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Abstract: Ferricrete, an iron duricrust, caps Tertiary and Mesozoic rocks around Jaisalmer in the Indian desert.
These ferricretes are associated with two distinct present-day landforms. The upper unit is a high-level dissected,
rocky structural plain and the lower one a colluvial flat with soft ferricrete gravels. This study pertains to the first
situation wherein field observations, micromorphological features and regolith chemistry suggest an in situ origin
for the ferricretes, as in the case of the Walther profile. Subsequent tectonism and changes in base level resulted
in a shift in processes from weathering to erosion. Episodes of erosion resulted in inversion of relief whereby low
but resistant areas with in situ weathering profiles remain as high-level structural plains, mesas and buttes after
erosion of the softer material around them. Destruction of nodules and pisoliths, removal of nodules, and
formation of cavities suggest destruction of duricrust and the associated weathering profile. A subsequent shift in
climatic regime from warm humid conditions of the Neogene period to hot arid conditions of the present resulted
in a change in the weathering processes from ferricretization to calcretization. In all, three phases of calcretization
are superimposed on the dissected ferricrete profiles.
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Jaisalmer Bélgesi Kalsitlesmis Ferikretleri, Thar C6lii, Hindistan:
Kimyasi, Mineralojisi, Micromorfolojisi ve Olusumu

Ozet: Ferrikirit, demir ‘duricrustr’, Hindistan colindeki Jaisalmer civarinda Tersiyer ve Mesozoyik yash kayaclari
Uzerler. Ferrikiritler iki farkll giincel ylzey sekliyle birlikte gelismislerdir. En Ustteki birim parcalanmis kayalik
yapisal bir dizlik iken allttaki ferrikrit cakillarindan olusan yumusak bir Kolluviyal dizeydir. Bu calisma, arazi
gozlemleri, mikromorfolojik 6zellikler ve toprak kimyasina bagl olarak ferrikritlerin Walther profilinde oldugu gibi
yerinde olustugunu rapor etmektedir. Takip eden dénemde gelisen tektonizma ve temel seviyedeki degisimler etkin
olan bozusma surecini erozyona dogru degistirmistir. Erozyon safhalari réliyefde terslenmelere neden olmus; dyleki
etraflarindaki yumusak materyallerin asinip tasinmasi sonucu daha alcak kesimlerdeki dayanimli alanlar ylksek
yapisal duzlukler, mesa ve ‘butle’ seklinde korunmuslardir. Noduller ve pisolitlerin parcalanmasi, nodullerin tasinip-
ortadan Kkaldiriimast ve oyuk-bosluklarin olugmasi ‘duricrust’lar ile beraberindeki ginlenme profillerinin
parcalanmasini ¢ne surmektedir. Sonrasinda gelisen iklim degisiklikleri — Neojen dénemindeki sicak ve nemli
kosullardan gunimuzdeki sicak fakat kuru kosullara dogru dedisim — gunlenme mekanizmalarinda
ferrikritlesmenden kalkeritlesme dogru bir degisime neden olmustur. Sonucta, U¢ Kakeritlesme fazi parcalanmig
ferrikrit profillerinin Uzerine gelismistir.

Anahtar Sézcukler: ferrikirit, kalkerit, mikromofolaji, roliyef terslenmesi, Thar Colu

research (Giddigasu 1987; Das

et al.

Ever since Buchanan (1807) introduced the term
“laterite”, multi-disciplinary studies of iron-rich crusts
have resulted in the generation of a voluminous literature
pertaining to its genesis (McFarlane 1983a, b; Valeton
1983; Nahon 1977, 1986) and to its applications in
geotechnical, palaeoclimatic and economic-geological

Ramakrishnan & Tiwari 1999).

In spite of the wealth of information now available on
laterites, controversies still persist on the mode of origin
of a wide variety of iron encrustations, leading to various
nomenclatures — such as iron hat, ferricrete, fersilitic,
fersialitic and ferralitic soils — for different types of iron
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accumulation in the regolith (Nahon 1986; Aleva 1991;
Bourman 1991).

In the Thar Desert of India around Jaisalmer, iron
accumulations have resulted in the formation of an iron
cap over sedimentary rocks. These duricrust caps are
associated with high-level rocky structural plains,
plateaus, mesas and buttes.

Geology

The rocks of the study area (Figure 1) consist of
sedimentary sequences representing the Palaeozoic
(boulder bed, sandstones and limestone), Mesozoic
(sandstone, shale, limestone), Cenozoic (sandstone) and
Quaternary (gravel bed, evaporates). These sedimentary
rocks are — to a great extent — covered by wind-blown
sands from the Quaternary period (Pareek 1981). The
generalised stratigraphic sequence is given in Table 1.

Geomorphology and Morphostratigraphy

The landform features of the Jaisalmer basin (Figure 2)
are heterogenous and complex. This is mainly due to the
shift in climate from warm-humid (Neogene) to the
present-day hot arid conditions with periodic wet (Early
Pleistocene, Early Holocene) and semi-arid (Middle-Late
Pleistocene) phases (Swain et al. 1983; Ramakrishnan
1997). Thus, Quaternary sediments of the study area are
reflected in varied forms, such as residual, fluvial,
lacustrine and aeolian. In the study area, most of the
Tertiary and pre-Tertiary sandstones, shale and
limestone, with their horizontal or gently dipping beds,
have been sculpted into to high-level rocky structural
plains. This geomorphic unit (with which the ferricrete is
associated) has a usual landform sequence — from the
escarpment towards the dip slope of a cuesta, followed by
a narrow serir plain, and then a broadly convex
hammada.

Dissection of this landform has in many areas resulted
in the development of mesas and buttes. The low-angle
pediments, with a veneer of pebbles, cover extensive
areas and are generally associated with structural plains
and gravelly pavements.

In this area, recession of the Tertiary sea was
followed by a first phase of planation under warm humid
conditions. Development of the iron duricrust is
attributed to this period (Dassarma 1983). The Late
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Neogene—Early Quaternary period was dominated by
tectonic activity, fluvial erosion and deposition. This is
evidenced by fluviatile, non-fossiliferous, ferrugenised
sequences of the Shumar Formation. Older flood plains
and palaeochannels represent the Late Pliestocene—Early
Holocene period. This was followed by another planation
under aeolian conditions. During the sub-Recent to
Recent periods, this area witnessed several phases of
dune building and stabilization

Regolith Characteristics

In the Jaisalmer basin, ferricrete is confined to a narrow
strip (Figure 3) as a capping over weathering profiles
developed on sandstones (Khuiyala Formation, Sanu
Formation, Lathi Formation). In general, these ferricrete
profiles consist of an upper, strongly indurated, dissected
iron and/or alumina-rich layer (duricrust) and a poorly
preserved saprolite horizon having a gradational contact
with the parent rock. In some areas the weathering
profiles are completely dismantled (dissected) and blocks
of oxidized ferricrete are strewn immediately atop the
parent rocks. The dominant feature of the ferricrete
profiles in this area is the destruction of the ferricrete
capping and subsequent phases of calcrete formation.

A typical ferricrete profile (2.5-6.5 m thick) of the
study area has the following sequence (Figure 4) from
top to bottom: (i) ferricrete and calcretized ferricrete, (ii)
mottled horizon (r,), (iii) pallid zone (r,), and (iv) parent
rock.

Duricrust forms the uppermost horizon and is deep
red in hue with a thickness varying from 0.8-4.0 m. The
iron crust occurs as sheets, nodules and packed pisoliths
with varying degrees of fragmentation and oxidation. The
fragmented ferricrete in many places is characterised by
varying degrees of calcretization, from simple fracture
filling to well-developed calcretes enveloping ferricrete
nodules and pisoliths. Saprolite includes both the mottled
(r) and pallid horizons (r,). The mottled horizon is 0.5-2
m thick with reddish-brown mottling and widely spaced
pisoliths in a clayey matrix. The pallid horizon (1.0-1.5m
thick) is white to pinkish with relict sandstone fragments
in a clay groundmass. The saprolite has gradational
contacts with the overlying ferricrete and underlying
sandstone. The parent rock is typically ferruginous
sandstone belonging to the Tertiary and Jurassic periods.
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Figure 1. Regional geology of the Jaisalmer area.

Lathi sandstone (Liassic)

Sanu and Khuyala sandstone (Palaeocene) Bap boulder bed (Late Permian)

Nagur sandstone (Cambrian)
m Bilara limestone (Cambrian)
hwy] Sonia sandstone (Cambrian)
Pokran boulder bed (Cambrian)

Malani rhyolite (Precambrian)
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Table 1. Generalised stratigraphic sequence of the study area.
Quaternary Recent wind-blown sand
younger alluvium
sub-recent older alluvium
Shumar gritstone
Cenozoic Eocene Bandah limestone
Khuyala sandstone
Palaeocene Sanu sandstone
major unconformity
Cretaceous Abur limestone
Pariwar sandstone
unconformity
Jurassic Bedesar sandstone
Mesozoic Baisakhi shales
Jaisalmer limestone
unconformity
Lathi sandstone
major unconformity
Permo—Carboniferous Bap boulder bed
Bhadura sandstone
unconformity
Palaeozoic Cambrian Birmania limestone

Randha sandstone
Jodhpur sandstone
Pokran boulder beds

Major unconformity

Precambrian

Malani rhyolites & granites

Regolith — Landform Relationship

The landform features of the study area are mostly
attributable to the pre-Neogene period, with
modifications during the Neogene and Quaternary
periods. Prior to these modifications, most of the study
area was capped by a deeply weathered crust. Changes in
the local base level due to tectonic activity resulted in the
erosion of the weathered mantle in areas of high-erosion
potential. Areas of low-erosion potential, such as lower
slopes and valley floors, retained the original weathering
profile under a blanket of transported sediments. In situ
regolith, with a blanket of transported material occupying
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the tops of present day structural plain, mesas and
buttes, can be attributed to inversion of relief. The
fluviatile Shumar Formation, consisting of ferrugenised
gravels without any continuity to the bedrock, may
represent the transported ferricrete. However, this study
concentrates on those ferricretes where the in situ
weathering profile is observed in the field.

Mineralogy and Chemistry

X-ray diffraction studies (Philips PW 2070, Cu K -) of the
duricrust indicate the predominance of goethite,
hematite, maghemite, and quartz (Table 2). The pallid
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Figure 2. Geomorphological framework of the Jaisalmer area.

and mottled horizons (saprolite) consist of goethite,
kaolin, montmorillonite and quartz.

Solutions of samples representing the regolith and
ferricrete were prepared by the standard HF-HCIO,
digestion technique. An atomic absorption spectrometer
(GBC-902, Australia), calibrated with USGS standards
Sco-1, SGR-1 and Sdo-1, was used to estimate the
chemistry. It is apparent from the results (Table 3, Figure
5) that the ferricrete is dominated by aluminium (AL,O5 =
16.6-24.4%) rather than iron (FeO + Fe,0; =
7.6-24.9%). The weight percentages of other major
oxides are silica 29-72%, Ca0 2.7-22.2%, and MgO
(1.0-20.3%).

gravelly pavement
colluvial flat
shallow pediment
|:| mesa / buttle

high-level rocky
structural plain

[ ]

Micromorphology

Poorly preserved sequences of weathering horizons, and
dismantling and contamination by multiple phases of
calcretization, has restricted the efficacy of conventional
techniques (Fitzpatrick & Schwertmann 1982; McFarlane
19833, b; Balasubramaniam et al. 1987; Das et al. 1999)
in understanding the weathering trends, neoformations,
and equlibria of different neoformed minerals from
geochemical studies. Hence, micromorphological studies
of ferricrete and associated weathering profiles are
required to understand the processes of ferricrete genesis
and development. Thin sections of duricrust and
associated weathering horizons were prepared from ten
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[ ferricretes
sampling sites

1. Bandah

2. Chetral

3. Khenya

4. Kaladongar
5. Ramgarh

i 6. Savanta

Figure 3. Distribution pattern of ferricrete in the study area.

profiles following the method of Ramakrishnan & Tiwari
(1996). Some of the important micromorphological
features of the representative weathering horizons are
discussed here:

(i) Ferricrete (duricrust) typically shows a spongy or
cellular structure (Figure 6a), locally filled with
yellowish-brown iron oxides. In places, they also
incorporate fibrous clayey materials. These
features strongly point to in situ weathering in the
development of duricrust (Bullock et al. 1985).
The ferricrete consists of a few quartz detrital
grains within an opaque to translucent ferruginous
groundmass. These quartz grains are strongly
etched, corroded and dissolved (Figure 6b),
pointing to desilicification as a dominant process
that operated in the upper parts of the weathering
profiles.

(if)y The saprolite (r,) horizons do not contain any
relict textural features of the parent rock.
Formation of iron nodules and reddish-brown
mottling in a kaolin groundmass are characteristic
features of this horizon. Quartz grains show
etching and corrosion. The lower parts of the
saprolite horizon (r,) typically preserve the relict
textural features of the parent rock (sandstone) in
a clayey groundmass (Figure 6c¢). This feature
strongly points to dominance of in situ weathering
and neoformation of minerals.
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(iii) Precipitation of secondary silica (chalcedony)
within the channels and fractures is commonly
observed in the mottled and pallid zones of all the
investigated ferricrete profiles (Figure 6d).
Precipitation of secondary silica in the lower parts
of the weathering profile and the presence of
etched, corroded quartz grains in the upper parts
strongly indicate the role of desilicification
processes in ferricrete formation. Precipitation of
secondary silica also suggests changes in
microenvironmental (pH) conditions in the lower
parts of the weathering profile.

(iv) Destruction and erosion of the weathering profile
is indicated by oxidation and solution activity along
different layers of the profile. This has resulted in
the formation of alternating opaque and
yellowish-brown iron-oxide layers (Figure 6e). The
progression of erosion has resulted in the peeling
of individual layers and destruction of the
weathering profile.

(v) The first phase of calcrete formation is evidenced
by clear, very coarse sparitic crystals filling the
vesicles, cavities and fractures (Figure 6f), and as
pendant cements (Figure 6g). Micrites and
sparites occur as fine laminations along the
channel walls within the dismantled ferricrete.

(vi) The second phase of calcrete formation is
evidenced by the presence of a drusy micritic
groundmass enveloping the ferricrete nodules and
calcrete fragments which developed during the
first phase (Figure 6h). Advancement of calcrete
formation by way of calcite neoformation has
resulted in the formation of a calcrete layer. This
layer of calcrete envelops relicts of ferricrete
nodules and breccias. Further calcrete
development has resulted in the digestion of
ferricrete nodules and breccias by way of calcite
replacement (Figure 6i).

Discussion and Conclusions

The ferricrete is predominantly composed of mineral
assemblages such as goethite, hematite, maghemite and
quartz. From the chemical analyses, it is evident that the
sesquioxides are richer in alumina than in iron. This
suggests that the goethite in the ferricrete is
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Figure 4. Field photographs showing typical calcretized ferricretes from Savanta (a) and Chetral (b) locations.
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Table 3. Major-oxide and trace-element chemistry of ferricrete profiles.
Location Depth (m) Sio,* FeO+ Al,03* CaOo* MgO* Zn Cu Mn Sr Ba Bo
Fe;03* ppm ppm  ppm ppm ppm  ppm
Ramgarh 0.3 47.0 13.0 23.9 11.0 4.7 50 22 63 247 27 2784
1.5 79.0 4.0 8.3 4.2 3.8 24 22 99 2786 239 3032
2.5 74.8 3.6 16.8 0.5 4.2 42 32 66 3618 151 809
Bandah 0.5 66.3 7.6 22.3 2.7 1.1 35 15 17 134 11 350
1.5 51.0 4.9 18.7 21.9 3.5 28 8 10 351 32 132
Chetral 2.5 52.1 10.8 24.4 9.5 3.2 83 17 61 1136 47 2115
3.7 89.4 0.5 9.1 0.5 0.5 4 7 6 120 22 3276
Savanta 1.0 72.6 8.7 16.6 0.8 1.0 97 17 1458 262 143 nd
1.8 72.9 2.8 18.9 4.4 1.0 60 20 45 832 49 931
3.0 78.4 2.5 18.2 0.2 0.6 36 15 13 101 20 1985
Khenya 0.6 29.2 12.4 38.0 14.4 6.2 16 9 62 441 30 3067
2.5 61.8 5.8 9.9 11.3 11.2 15 9 28 656 25 312
Kaladongar 2.0 19.2 24.9 134 22.2 20.3 38 7 160 82 17 nd
5.0 10.6 11.2 16.8 29.2 32.1 29 3 123 249 25 1762
10. 55.1 4.8 18.9 2.2 19.0 25 15 35 98 23 929

nd - not detected; * Major-oxide concentration in weight %.

predominantly Al-goethite (Schwertmann & Taylor 1977,
Fitzpatrick & Schwertmann 1982). The high Al
availability during goethite formation is attributed to a
low pH and the presence of clay minerals, especially
kaolin, in a leaching environment (Fitzpatrick &
Schwertmann 1982).

The presence of Al-rich goethite is a good indicator of
desilicification in acidic conditions (Schwertmann & Taylor
1977). The micromorphological observations also
support this; that is, corrosion and dissolution of quartz
in the upper horizons of the weathering profile.

Disappearance of kaolin, corrosion and dissolution of
quartz, and formation of Al-goethite and spongy texture
are evidence of the development of ferricrete under
lateritic weathering conditions (Little & Gilkes 1982;
Meyer 1997).

The chemical classification based on the AlL,Os-Fe,O5-
SiO, ternary plot and the molar ratio of SiO,/Fe,05: SiO,
/ AlLL,O5 + Fe,O5 (Figure 5) indicate that this ferricrete is
similar to aluminous laterites (Schellman 1981).
However, classification based on the chemical data alone
could be misleading (Bourman & Ollier 2002). Therefore,
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Figure 5. (a) Ternary diagram and (b) molar-ratio plots depicting
the chemistry of the ferricretes.

on the basis of morphology (Bourman 1996), these
ferricretes are grouped under ferrugenised sediments
and vermiform laterites. The silica gel generated in the
upper horizons has been precipitated as cryptocrystalline
silica in the mottled horizon due to change in
physicochemical conditions — from neutral to near-
alkaline conditions (Balasubramaniam et al. 1987; Morris
& Fletcher 1987; Koln 1992). The alkaline and poorly
drained nature of the mottled and pallid horizons are also
demonstrated by the Ba/Sr ratio (0.02-0.35) of these
zones (Retallack 1990). Since the chemistry,
micromorphology and field evidence strongly point to the
continuity of these weathering profiles, these ferricretes
can be regarded as remnants of the Walther profile.
These weathering profiles were subsequently subjected to
oxidation and solution, which ultimately resulted in
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breakdown of the weathering profile. The prevalence of
relict micromorphological features — such as breaking of
pisoliths, dissolution, and cavity generation in the
dismantled weathering profiles — indicates the end of
ferricrete development. This could be attributed to both
changes in the base level of erosion due to tectonic
activity and climatic change that the area has witnessed
(Swain et al. 1983; Wasson et al. 1983). Areas of low-
erosion potential, such as lower slopes, retain the original
weathering profile under a blanket of transported
sediments. In situ regolith, with a blanket of transported
material occupying the tops of present-day structural
plain, mesas and buttes, can be attributed to inversion of
relief (Figure 7). However, palaeo-drainage channels,
outlined by duricrust-capped mesas and buttes (Pain &
Ollier 1995), are not present in the study area.
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Figure 7. Schematic diagram presenting the geomorphology and
regolith evolution of the Jaisalmer area.
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Superimposition of calcretization on the dismantled
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fracture and vesicle infillings and as pendant cements. The
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phase is marked by the neoformation of sparites and their
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indicate a shift in weathering processes from
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triggered by climatic changes that the area experienced
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It is evident from the foregoing account that, in the
study area, ferricrete formed due to in situ weathering
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relief, which resulted in the present-day regolith
landform association. Shift in climatic conditions from
warm-humid to hot-arid is responsible for change in the
weathering process, thereby resulting in the destruction
of ferricretes and in subsequent phases of calcretization.
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