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Fluviatile sediments comprising a 600-m-thick sequence of the Lower and Middle

Siwaliks in the Karnali area in Nepal exhibit a distinct zonation revealed by magnetic

and geochemical properties. Four magneto-chemical zones (MCZ1–MCZ4), each

about 150 m thick and 400 kyr in duration, provide new insights into Himalayan

tectono-climatic events during the Tortonian (Miocene) stage. They exhibit contra-

sting magnetic susceptibility and isothermal remanence due to differences in mag-

netic mineral types (magnetite, haematite, and goethite) and concentrations. Odd-

numbered zones with higher goethite/(goethite + haematite) ratio, a moisture proxy,

indicate wetter conditions in the source area, while the even-numbered zones, virtu-

ally without goethite, suggest drier conditions. Chemical indices of alteration/

weathering and proxies for hydraulic sorting and mobility derived from the major ele-

ment compositions also reveal contrasts among these zones. The middle of the

MCZ2–MCZ3 zone, with a transitional magneto-chemical signature, is the best candi-

date for the Lower-to-Middle Siwaliks contact, rather than the field-based boundary

placed 18 m up-section at the base of the thick salt-and-pepper sandstone bed. The

transition records an increase in river energy and associated accelerated erosion of

the Himalayan gneiss zone as the source of coarse-grained material. We suggest a

scenario, whereby climate change from drier to wetter (with higher precipitation)

conditions affects erosional processes (i.e., weathering, disaggregation and particle

transport on the hillslope) prevailing in a large catchment and influencing the deposi-

tional modes.
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1 | INTRODUCTION

The “chicken or egg” debate (Molnar & England, 1990) outlined the

complex interactions between climate and tectonics in the Himalaya

and the roles of relief and erosion. The altitude and relief of the

Himalaya form an orogenic barrier to atmospheric circulation (Molnar,

Boos, & Battisti, 2010; Ruddiman & Kutzbach, 1989), whereas climati-

cally driven erosion influences the location of the deformation

between the two moving continental plates (Mugnier et al., 1997).

Any tectonic uplift within an orogen is believed to lead to the steep-

ening of topography and disequilibrated longitudinal river gradients

(Burbank, Beck, & Mulder, 1996; Leland, Reid, Burbank, Finkel, &
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Caffee, 1998). This would force fluvial erosive processes to continu-

ally incise and adjust to a longitudinal equilibrium line, leading to mas-

sive denudation combined with high sediment flux rates. Numerous

isotopic studies of river, delta and Bengal submarine fan sediments

indicate that rivers draining the Himalaya contribute a significantly

larger share of the dissolved and particulate loads than the rivers

draining the Indian shield (Galy & France-Lanord, 2001). The

4-month-long Indian summer monsoon precipitation mainly controls

water discharge and 80–95% of the total sediment supply (Barros,

Joshi, Putkonen, & Burbank, 2000). This explains the strong variation

in seasonal runoff for the large river systems leaving the Himalaya, in

which peak flows transport significantly more sediment than that

inferred from annual mean discharge (Galy, France-Lanord, & Derry,

1996). Despite much data acquisition and simulation, the nature of

these interactions and the relative importance of climatic, tectonic,

and associated uplift and erosional phenomena remain controversial,

partly due to the lack of detailed field-based physico-chemical records

from the fluvial foreland basin, delta plain and submarine fan deposits

in support of plausible interpretations (Clift et al., 2008; Galy &

France-Lanord, 1999; Huyghe, Galy, Mugnier, & France-Lanord, 2001;

Kutzbach, Prell, & Ruddiman, 1993; Larson, Godin, & Price, 2010;

Whipple, 2009).

The Siwalik Group, comprised of fluvial clastic sediments of Mio–

Pliocene age derived mainly from the erosion of the Himalayan

mountain range, is an important archive of physico-chemical records

related to complex interactions among climate, tectonics, and ero-

sional processes. This group is exposed along the Sub-Himalaya,

which represents the former foreland basin at the southern margin of

the 2,500-km-long Himalayan arc (Figure 1). The large-scale geometry

of the foreland reflects the progressive flexure of the Indian crust

induced by the Himalayan thrust motion (Burbank et al., 1996;

Mugnier & Huyghe, 2006), whereas its sediments record both the

southward migration of the Himalayan front (Delcaillau, Hérail, &

Mascle, 1987) and paleoenvironmental/climatic events. The threefold

Upper, Middle, and Lower Siwaliks (LS, MS, and US) classification,

used for informally subdividing the foreland basin sedimentary units

since the work of Medlicott (1864), remains a key for analysing the

sediment cores and describing the geological units (e.g., the data

repositories in Hirschmiller et al., 2014 and Mugnier & Huyghe, 2006).

Significant regional lithological variation and structural/tectonic

complexity and the lack of index fossils within the Siwalik Group in

Nepal pose challenges for mapping and geochronological studies. As a

result, besides the threefold nomenclature (LS, MS, and US) used by

Gansser (1964), Glennie and Ziegler (1964), Itihara, Shibasaki, and

Miyamoto (1972), DMG (1978), and Herail and Mascle (1980),

regional or local lithostratigraphic schemes comprising four- or five-

fold divisions (Corvinus, 1988; Nakayama & Ulak, 1999; Tokuoka,

Takayasu, Yoshida, & Hisatomi, 1986; Upreti, 1999) are used. The first
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F IGURE 1 Schematic map of the Himalayas showing the main structural zones and the location of the Karnali River section including the

Lower Siwaliks (LS) to Middle Siwaliks (MS) transition studied. Stars indicate selected areas of past magnetostratigraphic and related studies by
different research teams, indicated by abbreviated name (section identification): KK (Khutia Khola), KR (Karnali River), SK–AT (Surai Khola–Amilia
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(Siji), HN (Haritalyangar) in India; and PP (Potwar Plateau) in Pakistan. The inset shows the geotectonic zones (Indo-Gangetic Plain, Sub-Himalaya,
and Lesser Himalaya) and belts separated by major discontinuities (MFT: Main Frontal Thrust, MDT: Main Dun Thrust, MBT: Main Boundary
Thrust, and MBhT: Mahabharat Thrust) along line X–X' parallel to the KR traverse. Modified from Gansser (1964) and Gautam and
Fujiwara (2000)
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magnetostratigraphic ages (Munthe et al., 1983; Tokuoka et al., 1986)

and detailed maps (Tokuoka et al., 1986, 1990) revealed that lithologi-

cal units with identical threefold nomenclatures could be of largely

differing ages. This led to the use of local lithostratigraphic schemes, if

available, to tie up a newly obtained magnetostratigraphic chronology.

This paper deals with a local but precise study of the transition

zone containing a regional and syn-orogenic lithologic boundary

between LS and MS within the Karnali River section in Nepal (Figure 1).

Described long ago by Medlicott (1864), the LS–MS boundary accom-

panied by a transitional zone is an important lithological/chronological

marker of Himalaya-wide changes throughout the Sub-Himalaya from

the Potwar Plateau (e.g., Johnson, Opdyke, Johnson, Lindsay, &

Tahirkheli, 1982) to Arunachal (e.g., Chirouze et al., 2012; Coutand

et al., 2016; Lang, Huntington, Burmester, & Housen, 2016). The LS–

MS transitional zone is important due to its affinity to the inferred

timing of establishment of the monsoonal precipitation pattern cur-

rently affecting the southern Himalayan front. This establishment

occurred between ca. 12 Ma (15–10 Ma, when the Tibetan Plateau

attained a threshold elevation sufficient to block the penetration of

moisture from the Indian Ocean and from the south Pacific into west-

ern China and caused a reorganization of atmospheric circulation pat-

tern) and 9–8 Ma (when a shift to a monsoonal circulation system

similar to that of today was already in place) (Dettman et al., 2001; Gar-

zione, Dettman, Quade, DeCelles, & Butler, 2000; Molnar, England, &

Martiod, 1993; Prell & Kutzbach, 1992; Ruddiman & Kutzbach, 1989;

Spicer, 2017; Zhisheng, Kutzbach, Prell, & Porter, 2001). This study

focuses on a 600-m-thick Karnali River subsection in which the LS–MS

boundary displays rock-magnetically significant variation (Gautam,

Hosoi, Regmi, Khadka, & Fujiwara, 2000). To decipher the records of

climate, uplift, and other related phenomena at the transition close to

the LS–MS boundary, it describes new magnetic and chemical evidence

that complements the geological, sedimentological and petrographic

observations (Huyghe, Mugnier, Gajurel, & Delcaillau, 2005; Sigdel &

Sakai, 2013; Sigdel, Sakai, Ulak, Gajurel, & Upreti, 2011).

2 | THE LS–MS BOUNDARY IN THE
KARNALI RIVER SECTION

The Karnali River section in Western Nepal is unique in its continuity

of exposures, lithological diversity, the long age span of the sediment

sequence, and the availability of a diverse set of geoscience data

(Dhital, 2015; Galy & France-Lanord, 2001; Gautam & Fujiwara, 2000;

Huyghe et al., 2001; Huyghe et al., 2005; Mugnier, Delcaillau,

Huyghe, & Leturmy, 1998). It comprises 6,285 m of sediments (LS or

Chisapani Formation, 2,045 m; MS or Baka Formation, 2,740 m; US or

Kuine and Panikhola formations, 1,500 m) within the Southern Belt of

the Sub-Himalaya (Gautam & Fujiwara, 2000; Sigdel et al., 2011)

(Figure 2). Magnetostratigraphic ages from this section helped con-

strain the chronology of newly mapped lithostratigraphic units and

geologic formations, fission-track data, and tectonic and pal-

eoenvironmental/climatic events in the foreland basin as well as in

the Himalayan hinterland (Baral, Lin, & Chamlagain, 2017; Bernet

et al., 2006; Gautam, 2008; Gautam & Fujiwara, 2000; Gautam, Ulak,

Paudayal, Gyawali, & Bhandari, 2012; Huyghe et al., 2005; Najman,

2006; Neupane et al., 2017; Sigdel et al., 2011; Sigdel & Sakai, 2013;

Szulc et al., 2006; van der Beek et al., 2006, 2016).

Two contrasting hypotheses exist for the placement and dating

the LS–MS contact in Nepal. One of them puts the LS–MS contact at

the base of the first prominent thick bed of medium- to coarse-

grained, salt-and-pepper type sandstone (hereafter, spss), leading to

an age of <10 Ma, as proposed for the Karnali River section. This

hypothesis agrees closely with several other studies on sections in

areas of Surai Khola (Appel, Rösler, & Corvinus, 1991; Dhital, Gajurel,

Pathak, Paudel, & Kizaki, 1995), Tinau Khola South (Gautam & Appel,

1994), Amilia-Tui (Rösler, Metzler, & Appel, 1997), and Arung Khola-

Binai Khola (Gautam et al., 2012; Tokuoka et al., 1986, 1990). Another

hypothesis places the LS–MS contact at the first appearance of the

coarse-grained or so-called “multi-storied” sandstone, as applied to

the Khutia Khola, Tinau Khola South and Surai Khola sections (Ojha

et al., 2000; Ojha, Butler, DeCelles, & Quade, 2009), leading to an age

of the contact at around 11 Ma. Due to differences in these hypothe-

ses, there may be significant differences in the position and timing of

the so-called “LS–MS boundary,” even for the same section; for exam-

ple, in the case of Surai Khola, there is an approximately 300 m (equiv-

alent to about 1 myr) difference in the position (age) of the top of LS

in lithostratigraphic columns published by various authors. Even larger

differences in position and age for variously defined but similarly

named informal unit boundaries (LS–MS and MS–US) are possible

among different sections mapped and dated by different author(s).

Caution is needed, therefore, during stratigraphic correlations not to

translate such false age discrepancies for the Siwalik units and their

boundaries to apparent temporal differences in associated Himalaya-

wide tectonic and paleoenvironmental/climatic events.

In the Karnali area, the LS sequence represents a rhythmic alter-

nation of mainly fine-grained quartzose, partly calcareous sandstones,

and commonly variegated mudstones. The MS sequence represents

an alternation of sandstone, generally medium- to coarse-grained,

grey, and mica-rich (with a salt-and-pepper appearance resulting from

a mixture of white muscovite and black biotite flakes) and mudstone

(mostly non-variegated), where the sandstone occurs in higher propor-

tion. The LS–MS boundary, defined after Rösler et al. (1997) and

Mugnier et al. (1998), falls at the 2,015 m level, corresponding to the

base of the first prominently thick (>5 m), medium- to coarse- grained

spss sequence (Gautam & Fujiwara, 2000). Subsection C (Figure 2)

includes the rock-magnetic “middle segment,” with a long-wavelength

low-field volume susceptibility signal, fluctuating between 5 × 10−5

and 2 × 10−4 SI and linked to possible long-term climatic changes in

the Himalayan source region and/or the depositional basin (Gautam

et al., 2000). It includes the sediments of the uppermost LS and the

lowermost MS, which correspond to the Upper Chisapani Formation

and the lower half of the Lower Baka Formation of Sigdel et al. (2011).

Huyghe et al. (2005) described the sedimentary facies association

in the Karnali section. The upper LS consists of alternating medium-

to coarse-grained grey sandstone beds and thinner sequences of fine-

grained muddy sandstone and mudstone beds, where the basal

GAUTAM ET AL. 3



surface of coarser grained sandstone beds is erosional. The facies

association in the lower MS was described to have contrasting fea-

tures: (a) abundance of light-grey, thick and coarse- to very coarse-

grained horizontal and trough cross-stratified sandstone beds con-

taining a lot of muscovite; (b) occurrences of pebbly sandstones and

interbedding of grey-brown to grey-green mudstones; and (c) the pres-

ence of coarse sandstone beds, each ~10 m thick, with non-erosional

planar basal surfaces and bottoms containing multi-decimetric lenses

of laminated clays and paleosols. The LS sediments were deposited by

a meandering system with increasing discharge, while MS sediments

were formed by a sandy braided system. Based on isotope geochemis-

try, the upper part of the LS represents an equilibrate mixture of sedi-

ments originating from the Lesser and High Himalayas, but the MS

reflects mainly the High Himalayan provenance.

Gautam and Fujiwara (2000) assigned the lower 3,560 m of the

Karnali River section a depositional age range of 15.8–6.2 Ma, using the

geomagnetic polarity time scale of Cande and Kent (1995) (CK95). The

present subsection (Figure 2b) and the LS–MS boundary according to

CK95 correspond to about 10.60–9.15 Ma, and 9.6 Ma, respectively.

Renewed magnetostratigraphic correlation of the subsection to the

astronomically tuned Neogene time scale of Lourens, Hilgen, Laskar,

Shackleton, and Wilson (2004) (ATNTS2004) would shift the age span

to 10.71–9.32 Ma, with the lower and upper boundaries becoming 0.11

myr and 0.17 myr older, respectively. To avoid confusion, the age inter-

pretations hereafter follow CK95, with limited references to

ATNTS2004. Lithological changes, the geological nomenclature, and the

sandstone petrography along the subsection are given in Appendix S1.

3 | LABORATORY PROCEDURE AND
METHODS OF ANALYSIS

Thirty-four cores, 2.54 cm in diameter and 2.2 cm long, of relatively

fresh siltstone and fine-grained sandstone, obtained as sister samples

cut from the long independently oriented cores drilled for mag-

netostratigraphic study along the road at the right bank of the Karnali

River (Figure 2), were used for laboratory measurements. Although

the clastic sediments exhibited a wide grain-size range, our analysis

F IGURE 2 (a) Local geologic divisions of the Siwalik Group along the Karnali River (modified from Sigdel & Sakai, 2013). The Lower Siwaliks
(LS) and Middle Siwaliks (MS) in Gautam and Fujiwara (2000) correspond to the Chisapani and Baka formations, respectively. (b) Simplified
geologic route map, with sampling sites/levels, along the road on the right bank of the Karnali River, with the lithostratigraphic column
corresponding to the 1,650–2,250 m section (sector C of Gautam & Fujiwara, 2000). The LS–MS transition lies 18 m downward from the base of
the very thick salt-and-pepper sandstone sequence at C31—the centre of the transitional zone that records the significant changes in magneto-
mineralogical and geochemical parameters
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was restricted to siltstones and fine-grained sandstones to ensure that

the geochemical indices were reasonably free from changes due to

systematic grain-size variation and lithological composition dependent

on the stratigraphic position. Measurements and analyses were

grouped into two types (rock-magnetic and geochemical), described

separately below.

3.1 | Rock-magnetic measurements

Laboratory rock-magnetic measurements, made at the paleomagnetic

laboratory of CEREGE, France, were as follows.

3.1.1 | Magnetic susceptibility

At least one specimen from each sampling level was measured for the

low-field volume magnetic susceptibility (κlf) using the AGICO KLY-3

Kappabridge. For subsequent interpretation, κlf was recalculated to

the mass-specific magnetic susceptibility (χlf) after dividing by the

mass of the specimen.

3.1.2 | Isothermal remanent magnetization (IRM)
acquisition and back-field demagnetization

Every sixth specimen was subjected to IRM acquisition at discrete fields

using a magnetic measurements pulse magnetizer. The discrete fields

were selected considering the contributions from soft, intermediate and

hard-coercivity magnetic minerals (Gautam et al., 2000). The saturation

IRM (SIRM) acquired after each magnetization step was measured by

using the SQUID device. The SIRM achieved at 3 T was subjected to

alternating field (AF) demagnetization (with 5 mT steps between 50 and

100 mT, rarer steps outside this range) to accurately determine the

median destructive field (MDF), defined as the peak AF required to

reduce the IRM moment to half its initial value. Chips and powder speci-

mens from core specimens at several sites were subjected to high-field

IRM acquisition using direct-current (DC) pulse fields of up to 9 T.

To estimate the relative contributions of magnetic minerals with

different coercivities, however, all other specimens were subjected to

IRM acquisition at three steps, 0.3 T, 1.5 T and 3 T. Acquisition and

back-field destructions of remanence were conducted on discrete

chip samples by applying a maximum field of 1 T using the vibrating

sample magnetometer (Micromag). The hysteresis curves were

analysed for saturation magnetization, saturation remanent magneti-

zation, and coercivity of remanence, indicative of the magnetic miner-

alogy and grain-size characteristics.

3.2 | Geochemical analyses

From each sampling site/level, at least one sample used for non-

destructive IRM measurements was subjected to a chemical analysis

for major oxides. Each sample was first powdered in an agate mortar.

Major element concentrations were measured by ICP-AES at “Service

d'Analyse des Roches et des Minéraux” (SARM – CRPG, Nancy-

France) from bulk aliquots of 100 mg, following analytical procedures

developed by Govindaraju and Mevelle (1987). The relative uncer-

tainty for major elemental concentrations was better than 2%.

Major oxide compositions of ancient and modern clastic sedi-

ments have been commonly used to infer the source rocks, prove-

nance and tectonic setting (McLennan, Hemming, McDaniel, &

Hanson, 1993; Nesbitt & Young, 1982; Rahman & Suzuki, 2007). The

aim of the geochemical analyses was to discriminate different seg-

ments of the lithostratigraphic column by the geochemical behaviour

of sediments reflected in the compositional variation in elements,

oxides and their ratios. The sediment behaviour, governed by source

area rock composition related to tectonic setting, transport and con-

comitant grain-size changes, in situ diagenesis, and weathering, was

examined by using limited indices and bi-plots derived from various

combinations of oxides (wt.%) of major elements and their molar

ratios, as briefly described below.

3.2.1 | Loss on ignition

Loss on ignition (LOI) may be used as a proxy of sediment hydration.

In continental detrital environments (e.g., the Ganga Basin sediments),

Lupker, France-Lanord, Galy, Lave, and Kudrass (2013) found it to be

a sensitive tracer of silicate weathering.

3.2.2 | Chemical index of alteration

This index is calculated using the molar proportions of oxides as

follows:

CIA= 100*Al2O3= Al2O3 +CaO*+Na2O+K2Oð Þ,

where CaO* is equal to either to the concentration of CaO (for CaO ≤

Na2O), or of Na2O if the opposite is true, following McLennan et al.

(1993). In this calculation, apatite-bound Ca is assumed to be negligible.

Chemical index of alteration (CIA) values range from 1 to

100, with the value directly reflecting the degree of chemical

weathering that caused the degradation of silicates (particularly feld-

spars) in rocks and sediments and the formation of secondary clay

minerals, resulting in changes in the proportions of major elements

(water-immobile Al relative to Na, K, and Ca) in the material affected

by weathering.

3.2.3 | Chemical index of weathering

Cullers (2000) and Buggle, Glaser, Hambach, Gerasimenko, and Mar-

kovic (2011) proposed the chemical index of weathering (CIW) as a

proxy of alteration independent on the concentrations of Ca and K

GAUTAM ET AL. 5



cations and thus insensitive to bias effects caused by CaO originating

from minerals other than silicates. It is calculated as follows:

CIW=100×Al2O3= Al2O3 +Na2Oð Þ

Like the CIA, CIW values range from 1 to100, where a higher value

indicates more intense weathering of the rocks in the source area.

3.2.4 | Miscellaneous bi-plots reflecting chemical
composition, grain size, and element mobility

To discriminate the different segments of the column, CIA, CIW and sev-

eral other oxide ratios were calculated and plotted against each other in

several diagrams to determine the most “effective” complex of indicators

when considered in combination with the magnetic parameters. Several

bi-plots involving TiO2, Na2O, K2O, Al2O3, SiO2, Fe2O3, ΣBases, and Si-

normalized ratios of Fe and Al were considered as follows.

Al2O3 wt:%ð Þvs: SiO2 wt:%ð Þ

Fe2O3 wt:%ð Þ vs: TiO2 wt:%ð Þ

ΣBases wt:%ð Þvs: TiO2 wt:%ð Þ

ΣFe=Si mol½ �vs: Al=Si mol½ �

K=Si mol½ �vs: Al=Si mol½ �

In a study of loess-palaeosol sequences, Schatz, Scholten, and

Kühn (2014) found the first three plots useful in detecting

pedogenesis-related relative enrichment of Al and Fe. The third plot

helps to determine the loss of bases. Lupker et al. (2011) suggested

the last two relationships to ascertain the role of hydraulic sorting and

the intensity of chemical weathering leading to the loss of mobile ele-

ments. According to Galy and France-Lanord (2001), dissolved Si and

Al represent only ca. 1% and less than 0.1%, respectively, of the par-

ticulate flux in the Himalayan system, and these elements can thus be

treated as immobile, to a first approximation. Chemical weathering

therefore seems to result in the loss of the most mobile elements such

as Na, K, Mg, and Ca at constant Al/Si for steady-state weathering.

4 | DATA ACQUISITION, PROCESSING,
AND PRESENTATION OF RESULTS

4.1 | Geochemistry of sediments

4.1.1 | Chemistry of major oxides

Data on the major oxide composition (wt.%) for the samples analysed

are given in Table A1 (supplementary material). For 34 samples, LOI

(wt.%) ranged from 5.9 to 23.7, with an average of 14.9 ± 4.1. LOI

reflects the variable amounts of carbonate, hydrous phases such as

clay minerals, and organic matter in sediments. LOI tends to increase

due to mineral hydrolysis and neoformations associated with

weathering reactions in the flood environment (Lupker et al., 2013).

However, six samples of Sigdel and Sakai (2013) (their sample C21

corresponding to C2 in this study, and another five samples [C22,

C24, D1, Bk-23, D2] situated between C22 and C52 of this study)

taken from the same or an equivalent newly exposed section yielded

CaO (wt.%) values from 7.1 and 23.1 (Table A1 in Appendix S1), and

modal CO3 (volume %) values from 11.0 to 23.8 (Table 2 in Sigdel &

Sakai, 2013), implying a strong relation to carbonates. A plot of CaO

(wt.%) versus LOI reveals a high positive correlation (R2 = 0.95), indi-

cating that LOI is mainly associated with carbonates (Figure 3).

The major oxide concentrations (wt.%) recalculated on an anhy-

drous basis, the molar ratios of oxides, and various indices related to

chemical alteration and weathering are given in Table A2 (Appendix

S1). These data show the mutual relationships among oxides, ele-

ments, and derived indices.

4.1.2 | Weathering and alteration indices

In the A-CN-K diagram (Figure 4), the CIA computed with CaO* dis-

criminates the LS and MS subsections above and below C31, which

has an intermediate position. The samples plot parallel to the A–CN

axis (i.e., the line connecting Al2O3 with CaO + Na2O), following a

nearly ideal weathering trend.

In Figure 5, two diagrams depict the relationship between the CIA

and CIW. There is a high positive correlation (R2 = 0.95) between CIA

(%) calculated with CaO* and CIW (%) that is independent of Ca and

K. These data (Figure 5a,b) show that the calculated CIA is a valid

proxy for chemical weathering of the source rocks. Uncorrected CaO

only weakly correlates with the CaO-based weathering index (CIA)

F IGURE 3 A bi-plot of loss on ignition (LOI, wt.%) against calcium
oxide (CaO, wt.%) showing a high positive correlation
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(R2 = 0.38), implying that CIA variation may not be strongly influenced

by uncorrected CaO.

Figure 6 shows additional bi-plots of major oxide chemistry (anhy-

drous basis) between the LS and MS subsections. Although the sam-

ples from these subsections show a tendency to plot in areas without

much overlap, the linear regression lines that apply to all data points

show only moderate correlations. The Fe2O3(T) versus TiO2 diagram

(Figure 6b) shows better linear correlation as well as discrimination

power than the sum of bases (wt.%) versus TiO2 (wt.%) diagram

(Figure 6a).

Figure 7 shows the plots depicting the proxies of hydraulic sorting

and the intensity of chemical weathering reflecting the loss of mobile

elements. Al/Si ratio, plotted along the horizontal, is used as a proxy

of mineral sorting effects. It strongly correlates with grain size.

Coarse-grained sediments are enriched in quartz and have thus a low

Al/Si ratio while finer grained surface sediments tend to be enriched

in phyllosilicates and clay minerals that have higher Al/Si ratios. This

scenario resembles the situation in a water column in which the sedi-

ments with a range of Al/Si ratios and hydrodynamic mineral sorting

would result in a binary mixing trend between two end-members

characterized respectively by a low Al/Si (coarse-grained) and a high

Al/Si (fine-grained) ratio (Lupker et al., 2011).

In the ΣFe/Si versus Al/Si plot (Figure 7a), MS samples lie close to

line segment with relatively coarse grain size and poor sorting. The

opposite is true for the LS samples, which are finer and better sorted.

The upper end of the fitted line is directed toward clays

(phyllosilicates), but lower end toward quartz. In the K/Si versus Al/Si

plot, the LS and MS subsections show significant variation in the rela-

tive concentration of the mobile element K. Unlike in several earlier

plots (Figures 4–6), there is a significant overlap in samples from the

two subsections. This may be due to periodic or quasi-periodic varia-

tion in these proxy ratios at relatively low time and thickness scales.

4.2 | Rock-magnetic properties

4.2.1 | Low-field magnetic susceptibility

The magnitude of volume magnetic susceptibility (κlf) depends on the

mineralogy comprising ferro/ferrimagnetic (e.g., magnetite or

maghemite, 2–3 SI; haematite, ≤6 × 10−3 SI; goethite, about

3.5 × 10−3 SI), paramagnetic (mica and amphiboles, 10−4 SI; pyrox-

enes, 0.5–5 × 10−3 SI; tourmaline, 1.69 × 10−3 SI, etc.), and diamag-

netic (e.g., quartz, calcite, feldspars, about −14 × 10−6 SI) minerals,

varying between 10−5 and 10−2 SI owing to complex contributions by

all of them (Gautam & Rösler, 1999). Sediment with abundant

F IGURE 4 Ternary diagram showing the chemical index of
alteration (CIA) computed with CaO* (amount of CaO incorporated in
the silicate fraction) to discriminate the Lower and Middle Siwaliks
subsections above and below sampling level C31

(a) (b)

F IGURE 5 Bi-plots showing strong relationships among the chemical alteration and weathering indices that clearly differentiate the Lower
and Middle Siwaliks subsections. (a) CIA (%) calculated with CaO* versus CIW (%) free from Ca and K. (b) CaO (wt.%) versus CIA (%) plot showing
weak overall correlation, but two distinct LS (Lower Siwaliks) & MS (Middle Siwaliks) subsets
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paramagnetic particles has low κlf, whereas medium-grained spss

yields higher values (≥300 × 10−6 SI). In general, κlf averaged for sedi-

mentary cycles increases stratigraphically upwards in each Siwalik sec-

tion, in line with the coarsening- and thickening-upward trend of the

sandstones and a proportional increase in the contribution of ferri-

magnetic minerals (maghemite and magnetite) in the same direction.

Within each sedimentary cycle that begins with coarser sandstone

and ends up in finer mudstone, κlf decreases upward except for cases

of variegated sediments locally enriched in magnetic minerals. Haema-

tite, mainly of detrital origin, is present in the whole sequence and is

responsible for the stable depositional remanence. Pigmentary haema-

tite (common in variegated sediments), maghemite and magnetite (occur-

ring in sandstones from the upper parts), and goethite formed partly due

to weathering-related processes in the present day environment carry

secondary remanences (Gautam & Fujiwara, 2000; Schwertmann, 1988;

Taylor & Schwertmann, 1974). The subsection studied includes an

anomalous susceptibility variation that coincides with the LS–MS

transition (Gautam et al., 2000). A new set of samples was used to

reconstruct this variation in susceptibility expressed in mass-specific

units.

4.2.2 | Isothermal and back-field remanences

IRM acquisition experiments employing DC pulses of up to 2.5 T on

the siltstones and sandstones indicated the presence of a substantial

amount of a hard-coercivity goethite (partial loss of remanence upon

heating up to 150�C), in addition to moderate-coercivity haematite

and magnetite/maghemite of soft but varying coercivity range.

Because of the typical range of the unblocking/demagnetization tem-

perature and/or the IRM acquisition field range of each of these min-

erals, several different ratios of rock-magnetic and remanence

F IGURE 6 Bi-plots showing mutual variation in major oxide chemistry (anhydrous basis) between the LS and MS subsections. (a) Sum of
bases (wt.%) versus TiO2 (wt.%). (b) Fe2O3(T) versus TiO2

(a) (b)

F IGURE 7 Bi-plots showing the
variation in ΣFe/Si versus Al/Si molar ratios
as a proxy for (a) hydraulic sorting, and
(b) K/Si versus Al/Si molar ratios as a proxy
of the intensity of chemical weathering
leading to loss of mobile elements
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parameters could be used to estimate the relative remanence contri-

bution and trace the variation in each mineral along the stratigraphic

column.

A complete IRM component analysis, for a representative sam-

ple, following Kruiver, Dekkers, and Heslop (2001) revealed four

components with MDFs 48 mT, 178 mT, 603 mT, and 5.3 T

(Figure 8a,b). These MDFs were attributed to magnetite-like,

maghemite-like, haematite and goethite phases, respectively. In the

high-field IRM acquisition curves for three chip samples subjected

to discrete fields up to 9 T, the steep slope portion corresponding

to IRM acquired at fields above 1.5 T represents the contribution of

a hard-coercivity mineral corresponding to goethite (Figure 9a).

Whereas samples C14 and C42 attain saturation by 6 T, C24 shows

no tendency to saturate even at 9 T, and this is consistent with the

MDF of about 5.3 T (Component 4 in Figure 8). Rochette et al.

(2005) noted that goethite may exhibit extreme remanence coerciv-

ities, and the remanence acquired at 3 T may be only 2–10% of the

57 T remanence of pure goethite. Goethite in our samples, however,

was found to attain reasonable saturation by fields of 9 T. Three

curves obtained by the back-field demagnetization of “saturation

magnetization” acquired at 1 T, as a part of hysteresis measure-

ments, yielded the coercivity of remanence range (0.32–0.38 T) sug-

gestive of a highly variable contribution of hard (high-coercivity)

minerals (Figure 9b).

4.2.3 | Vertical profiles of IRM components and
paleoenvironmental proxies

IRM components reflecting relative contributions of the minerals with

varying coercivities were calculated as follows (Gautam et al., 2000;

Rösler & Appel, 1998):

Soft: IRM(0.3 T)/IRM(3 T).

Intermediate: [IRM(1.5 T) − IRM(0.3 T)]/IRM(3 T).

Hard: [IRM(3 T) − IRM(1.5 T)]/IRM(3 T).

IRM magnitudes were used to calculate contributions of goethite,

haematite, and a paleoenvironmental proxy for relative goethite con-

tent, in agreement with studies on terrestrial sediments of the Siwaliks

in India (Sangode & Bloemendal, 2004) and Bengal fan deposits

(Abrajevitch, van der Voo, & Rea, 2009), as follows:

Goethite estimate: Gth* = [IRM(3 T) − IRM(1.5 T)]/SIRM(goethite).

Haematite estimate: Hmt = [IRM(1.5 T) − IRM(0.3 T)]/SIRM

(haematite).

Relative goethite content: (Gth*/(Gth* + Hmt).

In these expressions, SIRMs for goethite and haematite are taken

as 2.0 kA/m and 2.5 kA/m, respectively, ignoring the effects of possible

grain size and admixtures (Dunlop & Özdemir, 1997, p. 51). The Gth*

contribution is often an underestimate due to the lack of saturation of

the goethite-based IRM by 3 T. In such a case, the Gth*/(Gth* + Hmt)

ratio may be underestimated, but the general trend of variation along

the section will be preserved (Abrajevitch et al., 2009). Similarly, the

ratio of IRM(0.3 T)/SIRM(magnetite), with the SIRM of 480 kA/m for

pure magnetite, may be a minimum estimate for the “effective magne-

tite” concentration. “Effective magnetite” includes maghemite (SIRM:

380 kA/m) and titanomagnetite or even greigite (each with a maximum

SIRM of 125 kA/m) (Dunlop & Özdemir, 1997, p. 51), all of which

exhibit soft coercivities.

Selected magnetic parameters (mass-specific magnetic suscepti-

bility (χlf); IRM(3 T) to χlf ratio; IRM components; estimates of haema-

tite, goethite, and the goethite to “combined hematite and goethite”

ratio for samples along the section are compiled in Table A3 (Appen-

dix S1) and shown in Figure 10.

(a)

(b)

F IGURE 8 Example of magneto-mineralogy inferred from the
isothermal remanence acquisition (IRM) curve of a typical chip sample
(C24). (a) Total IRM curve and its log-normal decomposition into four
components saturating at increasingly high fields. (b) Gradient curves
corresponding to components of varying coercivities (soft,
intermediate, hard and very hard) with well-defined median
destructive field (MDF: 48 mT to 5.3 T) and dispersion (half-widths)
parameters. These components with increasing coercivities were
inferred to correspond to magnetite-like, maghemite-like, haematite,
and goethite phases
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4.3 | Integrated vertical profiles and
magneto-chemical zonation

Logs of various geochemical and rock-magnetic parameters are

integrated into vertical profiles in Figure 10. The left side has three

representative parameters: (a) χlf, which was found to correlate well

with K/Si, Al/Si and ΣFe/Si (R2 of 0.54, 0.59 and 0.74, respec-

tively); (b) CIA, which broadly separates the section into two parts;

and (c) LOI, which exhibits quasi-periodic oscillations of smaller

wavelength due to variable amounts of carbonates, hydrous phases

F IGURE 9 High-field (up to 9 T) IRM acquisition (a) and back-field demagnetization of “saturation remanence” acquired at 1 Tesla (b) for
three samples representative of the whole subsection. In (a), the steep slope portion generally above 2–3 T represents the contribution of a very
hard-coercivity mineral (goethite). The coercivity of remanence range (0.32–0.38 T) derived from the back-field curves (b) suggests a highly
variable contribution of hard (high-coercivity) minerals

F IGURE 10 Schematic lithological column (with sample levels and magnetostratigraphic ages) and logs of various parameters: magnetic

susceptibility (χlf), chemical index of alteration (CIA), loss on ignition (LOI), and magneto-mineralogical indicators (IRM3 T/χlf, %IRM contribution,
Gth*/Gth* + Hmt ratio). Four magneto-chemical zones (MCZ1 to MCZ4) are discriminated. The LS–MS transition is placed at the MCZ2–MCZ3
boundary, which is the most contrasting level constrained by multiple parameters at ca. 1,997 m height (9.66 Ma according to CK95 time scale)
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associated with weathering reactions, and organic matter. The right

side has three rock-magnetic parameters used as indicators/proxies

for magnetic mineralogy and paleoenvironment/climate/precipitation

regimes.

In Figure 10, the 1,997 m level (sample C31) clearly separates the

whole section into two parts with contrasting average values. It lies in

the middle of the moderately inclined step of all parameters and is the

most significant transition. CIA exhibits a notable but gradual decrease

in the degree of chemical alteration of rocks in the source area across

this level. The lower half was inferred to reflect a longer near-surface

exposure and slower erosion followed by transport, whereas the

opposite (shorter exposure at the surface and rapid erosion) applies to

the upper half.

The LOI (wt.%) curve exhibits oscillations that mainly reflect car-

bonate content in several layers of marly sediments. The total IRM to

χlf ratio varies markedly along the section because of the fluctuations

in concentration of different types of magnetic minerals, each with a

characteristic IRM component (Figure 8) and grain-size range. Profiles

of magnetic and geochemical parameters (described in Section 4.1 and

plotted in Figure 10) reveal three additional levels at 1683.4 m,

1831.4 m, and 2,142.4 m that exhibit intermediate values within the

descending or ascending segments. Thus, three relatively complete inter-

vals measuring 148 m, 165.3 m, and 145.7 m, respectively, and one

incomplete interval of 101.2 m, bounded by these levels from bottom to

top, constitute separate magneto-chemical zones (MCZ1 to MCZ4).

As mentioned in Section 2, the ages of major boundaries were

determined using two timescales (CK95 and ATNTS2004), but for

clarity, Figure 10 shows only CK95 ages for well-constrained chron

boundaries (left) and MCZ contacts (right). The LS–MS transition cor-

responds to 9.66 Ma (CK95) or 9.82 Ma (ATNTS2004), the difference

arising from age discrepancies in the reversal boundaries of several

polarity chrons between C5n2n and C4An in the two timescales, and

the presence of short reverse polarity subchrons or cryptochrons

(C5n.2n-1, C5n.2n-2, C5n2n-3) in CK95 but not in ATNTS2004.

5 | INTERPRETATION AND DISCUSSION

With significant contrasts in geochemical parameters (e.g., CIA) and

magnetic susceptibility, MCZ2–MCZ3 is the most distinctive transi-

tion, roughly subdividing the whole subsection into two parts

(Figure 10, left). The transitional boundaries from MCZ1 to MCZ2 and

MCZ3 to MCZ4 differentiate the subsection by the magnitudes of

several other parameters (Figures 6, 7, 10).

The “effective magnetite” content, proportional to the soft IRM,

within MCZ1 and MCZ3 is almost twice that for MCZ2 and MCZ4. It

determines the share of total IRM3T/χlf and its fluctuations (Figure 10,

middle and right parts). The haematite content, proportional to hard

IRM, shows identical behaviour. The goethite content is about 2.5

times higher than the haematite content in odd zones but negligible in

even zones (MCZ2 and MCZ4). As a result, the combined haematite

and goethite content largely differs among the odd- and even-

numbered zones. The elevated concentrations of intermediate and

hard-coercivity minerals in odd zones enhance the saturation IRM.

Our interpretation is that the odd zones enriched in goethite rela-

tive to the total “goethite and hematite” point to a source with wetter

and cooler paleoenvironments characterized by higher precipitation,

but the even zones imply a drier and warmer source with lower pre-

cipitation (Abrajevitch et al., 2009; Kampf & Schwertmann, 1983;

Maxbauer, Feinberg, & Fox, 2016; Sangode & Bloemendal, 2004).

Thus, the MCZ1–MCZ4 sequence represents two consecutive cycles

of sediment source environments. Differences in the relative contri-

butions of magnetite-like and goethite phases lead to a distinct zona-

tion. Each of the three complete MCZs is 153 m thick on average and

0.45 myr (after CK95) in duration, indicative of an average sediment

accumulation rate (SAR) of 34.2 cm/kyr. The duration of each zone

(ca. 400 kyr) coincides with the Earth's eccentricity cycle inferred also

in Miocene sediments with similar sources and settings (Abrajevitch

et al., 2009; Tiwari, 1987), but the short duration of the present sub-

section and lack of supporting data on climate proxies prevent us from

further verification of this inference.

The MCZ2 to MCZ3 transition centred at the 1,997 m level marks

a significant decrease in the degree of chemical alteration or

weathering in the source area (Figures 4, 5, 10), and a climatic shift

from drier and warmer to wetter and cooler conditions associated

with enhanced monsoon precipitation (Figure 10). The vertical separa-

tion between the transitional contact and the field LS–MS boundary is

18 m, which may be considered as the maximum half-width of the

transition zone (Figures 2, 10). Another minimum estimate for the

thickness of the transition zone is 17.2 m, derived from the separation

of C30 and C32 displaying contrasting susceptibility (κlf) values

(Gautam et al., 2000). With a SAR of 34.2 cm/kyr mentioned above,

this 17.2 to 36 m (full-width) range for the estimated thickness of the

transition zone corresponds to 59–123 kyr. We infer this time span to

be the possible parameter-dependent estimate of lag time between

uplift (surface exposure of the gneisses in the source area) and deposi-

tion of coarse clastic sediments to full extent in the basin following a

series of intermediate processes (enhanced precipitation, erosion, and

transportation to the foreland).

6 | CONCLUSIONS

Integrated rock-magnetic and geochemical investigations of the LS–

MS transition zone in the Karnali River section led to the following

conclusions.

1. The LS–MS transition exhibits a distinct magneto-chemical sig-

nature recorded by four magneto-chemical zones (MCZ1–4),

each about 400 kyr in duration. In contrast to the even zones,

the odd zones are enriched in antiferromagnetic minerals (hae-

matite and goethite), with a higher share of goethite implying

wetter, cooler conditions with stronger precipitation in the

source area.
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2. The MCZ2–MCZ3 contact, situated 18 m below the field LS–MS

boundary, is a prominent physico-chemical marker of the climate

shift (drier and warmer to wetter and cooler conditions) and

change from intense chemical alteration/weathering to physical

erosion in the hinterland causally linked to climatic forcing.

3. The LS–MS transition zone, characterized by intermediate values

of physico-chemical parameters, is several tens of meters thick and

occupies a minimum duration of 59 kyr. It precedes the field LS–

MS boundary placed at the base of thick spss.

Demarcation and dating of the zonation pattern and major transi-

tions in other well-dated sections based on similar physico-chemical

signals will help in refining geological maps, more precisely correlating

the Siwalik units, and constraining the expected diachronism of major

lithologic boundaries due to basin response to climatic forcing, the

strength of the east–west climatic gradient and the catchment size.

The integrated field- and laboratory-based data will contribute to a

better understanding of the interactions among monsoon precipitation

and the tectonic/structural evolution of the Himalayan range with ref-

erence to erosional processes.
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