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Plio-Pleistocene pedogenic changes in
the Siwalik palaeosols: A rock
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Thirty-one pedogenic horizons of the Upper Siwalik
(Plio-Pleistocene) sequence near Haripur, Himachal
Pradesh (HP) in NW Himalaya are studied using
rock magnetic properties to investigate their climatic
and stratigraphic significance. The palaeosols are
characterized by low initial susceptibility (-
mean = 9 x 10~ m’/kg), high coercivity of remanence
(Bycr-mean = 447 mT), and low frequency-dependent
susceptibility (Xig-max = 6%) as a result of predomi-
nance of the canted-antiferromagnetic minerals of
SD-PSD range. Stepwise acquisition of isothermal
remanent magnetization (IRM) to a forward field of
7000 mT and backfield of 1000 mT indicates the
presence of high coercivity minerals (goethite and
hematite). Rock magnetic properties of pedogenic
levels are inferred with reference to parental horizon
of each palaeosol profile. Based on selective satura-
tion levels of induced magnetic field, inorganic and
organic carbon content and Rb/Sr ratios, new pa-
rameters are attempted to infer the relative variation
in pedogenic changes of oxidation, hydroxylation and
humification. These parameters record dynamic
changes in the soil development processes of the
Indo-Gangetic foreland basin, suitable for high-
resolution stratigraphic correlations and reconstruction
of climate change during the Plio-Pleistocene time.

THE Siwalik Group of the Indo-Gangetic Foreland Ba-
sin (IGFB) in Himalaya preserves a long record (~18 to

*For correspondence. (e-mail: sangode @rediffmail.com)
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0.5 Ma) of alluvial fan sedimentation, giving rise to
rapid lateral lithofacies variations. This resulted in a
problem of time-stratigraphic correlation of the exposed
sequences throughout the basin. Scanty occurrence of
datable fauna restricted an ideal biostratigrapic ap-
proach. Whereas magnetostratigraphy has helped only
to a limited extent in solving the stratigraphic prob-
lems', due to less abundance of suitable rock types that
could ideally preserve the records of depositional rema-
nence. The sediments of Siwalik province, although
deposited in high-energy conditions, have developed
thick and multi-storied soil profiles (or palaeosols) that
are untapped yet, to investigate their stratigraphic and
climatic relevance.

Rock magnetism presents a rapid, economic, non-
destructive and quantitative technique that has recently
been applied successfully for climatic and stratigraphic
studies worldwide®”. We report here an independent
rock magnetic approach on pedogenic horizons from a
well-documented section of Upper Siwalik sub-Group
(Plio-Pleistocene) in the IGFB of NW Himalaya (Figure
1), to investigate its climatic and stratigraphic applica-
tions.

The Siwalik Group represents the most continuous
and near complete record of mammalian faunal evolu-
tion in South Asia and is well-known for its hominoid
primate fossils*’. Biostratigraphic records indicate a
remarkably high bio-diversity during the Siwalik era’
and the Plio-Pleistocene transition records a major fau-
nal change related to climate®. Thus it is quite relevant
to study the soil supporting such healthy co-existence of
eco-system and its relation to climate change.

Johnson* described the Siwalik palaeosols as low-
grade oxisols to represent alternate wet and dry seasons,
proposing its vegetative similarity to the alluvial soils
of Ghana, Sudan and Brazil. Using magnetostrati-
graphic ages, Behrensmeyer et al.” a derived 13,000—
23,000 years as the maximum time for soil formation
during Siwaliks. The characteristic ‘ferrugenous-
carbonate’ association of these palaeosols is described
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a, Geographic extent of Indo-Gangetic Foreland Basin (shaded) with major rivers flowing through.

b. Geological map of the study area after Srivastava, ef al.” showing the studied section near Haripur, Nahan
Dist. (HP). MBT, Main Boundary Thrust; HFF, Himalayan Frontal Fault.

as a unique and complex phenomenon, representing dry-
season oxidative phase followed by wet-season carbon-
ate dissolution phase®.

A geological map and biostratigraphic zonation
for the study area is given by Srivastava er al.’ and
Nanda er al.'°. Detailed sedimentologic and paly-
nostratigraphic aspects for the given section are de-
scribed elsewhere'' ™. Sangode er al.'* reconstructed
the chronology for the studied section using magneto-
stratigraphy. A volcanic ash occurrence at Gauss/
Matuyama boundary (2.58 Ma) similar to other well-
dated reports in India and Pakistanls’”, confirms the
magnetic polarity dates of Sangode et al.'*. These stud-
ies brought out a good correlation amongst biostrati-
graphic'®, palynologic’® and lithofacies'' formation
boundaries for the studied section (Figure 2).

Six palaeosol profiles (comprising 31 pedogenic hori-
zons) were selected for the present investigation con-
sidering: (a) the four palaeo-vegetation stages inferred
from distribution of pollen/spore taxa'’; (b) floodplains
magnetic susceptibility'’; (¢) sedimentologic events'',
and (d) a justifiable distribution with respect to Plio-
Pleistocene or Tatrot/Pinjor boundary (marked by vol-
canic tuff occurrence). Individual palaeosol profiles are
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developed on varied parental materials (sandstones/
mudstones of different compositions) and are truncated
at several places due to encroaching channel activity. In
order to enhance the regional scale applicability, we
selected only the second story of each composite/multi-
storied palaeosol profiles, where parental (C-) horizon
of one profile directly overlies the A- or B-horizon of
an earlier soil. The youngest profile (HK1) is limited to
Mid-Pleistocene, since the later part is dominated by
conglomerate facies. Samples were collected by digging
at least two feet in a cleaned profile starting from C-
horizon upwards to every variegated horizon, subse-
quently denoted as B1, B2, B3, etc. following the meth-
ods suggested by Retallack'®.

Samples from each horizon were prepared in standard
non-magnetic pots at the Environmental Magnetic
Laboratory (EML), University of Liverpool, UK. Initial
susceptibility was computed averaging the value of six
specimens each horizon on Bartington’s MS-2 sensor
for low and high frequency (0.465 and 4.65 kHz) ap-
plied fields. Isothermal Remanent Magnetization (IRM)
was imparted at intervals of 20/50/100/200 mT up to
4000 mT and back-field to 1000 mT on Molspin and
Trilec impulse magnetizers and the remanence was

CURRENT SCIENCE, VOL. 81, NO. 4, 25 AUGUST 2001
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Figure 2.
information in the studied section near Haripur, Nahan Dist. (HP).

measured using Molspin rock magnetometer. Since ma-
jority of the samples do not saturate till 4000 mT, a fur-
ther IRM field at the intervals of 1000 mT was imparted
to the maximum available field of 7000 mT, to confirm
the occurrence of goethite.

An Anhysteretic Remanent Magnetization (ARM)?
was induced by a constant biasing field of 0.1 mT
simultaneously, with peak alternating field demagneti-
zation of 100 mT at the decay rate of 0.01 mT per
cycle, using DTECH demagnetizer with the ARM facil-
ity.

The studied magnetic and chemical parameters for the
present investigation are described below.

The initial magnetic susceptibility ()i is a bulk rep-
resentation of ferromagnetic contents (plus paramag-
netic components in weak samples). The j¥j-mean of
9 x 10* m’/kg for the 31 pedogenic levels of the studied
section represents a relatively weak value comparable to
antiferromagnetic assemblage (e.g. hematite: 0-Fe;O5
and goethite: o-FeOOH)?.

The frequency-dependence of magnetic susceptibility
(Yra%) gives a broad estimate of grain-size of magnetic
carriers. Y is well below 6% for the studied samples
(Xra-max = 6%), that indicates a Single Domain (SD) to
Pseudo-Single Domain (PSD) range (0.03 um to
~ 20 um) of the magnetic minerals'®.

The parameter of ARM susceptibility (¥arm) exclu-
sively varies with the quantity of SD grains. In soil-
forming conditions, the SD grains are typical of authi-
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Correlation of lithology, magnetostratigraphy, magnetic susceptibility, sedimentologic events, faunal records and palaeo-vegetation

genic/biogenic that favours restricted/
reducing environments

IRM7T, IRM(3,4)T, IRM(I—O.S)T’ etc. are the stages of
isothermal remanent magnetizations acquired when the
fields referred in the subscript parenthesis are imparted
(IT = 1000 mT). The acquired remanence is calculated
by normalizing the weight of samples and expressed in
the units of 10~ Am?/kg.

SIRM represents the saturation of isothermal rema-
nence (4T in present case), registering the contribution
of ferrimagnetic and antiferromagnetic assemblage of
minerals and the parameter is useful for relative quanti-
fication of both?.

Boc: (remanence coercivity) is the field that reduces
the SIRM to zero and is sensitive to magnetic mineral-
ogy and grain size’. The mean Boc, of 447 mT for the
studied palaeosols indicates a very high coercivity,
characteristic of the antiferromagnetic minerals (goe-
thite and hematite)?".

IRM;o is the parameter derived from 50 mT back-
field IRM and approximates the remanence-carrying
ferrimagnets.

Rb/Sr indicates the variation in chemical weathering
or pedogenic intensity and is derived from the immobile
versus mobile nature of these elements™.

TOC% and CaCO;% are the approximation of total
organic and inorganic carbon contents, respectively de-
rived from the weight loss on combustion at 425 and

925°C in a muffle furnace.

magnetite
20
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A progressive rise in the partial SIRMs at 1, 2, 3
and 4T (mean values of 82, 100, 106 and 117 x
10" Am%/kg, respectively) for the 31 studied pedogenic
horizons infers the presence of high-coercivity anti-
ferromagnetic minerals. The IRM acquisition and its
backfield characteristics (Byc, and IRM,.) infer a
multi-mineral assemblage and a large gradient of pe-
dogenic modification within a profile. Further, detailed
thermo-magnetic characteristics and close-interval IRM
spectra up to 7 T indicate the presence of goethite and
hematite (details to be published elsewhere). Samples
from majority of the profiles do not saturate even in this
field and thus confirm the presence of goethite, which
saturates at ~20 T

The ratio of goethite to hematite has been widely
used by soil scientists to infer cold, humid and warm
climatic phases, as a result of chemical processes con-
trolled by soil Eh—pH, temperature and humidity (see
Kampf and Schwertmann®, Tardy and Roquin®* and
references therein). Moreover, Schwertmann® proposed
40°N latitude as a demarcation line in the northern
hemisphere, to separate soils without hematite (north-
wards) from soils with hematite + goethite (south-
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Figure 3. Contribution to IRM acquisition at different levels of
applied field from 0.5 to 7 T. Note the maximum acquisition
(magnitude) during IRMy_syr and IRM_osyr that has been related to

goethite and hematite, respectively (see text for details). Units:
Magnitude = 10~ Am*/kg and Field = Tesla (1 T = 1000 mT).
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Table 1. Hierarchical cluster analysis of the IRM contributions at
different levels of acquisition remanence
Two Three Four Five Six
Case clusters clusters clusters clusters clusters
(I) IRM (1057 1 1 1 1 1
(I1) IRM; 5_1yr 2 2 2 2 2
(IIT) IRM2.1.5y7 2 2 2 2 3
(IV) IRM .91 2 2 2 3 4
(V) IRM43yr 2 2 3 4 5
(VI) IRMs.41 2 3 4 5 6
(VII) IRM.5)r 2 3 4 5 6
(VIID) IRM7.6y7 2 3 4 5 6

wards). Hydroxylation due to hydrated—dehydrated cy-
cles is quite common in the monsoon-fed tropical soils
at seasonal scale and its intensity varies over millennial
scale. Therefore, its influence can be recorded by de-
ducing the relative abundance of goethite and hematite
in the form of ratio of their quantitative magnetic satu-
ration levels.

We plotted the IRM contributions at different levels
of acquisition, from 0.5 to 7 T (Figure 3). The nature of
peaks shows a notable change from high field (7 T) end
towards the low field (0.5 T) end, depicting the maxi-
mum acquisition during IRM, o5 and IRM, 5y at the
lower and higher ends, respectively. The level HK2C,
conspicuously displays the maximum acquisition during
IRM( o5y, that decreases to IRM( 5y characterizing
saturation IRM of hematite?'. However, another
peak originates at IRM 31 level which vanishes by
IRM7 ¢, suggesting association of hematite and goe-
thite at HK2C. Another notable peak for the level
HK4B2 at IRM, 5)r behaves in a similar manner, char-
acterizing the saturation for goethite®® and relatively
less hematite (see IRM, ¢ 5)1).

Table 1 shows the results of hierarchical cluster
analysis of the data shown in Figure 3, obtained using
‘between-group-linkage’ method®’ for the eight cases of
IRM acquisition plotted in the figure {e.g. Case (I):
IRM(| o5y denotes the IRM acquired by the samples
between the applied field of 1000 mT and 500 mT}. The
classification is made from two to six clusters, over the
eight cases. It is notable that Cases (I) and (II) maintain
a separate group (groups 1 and 2, respectively) through-
out the classification from two clusters to six clusters,
suggesting their acquisition characteristic of one min-
eral. Lowrie”® inferred that hematite acquires about 80%
of SIRM below 1 T of the applied field. Hence, Case
(D), forming a separate group (= 1) throughout the clas-
sification in Table 1, is most characteristic of hematite.
Similarly, Case (V) IRM 3 appears to be the most
representative range for goethite, supporting its maxi-
mum initial IRM acquisition characteristics®">**,
Moreover, with the higher order of classification, Case
(V) forms a cluster nearest to Case (VIII) IRM; ¢, that

CURRENT SCIENCE, VOL. 81, NO. 4, 25 AUGUST 2001
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for details).

again uniquely characterizes the high field saturation of
goethite, supporting the above inferences. There are
some peaks in disagreement with the above contention
{e.g. HK3B5, HK3B4 and HK3B2 levels of IRM; 61;
and HK4B?2 levels of IRM; | 5r}. Although it makes a
small contribution (<5 x 107> Am%/kg), these disagree-
ments are probably the result of (a) the isomorphically
substituted varieties of goethite and hematite**”' and/or
(b) the grain size-dependent response to IRM>"**7°,
Such varieties and the grain size variations are quite
common in tropical-sub-tropical climates*. Further-
more, the large time span of 5 Ma of the present study
makes it obvious to experience a substantial climatic
and source-water-chemistry variation that may give rise
to a variety of isomorphous substitutions and grain size
variations for goethite and hematite. To explain the
aforesaid anomalous IRM peaks at high field, a critical
elemental and microscopic analysis on the magnetic
separates is needed to distinguish the substitution and
grain size. This is beyond the scope of the present at-
tempt.

Briefly, we find that the maximum percentage of IRM
has been acquired at the two levels, IRM, 57 and
IRM, 31, that are characteristic of hematite and goe-
thite respectively. Therefore, we define the indices
G = IRM(, 57 and H = IRM; sy to represent the rela-
tive hydroxylation to dehydroxylation conditions, and
hence the ratio G/H is denoted as the hydration index.
The authigenic magnetite which forms in restricted,
reducing conditions is saturated well below 100 mT and

CURRENT SCIENCE, VOL. 81, NO. 4, 25 AUGUST 2001

displays coercivity less than 50 mT, characterizing a
soft remanence. Thus the IRM,,; parameter has been
deduced by subtraction of 50 mT backfield from the
SIRM. Therefore, a ratio of H/IRM,.; is indicative of
relative oxidative to reductive conditions and is thus
designated here as ‘oxidation index’. Since Yarm repre-
sents the authigenic magnetite that favours the reducing
conditions in soil-forming environmentzo, the ratio
%arm/H has been used here to infer the relative changes
in reductive conditions. The low Byc, values (< 50 mT)
are indicative of low-coercivity minerals (e.g. magnet-
ite—titanomagnetite and maghemite) and the higher val-
ues (> 100 mT) are characteristic of high-coercivity
minerals (goethite and hematite)ﬂ. Therefore, the By,
curve in Figure 4 depicts the relative variation of these
minerals. The organic matter in soils is preserved in
humic conditions, hence a ratio TOC/H has been used to
infer the relative humification (Figure 4).

The carbonates in the studied section occur in sheet-
like (phreatic/groundwater-related) and nodular (pe-
dogenic) forms. In the Pliocene profiles from HK4B1 to
JKAB2, ‘CaCOj5’ shows a positive relation to G/H (hy-
dration index) and TOC/H (humification index), sug-
gesting warm humid conditions (Figure 4). During
JKAB3, the peak in CaCO; corresponds to drop in hy-
dration as well as oxidation index, but increased humi-
fication and reducing (or restricted) conditions. The
JK28III level indicates a conspicuous peak in oxidation
index, with higher Rb/Sr (pedogenesis) and CaCOj; sug-
gesting warmer conditions with greater pedogenic activ-
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ity. The interval HK2B3 shows a remarkable peak in
X;, suggesting restricted/reducing conditions and de-
crease in pedogenesis, indicative of cold conditions dur-
ing Early Pleistocene.

Thus a large gradient of pedogenic changes has been
noticed in the studied section, that appears to be useful
for regional correlation and climatic aspects during
Plio-Pleistocene. The new ratios (indices) of reduction,
hydration, oxidation and humification based on selec-
tive rock magnetic and geochemical properties, need to
be tested in deriving broad climatic inferences for ba-
sin-wide regional application. The present study of the
Siwalik palaeosols suggests that pedogenic magnetic
mineral transformation is governed by the production of
canted antiferromagnetic minerals during Pliocene and
ferrimagnetic minerals during Pleistocene.
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Land cover assessment in Jammu &
Kashmir using phenology as
discriminant — An approach of wide
swath satellite (IRS-WiFS)
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Indian Institute of Remote Sensing, 4, Kalidas Road,
Dehradun 248 001, India

Climatic and seasonal variations guide the change in
the internal features of vegetation and thus the vege-
tation mapping. A correlation between the vegetation
units and the normalized difference vegetation index
(NDVI) is established and the spatial distribution of
phenology and seasonal distribution is deduced for
mapping. High amount of spectral variability con-
tributed by phenological phases made us generate a
large number of clusters to distinguish features. The
study has significance in the light of national devel-
opment needs vis-a-vis advancement expected in the
future indigenous and international remote sensing
missions. The study suggests that multi-date data
consider the variability and enables us to delineate
the land use and land cover pattern of Jammu &
Kashmir. The regional phyto-phenological classified
map provides details on vegetation stratum. They
can be an excellent source of data for understanding
the land dynamic processes and human interventions
in the region. The map derived can delineate finer,
the biogeographical zones.

INDIA encompasses a variety of climate, ranging from
tropical, subtropical, temperate to alpine. There are
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