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1 Introduction and site descriptions

Airborne mineral dust particles of dominantly silt size are the
main substrate for loess deposits, which provide valuable and
widespread palaeo-environmental archives. Especially dur-
ing the Quaternary period, loess–palaeosol sequences (LPSs)
formed through consolidation and largely climate-dependent
post-depositional modifications of mineral dust, e.g. along
the mid-latitudes in Eurasia. The enormous spatial spread of
these archives exceeds the extent of any other Quaternary
terrestrial sediment record. Consequently, LPSs are a key
for studying the impact of oscillating and competing supra-
regional climate systems to sub-systems on diverse tempo-
ral and spatial scales. While Eurasian LPSs have been de-
cently studied (e.g. Fischer et al., 2021; Jia et al., 2018;
Zeeden et al., 2016; Vlaminck et al., 2016), information on
age and physical properties of equivalents across the In-
dian subcontinent remains sparse (Dar and Zeeden, 2020).
This limits our understanding of the origin of loess de-
posits and associated major wind directions and wind inten-
sities for the Indian subcontinent throughout the Quaternary
and how these factors differ from locations across Eurasia.
Studies on Kashmir loess led to valuable stratigraphic de-
scriptions (Bronger et al., 1987) and a first temporal frame-

work (Singhvi et al., 1987), but few physical proxy data are
available (Dar and Zeeden, 2020, and references therein).
In this study, we present a first high-resolution investigation
of room-temperature magnetic susceptibility and grain size
data of loess deposits in the Kashmir region and compare
our results with these from other LPSs in Eurasia. We aim
to pave the way for further studies addressing differences in
palaeo-environmental conditions between the Indian subcon-
tinent and Eurasia, which are likely to reflect the impact of
competing supra-regional climate systems (Indian monsoon,
westerlies) varying over time.

In this study, we focus on the Wanihama section
(34◦10′05.7′′ N, 74◦51′03.5′′ E) ∼ 4 km NE of Srinagar and
the Khan Sahib section (33◦56′08.9′′ N, 74◦39′29.5′′ E),
∼ 30 km SW of Srinagar (both in Kashmir, Fig. 1). The sec-
tions were sampled continuously in 0.02 m resolution. Strati-
graphic descriptions of the profiles are from bottom to top,
in order of deposition. Only limited material could be re-
moved from the hardened deposits at the outcrop behind the
Wanihama Middle School (see Fig. 1a, c), where sampling
was conducted in 2019. The base of the outcrop is charac-
terised by chestnut-coloured lacustrine loamy and sandy de-
posits with no visible bedding. From 0.2 up to 0.5 m, sedi-
ments are enriched with silty material whilst the sand content
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Figure 1. (a) Distribution of loess in Kashmir and (b) location of the studied Wanihama and Khan Sahib sections in supra-regional and
regional context (after Dar and Zeeden, 2020). KS denotes Kashmir loess, DK Darai Kalon, and TS and ND Toshan and Now Deh, respec-
tively. Profile sketches of the profiles Wanihama (c) and Khan Sahib (d, on the right) show alternating loess and palaeosol units indicating
climate sensitivity of the archives. Sampling resolution was 0.02 m.

decreases distinctly. Note that this interval contains varying
amounts of∼ 1 mm sized carbonate nodules. Until 0.8 m, the
sediment gets lighter until a medium silt component dom-
inates the grain size range (prevailing up to the top of the
sampled section). From 0.8 up to a height of 1.70 m the hues
of the record turn brown again with a distinct gradient to-
wards darker brown hues at the top of this interval. Ochre-
coloured sediments occur from ∼ 1.7–1.8 m. These are fol-
lowed by brown silt until 2.2 m. The part from 2.2 m up to
the top of the LPS is characterised by light ochre silt includ-
ing preserved palaeo-root channels.

In 2020, we sampled 6.20 m of the Khan Sahib section
(Fig. 1a, d). Sampling started at the base within a brown
silt. Palaeosols with clearly enhanced clay contents and
(sub)polyhedric structures are identified at ∼ 1, 2, 4.5 and
5.8 m height of the LPS. These at 2, 4.5 and 5.8 m exhibit
a grey to brown colour. In contrast, the palaeosol at ∼ 1 m
height is brown to black and mostly clay- and organic-rich.
All palaeosols are separated by lighter packages of loess or
weaker pedogenesis. Due to similarities of the stratigraphies
of the records under study with parts of a 17 m thick LPSs at
Shankerpora, Kashmir (Fig. 1a), temporally placed into the
last glacial cycle (Meenakshi et al., 2018), we start from the
premise that both studied sections formed during the late last
glacial cycle in the interval between oxygen isotope stages
(OISs) 4 to 2.

2 Geophysical sediment properties: methods and
results

For magnetic susceptibility measurements we dried, disinte-
grated, and homogenised the samples and transferred the ma-
terial into 6.4 cm3 non-magnetic plastic boxes. Subsequently,
the mass-normalised magnetic susceptibility (χ ) was mea-
sured using a MAGNON VFSM susceptibility bridge. Fre-
quencies of 505 Hz (low frequency; χlf) and 5050 Hz (high
frequency; χhf) and a field intensity of 400 A m−1 were used.
1χ denotes the difference between χlf and χhf and is indica-
tive of fine magnetic grain sizes. Grain sizes were determined
using a Beckman Coulter LS 13320 PIDS using methods as
described in Vlaminck et al. (2016).

The χlf ranges from 25× 10−8 to 144× 10−8 m3 kg−1

with a mean of 82× 10−8 m3 kg−1 at Wanihama (Fig. 2a).
At the Khan Sahib section, the χlf ranges from 28× 10−8

to 170× 10−8 m3 kg−1 with a mean of 75× 10−8 m3 kg−1

(Fig. 2b). The 1χ lies in the range from 2.5 % to 10.7 % for
the Wanihama and from 3.1 % to 10.9 % for the Khan Sahib
section. The grain size distributions plotted in Fig. 3 have
a dominant peak at the boundary from middle to coarse silt
around 10–30 µm throughout, with rather small differences
between soils and loess. All but one sample from 0.98 m of
the Wanihama section exhibit at least one additional com-
ponent with a local maximum in grain size ranging around
50–500 µm (Fig. 3). Overall, the palaeosol samples exhibit
finer modes than the loess samples. The two loess samples
(from Wanihama 1.48 m, Khan Sahib 6.18 m) contain dif-
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Figure 2. Magnetic enhancement at (a) Wanihama including an enhancement line for the lower 2.4 m. (b) Enhancement plot for Khan
Sahib including the data from Wanihama. (c) Data from both Kashmir localities with comparison to reference data from Semlac, Romania
(Zeeden et al., 2016); Darai Kalon, Tajikistan (Jia et al., 2018); and Toshan, Iran (Vlaminck et al., 2016). Note that only data from the last
glacial–interglacial cycle are plotted and that plots are double logarithmic.

Figure 3. Grain size properties of Kashmir loess, also in compari-
son with data from Semlac, Romania; Toshan, Iran; and Now Deh,
Iran. Reference data from ∼ 30 ka are plotted for Semlac and Darai
Kalon (Zeeden et al., 2016; Lu et al., 2020), and mean grain size
distributions for Toshan and Now Deh (Vlaminck et al., 2016; Kehl
et al., 2021). Note that also Shah et al. (2021) reported grain size
data from Kashmir which are dominated by silt.

ferent amounts of sand and are varying in their multimodal
properties. Note that some multimodal properties may be
measuring artefacts (cf. Schulte et al., 2018).

3 Kashmir loess deposits within a Eurasian context

Overall, χ properties of the studied sections in Kashmir are
similar to loess in Eurasia, although the reference data were
partly measured using different field frequencies and intensi-
ties. Figure 2c shows a comparison to magnetic enhancement
from Semlac in Romania (Zeeden et al., 2016), Darai Kalon
in Tajikistan (Jia et al., 2018), Toshan in Iran (Vlaminck
et al., 2016) and the background susceptibility determined

by Forster et al. (1994). The Kashmir loess shows higher χ
than loess from Romania and lower values compared to loess
from Tajikistan. Magnetic enhancement of Kashmir loess
was quite strong during stadial phases of the last glacial cy-
cle. Enhancement was partly even stronger than for full inter-
glacial soils in Europe,but not as strong as in full interglacial
soils in central Asia (Fig. 2c). Besides classical magnetic en-
hancement, an additional effect influences the relationship
between χlf and 1χ leading to prominently elevated values
of the χlf/1χ ratio. We relate this to wind vigour effects
(Begét and Hawkins, 1989) associated with strong winds de-
livering coarser material (with elevated χlf/1χ ) from source
areas in proximity to the studied LPS in Kashmir (Fig. 2).
When comparing the Kashmir dataset to last glacial data
from localities in Eurasia (using their respective age models;
Fig. 2c), it becomes apparent that magnetic enhancement is
similar to datasets from Romania and Iran. In contrast, mag-
netic enhancement of Tajik loess shows relatively elevated
χ and/or reduced 1χ . The dataset from Kashmir bridges
these two data populations/trends and shows features of both.
Kashmir grain size properties exhibit a ∼ 10 µm median, and
the grain size distribution is similar to loess from OIS 3 at
Darai Kalon, Tajikistan (Lu et al., 2020; see Fig. 3), loess
grain size at Toshan, Iran (Vlaminck et al., 2016), and loess at
Now Deh, Iran (Kehl et al., 2021). At Toshan and Now Deh,
finer grain sizes were interpreted to indicate the input of min-
eral dust from distal source areas (Kehl et al., 2021; Vlam-
inck et al., 2016). At Darai Kalon, the grain sizes > 25 µm
are considered to be driven by local near-surface wind in-
tensity (Lu et al., 2020), which may be the case here, too.
For the Kashmir loess, our grain size data indicate no sed-
iment transport over the mostly > 2000 m high surrounding
mountain ranges suggesting that the dust source is located in
the Kashmir Valley or its direct surroundings. This implies
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that low SiO2 /AL2O3 ratios reported by Ahmad and Chan-
dra (2013) are a product of sediment origin besides transport,
and possibly reworking of sedimentary rocks in Kashmir, and
may not require transport over high mountain ranges. We in-
terpret components around ∼ 100/150 µm to indicate trans-
port modes during strong wind events.

4 Conclusions

Magnetic enhancement of Kashmir loess was quite strong
during stadial phases of the last glacial cycle. It reached inter-
glacial intensity when compared to selected places in central
Asia (Fig. 2c). Beside classical magnetic enhancement, an
additional effect influences the relationship between χlf and
χfd/1χ . We assign this to wind vigour with strong winds
transporting coarser material with elevated χlf/1χ ratios
during the most loessic and coarse-grained intervals, point-
ing to local transport of a considerable amount of the mate-
rial. The loess in Kashmir shows features of both “classical”
magnetic enhancement (Forster et al., 1994) and wind-vigour
effects. Grain sizes of Kashmir loess exhibit modes mostly
around 5–20 µm, similar to some data from central Asia (Lu
et al., 2020; Vlaminck et al., 2016; Kehl et al., 2021). Grain
size distributions do not suggest transport over high moun-
tain ranges that would be required for non-local sources in
Kashmir. Therefore, and because of wind vigour effects, we
suggest that the Kashmir loess is at least predominantly of
local origin. The thick deposits of loess from the last glacial
cycle in Kashmir (e.g. > 8, ∼ 10, ∼ 18 m for the last glacial–
interglacial cycle; Dar and Zeeden, 2020; Meenakshi et al.,
2018; Singhvi et al., 1987; Shah et al., 2021; and references
in these) support this interpretation, as it appears unlikely that
such substantial sediment masses were transported over the
> 2000 m high mountain ranges surrounding Kashmir.
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