1) Check for updates

Journal of Climate Change, Vol. 2, No. 2 (2016), pp. 89-98.
DOI 10.3233/JCC-160020

Monsoon Climate Impact on Drip Water Geochemistry at
Niah Great Cave, NW Borneo, Malaysia: Evaluating the
Spatial and Temporal Trends

M.V. Prasanna'*, S. Chidambaram?, R. Nagarajan' and A. Anand Kumar!

"Department of Applied Geology, Faculty of Engineering and Science, Curtin University Sarawak
CDT 250, 98009 Miri, Sarawak, Malaysia
"Department of Earth Sciences, Annamalai University, Annamalai Nagar — 608002, India
P4 geoprasanna@gmail.com

Received March 3, 2016, revised and accepted May 24, 2016

Abstract: A total of nine drip water samples were collected at Trader Cave Entrance (TCE), Cave Center (CC) and
Painted Cave Entrance (PCE) of Niah Great Cave, NW Borneo, Malaysia during monsoon period to understand
the spatial and temporal variations of drip water geochemistry by comparing with the summer season data. The
collected samples were analyzed for physico-chemical parameters using standard procedures. The chemical
components of the limestone host rock indicate that its dominant mineral component is low magnesium calcite.
Interpretation of data shows that higher ionic concentration was noted in TCE followed by CC and PCE in
monsoon. However the ionic concentration in summer season was much higher than the monsoon season. Ca-
HCO, is the most common water type recognized in the study site which indicates the carbonate dissolution by
water-rock interaction. Higher ionic strength values were noted in TCE drip waters indicating high flushing rate
of recharge water, which released more ions into the drip water. The saturation index of calcite and aragonite
are in near saturation to over saturation state, whereas magnesite and dolomite are under saturation condition.
The results of factor analysis reveal that the geochemistry of drip water is mainly controlled by the carbonate
mineral-water equilibrium.
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Introduction landforms (Kaufmann, 2009; Mocochain et al., 2009),

) o ) environmental changes (Xiao and Weng, 2007; Ducci
The hydrogeochemical characteristics of cave waters in =~ ¢ al., 2008) and global carbon fluxes (Liu et al., 2008;
karst environment are mainly controlled by the water-  agedorn and Cartwright, 2009).

rock interaction in carbonate rocks (Ford and Williams, Karst system is a crucial interface between seepage

2007). The hydrogeochemistry of cave waters is easily  water and fractured carbonate rocks. In the karst
influenced by the environmental changes due to the  epyironment, CO, originates mainly from pedogenic
similar hydrogeological structures (Yuan, 1997). Hence, processes through the hydration of water and then
a systemic study on hydrogeochemistry of cave waters  jonizing CO, within the humic topsoil (Dreybrodt,
is needed to understand the karst processes (Yoshimura 1988). When the seepage water reaches the carbonate
et al, 2001; Han and Liu, 2004), evolution of karst  rock, this carbonic acid dissolves the carbonate minerals
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that can be explained by the equation: CaCO, + CO,
+ H,0 & Ca’" + 2HCO;". The seepage water is in
thermodynamically equilibrium with the soil atmosphere
within the fractured unsaturated zone. Since the
cave system is generally open to the outer CO, poor
atmosphere, the water reaching the cave atmosphere
has a tendency and precipitating the solid carbonate
that forms speleothems. Calcium content in the drip
water changes in pCO, in the cave and their effect on
carbonate saturation are the important factors for the
calcite precipitation (Fairchild et al., 2006; Fairchild and
McMillan, 2007). The various geochemical processes
like prior calcite precipitation, dilution, piston flow
etc. are controlling the chemistry of drip water in a
cave as response to different hydrological conditions
to rainfall (Tooth and Fairchild, 2003). Percolation of
rainwater into a cave system is a diphasic flow of water
and CO, influence (Atkinson, 1977). Evapotranspiration
and geochemical evolution of water depend on the soil,
unsaturated zone and on the transit time.

The seasonal evolution of the water flow within
the cave system depends on the rainfall as an original
input and also contributes to runoff of sinking stream
into the karst system. Environmental parameters of the
caves, like humidity and temperature depend upon the
entrance of water into the cavity. The infiltration of
low-pH rainwater into groundwater that incorporated
atmospheric CO, as well as CO, from the near-surface
environment and these initial CO, concentrations which
dictate the amount of limestone dissolution (White,
1988). Continuous input of meteoric water charged with
atmospheric and soil CO, enters the vadose zone to keep
this water under-saturated with respect to CaCO, and
thereby maintain its dissolution potential.

Studies conducted at various seasons or water-
balanced cycles show significant intra and inter site
variability in drip water hydrochemistry (Baker et al.,
2000; Tooth and Fairchild, 2003; McDonald et al., 2004;
Spotl et al., 2005; Baldini et al., 2006; Johnson et al.,
2006). A preliminary study was conducted in Niah Great
Cave during July 2011 to understand the geochemical
behaviour of drip waters in dry period (Prasanna et al.,
2014). There is no detailed study on spatial and temporal
variations in drip water geochemistry of Niah cave.
Hence, the main objective of this study is to understand
the monsoonal impacts on drip water geochemistry
and to evaluate the spatial and temporal trends in Niah
Great Cave.

Study Area

Niah Great Cave is located in Sarawak, NW of Borneo,
east Malaysia (Figure 1). It has been developed in the
algal patch reef facies of the Subis Limestone Member of
the Tangap Formation, of Miocene age. This formation
consists of calcareous shale, marl, greenish claystone,
and pure limestone beds (Hutchinson, 2005). In this
cave, about 3200 m of passages have been identified
which includes chambers up to 100 m in diameter and
70 m high. The morphology of the cave passages, with
Scallops features, is consistent with the cave being of
phreatic origin (Hunt and Rushworth, 2005a, b). The
climate of Sarawak is warm and humid throughout the
year. The mean annual temperature at sea level is about
27°C with a lapse rate of 0.5-0.7°C/100 m elevation.
The average annual rainfall is about 2813.5 mm per year
(Niah Forest Office). Higher rainfall is recorded during
the month of December and lesser in June.

Methodology

Nine drip water samples were collected at different sites
in Niah Great Cave in order to spatially cover the entire
cave (three samples in TCE, five samples in CC and
one sample in PCE) during February 2015 (Figure 1).
The samples were mainly collected from the fractures
and fissures of cave ceiling. The collected samples were
analyzed for various chemical parameters using standard
methods described in APHA (1995). Temperature, pH,
electrical conductivity (EC) and total dissolved solids
(TDS) were measured in the field using portable pH
and conductivity meter (Thermo Scientific Orion Star,
4 Star Plus Meter). The samples were collected in 250
ml polyethylene bottles and kept at a temperature of 4°C
until analysis. The collected samples were filtered using
a preconditioned plastic Millipore filter unit equipped
with a 0.45 pum filter membrane for further elemental
analysis. Bicarbonate (HCO;") and chloride (CI") were
measured using titrimetric method. Sulfate (SO 42‘) were
analyzed using Hack Test Kits (SulfaVer 4 method). The
collected samples were preserved by acidifying to pH
~2 with HNO, for calcium (Ca®"), magnesium (Mg*"),
sodium (Na") and potassium (K") were analysed using
Atomic Absorption Spectrophotometer (Perkin Elmer
Analyst 400). The precision of analysis was checked
by error percentage calculation and it is found to vary
between +1 to £10% (Hem, 1985). A representative
limestone host rock sample was collected in the Cave
and subjected to XRF analysis using Axios PANalytical
X-ray fluorescence (XRF) machine. Ionic strength
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Figure 1: Study area with sample location sites (modified from Prasanna et al., 2014).

(IS), carbon dioxide partial pressure (log pCO,) and
saturation index (SI) of carbonate minerals were
computed using the WATEQA4F (Ball and Nordstrom,
1992). Factor analysis was performed using SPSS
software (version 17 for Windows).

Results and Discussion

Chemical Composition and Mineralogy

of Host Rock

A representative host rock sample was chosen for the
chemical component analysis using XRF method to
characterize the chemical composition and to provide
support to the inference about the mineral compositions
of the host rock by XRD method. The results of XRD
indicated the presence of large amount of calcite,
particularly Rhombohedral calcite, in the host rock
(Prasanna et al., 2014). The results of XRF show that
Ca and Mg contents were higher than the other elements

(Figure 2). Besides Ca and Mg, other components are
much lower in the rock. In general, calcites have a
magnesium carbonate molar ratio of less than 4% (Mg/
Ca < 4) and can be classified as the low magnesium
calcite (LMC) (Stanley et al., 2002). The Ca and Mg
molar ratio of the limestone host rock sample was 0.33%
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Figure 2: The chemical composition of host rock.
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which shows that the dominant carbonate minerals
belong to LMC, which is consistent with the observation
about the mineral composition of host rock.

Trends of Environmental Parameters and Major
Ions in Drip Waters
The chemical composition of drip waters collected at
TCE, CC and PCE are given in Table 1. The temperature
does not change much seasonally, and all the samples
range from 24.98°C to 25.26°C irrespective of seasons.
The other environmental parameters are quite variable in
different locations and seasons. In monsoon, pH ranges
from 7.90 to 8.52 with an average of 8.15 in TCE, 8.05
to 8.31 with an average of 8.21 in CC and 8.13 in PCE.
Higher pH was observed in CC followed by TCE and
PCE. In summer, pH ranges from 6.65 to 6.92 with
an average of 6.79 and higher pH was noted in PCE
followed by TCE and CC. Overall, the pH values show
alkaline nature in monsoon period, whereas near acidic
to neutral condition in summer period. In monsoon,
EC ranges from 171.99 ps/cm to 187.51 us/cm with
an average of 178.32 us/cm in TCE, 142.64 us/cm to
173.79 ps/cm with an average of 155.71 ps/cm in CC
and 133.25 ps/cm in PCE. Higher EC was observed in
TCE, followed by CC and PCE. In summer, EC ranges
from 207.60 ps/cm to 774 ps/cm with an average of
460.53 ps/cm and it shows the same trend of monsoon.
In general, the EC values are lower in monsoon season
compared to summer season.

In general, Ca’>" and HCOj; are the predominant
cation and anion in karst waters (Yuan et al., 2002; Ford
and Williams, 2007) and for the drip waters in Niah

Cave is also the same condition irrespective of seasons.
Based on the average values of all chemical parameters
in these three localities, higher ionic concentrations was
observed in TCE, followed by CC and PCE (Figure
2). Same trend has been observed in summer season
samples (Prasanna et al., 2014), but higher ionic
concentrations was recorded than monsoon season. The
order of dominance of major ions are Ca>*> K™ Na™
Mg** = HCO,>CI> SO,* in TCE; Ca*>Na"> Mg*">
K" =HCO,>CI> SO,* in CC; Ca*> Mg*"> Na*> K"
= HCO;>CI> SO 42' in PCE. The concentration of Ca®"
ranges from 45.16 mg/l to 139.49 mg/l with an average
of 87.33 mg/l in summer and it ranges from 28.15 mg/1
to 64.9 mg/l with an average of 41 mg/l in monsoon.
HCO; ranges from 73.20 mg/l to 85.40 mg/l with an
average of 77.27 mg/l in summer and it ranges from
73.2 mg/l to 122 mg/l with an average of 94.21 mg/I
in monsoon. In general, Ca’>" and HCOjy in the drip
waters show a clear seasonal variation, the concentration
of which is higher in summer than that of monsoon.
It is also interesting to note that there is a spatial
trend observed in summer season (Figure 3). Mg?*
concentration also shows remarkable seasonal variation,
where the values are higher in summer than monsoon
season. Chloride content shows an increasing trend in
summer and probably derived from the atmospheric
input (Mayer, 1999).

The chemical behaviour of drip waters in Niah Cave
have been compared with few other caves in the world
in various karst environments (Table 2). This review of
the literature shows that Ca>* and Mg?* concentration of
drip waters in Niah cave during monsoon period is less

Table 1: Chemical composition of drip waters (all values in mg/l except EC in ps/cm, temperature in °C and pH)

Sample ID  Location Drip rate Temp pH  TDS EC Cd’* K° Mg CI HCO; SO/ Na*
M1 TCE Fast 25.4 8.5 187.5 2679 463 02 1.0 12.0 122 3.6 2.5
M2 CcC Slow 24.8 8.3 173.8 2483 649 1.8 24  16.0 732 11.0 4.5
M3 CcC Fast 253 8.3 157.2 2246 351 0.7 0.6 8.0 97.6 10,0 5.2
M 4 CcC Fast 24.7 8.2 152.2 2174 312 0.6 1.4 12.0 91.5 11.5 4.1
M5 CcC Slow 24.6 8.2 152.7 2182 359 05 1.3 12.0 854 12.0 5.7
M 6 PCE Slow 24.4 8.1 133.3 1904 323 0.7 1.8 16.0 793 2.0 1.1
M7 CcC Fast 24.8 8.1 142.6 203.8 282 0.6 1.2 8.0 91.5 9.0 4.2
M 8 TCE Fast 25.4 8.0 172.0 2457 572 93 50 12.0 854 1.0 2.1
M9 TCE Fast 25.4 7.9 1754 2506 38.1 02 0.8 8.0 122 3.2 3.1
*D5 CcC Slow 25.4 6.7 173.1 400.0 77.3 2.7 0.4 4.5 73.2 10.1 3.1
*D6 PCE Fast 253 6.9 153.8 207.6 452 27 0.02 23 85.4 2.5 1.3
*DS8 TCE Fast 25.1 6.8 240.7 7740 139.5 8.5 0.5 5.9 73.2 7.9 2.9

*Summer season data (Prasanna et al., 2014); TCE — Trader cave entrance, CC — Cave center, PCE — Painted cave entrance.
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Figure 3: Average concentration of chemical parameters
in three localities during summer and monsoon.

than the other cave drip waters. But the concentration
of CI" and HCOy is higher in Niah cave than the other
caves irrespective of seasons. Saturation index of
calcite in drip waters of Niah cave is in near-saturation
state, whereas the other caves show saturation to over
saturation condition. Overall this comparative study
indicates that the chemical signatures of Niah cave drip
waters show significant variation than the other caves.

Hydrogeochemistry of Drip Waters

The geochemical evolution of water can be understood
from the Piper plot (Piper, 1953). Piper diagrams
(Piper, 1953) are drawn by plotting the proportions (in
equivalents) of the major cations (Ca>", Mg?*, Na*, K*)
on one triangular diagram, the proportions of the major
anions (CO;", HCOy, CI, SO4‘2) on another triangular
diagram, and combining the information from the two
triangles on a quadrilateral. The position of this plotting
indicates the relative composition of groundwater in
terms of the cation—anion pairs that correspond to four
vertices of the field. In the Piper plot, all the samples
falling in Ca-HCO, facies indicate recent recharged
water from the monsoonal rainfall (Figure 4). It also
indicates the carbonate dissolution through water-rock
interaction. Similar water facies was noted in summer
season. Gibbs (1970) proposed a method for detecting
the relationship between water composition and
mechanism controlling their chemistry. In the Gibbs
plot, all the samples fall in weathering zone indicating
the chemical weathering with the dissolution of rock
forming minerals as the major controlling process for
the composition of drip water, which is similar to the
summer season (Figure 4).

The partial pressure of CO, (pCO,) in rivers is
commonly out of equilibrium with the atmosphere. The
log pCO, for each sample is determined to study its
relation to recharge. The atmospheric log pCO, value
is around —3.75 (Raymahashay, 1986). Water with high
pCO, of around —1.5 results due to deep circulation
of ground waters, with less atmospheric interaction or
due to high saturation of carbonates, resulting from the
interaction with the host rock of the material through
which it flows (Stumm and Morgan, 1995; Lower,

Table 2: Comparison of average chemical composition of drip waters in Niah Cave with few other caves in the
world (all values in mg/l, except temperature in °C and pH)

Location Temp pH TDS Cda’* K' Mg’* CI HCO; SO Na* Sl
Heshang Cave, Central China (n =2) 182 7.7 2338 66.1 05 41.1 07 1935 191 13 03
Xueyu Cave, SW China (n = 12) 176 7.5 5392 1752 06 40 21 4778 532 1.0 09
Wombeyan Caves, SE Australia

(n=173) NA 77 NA 893 05 18 7.6 3590 26 29 06
Guizhou Caves, China (n = 5) 148 81 NA 529 04 236 16 2735 064 14 07
Pettyjohns Cave, NW Georgia, USA

(n=4) 128 7.7 2353 538 05 23 22 1633 74 07 04
Niah Great Cave, east Malaysia

(Summer, n = 3) 253 6.8 1892 873 39 03 43 773 68 24 -08
Niah Great Cave, east Malaysia

(Monsoon, n = 9) 250 82 160.8 410 1.6 1.7 11.6 942 70 36 -0.1

NA — not available, n — number of samples, Slc — saturation index of calcite.
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Figure 4: Seasonal trends of Ca, Mg, HCO, and Cl for drip waters (M — monsoon, S — summer).

1999; Chidambaram et al., 2011). In mixed water, pCO,
tends to decrease to the atmospheric value and this
causes increase in saturation, suggesting that the mixing
zone is an open system (Raymahashay, 1986). The
composition of freshwater is controlled by dissolution
and precipitation processes and by degassing of CO,.

Log pCO, value ranges from -3.57 to -2.94
with an average of —3.25 in TCE, -3.54 to
—3.21 with an average of —3.39 in CC and —3.353 in
PCE. Ionic strength is a measure of total concentration
of ions, which emphasizes increased contribution of
species with charges greater than one (Domenico and
Schwartz, 1998). lonic strength ranges from 0.003 to
0.004 in TCE, 0.003 to 0.005 in CC and 0.002 in PCE.
In general, it was observed that the TCE samples show
slightly higher pCO, and IS values compared to CC and
PCE samples (Figure 5). It indicates that TCE waters
have comparatively longer residence time in the cave
bed rock fissures or high flushing rate of recharge water,
which released more ions into the drip water through
water-rock interaction due to the variations in pressure
and temperature conditions.

The aqueous speciation computed with WATEQ4F
program (Ball and Nordstrom, 1992) was used to define
possible chemical reactions in the aquifers and to assess
the state of equilibrium between water and minerals.
The saturation indices and activities of constituents were

calculated by using WATEQ4F program. In general, the
saturation index of carbonate minerals indicates that
the dolomite and magnesite are in the state of under-
saturation. Further, calcite and aragonite are from under-
saturation to over-saturation condition irrespective of
samples (Figure 6). But, it is interesting to note that
the SI of calcite in TCE and PCE drip waters are in
under-saturation condition indicating the dissolution
of calcite by the high flushing rate of rain water into
the open cave system (Figure 7). Whereas in the CC
drip waters, it ranges from near-saturation to over-
saturation condition which indicate the initial flushing
of recharge water and slowly percolate into the closed
cave system to precipitate the calcite. The outgassing
of CO, drives the carbonate equilibrium towards calcite
precipitation. During outgassing, bicarbonate is lost
through conversion to CO, and the pH must rise to
maintain the charge balance by decrease in pCO, (Toran
and Roman, 2006). But, outgassing occurs faster than
CaCO, precipitation, which leads to oversaturation
(Freeze and Cherry, 1979). Lesser HCO;™ and pCO,
values and increasing pH value in CC drip waters may
substantiate the above statement. In summer season, all
the samples were in under-saturation condition.
Factor analysis was performed to identify the most
important factors contributing to the data structure
and similarities between the factors. When the factor
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analysis is applied to chemical data of drip water,
dominant processes can be identified as common factors
that are sets of variables having strong associations with
one another (Ritzi et al., 1993; Prasanna et al., 2010;
Vasanthavigar et al., 2010). Three most significant
factors were extracted with the total variance of 94.82
(Table 2).

Factors 1 and 2 are highly loaded with EC, TDS,
Ca?*, HCO,", Mg®" and K*. The contents of Ca?*, Mg
and HCO; in the drip water could be controlled by
the carbonate mineral-water equilibrium (Jeong, 2001)
based on the following reaction:

(Ca, Mg ) CO, + H,0 + CO, — (I1-x) Ca + xMg +
2HCO,

K* may be derived from the leaching of clay minerals
coating on the surface of the host rock.

Factor 3 loaded with SO42‘ and Na* is probably
derived from the ion-exchange in soils and clastic rock
units (Mayer, 1999). Factor 4 is loaded with pH and CI.
During water-rock interaction, two different modes can
release the major elements into the solution (Grimaud et
al., 1990): (1) controlled elements (Na*, K*, Ca>*, Mg?*,
HCOy"), which quickly limit their concentration by the
precipitation of a sparingly soluble mineral phase and
immobilized; and (2) soluble elements, which steadily
increase during the evolution of water and remain in
the solution phase. Cl is the typical soluble element
and it indicates the degree of reaction progress of the
dissolution, whereas the pH of drip water is buffered
by the hydrogen production and consumption reactions.

Table 3: Factor analysis for drip water samples in
monsoon season

Factors
Parameters 1 2 3 4
pH .396 -414 .199 .649
TDS 989 .094 -.065  -.008
EC 989 .094 -.065  -.008
Ca .630 614 .019 408
K 152 916 -.223 -.066
Mg .061 943 -.236 151
Cl -.123 261 -.176 903
HCO, 578 -.562 =322 -486
SO, -.167 -.205 944 119
Na .026 -.147 969 -.156
Total 2913 2.744 2.121  1.705
% of Variance 29.129 27.437  21.205 17.051
Cumulative % 29.129 56.565  77.771 94.822
Conclusions

The hydrogeochemical characteristics of drip water in
Niah Great Cave have been conclusively summarized
as follows.
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The total ionic concentration of drip water collected
in monsoon period is less than in summer period. It
indicates the high flushing rate with less residence time
of recharge water into the cave system in monsoon
period. pH of the drip water was in alkaline condition
in monsoon period and near-acidic to neutral condition
in summer period. Due to near-acidic condition, more
ions have been released by water-rock interaction in the
summer period. Ca-HCO, is the most common water
type observed in both the seasons which indicates the
dissolution of carbonate minerals. SI of calcite shows
near-saturation to over-saturation condition in CC drip
waters which indicate the precipitation of carbonate
minerals due to the slow infiltration of recharge water
into the closed cave system. Whereas under-saturation
condition was observed in TCE and PCE drip waters
indicating the dissolution of carbonate minerals due to
the high flushing of recharge water. The factor analysis
of chemical data reveals that Ca**, Mg*" and HCO;
were highly loaded in Factors 1 and 2 which indicate
the dissolution of carbonate minerals by water-rock
interaction as the major controlling process for the drip
water geochemistry. The influence of monsoon climate
drives the precipitation and CO, concentration, which
has changed the intensity of water-rock interaction
and results in the seasonal variation of drip waters
geochemistry in Niah Great Cave.
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