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Abstract A systemic study was conducted to understand the
links between the host rock, water, and speleothems of Xueyu
Cave in Southwestern China. An outcrop section of the host
rock of Xueyu Cave was surveyed, the stratum that the host
rock belongs to was subdivided into 11 lithofacies, and the
Xueyu Cave is developed in the grainstone facies segment.
Lithological characteristics and chemical components of the
host rock indicate that its predominant mineral component is
low magnesium calcite (LMC). To understand the
hydrochemical characteristics of percolating water in Xueyu
Cave, three drip water monitoring sites were taken to collect
water samples for a whole monsoon year. The temperature (7)),
pH, electronic conductivity (EC), drip rate, Ca®", Mg*", Na™,
K*, Ba®", S**, HCO;5 ", SO4*", NO;, CI, partial pressure of
CO, (pCO,), saturation indexes, and precipitation rate of car-
bonate minerals were investigated monthly. The data reveals
that the pH, EC, drip rate, Ca®*, Mg**, HCO;~, pCO,, satura-
tion indexes, and precipitation rate of carbonate minerals ex-
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hibit seasonal variation; these are due to the seasonal change
of precipitation and soil CO, concentration that are driven by
monsoon climate. The petrological and geochemical charac-
teristics of speleothems were also investigated, and results
indicate that the main chemical and mineral components of
speleothems are quite similar to the host rock; this is because
the main material source of drip water and speleothems are
governed by the host rock. This study reveals the main min-
eralogical and geochemical characteristics of host rock and
speleothems, further discussing the seasonal variation of
hydrochemical indexes of drip water. All these works will be
helpful to more thoroughly understand the operation regular-
ity of karst dynamic system (KDS) of the Xueyu Cave.

Keywords Calcite - Drip water - Speleothem - Karst dynamic
system (KDS) - Mg/Ca - Xueyu Cave

Introduction

Typically, speleothems are secondary mineral deposits formed
in a karstic cave (Moore 1952), and the mechanisms of
speleothem growth can be summarized as mobilization pro-
cesses by which surface-derived components are redistributed
to the subsurface via downward percolation of fluids (Holland
etal. 1964; Thrailkill 1971; Bar-Matthews et al. 1991). During
the processes, a series of water—rock interaction will happen,
and many kinds of minerals will form (Ford and Williams
2007; Tamas et al. 2011). As of 2011, more than 300 cave
minerals have been noted (Onac and Forti 2011a, b). Howev-
er, only three minerals (calcite, aragonite, and gypsum) can be
considered common (Self and Hill 2003). Therefore, many
studies relating to these minerals have been performed, find-
ing that the formation and characteristics of speleothems are
strongly impacted by the external environment (Bar-Matthews
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et al. 1991; Fairchild et al. 2000; Frisia et al. 2002; Self and
Hill 2003; Spotl et al. 2005; Oster et al. 2012). Geochemistry-
based studies revealed the main control factors on chemical
and mineralogical characteristics of speleothems, including
cover conditions, organisms, temperature, Mg/Ca ratio of per-
colating pore fluids, partial pressure of CO, (pCO,), evapora-
tive conditions within a cave, etc. (Gascoyne 1983; Bar-
Matthews et al. 1991; Fairchild et al. 2000; Contos et al.
2001; Forti 2001; Frisia et al. 2002; Self and Hill 2003;
Cacchio et al. 2004; Spotl et al. 2005; Oster et al. 2012). In
fact, all the control factors and water—rock interaction process-
es work together as a whole system. Therefore, Yuan et al.
(2002) suggested a conceptual model as karst dynamic system
(KDS) to represent the operating principles of the system
(Fig. 1). The KDS is an open system in which the solid phase
(carbonate host rock) acts as the source of most cations (Ca*",
Mg>", S, etc.) and a half of all bicarbonate radical in the
liquid phase; hence, the host rock can strongly impact the
characteristics of the solution (liquid phase) and speleothems.
But the links between the host rock, percolating water, and
speleothems did not receive enough attention, causing the
understanding on operation regularity of KDS not thorough
enough.

The studies on Xueyu Cave have been performed for a
couple of years; the early studies mainly focused on the mor-
phology and taxology of the speleothems (Zhu et al. 2004). To
understand the impact of factors on the properties of
speleothems and waters, the monitoring work on Xueyu Cave
has started in recent years. The studies on hydrochemistry
found that the hydrochemical indices of drip water and under-
ground stream water in Xueyu Cave vary seasonally, whereas
the reasons are still unclear (Pu et al. 2009; Xu et al. 2012). In
addition, none of them paid attention to the petrological char-
acteristics of the host rock and speleothems, and they also did
not systemically discuss the links between the host rock, per-
colating water, and speleothems.

This study seeks to find out the control factors on properties
of percolating water and speleothems and to reveal the links
between the host rock, percolating water, and speleothems.

The results and new insights on petrology and geochemistry
will be helpful to better understand the operation regularity of
KDS of Xueyu Cave system.

Study site description and geological setting

Xueyu Cave (29° 47" 00" N, 107° 47" 13" E; entrance eleva-
tion 233 m) is located in Fengdu County 180 km from Chong-
qing City (Fig. 2a). Similar to most of southern China, this
region has a typical subtropical monsoon climate that features
wet season (May to Oct.) and dry season (Nov. to Apr.) and
has a multiyear average precipitation of approximately
1072 mm. Xueyu Cave extends along the strike of the host
rock and is a typical underground watercourse canyon—type
cave (Zhu et al. 2004). With downcutting of the subterranean
stream, this cave forms a multilayer structure (Fig. 2c). The
cave does not develop large chambers, which is also attributed
to the intense downcutting. The thickness of the roof rocks of
Xueyu Cave is over 150 m, and the mean internal temperature
is ~17.2 °C. The main speleothems in Xueyu Cave include
soda straw, stalactites, stalagmites, cave flags, cave shields,
tower corals, rafts etc. (Fig. 2e—h). The dating data show that
the age of studied speleothems in Xueyu Cave is ~3400+
25 years (unpublished age data were provided by Dr. Yang,
test work were performed in the University of Minnesota).
The study region is located in the eastern Sichuan basin
between Huaying Mountain and Xuefeng Mountain. This re-
gion deformed in the late Mesozoic and formed a series of
multilayer detachment folds (Wang et al. 2010, 2012). The
structural setting of the study area region is an anticline, and
Permian strata form the core of which. Xueyu Cave is in the
northwestern wing of the anticline. Based on the different
lithological characteristics, five different lithostratigraphic
units are subdivided (Fig. 2b), e.g., Lower Permian (P;) lime-
stone with argillaceous rock at the bottom, Upper Permian
(P») siliceous limestone, Lower Triassic Feixianguan forma-
tion (Tf) limestone with argillaceous rock at the base and silt
rock at the top, Lower Triassic Jialingjiang Formation (T )

Fig. 1 Conceptual model of the Gaseous phase CO.,(9) Degassing
karst dynamic system (KDS)
(after Yuan et al. 2002) I I
C(I)g( ) Dissolving
Ca 2+ R R _ -
Uqud & OTHGO 00, TR,
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H

Diffusion boundary

layer (DBL) Dissolving
Ca*CO,= :
Solid phase I Precipitation
CaCoO ,(s)
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dolomitic limestone with salt dissolution breccias at the top,
and Middle Triassic Leikoupo Formation (T,/) argillaceous
limestone with silty shale embedded within.

The host rock of Xueyu Cave is Feixianguan formation that
was deposited in the early Triassic, approximately 252.6+
0.2~245.2 Ma (Huang et al. 2006, 2008) with sedimentary
environment of evaporite-carbonate platform (Zharkov and
Chumakov 2001). Based on the investigation of outcrop sec-
tion and specimens, the Feixianguan formation was
subdivided into 11 lithofacies (Fig. 2d). The Xueyu Cave is
developed in the grainstone facies segment; its roof and floor
rocks are predominated by thick-bedded micrite and medium—
thin-bedded argillaceous limestone, separately.

Methods

The morphology of the cave was surveyed using a laser
rangefinder (LRF) and compass. The mineralogy and textures
of the bedrock and speleothems were characterized using a
polarized microscope.

To characterize the variation of main environmental and
hydrochemical parameters, we selected three drip water mon-
itoring sites (#1, #2, and #3 in Fig. 2) and sampled monthly
during a monsoon year (post-monsoon season of May to Oct.
and pre-monsoon season of Nov. to Apr.).

Temperature (7), pH, and electric conductivity (EC) were
measured in situ using a sension made by Hach (USA) and
bicarbonate (HCO;3 ) was tested in situ using a portable kit
made by Merck (Germany). Their accuracies are 770.1 °C, EC
1 uS/em, pH 0.01, and HCO; 0.1 mmol/L, respectively.
Monthly drip water samples from three monitoring points
(#1, #2, and #3) were collected in 50-mL polyethylene bottles
and a small amount of nitric acid (1:1) was added in, and then
the samples were stored at 5 °C for cation analysis. The sam-
ples for anion analysis were also collected in 50-mL polyeth-
ylene bottles without acidifying. To test the chemical compo-
nents of limestone and speleothems, 0.5 g of solid material
from each sample was digested with nitric acid (1:1) and then
diluted to 100 mL with deionized water. The chemical com-
ponents of the drip water and solid samples were determined
by inductively coupled plasma optical emission spectrometry
(ICP-OES) and ion chromatography with a detection precision
0f 0.001 mg/L.

Results and discussion
Lithology of host rock
The lithofacies segment that the Xueyu Cave is developed in

were subdivided into four different lithofacies types, including
micritic limestone, calcarenite, oolitic limestone, and

calcirudite (Fig. 2d). To characterize the lithology of the rocks,
thin sections were produced for mineralogy and texture obser-
vation; the microscopic photos for rocks are shown in Fig. 3.

The micritic limestone is characterized in micro-crystalline
texture and lime mud matrix, and it also contains some metal-
lic minerals and clay minerals which are characterized by a
brown to black color (Fig. 3(a, b, b+)). This rock is approxi-
mately 10 m in thickness and is sandwiched in the segment of
grainstone lithofacies.

Except the micritic limestone, the total thickness of the
other three rocks is over 50 m, which forms the main body
of the grainstone lithofacies segment. The oolitic limestone
consists of oolite grains in size of 0.5~1.0 mm and granular
calcite cements; subhedral quartz characterized by a six-sided
prismatic shape and grayish white interference color can also
be found occasionally (Fig. 3(c, d, d+)). Figure 3(e, f, f+)
presents the texture and mineral components of calcarenite;
the images demonstrate that their predominant constituents are
silt to fine sand-sized intraclasts. Like the oolitic limestone,
the cements of the calcarenite also mainly consist of granular
calcite. Figure 3(g, h, h+) shows that the calcirudite is made up
of gravel-sized (>2 mm) and some sand-sized micritic lime-
stone grains, the cements of which also consists of isometric
granular calcite cements.

Based on the microscopic images, it is easy to find that all
grainstones (oolitic limestone, calcarenite, and calcirudite)
have a high original porosity of proportion over 40 %, which
provides enough space for crystal growth; hence, the cements
of the stones consist of granular calcite. In addition, the im-
ages also present that the calcite crystals of cements are of
equant morphology, indicating a little difference in surface
energy of the calcite crystal planes during the crystallization
processes in a diagenetic fluid of low magnesium concentra-
tion (Lahann 1978). Indeed, the calcite of isometric granular
texture is the most common cement for limestone that formed
in a diagenetic environment of low magnesium content, such
as the freshwater phreatic diagenetic environment (Longman
1980; Scholle and Ulmer-Scholle 2003; Huang 2010). There-
fore, the universal existence of calcite cements of isometric
granular morphology in the host rocks of Xueyu Cave indi-
cates that the magnesium content in their predominant mineral
components are very likely to be low.

Chemical composition of host rock

To quantitatively characterize the chemical composition and
to provide support to the inference about the mineral compo-
sitions of the host rock, ten host rock samples were chosen for
chemical component analysis. The results demonstrate that the
Ca content of these rocks ranges from 9.58 to 9.94 mol/kg,
and their Mg content ranges from 0.04 to 0.36 mol/kg
(Table 1). In general, calcites have a magnesium carbonate
molar ratio of less than 4 % (Mg/Ca <4 %) can be classified
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<« Fig. 2 Location, geological setting, and speleothems of Xueyu Cave. a
location of the study site; b geological setting of the study site; ¢
morphology of Xueyu Cave; /#, 2#, and 3# are drip water monitoring
sites; d host rock lithofacies division; e cave flags and stalagmites; f soda
straw; g cave shield; h flowstones and stalagmites; / Middle Triassic
Leikoupo Formation, 2 Lower Triassic Jialingjiang Formation, 3 Lower
Triassic Feixianguan Formation, 4 Upper Permian series, 5 Lower
Permian series, 6 calcareous silt rock, 7 argillaceous rock, & shale, 9
calcareous argillaceous rock, /0 micritic limestone, // siliceous
limestone, /2 argillaceous micritic limestone, /3 calcarenite, /4 oolitic
limestone, /5 calcirudite, /6 sample locations and ID, /7 conformity
stratigraphic boundary, /8 fault, /9 location of measured geological
section, 20 river/stream and its name, 2/ city, 22 county, 23 location of
the cave mouth; the Xueyu Cave is developed in the grainstone facies
segment of gray shadow in (d)

EN%, S Wty iah 3 (L) CAVERE S 2

Fig.3 Thin slice images for the bedrock of the Xueyu Cave system. a, b,
b+ are micritic limestone that consists of very tiny calcite crystals with
size <0.01 mm; ¢, d, d+ are oolitic limestone with granular calcite
cements, and subhedral quartz can be found occasionally; e, f, f+ are
calcarenite that consists of silt to fine sand-sized intraclasts with

as the low magnesium calcite (LMC) (Stanley et al. 2002).
The magnesium and calcium molar ratio (Mg/Ca) of the lime-
stone samples ranges from 0.59 to 3.53 % (Table 1), indicating
their predominant carbonate mineral components belong to
LMC, which is consistent with the inference about the host
rock’s mineral composition.

Besides calcium and magnesium, the other contents of the
rocks are much lower. Their Ba, Sr, Fe, and Mn contents range
form 83.47 to 280.35x 10, from 8.10 to 465.74x 107, from
102.02 to 1840.38x107°, and from 5.81 to 65.43x10°°,
respectively.

In addition, the calcium content of samples demonstrates a
good negative correlation with the magnesium content

granular calcite cements; g, /1, h+ are calcirudite that consists of gravel-
sized (>2 mm) and some sand-sized carbonate grains with granular calcite
cements. Plus sign means the images were taken with cross-polarized
light. Scale bars=0.5 mm (a, c, e, and g) and 0.1 mm (b, d, f, and h). C
calcite, Q quartz
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Table 1 Chemical composition

of host rocks ID Rock type Ca Mg Mg/Ca Ba Sr Fe Mn
mol/kg x1072 x107°
R1 Calcarenite 9.94 0.06 0.59 29.05 235.66 102.02 5.81
R2 Calcarenite 9.76 0.24 248 465.74 205.81 1262.89 45.20
R3 Calcirudite 9.83 0.18 1.86 59.10 181.19 79222 19.44
R4 Oolitic limestone 9.77 0.24 248 11.33 21647 818.62 32.04
RS Oolitic limestone 9.87 0.14 1.40 16.66 83.47 232.12 32.40
R6 Micritic limestone 9.90 0.10 1.05 50.75 117.66 377.93 23.57
R7 Micritic limestone 9.89 0.12 1.20 8.10 158.35 343.15 18.71
R8 Micritic limestone 9.90 0.10 1.03 11.58 25791 185.74 11.96
R9 Micritic limestone 9.85 0.11 1.17 148.77 280.35 1840.38 65.43
R10 Micritic limestone 9.58 0.34 3.53 44.06 86.06 134.94 6.43

(Fig. 4), and the samples have lower Mg content than that of
modern marine carbonate, indicating massive Mg has migrat-
ed out of the original carbonate minerals during the meteoric
water diagenetic environment (Huang 2010).

Drip water environmental parameters

The analysis data for drip waters exhibit that the temperature
of all samples ranges from 16.7 to 19.3 and does not change
much intra-annually, whereas the other environmental param-
eters are quite variable in different monitoring sites and sea-
sons. Their pH ranges from 7.25 to 8.33 show weakly alkaline
in nature, which is a typical pH distribution interval (6.5~8.9)
of waters in a karst region (Ford and Williams 2007). The pH
of waters at sites #2 and #3 is higher than that at site #1; in
addition, the pH in dry season is higher than that in wet season
with mean values of 7.49 and 7.93, separately (Fig. 5)
(Table 2). The EC ranges from 254.0 to 1507.0 uS/cm, which
at site #1 is much higher than that at sites #2 and #3, although
the regularity of the EC variation is not as clear as that of the
pH. We can also find that the EC varies seasonally; indeed, the
mean values of EC in dry season and wet season are 673.9 and
576.4 uS/cm, respectively (Fig. 5) (Table 2). Generally, due to
the impact of monsoon precipitation, the drip rate in post-

0.4
N y=-0. 80x+8. 04

0.3 r2:0. 94
g
g 02f
(=]
=

0.1}

>
0.0 I I I I J
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Fig. 4 Correlation between Mg and Ca content
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monsoon season is much higher than that in pre-monsoon
season, and this trend is presented clearly in Fig. 5. Besides
seasonal variation, the drip rate is also quite variable in

9.0

8.0t

pH

701
Post monsoon Pre-monsoon

6.0F

1600
1400

1200 |
Pre-monsoon

Post monsoqQ
1000 |

800 r
600 r

EC (uS/cm)

400
200

45.0
40.0 +
35.0 t
30.0 'post monsoo
25.0
20.0 1
15.0
100 ¢
50

00 1 1 1 1 1 1 1 1
May Jun. Jul. Aug.Sept.Oct.Nov. Dec.Jan. Feb. Mar. Apr.

Fig. 5 Environmental parameters variation for drip waters

—— 1#
—a— 2#
—a— 3#
Pre-monsoon

Drip rate (ml/min)




Arab J Geosci (2015) 8:8999-9013 9005
Table 2 Environmental parameters and chemical components of drip water
Sample sites Month pH T (°C) EC (uS/cm) Drip rate Ca®" Mg** Na" K"
(mL/min) (mg/L)
#1 May 7.50 17.5 725.0 17.5 162.50 3.65 1.68 0.83
Jun. 7.37 17.7 733.0 18.8 167.93 3.64 1.65 0.84
Jul. 7.31 17.5 715.0 7.6 169.65 3.90 0.82 0.36
Aug. 7.30 18.0 690.0 41.7 165.66 3.88 0.88 0.88
Sept. 7.64 17.5 732.0 28.5 173.90 3.85 0.79 0.38
Oct. 7.26 17.5 1122.0 153 191.00 3.91 0.76 0.41
Nov. 7.54 17.4 1507.0 11.6 219.88 4.05 1.17 0.69
Dec. 7.74 17.4 713.0 3.6 184.98 435 0.90 0.42
Jan. 7.64 18.1 707.0 1.4 162.95 4.09 0.82 0.50
Feb. 797 17.1 817.0 1.3 157.40 445 0.79 0.49
Mar. 7.84 17.3 698.0 12 167.51 4.12 0.96 0.61
Apr. 725 18.5 763.0 30.8 179.42 4.07 0.96 0.40
#2 May 7.66 18.6 470.0 43 93.51 6.89 1.78 1.10
Jun. 7.55 18.2 432.0 29 82.02 6.77 1.76 1.09
Jul. 7.54 18.0 933.0 22 83.14 7.38 0.93 0.58
Aug. 7.41 19.3 473.0 2.6 86.25 7.65 0.89 1.05
Sept. 7.58 18.2 1018.0 42 88.92 7.35 0.93 0.74
Oct. 7.41 18.2 690.0 3.6 122.96 747 0.88 0.65
Nov. 8.09 18.2 334.0 34 88.25 727 1.38 0.97
Dec. 8.14 18.3 269.0 1.6 47.59 7.68 0.94 0.63
Jan. 8.33 18.5 254.0 1.0 30.60 7.87 091 0.57
Feb. 8.24 18.3 413.0 0.7 35.26 7.83 0.90 0.59
Mar. 8.00 18.5 389.0 0.4 49.07 7.87 1.16 0.67
Apr. 7.78 18.5 499.0 0.3 88.96 9.50 1.38 0.76
#3 May 7.70 17.3 472.0 3.6 89.97 8.09 1.87 1.09
Jun. 7.58 17.8 456.0 2.7 79.92 8.25 1.92 1.12
Jul. 7.59 16.7 480.0 24 84.18 8.97 1.13 0.63
Aug. 7.34 18.6 892.0 1.9 95.41 9.02 1.30 241
Sept. 7.63 16.9 531.0 23 94.73 9.28 3.25 1.34
Oct. 7.48 16.8 566.0 2.1 118.35 9.07 1.12 0.63
Nov. 8.06 17.2 403.0 23 89.35 8.70 1.56 1.19
Dec. 8.24 17.7 307.0 1.9 61.95 9.58 1.10 0.72
Jan. 8.21 18.5 308.0 1.8 43.07 9.24 1.06 0.47
Feb. 8.16 18.1 551.0 22 42.71 9.17 1.10 0.75
Mar. 7.98 18.6 919.0 2.1 56.02 8.99 1.14 0.61
Apr. 7.55 18.9 525.0 1.7 101.07 10.18 1.66 1.39
Sample sites Month St HCO5~ cr SO NO;~ TDI Sla Sle Log
(mg/L) (pCO2)
#1 May 0.06 451.4 1.81 51.26 0.89 508.47 0.66 0.81 —-1.83
Jun. 0.06 451.4 2.62 57.74 2.06 516.77 0.54 0.69 -1.70
Jul. 2.15 475.8 2.01 54.76 2.09 538.38 0.50 0.65 -1.62
Aug. 2.13 427.0 1.74 19.98 1.61 454.56 0.46 0.61 —-1.65
Sept. 2.20 427.0 1.27 45.12 1.13 478.61 0.80 0.95 -2.00
Oct. 2.18 439.2 1.86 61.74 0.86 507.33 0.47 0.61 —-1.61
Nov. 2.13 512.4 298 34.60 233 557.29 0.86 1.01 -1.83
Dec. 2.16 427.0 1.90 61.66 0.65 495.81 091 1.06 —2.11
Jan. 2.01 439.2 1.71 54.03 0.89 500.14 0.79 0.94 -1.99
Feb. 3.56 457.5 1.78 52.94 1.62 520.56 1.10 1.25 —2.31
Mar. 1.95 457.5 1.72 52.73 1.11 517.79 1.00 1.15 -2.18
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Table 2 (continued)

Apr. 207 4514 1.64
#2 May 014 3172 1.61
Jun. 0.13 2501 1.82
Jul. 485 2745 1.94
Aug. 493 2623 1.88
Sept. 445 2684 0.99
Oct. 490 2806 111
Nov. 4.15 183.0 278
Dec. 431 146.4 1.36
Jan. 453 128.1 1.39
Feb. 456 176.9 138
Mar. 470 176.9 1.40
Apr. 577 183.0 1.77
#3 May 017 2745 1.81
Jun. 018 2562 2.04
Jul. 598 2684 3.16
Aug. 635 2623 2.68
Sept. 638  280.6 1.67
Oct. 638 3050 2.06
Nov. 573 2135 293
Dec. 557 128.1 261
Jan. 5.40 146.4 1.93
Feb. 522 170.8 1.59
Mar. 570 170.8 1.86
Apr. 674 2684 1.59

66.69 1.73 52522 0.46 0.60 —1.58
25.55 2.01 34991 0.49 0.64 —2.13
28.78 2.26 286.31 0.23 0.38 -2.12
29.65 2.58 315.46 0.26 0.41 —2.07
30.64 2.80 304.74 0.15 0.29 -1.96
33.27 1.71 310.97 0.32 0.47 -2.12
30.68 2.17 321.37 0.29 0.44 -1.94
17.40 3.09 213.96 0.67 0.81 —2.81
31.03 3.06 188.89 0.38 0.53 —2.94
32.11 4.52 173.31 0.33 0.48 -3.19
30.96 248 219.07 0.43 0.58 —2.96
31.19 2.58 219.25 0.33 0.48 —2.72
38.92 6.31 23831 0.36 0.51 —2.49
31.08 4.16 315.20 0.44 0.59 —2.24
35.01 4.69 301.53 0.25 0.40 -2.14
39.95 12.71 332.40 0.28 0.43 -2.14
38.68 5.52 319.50 0.10 0.25 —-1.89
43.94 5.36 343.03 0.38 0.53 —2.17
38.87 4.26 358.72 0.35 0.50 -1.98
21.36 3.97 251.60 0.68 0.83 -2.72
38.75 4.50 182.48 0.51 0.66 —3.11
37.94 5.33 199.78 0.40 0.55 -3.02
35.93 291 219.60 0.41 0.56 -2.90
36.41 3.67 220.85 0.35 0.50 -2.72
40.33 3.04 323.56 0.34 0.49 —2.09

Sla saturation index of aragonite, Slc saturation index of calcite, £C electric conductivity, 7DI total dissolved ion, Log(pCO,) partial pressure of carbon

dioxide

different sites, site #1 has much higher drip rate than that at
sites #2 and #3 (Table 2).

Major ion chemistry of drip water

In general, Ca*" and HCO; ™ are the predominant cation and
anion in karst waters (Yuan et al. 2002; Ford and Williams
2007), and the situation for drip waters in Xueyu Cave is
certainly the same. The concentration of Ca”" ranges from
30.60 to 219.88 mg/L and HCO; ranges from 128.1 to
512.4 mg/L; they approximately account for 84 and 90 % of
the total cations and total anions in molar ratio, respectively
(Table 2). In addition, the Ca** and HCO; ™ in drip waters at
sites #2 and #3 exhibit obviously seasonal variation, the con-
centration of which is higher in post-monsoon season than that
of pre-monsoon season (Fig. 6). Besides Ca*", there are four
other cations, including Mg®", Na*, K*, and Sr**, that can be
detected in the waters. The abundance of all cations are Ca® >
Mg”">Sr**>K">Na". Though Mg*" concentration in drip
waters does not show any remarkable variation. Its values in
post-monsoon season are also a little higher than that in pre-
monsoon season (Fig. 6). Except HCOj3 , the other anions do
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not show any seasonal variation, and the abundance of anions
are HCO; >S0,4>">NO; >Cl . The total dissolved ion (TDI)
concentration of all water samples ranges from 173.31 to
557.29 mg/L, and drip waters at site #1 have higher TDI than
that at sites #2 and #3. Because Ca>* and HCO5  are the main
ions in the waters, TDI exhibits very similar trend to them
(Fig. 6).

Based on hydrochemical data, all water samples are classi-
fied using Piper plot (Piper 1944), and all samples are
representing in Ca—HCOj facies (Fig. 7). Due to the enrich-
ment of LMC in the host rock, this type of water mainly results
from the dissolution of LMC by water—rock interaction. Gibbs
(1970) suggested that the relative importance of the major
natural mechanisms controlling groundwater chemistry can
be characterized using a simple plot of total dissolved solid
(TDS) versus the weight ratio of Na*/(Na"+Ca*"). Therefore,
Gibbs plot was employed in this study to understand and
differentiate the processes that control the drip water chemis-
try. In the plot, all samples collected in both pre-monsoon and
post-monsoon seasons fall in the rock weathering dominance
field, suggesting that the weathering of carbonate host rocks
primarily controls the ion chemistry of drip waters (Fig. 8).
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Fig. 6 Seasonal trend of Ca, Mg, HCO; ", and TDS for drip waters

Mg/Ca and saturation index of carbonate mineral

Magnesium has long been considered as the principal inor-
ganic modifier of calcite morphology in natural waters (Folk
1974; Lahann 1978; Davis et al. 2004), and variation of Mg/
Ca ratio in mother liquor from which the mineral precipitates
is usually considered as an important indicator for prediction
on mineral facies. Therefore, study on Mg/Ca ratio in drip
waters is very important for understanding the mineralogy of

speleothems.

Generally, water residence time controls the amount of wa-
ter—rock interaction that occurs, with drier intervals resulting

Fig. 7 Piper plot for water

samples

May Jun. Jul. Aug.Sept.Oct. Nov.Dec.Jan. Feb. Mar. Apr.

in longer residence time, more extensive water—rock interac-
tion, and higher Mg/Ca (Musgrove and Banner 2004). The
Mg/Ca ratio of the drip waters ranges from 0.03 to 0.43 in
molar ratio, which exhibits a seasonal variation and has higher
values in pre-monsoon season than that in post-monsoon sea-
son at sites #2 and #3. In addition, the Mg/Ca ratio at sites #2
and #3 also presents a seasonal variation with a trend of rising
firstly and then decreasing in pre-monsoon season (Fig. 9).
The Mg/Ca ratio at site #1 shows a relatively stable variation
trend, the mean value of which in pre-monsoon season is just a
little higher than that in post-monsoon season. To evaluate the
impact of Ca and Mg on Mg/Ca ratio, linear regression

O Pre—-monsoon

@ Springer
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T and lower drip rate, indicating relatively extensive wa-
ter—rock interaction by longer residence time.
To determine the chemical equilibrium between minerals
1 0 0.2 0.4 0.6 08 10 and waters, saturation indexes of carbonate minerals were
Na'/(Na'+Ca®) calculated using PHREEQC software package (Parkhurst

Fig. 8 Gibbs plot for water samples

analysis was applied to characterize the correlation between
Mg/Ca, Ca, and Mg. The results show that the Mg/Ca ratio has
a very good negative correlation with the Ca concentration
and shows a weak positive correlation with Mg concentration
(Fig. 9), indicating the Ca concentration in drip waters plays as
a control factor on Mg/Ca ratio. Besides seasonal variation,
the value of Mg/Ca ratio is different in different sites. Figure 10
demonstrates the correlation among Ca, Mg/Ca, and drip rate
at different monitoring sites. The drip water at site #l
has the lowest Mg/Ca ratio and the highest Ca concen-
tration and drip rate, indicating a weak water—rock in-
teraction and short residence time of water, whereas
sites #2 and #3 drip waters have higher Mg/Ca ratio
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and Appelo 1999). The calculated values of calcite (SIc) and
aragonite (Sla) are both supersaturated (Table 2), indicating
they are very likely to precipitate. The box plot shows the
saturation index of carbonate minerals in drip waters at site
#1 is higher than that at the other two sites and the values for
waters at the three sites are different (Fig. 11), which may
indicate the different water—rock interaction amounts and dif-
ferent flow paths of percolating waters. Besides, there are
some outlier saturation index values in drip water at sites #2
and #3, which may also be caused by different water—rock
interaction intensities in different seasons.

In caves, the outgassing of CO, drives the carbonate equi-
librium (Toran and Roman 2006); accompanying with the
degassing of CO,, the pCO, in the waters will decrease and
result in decrease of hydrogen ion activity, which leads to the
pH increase further moves the reaction towards precipitation

05-
¢ y=-0.20In(x)+ 0. 33 .
r*=0.95 041 .
*
03l y=0.23In(x) + 0.45
’ r’=0.56 . .,
0.2+
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Fig. 9 Seasonal variation and correlation between Mg/Ca and Ca, Mg/Ca, and Mg for drip waters
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Fig. 11 Box plot for saturation index of carbonate minerals and correlation between log(pCO,) and saturation index of carbonate minerals

of calcite. Therefore, the saturation index values of carbonate
minerals are higher in pre-monsoon than those in post-
monsoon season. Figure 11 demonstrates that saturation index
has a negative correlation with log(pCQO,), but the correlation
coefficient at different sites is different; the correlation coeftfi-
cient at site #1 is very good, whereas coefficient values at sites
#2 and #3 are weaker, indicating that a relatively higher drip
rate (site #1) is good for promoting the carbonate minerals
reaching supersaturation in Xueyu Cave.

Mineralogy and chemical composition of speleothems

Although calcite and aragonite are both in supersaturated
stage, the high saturation index values do not mean both
minerals can precipitate from the solution. Folk (1974) noted
that magnesian calcite, aragonite, and dolomite only form in a
fluid of high Mg/Ca (2:1~10:1) ratios, generally causing elon-
gation of crystals parallel to the c-axis, resulting in acicular or
fibrous habits. Conversely, low Mg/Ca ratio (1:10~2:1) solu-
tions yield the thombic forms of low magnesium calcite. In
cave environment, Gonzalez and Lohmann (1987) observed
that aragonite is precipitated when the fluid Mg/Ca ratio ex-
ceeds 1.5. Although the Mg/Ca ratio of drip waters in Xueyu
Cave varies seasonally and the values in pre-monsoon season
are much higher than that in post-monsoon season, the highest
value does not exceed 0.5. Therefore, according to the previ-
ous experiences on Mg/Ca ratio impact to mineralogy of car-
bonate minerals, the minerals precipitating from the drip wa-
ters in Xueyu Cave are likely to be LMC.

To prove our hypothesis, the morphology and chemical
compositions of speleothems are studied. The microscopic
images of the drip water sediments demonstrate their crystal
morphology are mainly of rhombic forms and apparently he-
lical stripes that formed by screw dislocations (Fig. 12a, b).
Davis et al. (2004) made in situ observations of calcite crys-
tallization onto a seed crystal within a fluid cell in a continu-
ous flow-through geometry using an atomic force microscope
(AFM); the results show that the calcite precipitated from Mg-

free solution is of symmetrically rhombic shape and straight
step edges (Fig. 12¢). When some impurity of Mg”* was add
into the solution (Mg/Ca=0.6), the step edges began to rough-
en (Fig. 12d) and the morphology of the calcite was definitely
changed. Although the step edges of calcite crystals that pre-
cipitated from the drip water are not as straight as the crystals
formed in Mg-free solutions, their external morphology are of
better symmetry than that of the image in Fig. 12c, indicating
the Mg/Ca ratios in drip waters are higher than zero and lower
than 0.6. This is according to the investigation results of the
Mg/Ca ratios in drip waters in Xueyu Cave. Besides the sed-
iments that precipitate from drip waters at present, the
speleothems that formed before also have good rhombic
forms; Fig. 12e~h shows clear (1011) and (0111) cleavage
faces and a good rhombic shape, these crystallographic char-
acteristics typically belong to low magnesium calcite.
Because a lower Mg content in solution is favorable to
calcite precipitation and fast sideward growth (Folk 1974;
Frisia et al. 2002; Choudens-Sanchez and Gonzalez 2009),
the calcite of speleothems in Xueyu Cave are usually of large
size and good idiomorphology (Fig. 121, j). Microscopic im-
ages show that the calcites of speleothems are formed in three
different periods and characterized by different optical char-
acteristics, shapes, and sizes. The calcite crystals formed in the
first period have a euhedral shape and big size; the crystals
formed in the second period have a subhedral shape and small-
er size than the euhedral ones; the crystals formed in the third
period are of a xenomorphic shape and the smallest size and in
filling in the intergranular or intragranular pores (Fig. 12k, 1).
The Ca and Mg abundance of speleothems is similar to that
of the host rock, and their Mg/Ca mole ratios range from 0.25
to 3.27 (Table 3); thus, the calcites of the speleothems belong
to LMC. The chemical data of Ca and Mg content provides
hard evidence to support the prediction of mineral compo-
nents which is based on their crystallographical characteris-
tics. The abundance of trace elements of speleothems is dif-
ferent from that of the host rock. The Ba abundance of
speleothems ranges from 17.19 to 484.44x 10 with a mean
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Fig. 12 Microscopic images of speleothems. a, b The drip water
sediments’ crystals of rhombic forms and screw dislocation; ¢, d The
morphology of growth hillocks of calcite precipitate from Mg-free
solution (Mg/Ca=0) and low Mg/Ca ratio (Mg/Ca=0.6) solutions (after
Davis et al. 2004); e~h The characteristics of the cleavages of calcite in

speleothems, two cleavage faces as (1011) and (0111) can be found; i~1

value of 138.05x10°° which is higher than that of the host
rock with a mean value of 84.51x 10, whereas Sr, Fe, and
Mn have mean values of 111.57x107%, 22.38x107°, and
2.20x10°%, respectively. These values are all lower than that
of the host rock. The differences may be also caused by the
water—rock interaction between liquid and different host rocks
that happened during the percolating processes.

Links between the host rock, water, and speleothems
Because the KDS is an open system (Yuan et al. 2002), its
operation can be impacted by many environmental factors,

including geological setting, climate, biology, etc. In this

Table 3  Chemical compositions of speleothems

ID Speleothem Ca Mg Mg/Ca Ba Sr Fe Mn

type mol/kg x1072  x107°
S1 Sodastraw 9.73 032 3.27 8530 53.75 2293 128
S2  Stalagmite 9.78 0.23 2.37 81.38 14.00 23.50 2.25
S3 Flowstone 9.91 0.09 0.89 17.19  153.69 16.50 1.22
S4 Sodastraw 9.89 0.11 1.07 48444 16941 2534 1.56
S5 Stalactite ~ 9.97 0.02 0.25 2195 166.99 23.64 4.69

@ Springer

the size and optical characteristics of calcite formed in different periods. a,
b, e, g, h, i, k were taken with plane polarized light; ¢, d were investigated
using an atomic force microscope (AFM); f, j, 1 were taken with cross
polarized light; scale bars=20 um (a, b, g, and h), 300 nm (¢ d), 100 pm
(e, f), and 0.5 mm (i~I)

study, we focused on discussing links between the host rock,
drip water, and speleothems in Xueyu Cave system on lithol-
ogy, hydrochemistry, and carbonate geochemistry.

The whole water—rock interaction process by which the
speleothems of Xueyu Cave are generated can be summarized
as the equation below:

CaCOB(host—rock) + H20(precipitation) =+ COZ(soil) (_’C32+

—+ 2HCO37(drip—water) (—)C&C03l( ) + HZO

speleothem

+CO,1 (1)

In Eq. (1), the host rocks provide cation (e.g., Ca®") sources
to the interaction, water is from precipitation, and soil acts as
the main CO, source. After the first water—rock interaction
step, the leachate is formed and begins to percolate down-
ward; during the percolating processes, more substance of
the host rock is taken into the solutions, and when the leachate
arrives, the cave chambers sharply drawn down of the pCO,
lead to the supersaturation of the solution, and then
speleothems precipitate from the drip waters.

Therefore, the host rock acts as the cation source of the drip
waters, and water is used as a medium to control the mineral
and chemical components of speleothems. The investigation
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on lithology and chemical compositions of host rocks show
their predominant mineral component is LMC, indicating the
drip waters likely have low Mg/Ca ratio and the mineral com-
ponents of speleothems are very likely to be predominated by
LMC. This hypothesis is supported by crystallographic char-
acteristics of secondary calcite mineral; furthermore, the hy-
pothesis is also supported by chemical composition data of
drip waters and speleothems.

The hydrochemical characteristics of drip waters in Xueyu
Cave show an obviously seasonal variation; besides, the pre-
cipitation rate of cave sediments also shows a seasonal varia-
tion, and investigation data reveals the monthly mean values
of precipitation rate of cave sediments in post-monsoon sea-
son and pre-monsoon season are 0.45 and 0.25 g, respectively.
Cai et al. (2011) interpreted that this phenomenon may be
caused by the seasonal recharge regime of drip water, but we
think the recharge regime of drip water is not the only reason.
In fact, in monsoon regions, not only the precipitation but also
the concentration of soil CO, varies seasonally, and they are
both important controls on the seasonal variation phenomenon
of hydrochemistry of drip water and precipitation rate of cave
sediments.
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Fig. 13 Conceptual model of the internal relations of the host rock, drip

water, and speleothems of Xueyu Cave. The thickness of purple squares
represents the concentration of soil CO,, the thickness of blue squares

In summary, the internal relations of the host rock, drip
water, and speleothems of Xueyu Cave can be demonstrated
as a conceptual model (Fig. 13). In post-monsoon season,
much precipitation and high temperature strengthen the me-
tabolism of organisms, resulting in the generation of large
quantity of CO, and reducing the pH of soil water; besides,
the large amount of precipitation also leads to the rising of the
water table and speeds up the water cycle of the cave system.
These factors significantly strengthen the water—rock interac-
tion between the host rock and percolating water, leading to
the drip waters of relatively higher Ca?" and HCO5 content
and lower pH and eventually accelerating the precipitation of
speleothems. In pre-monsoon season, the decrease of
temperature and precipitation amount lowers the metab-
olism of organisms and the circulation rate of ground
water, resulting in lower Ca®>" and HCO; content and
higher pH and Mg/Ca and eventually reducing the pre-
cipitation rate of speleothems. Although the main geo-
chemical indexes vary seasonally, due to the predomi-
nant mineral component of host rock is LMC, the
speleothems mainly consist of LMC and the Mg/Ca ra-
tio remains stable.
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represents the quantity of water, and the thickness of squares of brick
stripes and speleothem marks represent the precipitation rate of the
speleothems
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Conclusions

This study focused on links between the host rock, drip water,
and speleothems of Xueyu Cave, based on the investigation
on petrology and geochemistry of host rock and speleothems
and hydrochemical characteristics of drip water; some conclu-
sions are revealed as follows:

1. The host rock of Xueyu Cave have suffered meteoric wa-
ter diagenesis, resulting in universal sparry LMC cemen-
tation and significantly reducing the Mg content in the
host rock.

2. The monsoon climate drives precipitation and the soil
CO, concentration, which will change the intensity of
water—rock interaction and result in the obviously season-
al variation of chemical characteristics of drip waters.

3. Due to the predominant mineral components of the host
rock are LMC, the drip water and speleothems have low
Mg/Ca ratios too.

4. Inthe KDS of Xueyu Cave, the host rock acts as the main
material source of drip water and speleothems, and water
is used as the media to impact the mineral and chemical
components of speleothems.
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