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In the northeastern states of India, an in-cave expedition to Krem (cave) Mawmluh in Meghalaya has
been carried out to document and study the stalagmite sample KM-24. The architectural structure is
well preserved with alternating lamina/band of mixed calcite (C) and/or aragonite (A) possibly due
to their polymorphic relationship as CaCO3 primarily precipitated as aragonite and later transformed
into calcite due to neomorphism through time. Evidence in support of neomorphic processes have
been deciphered through mineralogical fabrics (unstable polymorph to stable polymorph), intercrystalline voids in coalescence aragonite needle-like fabrics, sparite crystallite calcite in voids, Bne micrite
(M) within fabrics and growth breach (time gap). The variation in laminae thickness (BMLP) and
major oxides (CaO and MgO wt.%) along the growth laminae may be associated with CaCO3
deposition, reCecting surface precipitation and disequilibrium conditions. Preserved biogenic remains
(pink–red colour, Blament or thread like-structures) within mineralogical fabrics, intercrystalline voids
and outer laminae (A) may depict biogenic activity which might have facilitated precipitation of
CaCO3.
Keywords. Krem Mawmluh; stalagmite; mineralogical fabrics; biogenic remains.

1. Introduction
The deposition and growth rate of a stalagmite
(speleothem) are sensitive to environmental and
climatic settings with their primary features (like
mineralogy, crystal morphology, mineralogical
fabrics, laminae and geochemical composition)
being preserved which provide evidence for neomorphism and dissolution processes (Gonzalez
et al. 1992; Railsback et al. 1994; Denniston et al.
2000; Frisia et al. 2000, 2002; Tan et al. 2003; Woo
and Choi 2006; Lachniet et al. 2012; Wassenburg
et al. 2016; Perrin et al. 2014; Frisia 2015;
Domınguez-Villar et al. 2017). Calcite and aragonite (polymorphs of CaCO3) are the common
minerals present in speleothems and alteration of

these CaCO3 polymorphs, i.e., unstable (aragonite)
to stable (calcite) has been mostly attributed to
neomorphic modiBcations causing changes in the
mineralogical composition, fabrics, growth patterns as well as geochemical signatures (Railsback
et al. 1994; Hill and Forti 1997; Frisia et al. 2002;
Fairchild and Baker 2012; Martin-Perez et al. 2012;
Frisia 2015). Similar inferences on calcite and
aragonite formation in speleothems of different
cave systems across the world further strengthen
the view (Hill and Forti 1997; Bertaux et al. 2002;
Frisia et al. 2002; Woo and Choi 2006; Frisia and
Borsato 2010; Duan et al. 2011; Lachniet et al.
2012; Perrin et al. 2014; Frisia 2015; Martın-Garcıa
et al. 2019). Reports from India show that stalagmite MAW-6 from Krem (cave) Mawmluh consists
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of calcite (Lechleitner et al. 2017), whereas Chulerasim stalagmite from Kumaun Lesser Himalaya
comprises mainly of aragonite (Duan et al. 2013).
The extensive karstiBed Tertiary limestone with
abundant rainfall in the districts of Jaintia Hills,
Khasi Hills and Garo Hills of Meghalaya Plateau,
located at the southern fringe (Oldham 1859;
Gebauer 2008) is the home for more than 1000
caves, many of which are either unexplored or
partially explored and thus holds the most
promising place for in-cave karst oriented research
in the northeast India (Baskar et al. 2009). In the
present study, a comprehensive approach has been
made to document and interpret the primary features (mineralogical fabrics, laminae composition
and geochemistry) of stalagmite KM-24. For this
purpose, petrographic analysis has been considered
as the basic foundation prior to geochronological
studies. Further, primary features preserved in
stalagmite KM-24 are almost similar to those
reported in cave speleothems of different regions
around the world (Bertaux et al. 2002; Frisia et al.
2002; Frisia and Borsato 2010; Duan et al. 2011;
Lachniet et al. 2012; Perrin et al. 2014; Frisia 2015;
Martın-Garcıa et al. 2019).
2. Cave setting
Krem (Khasi language for cave) Mawmluh (also
known as Mawkhyrdop) is situated near Mawmluh
Cherra Cements Limited (MCCL, established in
1960) in the Mawmluh village southwest of Sohra
town (Cherrapunjee) East Khasi Hills district,
Meghalaya, Northeast India. It covers *10 km2
(Bgure 1) and stretches for about 7.1 km in length
between the coordinates N25°150 32.6300 and
E91°420 45.2700 at an altitude of 1,290 m above MSL
(Brooks and Brown 2007). The cave entrance is
about 2 m above the ground level which has a
narrow passage connecting different chambers
(*20–30 m diameter) of the cave system and the
River Lum Lawbah drains through this cave system. During the monsoon seasons (June to October), it maintains the water level to 4–7 feet
approximately that declines to 4–2 feet during
winters (November to May).
Geologically, the Shillong Plateau (Meghalaya)
is an uplifted Precambrian crystalline complex
linking the peninsular Indian shield. It is an
oblong horst block trending E–W with an elevation of 600–1800 m above Bangladesh plains
(south) and separates peninsular India by
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Rajmahal–Garo gap (Ghosh et al. 2005). The
cave is developed in the Tertiary limestone along
the contact between the dolomitic Lower Sylhet
Limestone and the Lower Sylhet Sandstone of the
Shella Formation of the Jaintia Group having a
soil cover of 5–15 cm with sparse vegetation
cover (Oldham 1859; Ghosh et al. 2005; Gebauer
2008; Breitenbach et al. 2010).
3. Materials and methods
3.1 Stalagmite KM-24 petrography
Stalagmite KM-24 was sampled in an in-situ
environmental condition (Hanging garden,
Bgure 1) at Dark Zone with Constant Temperature
(DZCT). It resembles cylindrical candle shape
morphology possessing *22 cm length and *6 cm
diameter. The sample KM-24 was cut longitudinally so as to study the growth axis laminae and
mineralogy (left side of Bgure 2). Stereo-zoom
microscope (Leica Stereozoom-S8APO) was
employed for examining the growth axis laminae
before proceeding for polished thin-section (4.7 9
2.5 cm) preparation and photomicrography at the
Petrological Laboratories of the Geological Survey
of India (GSI), Shillong and GSI-State Unit:
Manipur–Nagaland.
From stalagmite sample KM-24; two distinct
laminae were powdered (KM-1 and KM-2) and
sieved through 25 lm mesh to ensure Bne and
homogenous grain size. About 2 mg of each powdered and sieved laminae were used for the study
of mineral composition employing RIGAKU
XRD machine (Goniometer: Ultima IV) at
Material Science and Technology Division
(Advance Material Group), CSIR-NEIST (North
East Institute of Science and Technology), Jorhat, Assam, the scanning mode being 2 Theta/
Theta with continuous scanning type at 40 kV/
40 mA.
3.2 Semi-quantitative analysis
Scanning Electron Microscopic (SEM) observations were carried out at EVO18 Research Carl
Zeiss microscope (15–20 kV) equipped with secondary electrons (SE) and backscattered electron
(BSE) detectors and energy dispersive spectroscopy (EDS) analyser for semi-quantitative
element compositions at Banaras Hindu University
(Centre of Advanced Study in Geology), Varanasi.
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3.3 Block Model Log ProBle (BMLP)
development
Block Model Log ProBle (BMLP) has been introduced
for the purpose to analyse the laminae thickness (KM24) that will further facilitate quantitative analysis
(EPMA data). Olympus-BX51 DP27 Microscope
along with Olympus Stream Basic Software and Corel
Graphics Suite 11 Software were employed to construct the BMLP that resembles other petrographic
logs (McDermott et al. 1999; Frisia 2015).

including mineralogical and textural characteristics to study the major oxides (CaO and MgO
wt.%) employing Electron Probe Micro Analyzer
(EPMA), CAMECA SXFive operating at 15 kV
with an electron beam diameter of 5 lm (10 lm
resolution proBles) at Banaras Hindu University
(Centre of Advanced Study in Geology), Varanasi.

4. Results
4.1 Laminae mineralogy

3.4 Quantitative analysis
Two vertical proBles were attempted in polished
thin-sections (KM-3 and KM-4) along the growth
axis of laminae. A total of 47 points were analysed

Stalagmite KM-24 consists of visible laminated
bands of different mineralogical compositions
(calcite and aragonite), fabrics and intercrystalline void spaces. The morphology of two

Figure 1. Location map of Krem (cave) Mawmluh (East Khasi Hills district) and sampling site. The blue line indicates River
Lum Lawbah and the grey lines indicate map of the cave.
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Figure 2. Internal features of the stalagmite sample KM-24. Shown on the left is a view of the polished stalagmite hand specimen
with corresponding colour frames (A: black, B: red, C: yellow and D: blue). Photomicrograph of this specimen showing:
(A) Elongated aragonite fabrics (marked as ‘A’) over calcite fabrics (marked as ‘C’, PPL). (B) Sparry calcite in intercrystalline
voids (XPL) Coored by dark brown micrite. (C) Biogenic remains (reddish brown/pinkish Blaments) between void spaces in
mineralogical fabrics (PPL). (D) Calcite mosaic (Cm) displaying sweeping extinction (XPL).

Figure 3. X-ray diAraction (XRD) spectra and photomicrographs of the growth laminae KM-1 and KM-2 showing peaks of
aragonite (A) and calcite (C).

polymorphs of CaCO3 differs at the level of
growth laminae when studied microscopically
(PPL and XPL) and under SEM. The high-resolution X-Ray DiAraction (XRD) based mineralogical studies were performed at two distinct
alternate growth laminae (KM-1 and KM-2). The

corresponding diAraction spectra obtained from
the samples depict dominant peaks of aragonite
(A) at laminae KM-2 and dominant peaks of
calcite (C) at laminae KM-1 without variations
possibly owing to their polymorphic relationship
(Bgure 3).
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4.2 Mineralogical fabrics
4.2.1 Aragonite fabrics
Aragonite fabric (A) constitutes the outermost rim
of the architectural structure of KM-24 (Bgure 2).
Under PPL, XPL and SEM studies different aragonite fabrics were observed and characterized
based on their habits, viz., (i) continuous acicular
rim showing radiating rays of fan-like structure
along growth direction, where the apices of radiating fans widen resulting in spatial competition
between neighbouring fans (Bgure 4A), the radiating aragonite fan-like structures overlie the
columnar calcite fabrics (Bgures 2A, 8); (ii) alternating growth pattern of light (aragonite) and dark

Page 5 of 18 207
(organic) laminae that are well preserved along
growth direction where fabrics appear to have a
translucent appearance (Bgure 3A); (iii) elongate
acicular fabric with length–width ratio exceeding
6:1 along the c-axis with longitudinal orientations
and thin pointed needle-like structure found at the
edges of KM-24 (Bgure 4B) (Frisia et al. 2002); (iv)
terminations of pointed needle-like fabrics of
aragonite suggestive of an initial phase of growth
through time (Bgure 4D); (v) intersecting needlelike aragonite fabrics (10–20 lm wide) (Bgure 4F);
(vi) intercrystalline voids (50–200 lm wide) preserved between aragonite crystal fabrics along the
growth direction (Bgure 4C–E). Presence of this
dissolution feature in newly formed aragonite

Figure 4. Photomicrographs of aragonite fabrics: (A) Acicular aragonite (A) with fan-like arrangement (red arrows) along the
growth direction (PPL). (B) Elongate acicular/needle-like habit in PPL (long red arrow); (C) Dissolution features (arrow)
observed at the tip portion (PPL), (D) Intercrystalline voids (arrow) along the growth direction (PPL); (E) Edges of aragonite
crystal (arrow) indicating dissolution voids (BSE); (F) Intersecting (arrow) needle-like aragonite crystals (BSE).
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fabrics causes development of secondary voids
(porosity), possibly owing to disequilibrium settings of the CaCO3 polymorphs which may be
related with lower drip rate condition during arid
period (Bertaux et al. 2002; Frisia et al. 2002;
Perrin et al. 2014).
4.2.2 Calcite fabrics
Under PPL, the calcite fabric (C) displays a perfect
three sets of cleavage (Bgure 5A) while isolated
crystallite of calcite measuring about 11 lm along
short diagonal and 16 lm along long diagonal
(Bgure 5D) are seen at several places under the
SEM (Kendall and Broughton 1978). The crystallite calcite possesses perfect rhombohedral crystalline habit with intercrystalline boundaries.
These crystallites continue to grow by incorporating the neighbouring aragonite (unstable polymorph) into calcite (stable polymorph) as evident
by the presence of aragonite relict within the calcite fabrics (Bgure 5B; Martın-Garcıa et al. 2009;
Martın-P
erez et al. 2012). Presence of micrite
(M) with alternate pattern is well-developed in the
calcite fabrics along the growth direction and
under PPL, it appears dark and in XPL, it is dark
brown (Bgure 5B). Equant calcite mosaic (Cm) is
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also observed in different laminae of KM-24 which
represents euhedral to sub-euhedral habit
(Bgure 5C). This randomly-oriented calcite mosaic
imparts translucent appearance and displays
sweeping extinction along with the formation of
intercrystalline voids. These voids (width ranges
from a 20 lm to a 1000 lm) present in the calcite
mosaic are enlarged gradually by dissolution
process through time (Bgure 2D).
4.2.3 Sparry calcite
The sparry calcite acts as cement and occurs as
large and distinct crystals (*10–500 lm wide)
without detachable boundary (Bgures 2B, 6A),
often within primary intercrystalline void spaces or
cavities (Bgure 6A–F).
4.2.4 Micrite
Micrite appears dark (PPL) to dark brown (XPL)
within calcite fabric (Bgure 5B) as well as along
transition zone between aragonite and calcite
(Bgure 7A, B). Under SEM, the grain size ranges
up to 3–4 lm diameter and indicates dominant
peak of element Si (95.9 atm%) in EDS polygraphs
(Bgure 7). Development of micrite, Bne clay and

Figure 5. Photomicrographs of calcite fabrics: (A) Perfect three sets of cleavage (PPL); (B) Micrite laminae (M) in between
calcite fabric (C) with aragonite relict (arrow) (XPL); (C) Equant calcite mosaic (Cm) showing sweeping extinction (XPL);
(D) Isolated rhombohedral crystallite of calcite (BSE).
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Figure 6. Photomicrographs of sparry calcite: (A–B) Development of sparite calcite cement (arrow) in between the voids of
calcite fabrics observed (PPL); (C) Sweeping extinction displayed by sparite calcite cement (XPL); (D) Occasional presence of
granular sparry calcite in open voids (V) spaces (XPL); (E) Development of sparite crystal in voids (V) (XPL); (F) Perfect
rhombohedral sparite calcite crystal (PPL).

Bne detrital materials at the growth laminae of a
stalagmite can form the growth breach which may
impact the growth rate and the morphology of
different mineralogical fabrics (Frisia et al. 2000;
Martın-P
erez et al. 2012). The growth breach acts
as margin among alternating mineralogical fabrics,
i.e., it marks the transition phase between two
different polymorphs (calcite and aragonite) or the
same polymorphs (calcite and calcite) substantiating the eAect of neomorphism (Bgures 7, 8).

4.3 Block Model Log ProBle (BMLP)
and quantitative analysis
Block Model Log ProBle (BMLP) is introduced to
indicate the hierarchical changes in laminae

thickness along the growth axis of KM-24 and
then correlating it with the geochemical data
(EPMA). The blocks in BMLP (PPL and XPL)
indicate deposition of CaCO3. Thickness of blocks
and laminae vary in size (0.1–9 mm wide) as the
large blocks represent thick laminae, i.e., longer
duration of CaCO3 precipitation and small blocks
represent thin laminae, i.e., shorter duration of
CaCO3 precipitation, besides discontinuous laminae growth (Railsback et al. 1994; Tan et al. 2003;
Alonso-Zarza et al. 2011; Martın-P
erez et al.
2012). In the present study, Block Model Log
ProBle (BMLP) is represented along with EPMA
data (KM-3 and KM-4) to indicate the major
oxides variation of CaO and MgO (wt.%) along
successive growth laminae of the stalagmite
KM-24 (Bgures 9, 10). The major oxides for

207

Page 8 of 18

J. Earth Syst. Sci. (2021)130:207

Figure 7. (A) Photomicrograph showing transition zone (red box) between aragonite (A) and calcite (C); (B) Scanning
electron micrograph along with the EDS polygraphs showing the different elemental peaks at the transition zone between
aragonite and calcite fabrics. Fine micrite grain with dominant peak in Si (spot 1) and aragonite with dominant peak in Ca
(spot 2 and spot 3).

sample KM-3 indicate that the MgO content
varies from 0.015 to 0.935 wt.% and CaO from
53.402 to 61.706 wt.% (table 1); by contrasting
the growth laminae KM-4 depicts variations in
MgO content from 0.191 to 0.662 wt.% and CaO
from 56.489 to 67.344 wt.% (table 2). The CO2
values of growth laminae KM-3 range from 37.895
to 46.583 wt.% (table 1) and KM-4 from 32.106 to
43.069 wt.% (table 2).

4.4 Biogenic remains
At micro-scale, the architectural structure of
stalagmite KM-24 (from bottom to top) unravels
the preservation of Blamentous biogenic remains in
all the polished thin sections. These biogenic
remains resemble those already reported from
other cave systems of Meghalaya, northeast India
(Baskar et al. 2009, 2011; Mudgil et al. 2018)
except for the colour. In the present context,
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Figure 8. Growth breach (red arrow) in KM-24 marks the
transition zone between mineralogical fabrics of aragonite
(A) and calcite (C).
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biogenic remains display pinkish or light-red colour
under PPL (Bgure 11C–F) and found in close
association with the mineralogical fabrics (trapped
during calcite growth, Bgure 11E) as well as
intercrystalline voids (Bgures 2C, 11D, F).
At 20–100 lm scale, it displays sweeping
extinction (XPL) and translucent appearance
(PPL). Colony/group of thread-like structures
(PPL) was observed at several sites in the calcite
fabrics (Bgure 11A) besides Blamentous tube-like
structure at 20 lm scale under PPL (Bgure 11B).
At the outer edges/tip of the aragonite fabrics,
these mineralized Blaments were found partially
broken or destroyed (Bgure 11C). The biogenic
remains preserved at the voids or open spaces in
calcite and aragonite fabrics (Bgure 11D) and at
20 lm scale the tip portion of the biogenic remains
resemble a bud-like structure (Bgure 11F).
SEM studies (both SE – secondary electron
and BSE – backscatter electron images) of biogenic remains further record long Blamentous,

Figure 9. Block Model Log ProBle (BMLP) with major oxides (MgO and CaO wt.%) in respect of sample KM-3 (vertical proBle
section).
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Figure 10. Block Model Log ProBle (BMLP) with major oxides (MgO and CaO wt.%) in respect of sample KM-4 (vertical proBle
section).

thread-like (\1 lm diameter) and tangle-like
structure with smooth to rough surface textures
(Bgure 12A–F). Energy dispersive spectrometry
(EDS) spectra on the biogenic remain values
measured in atomic weight % and are recorded
in the tables along with the SEM images
(Bgures 13–15). The EDS polygraphs with elemental peaks of C, O and Ca were retrieved for
each pixel of the image (Bgures 13, 14) of which the
EDS spectrums record C and Ca as the most
dominant elements. Elemental peaks of C, O, Si,
Na, K and Ca also recorded at selective spots on
the biogenic remains by EDS polygraphs data
(Bgure 15).

5. Interpretation and discussion
The XRD-spectra of two distinct alternate growth
laminae (KM-1 and KM-2) of stalagmite sample
(KM-24) reveal dominant peaks of aragonite

(A) and calcite (C) (Bgure 3). Peaks in both the
spectra do not show variations, possibly due to
polymorphic relationship that reCects subsequent
transformation of aragonite into calcite through
time due to neomorphism. Therefore, the KM-24 is
not purely made of calcite or aragonite rather
consists of both as alternation at distinct intervals.
Similar occurrences of aragonite and calcite alternate growth pattern in speleothems of different
cave systems further substantiate the above
observation (Railsback et al. 1994; Denniston et al.
2000; Baker et al. 2008; Perrin et al. 2014; MartınGarcıa et al. 2019). Transformation of aragonite
(unstable polymorph) into calcite (stable polymorph) has been attributed to drip water conditions (Martın-Garcıa et al. 2009; Alonso-Zarza
et al. 2011; Martın-P
erez et al. 2012; Li and Jones
2013). At certain temperatures under both arid and
moist conditions, the neomorphic processes can
proceed as aragonite is associated with arid conditions (greater evaporation) and favours higher

55.566
0.261
55.827
44.173
100

1

58.139
0.935
59.074
40.926
100

2

56.902
0.304
57.205
42.795
100

3

58.256
0.335
58.591
41.409
100
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55.391
0.656
56.046
43.954
100

5
57.256
0.355
57.612
42.388
100

6
59.266
0.248
59.514
40.486
100

7
57.494
0.701
58.194
41.806
100

8
61.706
0.400
62.105
37.895
100

9

Wt.% oxide
CaO
MgO
Sum
CO2
Total

Point#

Sample

56.489
0.459
56.948
43.052
100

1

61.166
0.537
61.703
38.297
100

2
56.735
0.414
57.149
42.851
100

3
60.451
0.353
60.804
39.196
100

4
56.523
0.408
56.931
43.069
100

5
60.455
0.662
61.117
38.883
100

6

10

8

12
56.356
0.466
56.822
43.178
100

63.364
0.606
63.969
36.031
100

KM-4

57.211
0.462
57.673
42.327
100

7

11
58.142
0.317
58.459
41.541
100

KM-3

57.010
0.467
57.477
42.523
100

Table 2. Electron Probe Micro Analysis (EPMA) data of sample KM-4 in oxide wt.%.

Wt.% oxide
CaO
MgO
Sum
CO2
Total

Point#

Sample

Table 1. Electron Probe Micro Analysis (EPMA) data of sample KM-3 in oxide wt.%.

57.406
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57.946
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38.021
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0.418
58.484
41.516
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57.949
0.191
58.140
41.860
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0.677
57.870
42.130
100

60.865
0.494
61.359
38.641
100
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56.951
0.522
57.473
42.527
100

14

61.121
0.420
61.541
38.459
100
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60.685
0.544
61.229
38.771
100

17

13

53.402
0.015
53.417
46.583
100
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67.344
0.550
67.894
32.106
100

55.384
0.372
55.756
44.244
100
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64.034
0.444
64.478
35.522
100
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54.732
0.025
54.757
45.243
100

20
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Figure 11. Photomicrographs of biogenic remains: (A) Thread-like structures in colony at particular sites of calcite fabrics in
PPL (red arrows); (B) Filamentous tube-like structure (20 lm, PPL, arrow); (C) Broken fragments of the remains found at the
edges/tips of aragonite fabrics (20–100 lm, PPL); (D) Biogenic remains at voids/open space (20 lm, PPL); (E) Presence of pink
colour like-structure caught during calcite growth (PPL); (F) Tip portion of the biogenic remains (red circle) resembling a
bud-like structure (PPL).

temperature precipitation, whereas calcite favours
less evaporation at lower temperatures under moist
condition (Bathurst 1972; Railsback et al. 1994;
Martın-P
erez et al. 2012; Martın-Garcıa et al.
2019).
Further, neomorphic modiBcations including
changes in mineralogical fabrics can be impacted
by several factors – change in climate, surrounding
lithology, local hydrology, drip water, precipitation
of CaCO3 and temperature condition in cave system, etc. (Railsback et al. 1994; Denniston et al.
2000; Frisia et al. 2002; Tan et al. 2003; Woo and
Choi 2006; Lachniet et al. 2012; Sinclair et al. 2012;

Wassenburg et al. 2016; Tremaine and Froelich
2013; Frisia 2015; Domınguez-Villar et al. 2017).
The intercrystalline voids/open space along aragonite fabrics (unstable polymorph) is caused by
the dissolution process (Bgure 4C–E). Presence
of sparry calcite at intercrystalline voids
(Bgure 6A–F) indicates neomorphic growth of
sparry calcite through micrite within previously
existing dissolution void spaces (Pont-de-Ratz
Cave, Perrin et al. 2014). Occurrence of micrite
within calcite fabrics (Bgure 5B) and at growth
breach (Bgure 8) seems to reCect biogenic activity
as similar occurrences of micrite have also been
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Figure 12. Scanning electron micrographs images (Backscatter Secondary Electron – BSE and Secondary Electron – SE) of
biogenic remains: (A) Presence of biogenic remains at the tip of the aragonite fabrics (10 lm, BSE); (B) Tangle-like structure
(SE) present at calcite fabrics (10 lm scale); (C, D) Filamentous structures at calcite fabrics (100 lm, SE and BSE); (E, F)
Details showing rough texture of the biogenic remains under 2–3 lm scales (SE and BSE).

reported by Borsato et al. (2000) and Frisia and
Borsato (2010). Nevertheless, presence of Bne
materials resembling micrite may also have been
incorporated through different sources including
soil particles carried by inBltrating water through
fractures and cracks (Railsback et al. 1999), Bne
sediments suspended by Coodwaters (Atkinson
et al. 1986), Bne dust particles (Martinez-Pillado
et al. 2010), aerosols transported by cave aeration
(Dredge et al. 2013), and Bne silts and clays
suspended by air current (White 1988).
The discontinuous laminae thickness may be
attributed to CaCO3 deposition in response to
precipitation, i.e., thick laminae signify greater
precipitation and thin laminae relatively lesser
precipitation or drier period (Railsback et al. 1994;
Fairchild et al. 2000).

Further, as indicated in subsection 4.3, variations in BMLP and major oxides (CaO and
MgO wt.%) along the growth laminae of KM-24
may indicate a discontinuous growth rate. Such
growth rates have been attributed to surface
precipitation and disequilibrium temperature
settings through time (Fairchild et al. 2000; Tan
et al. 2003; Alonso-Zarza et al. 2011; MartınP
erez et al. 2012). In addition, precipitation of
CaCO3 in the cave system and development of
mineralogical fabrics have been attributed to
degassing rate of CO2 from drip water and Mg/
Ca ratio (Zhang and Dawe 2000; Denniston
et al. 2000; Genty et al. 2001; Frisia et al. 2002;
de Choudens-S
anchez and Gonz
alez 2009; Fairchild and Treble 2009; Martın-Garcıa et al.
2019).
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Figure 13. SEM images at 5 lm scale showing the morphology of Blamentous biogenic remains along with the EDS polygraphs
depicting different elemental peaks of Ca, C, and O in the spectra (spot 1).

Figure 14. SEM image (20 lm scale) and EDS polygraphs: selective spots on the calcite fabric (spot 1) showing peaks of Ca
element and biogenic remain (spot 2) showing different elemental peaks showing C, O and Ca.
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Figure 15. SEM image (10 lm scale) and EDS polygraphs: selective spots on the biogenic remains showing elemental peaks of C,
O, Si, Na, K and Ca (spot 1) and aragonite fabric showing different elemental peaks showing Ca and O (spot 2).

Biogenic remains preserved along the architectural structure/laminae of stalagmite KM-24 are
closely associated with mineralogical fabrics (C
and A) as well as intercrystalline voids (Bgures 11
and 12). EDS polygraph records dominant peaks of
C, O, Ca and minor peaks of Si, Na, K elemental
compositions (Bgures 13–15). These results may
further substantiate the presence of biogenic
activity during the deposition of CaCO3 that
might have facilitated the precipitation of CaCO3
at one point of time, a phenomenon generally
referred as biomineralization (Brown et al. 1994;
Inagaki et al. 1997; Susana et al. 2002; Weiner and
Dove 2003). Similar reports favouring the growth
of speleothems under the inCuence of microbe
mineralization in cave system around the world
further supports biogenic activities (Høeg 1946;
Borsato et al. 2000; Castanier et al. 2000; L
eveill
e
et al. 2000a, b; Northup et al. 2000; Cañaveras et al.
2006; Baskar et al. 2009, 2011, 2014; Curry et al.
2009; Jones 2010; Mudgil et al. 2018).

their polymorphic relationship as CaCO3 primarily
precipitates in the form of aragonite (unstable polymorph) and later transforms into calcite
(stable polymorph) due to neomorphism through
time.
2. Presence of different aragonite habits, development of intercrystalline voids along needle-like
aragonite fabrics, void-Blling sparry calcite
fabrics, formation of Bne micrite within calcite
fabrics and presence of growth breach (time
gap) depict disequilibrium in physicochemical
conditions during neomorphic transformations.
3. Presence of neomorphic transformations does
indicate an annual or sub-annual origin of
mineralogical composition and fabrics, the essential controls being the surrounding lithology,
drip water condition, rate of CaCO3 precipitation, temperature, and rate of evaporation.
4. Preservation of biogenic remains in association
with mineralogical fabrics, intercrystalline voids
and the outer laminae of KM-24 depict biogenic
activity which might have facilitated the
precipitation of CaCO3.

6. Conclusion
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211–255, https://dx.doi.org/10.1017/S0016756810000506.
Atkinson T C, Lawson T J, Smart P L, Harmon R S and Hess
J W 1986 New data on speleothem deposition and palaeoclimate in Britain over the last forty thousand years; J.
Quat. Sci. 1 67–72.
Baker A, Smith C L, Jex C, Fairchild I J, Genty D and Fuller
L 2008 Annually laminated speleothems: A review; Int.
J. Speleol. 37 193–206.
Baskar S, Baskar R, Lee N and Theophilus P K 2009
Speleothem formations of Mawsmai caves and Krem
Phyllut caves, Meghalaya, India: Some evidences for
biogenic activities; Environ. Geol. 57 1169–1186.
Baskar S, Baskar R, Tewari V C, Thorseth I H, Lise Ovrias,
Lee N M and Rauth J 2011 Cave geomicrobiology in India:
Status and prospects; In: Stromatolites: Interaction of
microbes
with
sediments,
Springer,
Dordrecht,
pp. 541–570, http://dx.doi.org/https://doi.org/10.1007/
978-94-007-0397-1˙24.
Baskar S, Baskar R and Routh J 2014 Speleothems from
Sahast Radhara caves in Siwalik Himalaya, India: Possible
biogenic inputs; Geomicrobiol. J. 31 664–681.
Bathurst R G 1972 Carbonate sediments and their diagenesis;
Elsevier, Amsterdam, New York 12 239–240.
Berthaux J, Sondag F, Santos R, Soubie S F, Causse C,
Plagnes V, Le Cornec F and Seidel A 2002 Paleoclimatic
record of speleothems in a tropical region: Study of

J. Earth Syst. Sci. (2021)130:207
laminated sequences from a Holocene stalagmite; Quat.
Int. 89 3–16.
Borsato A, Frisia S, Jones B and Van der Borg K 2000 Calcite
moonmilk: Crystal morphology and environment of formation in caves in the Italian Alps; J. Sedim. Res. 70
1179–1190.
Breitenbach S F M, Adkins J F, Meyer H, Marwan N, Kumar
K K and Haug G H 2010 Strong inCuence of water vapour
source dynamics on stable isotopes in precipitation
observed in southern Meghalaya, NE India; Earth Planet.
Sci. Lett. 292 212–220.
Brooks S and Brown M 2007 Caving in the abode of the clouds:
Meghalaya, India; Speleol. Bull. Br. Cave 9 32–34.
Brown D A, Kamineni D C, Sawicki J A and Beveridge T J
1994 Minerals associated with bioBlms occurring on
exposed rock in a granitic underground research laboratory;
Appl. Environ. Microbiol. 60 3182–3191.
Canaveras J C, Cuezva S, Sanchez-Moral S, Lario J, Laiz L,
Gonzalez J M and Saiz-Jimenez C 2006 On the origin of
Bber calcite crystals in moonmilk deposits; Naturwissenschaften 93 27–32.
Castanier S, Le M’etayer-Levrel G and Perthuisot J P 2000
Bacterial roles in the precipitation of carbonate minerals;
In: Microbial sediments (eds) Riding R E and Awramik S
M, Springer, Heidelberg, pp. 32–39, https://doi.org/10.
1007/978-3-662-04036-2˙5.
Curry M D, Boston P J, Spilde M N, Baichtal J F and
Campbell A R 2009 Cotton balls, a unique subaqueous
moonmilk, and abundant subaerial moonmilk in Cataract
Cave, Tongass National Forest, Alaska; Int. J. Speleol. 38
111–128.
Denniston R F, Gonzalez L A, Asmerom Y, Sharma R H and
Reagan M K 2000 Speleothem evidence for changes in
Indian summer monsoon precipitation over the last 2300
years; Quat. Res. 53 196–202.
Domınguez-Villar D, Krklec K, Pelicon P, Fairchild I J, Cheng
H and Edwards L R 2017 Geochemistry of speleothems
aAected by aragonite to calcite recrystallization – potential
inheritance from the precursor mineral; Geochim. Cosmochim. Acta 200 310–329.
Dredge J, Fairchild I J, Harrison R M, Fernandez-Cortes A,
Sanchez-Moral S, Jurado V, Gunn J, Smith A, Spotl C,
Mattey D, Wynn P M and Grassineau N 2013 Cave
aerosols: Distribution and contribution to speleothem
geochemistry; Quat. Sci. Rev. 63 23–41.
Duan W, Kotlia B S and Tan M 2013 Mineral composition and
structure of the stalagmite laminae from Chulerasim cave,
Indian Himalaya, and the significance for palaeoclimatic
reconstruction; Quat. Int. 298 93–97, https://doi.org/10.
1016%2Fj.quaint.2012.03.042.
Duan W H, Cai B G, Tan M, Liu H and Zhang Y 2011 The
growth mechanism of the aragonitic stalagmite laminae
from Yunnan Xianren Cave, SW China revealed by cave
monitoring; Boreas 41 113–123, https://doi.org/10.1111/j.
1502-3885.2011.00226.x.
Fairchild I J and Baker A 2012 Speleothem science: From
process to past environments; John Wiley and Sons,
https://doi.org/10.1002/9781444361094.
Fairchild I J and Treble P C 2009 Trace elements in
speleothems as recorders of environmental change; Quat.
Sci. Rev. 28 449–468, https://doi.org/10.1016/j.quascirev.
2008.11.007.

J. Earth Syst. Sci. (2021)130:207
Fairchild I J, Borsato A, Tooth A F, Frisia S, Hawkesworth C
J, Huang Y, McDermott F and Spiro B 2000 Controls on
trace element (Sr–Mg) compositions of carbonate cave
waters: Implications for speleothem climatic records; Chem.
Geol. 166 255–269.
Frisia S 2015 Microstratigraphic logging of calcite fabrics in
speleothems as tool for palaeoclimate studies; Int.
J. Speleol. 44 1–16, https://doi.org/10.5038/1827-806X.
44.1.1.
Frisia S and Borsato A 2010 Carbonates in continental
settings. Facies, environments and processes; Dev. Sedimentol. 61 269–318.
Frisia S, Borsato A, Fairchild I J and McDermott F 2000
Calcite fabrics, growth mechanisms, and environments of
formation in speleothems from the Italian Alps and Southwestern Ireland; J. Sedim. Res. 70 1183–1196.
Frisia S, Borsato A, Fairchild I J, McDermott F and Selmo E
M 2002 Aragonite–calcite relationships in speleothems
(Grotte de Clamouse France): Environment, fabrics, and
carbonate geochemistry; J. Sedim. Res. 72 687–699.
Gebauer H D 2008 Resources on the speleology of Meghalaya
state, India; Berliner Hohlenkundliche
€
Berichte 33 152.
Genty D, Baker A and Vokal B 2001 Inter and intraannual
growth rates of European stalagmites; Chem. Geol. 176
193–214.
Ghosh S, Fallick A E, Paul D K and Potts P J 2005
Geochemistry and origin of Neoproterozoic Granitoids of
Meghalaya, Northeast India: Implications for linkage with
amalgamation of Gondwana Supercontinent; Gondwana
Res. 8 421–432.
Gonz
alez L A, Carpenter S J and Lohmann K C 1992
Inorganic calcite morphology: Roles of Cuid chemistry and
Cuid Cow; J. Sedim. Petrol. 62 382–399.
Hill C and Forti P 1997 Cave minerals of the world (2nd edn);
National Speleological Society, pp. 59–61.
Høeg O A 1946 Cyanophyceae and bacteria in calcareous
sediments in the interior of limestone caves in NordRana, Norway; Nytt Magazin for Naturvidenskapene 85
99–104.
Inagaki F, Hayashi S, Katsumi D, Motomura Y, Izawa E and
Ogata S 1997 Microbial participation in the formation of
siliceous deposits from geothermal water and analysis of the
extremely thermophilic bacterial community; FEMS
Microbiol. Ecol. 24 41–48, https://doi.org/10.1111/j.15746941.1997.tb00421.
Jones B 2010 Microbes in caves: Agents of calcite corrosion
and precipitation; In: Tufas and speleothems: Unravelling
the microbial and physical controls; Geol. Soc. London 336
7–30.
Kendall A C and Broughton P L 1978 Origin of fabric in
speleothems of columnar calcite crystals; J. Sedim. Petrol.
48 519–538, https://doi.org/10.1306/212F74C3-2B2411D7-8648000102C1865D.
Lachniet M S, Bernal J P, Asmerom Y and Polyak V 2012
Uranium loss and aragonite–calcite age discordance in a
calcitized aragonite stalagmite; Quat. Geochronol. 14
26–37.
Lechleitnera F A, Breitenbacha S F M, Cheng H, Plessen B,
Rehfeld K, Goswami B, Marwang N, Eroglug D, Adkins J
and Hauga G 2017 Climatic and in-cave inCuences on d18O
and d13C in a stalagmite from northeastern India through
the last deglaciation; Quat. Res. 88 458–471.

Page 17 of 18 207
L
eveill
e R J, Fyfe W S and LongstaAe F J 2000a An unusual
occurrence of Ca–Mg–carbonate–silicate speleothems in
basaltic caves, Kauai, Hawaii; J. Geol. 108 613–621.
L
eveill
e R J, Fyfe W S and LongstaAe F J 2000b Geomicrobiology of carbonate–silicate microbialites from Hawaiian
basaltic sea caves; Chem. Geol. 169 339–355.
Li R and Jones B 2013 Temporal and spatial variations in the
diagenetic fabrics and stable isotopes of pleistocene corals
from the ironshore formation of Grand Cayman, British
West Indies; Sedim. Geol. 286 58–72.
Martinez-Pillado V, Aranburu A, Yusta I, Stoll H and
Arsuaga J L 2010 Clima y ocupaciones en la Galeria de
Estatuas (Atapuerca, Burgos) en los ultimos 14000 anos.
Relatos una estalagmita; Munibe 61 89–102.
Martın-Garcıa R, Alonso-Zarza A M and Martın-P
erez A 2009
Loss of primary texture and geochemical signatures in
speleothems due to diagenesis: Evidences from Castañar
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