculate the isotopic composition of the waters involved in transforming the initial minerals into 365	

authigenic clays. Meteoric water in equilibrium with authigenic clay minerals has a different 366	
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isotopic composition than that of the clay minerals because of dissimilar fractionation processes 367	

for different isotopes and minerals. 368	

However, all the samples consist of mixture of clays, the mean mineralogical composition 369	

of samples between 170 and 1400 m is kaolinite 45 wt. %, smectite 25 wt. % and illite 25 wt.%. 370	

The three minerals have different water-clay fractionation factors. For oxygen, the illite 1000 lnα 371	

value at 40 °C is 20.6‰, for kaolinite is 21.4 ‰ and for smectite is 22 ‰ according to Sheppard 372	

and Gilg (1996). For hydrogen, at 40°C the 1000 lnα value for smectite is -37 ‰ from Yeh 373	

(1980), for kaolinite it is -30‰ according to Sheppard and Gilg (1996). The difference between 374	

these values is small, therefore for the end members the difference in calculated isotopic 375	

composition of paleo-meteoric water would be smaller than the spread of the data, and any 376	

variation in mineral abundance is only going to have a small effect. The paleo-meteoric water 377	

isotopic compositions can be calculated from the isotopic compositions of clay mixture (e.g., 378	

[Bauer et al., 2016; Rosenau and Tabor, 2013]). Because of the similar mineralogical 379	

composition to their samples we have adopted the approach by [Rosenau and Tabor, 2013] using 380	

the hydrogen clay mixture-water fractionation equation:  381	

	 (1)	382	

and	the	oxygen	clay	mixture-water	fractionation	equation:	383	

	 (2)	384	

where  α is the fractionation factor, and T is the temperature in K. For the calculations, we use 385	

the mean isotopic composition of clays (between 170 and 1400 m, cf. Fig. 5): δ18O = 12.43 ± 386	

0.42‰ and δD -85.29 ± 2.17‰. The mean meteoric water compositions in equilibrium with our 387	

clay mixture for temperatures of 10-90 °C define a line that intersects the modern GMWL at 388	

δ18O = -7.8 ± 0.4 ‰ and δD = -53.2 ± 2 ‰ (Figure 8), which is interpreted as the mean isotopic 389	

1000 ln Dαmix−W = −2.2 ⋅106T −2 −10.64

1000 ln 18αmix−W = 2.83⋅106T −2 − 7.17
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composition of palaeo-meteoric water in equilibrium with the clays. Conversely, the intersection 390	

on the temperature line indicates that the mean temperature of the palaeo-meteoric water was ~48 391	

°C. 392	

To estimate the sensitivity of these results on mineral composition we compare them to the 393	

values that would be obtained for a pure kaolinite. Equations 1 and 2 are very close in form to 394	

the hydrogen kaolinite-water fractionation equation [Sheppard and Gilg, 1996]: 395	

 (3) 396	

and the oxygen kaolinite-water fractionation equation [Sheppard and Gilg, 1996]: 397	

 (4) 398	

Using these equations and the mean composition of the clay minerals, the meteoric water 399	

compositions in equilibrium with kaolinite for temperatures of 10-90 °C define a line that 400	

intersects the modern GMWL at δ18O = -8.2 ± 0.4 ‰ and δD = -56 ± 2 ‰ (Figure 8a), which is 401	

interpreted as the mean isotopic composition of palaeo-meteoric water in equilibrium with the 402	

kaolinite. Conversely, the intersection on the temperature line indicates that the mean temperature 403	

of the palaeo-meteoric water was ~45 °C. Considering the range of parameters in equations 1-4 404	

the isotopic and temperature values for pure kaolinite are the minimum and the errors on the δ18O 405	

and δD caused by variable mineral composition are on the order of ± 0.4 ‰ and ± 2 ‰ 406	

respectively. 407	

 408	

1000 ln DαK−W = −2.2 ⋅106T −2 − 7.7

1000 ln 18αK−W = 2.76 ⋅106T −2 −6.75
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 409	

Figure 8. Bivariate plot of δ18O vs. δD showing composition of clay samples (brown) and the 410	

expected water of formation (blue). Kaolinite line  (δD=7.55*δ18O-219; [Sheppard and Gilg, 411	

1996] represents the isotopic composition of kaolinite formed in equilibrium with meteoric water 412	

at 20, 30, 40 and 50 °C [Savin and Epstein, 1970]. The majority of clay isotopic data suggests 413	

clays formed at temperatures of ~45 °C. The mean meteoric water compositions in equilibrium 414	

with kaolinite and a clay mixture for temperatures of 10-90 °C are represented as purple and pale 415	

purple crosses, respectively. (a) Calculated isotopic composition of the palaeo-water in 416	
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equilibrium with the clay minerals at 48 °C. Purple: samples from the bottom 170 m within Unit 417	

1. Blue: samples from the middle part (Units 1-3). Pink: samples from the top 400 m of the 418	

stratigraphic section (Unit 4). Blue circle with error bars shows the isotopic composition of 419	

modern water at the foreland basin elevation. (b) Calculated isotopic composition of the palaeo-420	

water in equilibrium with the clay minerals assuming different temperatures of 421	

formation/isotopic equilibration: 37.2 °C for the bottom, 45.2 °C for the middle, and 38.9 °C for 422	

the top of the section. These three values represent average temperatures for the same sections 423	

calculated using equation 5 (Fig. 9). 424	

 425	

Assuming that the clay minerals formed in equilibrium with surface water and shallow 426	

groundwater of meteoric origin (two of which have similar stable isotope composition), the 427	

kaolinite-water fractionation factors of opposing slopes (equations 3 and 4) can be combined 428	

with the global meteoric water relationship to calculate temperatures of paleo-meteoric water 429	

for each sample ([Mix et al., 2016]; and references therein): 430	

  (5) 431	

where T is the absolute temperature in K. We use the modern meteoric water relationship to 432	

solve for the temperature assuming that the water they formed from falls on the GMWL. 433	

  434	

3.0350 ⋅106T −2 =δ18OK −0.1250δDK + 7.0375
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 435	

 436	

Figure 9. Calculated paleotemperatures. Orange symbols indicate temperature of isotopic 437	

equilibration between palaeo-meteoric water and clay minerals. This calculation assumes all the 438	

clay minerals are kaolinite and uses equation (5) by Mix et al. [2016]. The temperatures range 439	

between ~30 and ~ 50 °C, but average 38.9±2.6 °C for the bottom, 45.2±2.4 °C for the middle, 440	

and 38.9±2.6 °C for the top of the section. Errors are estimated to ± 3 °C but the error bars are 441	

omitted for clarity. Green symbols indicate peak burial temperatures inferred from vitrinite 442	

reflectance (Coutand et al. [2016] and our new data). Dashed grey lines are the trends for the two 443	

temperature sets over the stratigraphic section between 170 and 1400 m. 444	

 445	

There are two alternative explanations for the trends of calculated stable isotope data in 446	

paleo-meteoric water. (1) The water isotopic compositions are defined by GMWL, therefore, 447	

we use the clay  δ18O and δD values to explain variance in measured values as a function of 448	

formation temperature. This places all samples between 30-50 °C suggesting that the clays 449	

probably formed or equilibrated with the meteoric water during shallow burial. The calculated 450	

temperatures are somewhat lower for the bottom 170 m and top 400 m of the sedimentary 451	

section (Figs. 8b and 9). Alternatively, (2) the difference in the calculated paleo-water 452	



Confidential	manuscript	submitted	to	Geochemistry,	Geophysics,	Geosystems	

	 26 

composition and temperature can be explained by the difference in clay mineralogy and 453	

associated fractionation factors which would yield varying temperature estimates depending on 454	

the used mineral-water equation. We have however shown (section 5.3) that that the 455	

fractionation factors for the three clay minerals are fairly similar, the kaolinite yields lowest 456	

values and any variation in clay mixture would have small effect (Figure 8a). Accordingly, we 457	

opted for the former interpretation. 458	

Currently, the mean annual temperature across the Himalaya decreases with elevation from 459	

25 °C in the foreland ([Ohsawa, 1991], NOAA data for the town of Guwahati, 460	

ftp://dossier.ogp.noaa.gov/GCOS/WMO- Normals/RA-II/IN/42410.TXT), following an 461	

atmospheric lapse rate of 6 °C/km [Naito et al., 2006]. The modern average annual temperature 462	

of the Himalayan foreland is believed to have remained constant since deposition of the Siwalik 463	

sediments, even with the northward drift of India during the last 7 Ma [Quade et al., 2011]. 464	

Temperature of 48 °C could be reached with a burial depth of about 650-1000 m, considering the 465	

geothermal gradient in the foreland basins of the region of 20-30 °C/km ([Biswas et al., 2007] 466	

and references therein). Once formed, clays are resistant at surficial temperatures to subsequent 467	

oxygen isotopic exchange with the environment in the absence of mineralogical reaction [Savin 468	

and Epstein, 1970]. This would suggest that the bulk of the clays were formed or recrystallized 469	

between the surface and depth of up to one kilometre.  470	

The composition of rainwater in New Delhi is δ18O = -5.41‰, δD = -34.06‰ 471	

(IAEA/WMO, 2012). The groundwater in the plains between eastern Bhutan and the 472	

Brahmaputra valley records δ18O = -5.54‰ and δD = -36.38‰ [Verma et al., 2015], and we 473	

estimate the composition of meteoric waters to be δ18O = -4.5 +2.2/-1.2‰, δD = -33.8+16/-8‰ 474	

at the level of the modern foreland basin in eastern Bhutan (~100 m). These isotopic 475	
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compositions are identical within error. We are, therefore, confident that the calculated stable 476	

isotope composition of palaeo-meteoric waters at ~1 km depth is similar to the isotopic 477	

composition of palaeo-waters at the surface of the Siwalik sedimentary basin. Consequently, the 478	

difference between the isotopic composition of meteoric waters reflects the magnitude of change 479	

in environmental parameters. 480	

 481	

5.4. Causes of changes in isotopic composition of foreland meteoric water 482	

In the following section, we discuss the five physical factors that can cause a change in 483	

δ18O values across the geological time-scale: temperature, elevation, latitude, distance from the 484	

shore, and precipitation volume [Dansgaard, 1964]. 485	

First, the global palaeoclimate record based on benthic foraminifera shows an overall 486	

increase in δ18O from the Middle Miocene to the Pliocene [Zachos et al., 2001]. This increase in 487	

δ18O within the oceans corresponds to a period of global cooling and an increase in ice volume. 488	

In addition, the global Pliocene-Pleistocene stack of benthic δ18O data [Lisiecki and Raymo, 489	

2005] suggests the presence of a deep-water temperature signal from 2.7 to 1.6 Ma. The global 490	

decrease in temperature, and related increase in δ18O by ~1‰ since 4-5 Ma (using the data from 491	

Lisiecki and Raymo [2005]) could, therefore, account for part of the ~3.3‰ increase in calculated 492	

palaeo-meteoric water δ18O values calculated in this study. 493	

Second, the isotopic composition of meteoric water changes with elevation [Drever, 1997; 494	

Poage and Chamberlain, 2001; Quade et al., 2011]: both δ18O and δD values decrease with 495	

decreasing elevation. However, the elevation of the Neogene Siwalik sedimentary basin could 496	

not have been higher than the modern foreland basin (i.e. Brahmaputra valley) at ~100 m a.s.l. 497	
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Thus, the foreland basin elevation decrease cannot account for the observed variations in the 498	

isotopic composition of meteoric water. 499	

Third, δ18O and δD values are lower at higher latitudes because of the decreasing 500	

temperature and of the increasing degree of ‘rain-out’ [Drever, 1997]. Latitudinal changes in an 501	

area (e.g., a sedimentary basin) due to the displacement of crustal plates can, therefore, generate 502	

δ18O changes [Drever, 1997]. India has moved northward by ~24° over the past 52 Ma [Huang 503	

et al., 2015], but only by 4.5° over the past 11 Ma. Accordingly, because of the 320 km 504	

northward displacement of India between the time of deposition of the oldest Siwalik sediments 505	

(~7 Ma) to the present, the δ18O value of meteoric water would have decreased on the order of 506	

0.3‰, using the polynomial fit to the global variations in isotopes in precipitation derived by 507	

[Bowen and Wilkinson, 2002] and assuming a constant distance from the ocean shore. 508	

Fourth, we know that the sediments from units 1 and 2 were deposited in marginal marine 509	

river- and wave-influenced deltaic systems, whereas units 3 and 4 correspond to sediments of 510	

alluvial systems [Coutand et al., 2016; Najman et al., 2016], hence the distance to the shore has 511	

progressively increased. The precipitation at the centre of a large land mass or continent. usually 512	

has lower δ18O and δD values, a phenomenon known as the ‘continental effect’ [Dansgaard, 513	

1964; Lachniet, 2009; Rozanski et al., 1993] but we do not observe this effect in calculated δ18O 514	

values of paleo-meteoric water (they should be more positive), while the δD values are 515	

significantly more negative at the base of the section, opposite to what would be expected for 516	

samples located closer to coastal areas. 517	

Finally, at low latitudes and in regions affected by monsoonal precipitation, the isotopic 518	

composition of precipitation may be more dominated by the amount of precipitation rather than 519	

by previously discussed factors [Blisniuk and Stern, 2005]. The fifth factor to consider is thus the 520	
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amount of precipitation and its effect on δ18O values, also known as the ‘rainout effect’ or 521	

‘amount effect’ [Dansgaard, 1964]. The initial liquid phase of rain is enriched in 18O and 2H 522	

compared to subsequent phases of precipitation. Consequently, during rainfall events, the water 523	

becomes progressively depleted in 18O and 2H, leading to more fractionated or lower δ18O values 524	

with higher precipitation levels [Hoefs, 2008]. If all the other four factors were held constant 525	

while precipitation decreased, the δ18O value of meteoric water would increase. According to this 526	

effect, the period of monsoon intensification at approximately 7-8 Ma [Quade et al., 1989] 527	

would have caused a decrease in the δ18O values of meteoric water within regions affected by the 528	

monsoon due to higher precipitation and intense rainout. In contrast, from 2.7 Ma until recent 529	

times, the monsoon weakened due to global cooling, thereby increasing the δ18O values of 530	

meteoric water [Quade et al., 1989]. As the global ice volumes increased, the ISM was affected 531	

by aridification, such that the strength decreased and evaporation from the land increased 532	

[Thomas et al., 2002]. 533	

In addition, passage of a warm, moist air mass over a mountain like the Shillong Plateau 534	

(mean elevation 1600 m a.s.l.), and subsequent high precipitation on its windward, southern 535	

slopes would typically cause depleted rain on its leeward side—the “isotopic rain shadow” of 536	

[Blisniuk and Stern, 2005; Poage and Chamberlain, 2002]. Therefore, before uplift of the 537	

plateau, the meteoric water in Bhutan would have been 18O and 2H enriched compared to recent 538	

meteoric water compositions, keeping other factors constant. 539	

As there are five principal factors that affect the isotopic composition of meteoric water, it 540	

would be difficult to identify a unique cause of the ~3.3‰ increase in the δ18O values of 541	

meteoric water since isotopic equilibration of the Siwalik sediments. However, some factors are 542	

inferred to have less effect (elevation changes) or an opposite effect (latitudinal changes, 543	
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distance from the shore) on the isotopic composition of authigenic clays, which may negate the 544	

δ18O increase. Climate model studies test the response of δ18O precipitation values to various 545	

atmospheric processes (e.g., [Dayem et al., 2010; Roe et al., 2016]. Models of the δ18O values of 546	

meteoric water for New Delhi, taking into account a 14 °C drop in soil temperature, the 547	

northward drift of India by 10°, and a roughly 1‰ increase in the δ18O value of sea-water due to 548	

global cooling and ice sheet formation, show that the δ18O value of meteoric water in New Delhi 549	

would have remained constant over the past 50 Ma [Quade et al., 2011]. Fully coupled 550	

comprehensive climate numerical experiments considering a realistic yet idealised 551	

palaeogeography and landscape, which retain the modern Himalayan topography at the estimated 552	

location of the suture, and set other elevations to zero [Roe et al., 2016], also suggest that 553	

precipitation δ18O values would have been significantly lower than modern values over the 554	

southward displaced Himalayas, while its immediate foreland would see no relative changes in 555	

isotopic composition. In addition, the Himalayan foreland basin elevation has remained constant 556	

at 0 to 100 m. Consequently, the only variable factors since the Late Miocene in eastern Bhutan 557	

are global cooling and the amount of precipitation. 558	

 559	

5.5. Quantifying the amount effect 560	

In this study, we estimate the composition of modern meteoric waters at δ18O = -4.5 +2.2/-561	

1.2‰, at the level of the foreland basin in eastern Bhutan (~100 m), and the mean isotopic 562	

composition of palaeo-meteoric water in equilibrium with clay minerals in the middle section of 563	

the Siwalik sediments at δ18O = -7.8 ± 0.4‰. Part of the observed increase of δ18O values of 564	

meteoric water above the lowest 170 m of the section (i.e. younger than ~7.2-6.7 Ma) can be 565	

explained by global cooling and ice volume changes [Lisiecki and Raymo, 2005] starting at 566	
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approximately the same time. Consequently, to estimate the local climatic change, we subtract the 567	

~1‰ δ18O increase due to global cooling and ice volume increase from the total change in the 568	

isotopic record of ~3.3‰ δ18O to arrive at ~ 2.5‰  Δδ18O. To interpret this observation in terms 569	

of precipitation variations with time, we make the following assumptions: (1) the δ18O values are 570	

a valid proxy for monthly precipitation amounts [Lachniet and Patterson, 2006]; (2) the clay 571	

minerals preserve an integrated stable isotope signal of meteoric water in the catchment area; (3) 572	

the mean isotopic composition of the palaeo-meteoric water at shallow depth was in equilibrium 573	

with the Siwalik clay minerals; (4) the composition of stream waters within the eastern Bhutan 574	

Himalaya is representative of current meteoric waters in the foreland basin; and (5) the elevation 575	

and mean annual surface temperature of the Himalayan foreland basin have remained constant 576	

until the present. We apply the scale analysis by Dayem et al. [2010] to explore whether 577	

different amounts of local annual precipitation or different amplitudes of seasonal cycles 578	

(monsoon strengthening/weakening) can explain the difference between δ18O in the clay record 579	

and modern δ18O values. We use the empirical relationship between the monthly precipitation and 580	

monthly average δ18O in New Delhi to estimate the change in annual precipitation required to 581	

produce the ~2.5‰ δ18O difference. The difference, D, between a past and modern climate state is 582	

given by Dayem et al. [2010], 583	

 (6) 584	

where P0 is the modern monthly precipitation, a=Δδ18O/ΔP is the slope of the best fit line, and f0 585	

and f’ are factors that scale the annual mean and amplitude of seasonal variability, respectively. 586	

For the modern day f0=f’=1. 587	
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To decrease the δ18O values by 2.5‰ (between at 4.5 Ma and the present day), we estimate 588	

that the mean annual precipitation during deposition of the Siwalik sediments must have been 589	

~2.5 times larger than today (at New Delhi). For comparison, a 1‰ decrease in δ18O values due 590	

to global cooling would have caused 1.7 times higher precipitation in the past (Fig. 10, curve a). 591	

For the relative amount of summer to winter precipitation to increase sufficiently to cause a 2.5‰ 592	

or 1‰ decrease in the values, the mean annual precipitation must have been ~1.8 or 1.3 times 593	

larger, respectively, along the Himalayan front in our study area than at present (Fig. 10, curve 594	

b). Finally, changing the amplitude of the seasonal cycle cannot cause a decrease of the δ18O 595	

value by as much as 1‰, given the upper limit of f’ (Fig. 10, curve c). 596	

 597	

 598	



Confidential	manuscript	submitted	to	Geochemistry,	Geophysics,	Geosystems	

	 33 

Figure 10. Calculated annual average precipitation-weighted δ18O values relative to modern 599	

values for New Delhi, D, as a function of (a) mean annual precipitation amount f0 holding f’=1; 600	

(b) f=f0=f’, a case where the mean annual and seasonal amplitude of precipitation vary 601	

proportionally; and (c) the seasonal amplitudes f’ holding f0=1.  For the modern day, f0=f’=1. For 602	

a climate where mean annual precipitation is larger or smaller than present, f0>1 or f0<1. For a 603	

climate with wetter summers and drier winters (stronger monsoon) than present, f’>1, and for a 604	

climate with less seasonal variability (less monsoonal) than present, f’<1. Parameters values in 605	

equation 5, derived from 334 data points covering the period 1960-2012 (IAEA/WMO	2012), are 606	

a=-0.0178 ‰/mm/month, and P0=119.02 mm/month. Grey area indicates the enrichment of 607	

modern waters in  δ18O by 3.3 ± 1.3‰ relative to the palaeometeoric waters. 608	

 609	

5.6. Time of changes in isotopic composition of foreland meteoric water 610	

The comparison of paleo-meteoric and modern meteoric waters suggests an increase in 611	

δ18O by ~3.3 +2.2/-1.3‰ since the deposition of the Siwalik sediments at ~1400 m of the study 612	

section, i.e., since the period between 4.8 and 4.5 Ma. However, because the clay minerals 613	

formed or equilibrated with the meteoric water during burial, their isotopic composition was 614	

acquired when the sediments reached the corresponding depth, not at their stratigraphic age. 615	

According to the calculated sedimentation rates [Coutand et al., 2016], sediments from the base 616	

of the section attained the depth of burial corresponding to 48 °C by 5.5 to 6.0 Ma for 617	

geothermal gradients of 20 and 30 °C/km, respectively (Fig. 11). Similarly, the sediments after 618	

which there is a change in isotopic composition of authigenic clay minerals, have the 619	

stratigraphic age of 4.8-4.5 Ma (cf. Figs 2 and 5) but attained the depth of burial corresponding 620	
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to 48 °C by ~1.2-1.7 Ma for a geothermal gradient of 20 and 30 °C/km, respectively (Fig. 11). 621	

Hereafter, we shall refer to these stages as the “time of isotopic equilibration”. 622	

 623	

Figure 11. Estimate of the time of isotopic equilibration. In blue are the δ18O values of the 624	

clays. Black dots are the age/depth points, which also provide the estimate of sediment 625	

accumulation rate (from Coutand et al., 2016). Dark grey are the estimates of time at which a 626	

stratigraphic point would attain the depth of 670 m (i.e., 48 °C according to the geothermal 627	

gradient of 30 °C). Pale grey are the estimates of time at which a stratigraphic point would attain 628	

the depth of 1000 m (i.e., 48 °C according to the geothermal gradient of 20 °C). 629	

 630	

Because the most significant changes in isotopic composition of clays occur after the 631	

regional monsoon weakening at ~ 2.7 Ma, we propose that this decrease in mean annual 632	

precipitation in eastern Bhutan is due to the topographic uplift of the Shillong Plateau, causing 633	

strong orographic precipitation along its southern flank, and generation of a large rain shadow on 634	

its leeward side. The data from our study thus suggest that the effects of a rain shadow were 635	

established at ~1.2-1.7 Ma. This is consistent with initiation of plateau surface uplift in the 636	
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Pliocene [Biswas et al., 2007; Rosenkranz et al., 2018; Govin et al. 2018], and suggests that the 637	

Shillong Plateau attained sufficient elevation (~1500 m, e.g., [Roe, 2004]) to cause orographic 638	

rainout on its southern slope only after ~1.2-1.7 Ma. The Shillong Plateau is not the only factor 639	

affecting the change in precipitation distribution, as global cooling and consequential weakening 640	

of the monsoon could also account for a portion of the decrease in precipitation and increase in 641	

δ18O values. 642	

 643	

6. Conclusions 644	

We analysed the oxygen and hydrogen isotopic composition of clay minerals found in the 645	

entire stratigraphic column of the Siwalik Group sediments in eastern Bhutan. The stratigraphic 646	

age of the sedimentary column has been constrained to ~7.2 to ~1.2 Ma. The mean δ18O and δD 647	

values of clay mineral assemblages are 12.4 and -85.3, respectively. Taking in account the 648	

mineralogical composition of the clays, we calculated the stable isotope composition of the 649	

palaeo-meteoric water as δ18O= -7.8 ± 0.4‰ and δD =-53.2 ± 3‰, and the equilibration 650	

temperature of ~48 °C. Such a temperature could have been reached at a depth of ~1 km or less. 651	

Furthermore, we constrained the LMWL for the eastern Himalayas in Bhutan, and the 652	

average isotopic composition of modern meteoric water at the elevation of the foreland basin 653	

is δD=7.24 ‰ and δ18O = -0.97 ‰ (R2 = 0.9). The modern δ18O values are 3.3 ‰ more positive 654	

relative to the mean isotopic composition of meteoric water during deposition of the Siwalik 655	

sediments. 656	

δ18O and δD value changes have been interpreted with caution in terms of the amount 657	

effect. The most likely explanation for these more positive δ18O values is a decrease in 658	

precipitation rate in the foreland and foothills of the eastern Himalayas. The most plausible cause 659	
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for this is the orographic effect triggered by the surface uplift of the Shillong Plateau that focused 660	

extremely high amounts of precipitation on it southern slopes. In addition to the Shillong 661	

orographic barrier, global cooling and consequential weakening of the monsoon could also 662	

account for a portion of the decrease in precipitation and increase in the δ18O values of meteoric 663	

water. 664	

Of the three palaeoclimatic stages recorded in the stable isotopes of Siwalik clays, the first 665	

(~7.2-6.7 Ma) may be related to the shift at ~7 Ma towards more seasonal and overall drier 666	

climate in the western and central Himalaya [Vögeli et al., 2017, and references therein], 667	

although this climatic change has not been observed in the eastern Himalaya on the base of 668	

carbon isotopes in organic matter [Vögeli et al., 2017] or palynological assemblages [Coutand et 669	

al., 2016]. The second palaeoclimatic stage, recorded in sediments ~6.7 to ~4.8 Ma old, shows 670	

constant isotopic values and therefore constant palaeoclimatic conditions. The subsequent 671	

increase in δ18O values most plausibly records a decrease in mean precipitation rates associated 672	

with uplift of the Shillong Plateau. Because the isotopic equilibration of clay minerals was 673	

achieved at temperatures corresponding to sedimentary burial down to ~1000 m depths, climatic 674	

changes preserved in sediments younger than ~4.8-4.5 Ma have occurred after ~1.2-1.7 Ma. 675	

Although it surface uplift started after ~4-3 Ma, we suggest that the Shillong Plateau did not 676	

reach the threshold elevation required to produce a significant orographic barrier to Himalayan 677	

moisture until ~1.2 Ma. 678	
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