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marine Subathu Formation, explored from the Neelkanth and Dogadda sections of Northwestern Himalaya
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Keywords:

Hiﬁ;aya (India) were determined to infer the palaeo-environmental condition during the late Paleocene and middle

Subathu formation Eocene. 8'3C values show variation of ~5.0%o with maximum excursion (— 27.34%o) in calcareous sandstone at

PETM the basal part and minimum (—22%o) in red shale towards the terminal end. Total REE concentration varies (due

213(3 X to lithology) from 27.23 ppm to 564.35 ppm with an average of 187.60 ppm. The chondrite and PAAS nor-
€ anomaly

malized patterns exhibit positive Ce anomaly (0.95-4.45), enriched LREE, and depleted HREE, medium Y/Ho
ratio (~30-45) along with positive correlation between Y/Dy and Y/Ho ratio. In addition, calcite veins present
in some shale samples indicate redox sensitive trace elements. The overall REE abundance and distribution
suggests highly oxygenated environment under the shallow marine regressive phase of deposition. The de-
positional setting, biostratigraphical constrained age along with §'C values and lower TOC suggested an intense

warm period, that might be coeval with the Paleocene-Eocene Thermal Maxima event (PETM).

1. Introduction

It is believed that the Paleocene-Middle Eocene shallow marine
Subathu Formation of the Northwestern Himalaya was accumulated in
a foreland basin that formed after the collision of the India-Asia plate
and eventual withdrawal of the Neo-Tethys Sea that occupied the area
between these two plates (Batra, 1989; Najman and Garzanti, 2000;
Najman et al., 2004; Kumar and Loyal, 2006). It is a valuable archive of
collision episodes providing records of the onset of continental sedi-
mentation as a consequence of initial contact with lots of information
regarding past geologic and paleo-environmental histories. The Paleo-
gene shallow marine Subathu Formation forms an angular un-
conformity with the underlying Precambrian basement rocks and it may
act as an important archive to understand the well-known event of
intense global warming, i.e., Paleocene-Eocene Thermal Maxima
(PETM).

There are several stratigraphically correlatable sedimentary se-
quences distributed along the northwestern and central regions of India
formed around the Paleocene-Eocene transitory Epoch (Fig. 1) and the
present study area is also one of them. The PETM refers to an important
climatic event that lasted for ~170,000 years during the transitory
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phase of the Paleocene and Eocene (at 55.8 Ma) (Katz et al., 1999;
Zachos et al., 2001). It was a critical time in history of the earth,
characterized by changes in climate, ocean circulation and evolutionary
turnovers and extinctions of marine and terrestrial biota (Crouch et al.,
2003). During this event the overall average global temperature in-
creased by ~6°C, and ~5 °C of it increased in less than 10,000 years
(Koch et al., 1995; Zachos et al., 2006, 2008). The global negative
Carbon Isotope Excursion (CIE) and a widespread dissolution of sea-
floor carbonate sediments were the characteristic features of the PETM
event that is supposed to be caused by a rapid release of a large mass
(above 2000 Gt C) of '?C-enriched and isotopically depleted carbon
(Koch et al., 1995; Dickens et al., 2001; Crouch et al., 2003; Smith et al.,
2006). The hypotheses for the source(s) and mechanism(s) of such a
huge amount of carbon release still remain controversial. However, it is
believed that thermal dissociation of marine methane hydrates, wide-
spread oxidation of organic carbon, igneous intrusion into organic-rich
sediments, and bolide impact are some of the possible reasons (Bowen
et al., 2015). Worldwide studies provide enough evidences of con-
temporary global temperature rise and it will continue for next several
decades (Dickens et al., 2001; Zachos et al., 2008; Bowen et al., 2015).
In this situation, understanding of the Paleocene-Eocene global
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Fig. 1. Dispersion of Paleogene sediments of NW Himalaya, India along with Paleogeographic locations (red circles) of documented PETM sections (modified after
Bhatia and Bhargava, 2006 and Samanta et al., 2013) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).

warming will be useful in interpreting the future global warming.
There are several evidences of PETM event in the present study area
(Siva Siddaiah, 2008; Siva Siddaiah and Kumar, 2007; Acharyya, 2007)
for example, the shale-dominated Subathu Formation comprised of
impersistent coal horizons. The occurrence of the oldest volcanic ash
horizon and berthierine-rich ooidal ironstone, however, are some of the
important evidences of intense warming that happened during the Pa-
leocene- Eocene (Siva Siddaiah, 2008; Siva Siddaiah and Kumar, 2007;
Acharyya, 2007). The berthierine-rich ooidal ironstone discovered
within the carbonaceous-shale in lower part of the Subathu Formation
(Late Palaeocene-Middle Eocene) indicates a temperature of

~130-160°C of buried diagenesis of the Dogadda ironstone (Siva
Siddaiah, 2008). Base of the Paleogene sequences (late Paleocene) in
Jammu area of the NW Himalaya is marked by presence of bauxite
deposits (Oxisol) formed in an oxygenated environment (Singh et al.,
2009). It is also an indication of warmer condition. Similarly, the coal
bearing and stratigraphically equivalent to the east Khasi hill succes-
sions of the NE Himalaya portray a PETM connection (Tewari et al.,
2010; Srivastava and Prasad, 2015). Additionally, an evidence of vol-
canic event coeval with the PETM is also found in Kanthan and Kalakot
area of the Jammu region (Shukla and Sharma, 2017, 2018; Siva
Siddaiah and Shukla, 2012). Bhatia and Bhargava (2006) studied
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Fig. 2. Generalized Lithology of the study area with sample label and corresponding §'3C values (modified after Siva Siddaiah, 2008).

biochronological continuity from the marine Subathu through Passage
Beds (Late Lutetian to Middle Bartonian) to Dagshai and other
equivalent Formations (Late Bartonian to Rupelian) of the Himalayan
Foreland Basin.

The present study has been carried out to evaluate the Subathu
Formation, explored at the Neelkanth (Lat/Long- 30°, 05/, 01”; 78°, 21’,
54”; Fig. 1) and Dogadda sections (Lat/Long- 29°, 48’, 20”; 78°, 35/,
49”) with respect to their geochemical characteristics, particularly, the
stable carbon isotope (8'3C) and Rare-Earth Elements (REE) analyses.
The REE’s are successfully used by several workers to infer conditions of
depositional environment (Piper and Bau, 2013; Song et al., 2014). The
major objective of this study is to explore evidences of the Paleocene-
Eocene warming event (PETM) using tropical hilly sediments as an
archive and retrieve information through 8'3C and REE abundances.

2. Geological setting

The Subathu Formation (also known as Kakara-Subathu succession)
occurs in foothills of the NW Himalaya (Fig. 2). They were formed
during the Late Paleocene-Middle Eocene and have abundant and ex-
cellently preserved fauna fossils (Singh, 1980; Batra, 1989; Najman
et al., 1997; Bajpai and Gingerich, 1998; Kumar and Kad, 2002). This
formation is largely of shallow marine characteristics. However, con-
ditions become continental towards the terminal end of the succession.
It is underlain by the Kakara Formation of the Paleocene (Srikantia and
Bhargava, 1967; Juyal and Mathur, 1990) comprised of limestone and
calcareous sandstone. It is overlain by the terrestrial (or fluvial) sedi-
ments having an erosional contact with the Dagshai (ca. 31 = 1.6 Ma)
and Kasauli Formations of the Oligocene-Miocene (Najman et al., 1997;
Najman and Garzanti, 2000; Najman et al., 2004; Bhatia and Bhargava,
2006; Bera et al., 2008, 2010). An unconformity of more than 10 Ma

exists between the Subathu and the overlying Dagshai Formations
(Najman et al., 2001, 2004; Bera et al., 2008).

The basement rock is the Precambrian Tal quartzite lying below the
Kakara Formation. Thickness of the Subathu Formation (Kakara-
Subathu succession) is about 250 m. It mainly consists of limestone,
calcareous-sandstone, carbonaceous-shale with coal units and grey,
green and red shales respectively occur from base to top (Fig. 2). Some
channels of calcite veins (generally formed from shells of dead marine
organisms) were found within the carbonaceous and grey shales
(Fig. 3a and b), and they contain a little fraction of trace elements (e.g.
Ti, Fe, Cu etc). The above mentioned individual litho-units can be
grouped into three broad units i.e., black-grey unit at the bottom, grey-
green unit in the middle part, and red-shale unit at the top of the
Formation. The grey-green unit of the Subathu Formation is richly
fossiliferous (Gastropoda, Ostracoda, Crocodilia, Pisces etc.). Its lime-
stone unit yields oyster coquinites, a definite indicator of brackish
water conditions that changed into fresh water conditions during the
terminal deposition, i.e., the red-shale unit (Mathur, 1978; Juyal and
Mathur, 1990; Mathur and Juyal, 2000). The red-shale unit at the top of
the Subathu sediments, also referred as ‘transitional or passage bed’ is
overlain by a marker horizon of orthoquartzitic sandstone between the
Subathu and Dagshai Formations. The red-bed of upper Subathu For-
mation portrays a transitional environment from a marine set up to
brackish, and subsequently to fluvial conditions (Kumar and Sahni,
1985; Bera et al., 2008). Interestingly, the stratigraphic position and
characteristic properties of the Subathu Formation forms an ideal field
laboratory to understand regional as well as global surface processes
and the associated paleo-environmental implications.
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3. Methods and materials

The total 30 representative samples of Subathu Formation were
collected from outcrops located at the Neelkanth (NK) and Dogadda
(DG) sections (Fig. 3c) of Northwestern Himalaya (India). The stable
carbon isotope (8'3C) analyses and total organic carbon (TOC) values
were carried out on 25 samples following the method of Agrawal et al.
(2017) at the Birbal Sahni Institute of Palaeosciences (BSIP), Lucknow.
REE concentrations on 22 samples of the NK section were measured
using an Inductively Coupled Plasma-Mass Spectrometry (Agilent 7700
series) hosted at BSIP. In order to measure REE, 100 mg of powdered
sample was digested using a mixture of HF, HNO5; and HClIO, following
the method described by Xiong et al. (2012). Reference standards
[USGS (SGR1b and Scol)] were used during the analysis. The precision
was better than 5%. PAAS (McLennan, 2001) and average chondrite
(Schmidt et al., 1963) values were used to normalize the REE pattern.
Ce anomalies are traditionally calculated by comparing the normalized
concentration of Ce ([Ce] ,,) with its neighboring elements:

Ce anomaly = [2*Ce,]/ [La,+ Pr,]

Scanning Electron Microscopy (SEM) equipped with Energy-dis-
persive X-ray spectroscopy (Figs. 4 and 5) were used for determination

N 9 | "~
100pm JEOL /
15.0kV LEI SEM WD 15.7mm 10:52:23

Fig. 4. Secondary electron (SE) images of the calcite veins.
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Fig. 5. Elemental distribution in calcite veins (EDX data, sample no.NK-10c).

Table 1
List of samples with their §'3C and TOC values.
S.N Sample No. 813C (per mill) TOGC (%)
(Top to Bottom)
1 NK3 —22.60 0.05
2 NK7 —-235 0.02
3 NK20 —-22.0 0.03
4 NK2 —26.10 0.07
5 NK1 —25.43 0.10
6 NK4 —25.59 0.73
7 NK6 —23.4 0.02
8 NK8 —24.08 0.27
9 NK10 —25.84 0.23
10 NK11 —26.03 0.14
11 NK12 —26.45 0.11
12 NK14 —25.21 0.16
13 NK15 —24.44 0.10
14 NK18 —25.12 0.14
15 NK19 —24.54 0.15
16 NK21 —25.91 0.09
17 NK5 —27.05 0.04
18 DG4 -27.11 0.15
19 DG10 —-27.34 0.04
20 DG5 —-26.79 0.43
21 DG3 —26.97 0.80
22 DG6 —24.96 2.39
23 NK9 —24.95 0.01
24 NK13 —25.33 0.17
25 NK17 —25.69 0.18

NK-Neelkanth (Lat/Long- 30°, 05/, 01”7 ; 78°, 21/, 54”).
DG-Dogadda (Lat/Long- 29°, 48’, 20” ; 78°, 35/, 49”).

of trace elements (e.g. Ti, Fe, Cu etc) present in calcite veins, at BSIP.

4. Results

8'3C and total organic carbon (TOC) values are presented in Table 1.
8'3C values range from —22.0%o to —27.34%o and show about 5.3%o
variation. Five out of 25 samples (NK-5, DG-4, DG-10, DG-5, and DG-3
respectively from top to bottom; Fig. 2) show the carbon excursion
values of about -27%o. Samples seats above and below this set of
samples, have values of 8'°C are between -25%o to -22.0%o. Samples
NK-5, DG-4 and DG-10 are calcareous sandstone occupying the same
stratigraphy, while samples DG-5 and DG-3 are carbonaceous shale and
ooidal iron stone. TOC content in these five samples are low (< 0.80%),
indicating highly oxidised depositional environment.

REE concentrations and related elemental ratios are listed in
Table 2. The total REE abundance ranges from 27.23ppm to
564.35 ppm with an average of 187.60 ppm. The ‘Ce’ concentration is
quite high in all the samples as compare to other REE concentrations,
with an average value of ~93 ppm. A few samples (e.g., NK-6, NK-20)
contain > 250 ppm of ‘Ce’. In most of the samples, the REE values
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(including Ce) are relatively close to values of the PAAS as compares to
UCC. The much higher Ce concentration in samples NK-6 and NK-20,
point towards maximum regression, occurred during their deposition.
The chondrite and PAAS-normalized REE patterns of the samples are
characterized by positive Ce anomaly. They are enriched in light rare-
earth elements (LREE) and depleted in heavy rare-earth elements
(HREE) with negative Eu anomaly (Figs. 6a, b and 7 ), subsequently
indicating a felsic source as higher LREE/HREE ratios and negative Eu
anomalies are generally found in felsic rocks. The Chondrite normalised
diagram of grey-shale (NK-6) suits best with red-shale (NK-20; Fig. 6¢),
which indicates the same source of origin and depositional environ-
ment. Similarly the pattern of calcite veins (NK-12) perfectly matches
with limestone (NK-22) proving its derivation from them (Fig. 6d). The
overall ‘Ce’ anomaly (NK-1 to NK-21) ranges from 1.0 to 1.5, except one
(NK-22) with anomaly of 4.45 value of ‘Ce’ anomaly (Fig. 8). Yttrium
(Y) is often included with lanthanides due to having similar chemical
properties to Holmium (Ho) (Tostevin et al., 2016a). The seawater
generally displays high Y/Ho ratios (44-74), while the terrigenous
materials and volcanic ash have uniform chondritic Y/Ho ratio of ~28
(Song et al., 2014). In the present case, Y/Ho ratios of Subathu samples
range from ~30-45, which lies between the values of seawater and
terrigenous materials (i.e., transition zone). The values of Y/Ho ratio
have a good positive correlation with Y/Dy (Y/Dy = ~4.5-9; R® = 0.7;
Fig. 9) and it indicates that they inherit shale-derived shallow marine
characteristics.

The calcite veins present in some shale samples follow the same
pattern of enriched LREE, depleted HREE and positive Ce-anomaly,
along with the inclusion of redox sensitive trace elements (Ti, Fe and
Cu) in the matrix (Figs. 4 and 5). The inclusion of redox sensitive trace
elements in the matrix of calcite veins is generally due to increase in the
temperature followed by the oxidized environment during their de-
position. As a result of it, the cation exchange processes take place in
which Ca (II) ions are replaced by the redox sensitive elements of si-
milar ionic radii (e.g. Fe (II), Ti (II) and Cu (II) etc.)

5. Discussion

The oldest unit of the sub-Himalayan Paleogene succession, i.e., the
Subathu Formation was largely marine (continental conditions towards
its terminal stage). The overlying Formations i.e., the Dagshai and
Kasauli are continental deposits (Najman and Garzanti, 2000; Kumar
and Loyal, 2006; Bera et al., 2008, 2010). Most of the outcrops in the
study area are disturbed (tectonically and structurally as well) and
therefore it was difficult to find good exposures for extensive sedi-
mentary logging and other geological analyses. However, we found
some suitable exposures for collecting the representative samples in the
Neelkanth and Dogadda sections of the study area. The basal rocks were
deposited around 56 Ma which is also the approximate time of onset of
the PETM, a well documented warming event studied worldwide.
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in this figure legend, the reader is referred to the web version of this article).
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Fig. 7. PAAS normalised diagram of Subathu sediments [a)- NK-1 to 10, b)- NK-11 to 22].
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Fig. 8. Ce-anomaly diagram of Subathu sediments.
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Fig. 9. Binary diagrtam of Y/Ho versus Y/Dy of Subathu sediments.

(~5.3%0) suggest that the Subathu Formation may be coeval with
the Paleocene-Eocene Thermal Maxima (PETM) event.

o This study provides sedimentary archive of a modern analogue to
understand the highly oxidized environment over paleo-tropical
regions occurred during the Paleocene-Eocene.
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