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Abstract UDC 556.34:54(510)
Haijing Wang, Zaihua Liu, Jinliu Zhang, Hailong Sun, Dejun
An, Ruxian Fu & Xiaoping Wang: Spatial and temporal hy-
drochemical variations of the spring-fed travertine-depositing
stream in the Huanglong Ravine, Sichuan, SW China
Automatic hydrochemical logging and in situ titration com-
bined with laboratory analysis were used to understand the
spatial and temporal hydrochemical variations of the spring-
fed, travertine-depositing stream in celebrated Huanglong
Ravine, Sichuan, SW China. This is essential for protection
of the Huanglong World Natural Heritage travertine land-
scape. It was found that the deposition of travertine was due
to very strong CO, degassing from the water, leading to de-
crease in pCO, and specific conductivity (SpC), and increase
in pH and Slc downstream from the Spring. However, regular
downstream hydrochemical evolution was interrupted by di-
lution with snow-melt water and by renewed CO, from some
downstream springs. The chemistry of Huanglong Spring itself
was stable at a diurnal scale though it was altered by the great
Wenchuan earthquake of May 12 2008. However, in spring-fed
pools downstream, pCO, and SpC were lower, and pH and Slc
were higher in daytime than at night, which indicates that the
deposition of travertine was faster during the daylight hours.
This was due to the combined effects of higher water tempera-
tures and higher aquatic algae photosynthesis. In addition, it
was found that the phosphate concentration in the stream in-
creased remarkably downstream in the tourist midseason, in-
dicating water pollution by tourism activities. The increase of
phosphate (an inhibitor of calcite precipitation) may be one of
the reasons for the decrease in travertine deposition rates and
accelerated propagation of discoloration by diatoms during the
past decades, which needs to be given more comprehensive
study and tackled in future for the protection of these world
famous travertine deposits.

Keywords: hydrochemical variation, CO,-degassing, aquatic
photosynthesis, dilution effect, phosphate pollution, Huan-
glong travertine.

Povzetek UDK 556.34:54(510)
Haijing Wang, Zaihua Liu, Jinliu Zhang, Hailong Sun, De-
jun An, Ruxian Fu & Xiaoping Wang: Prostorske in casovne
hidrokemicne spremembe lehnjakotvornega vodotoka v sote-
ski Huanglong, provinca Sichuan, JZ Kitajska

Metode avtomatskega hidrokemicnega merjenja in beleZenja
ter in situ titriranja skupaj z laboratorijskimi analizami
so bile uporabljene, da bi razumeli prostorske in ¢asovne
hidrokemic¢ne spremembe vodotoka, ki ga napaja izvir Huan-
glong in ki v soteski Huanglong v kitajski provinci Sichuan
odlaga lehnjak. Zas¢ita odlaganja lehnjaka je klju¢na za obstoj
lehnjakove pokrajine Huanglong, ki je obmocje svetovne nara-
vne dedis¢ine. Ugotovljeno je bilo, da do odlaganja lehnjaka
prihaja zaradi silnega sprosc¢anja CO, iz vode, kar vodi do upa-
da pCO, in prevodnosti ter porasta pH in Slc vrednosti dol-
vodno od izvira Huanglong. Hidrokemi¢ni razvoj je dolvodno
prekinjen zaradi red¢enja z vodo iz taleCega snega ter s pritoki
nizje lezecih izvirov. Po drugi strani pa so kemicne znacilnosti
izvira Huanglong na osnovi vsakodnevnih vrednosti stabilne.
Te vrednosti pa so bile spremenjene ob velikem potresu v Wen-
chuanu 12. maja 2008.Vendar so bile v jezerih, ki jih napajajo
izviri, podnevi izmerjene niZje vrednosti pCO, in prevodnosti
ter visje vrednosti pH in Slc kot pono¢i. To kaze, da je podnevi
izlo¢anje lehnjaka hitrejSe kot ponoci. Ugotovljeno je bilo, da
je vzrok za to kombinacija visjih dnevnih temperatur in vedje
fotosinteze vodnih alg podnevi. Ugotovljeno je bilo tudi, da
so se koncentracije fosfatov dolvodno v soteski Huanglong
izredno povisale v ¢asu turisti¢ne sezone. To kaZe na obstoj
onesnazevanja voda s strani turisti¢nih aktivnosti. Porast ko-
ncentracije fosfatov je lahko eden od vzrokov za zmanj$anje
odlaganja lehnjaka v zadnjih desetletjih. V prihodnosti je
potrebno posvetiti ve¢ pozornosti ter obsezne raziskave zas¢iti
lehnjakove pokrajine.

Klju¢ne besede: hidrokemicne spremembe, sprosc¢anje CO,,
fotosinteza vodnih alg, uc¢inek redcenja, onesnazenje s fosfati,
lehnjak Huanhlong.

! State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, CAS, Guiyang 550002, China,

e-mail: liuzaihua@vip.gyig.ac.cn

2 Karst Dynamics Laboratory, MLR, Institute of Karst Geology, CAGS, Guilin 541004, China
* Huanglong National Scenic Spot Administration, Songpan 623300, China

Received/Prejeto: 10.12.2009

ACTA CARSOLOGICA 39/2, 247-259, POSTOJNA 2010




HAIJING WANG, ZAIHUA LIU, JINLIU ZHANG, HAILONG SUN, DEJUN AN, RUXIAN FU & XIAOPING WANG

INTRODUCTION

Travertine or tufa is a freshwater carbonate that is depos-
ited in open-air conditions in limestone and dolomite ar-
eas. Typically it is a chemical sedimentary deposit formed
from spring-fed stream waters rich in dissolved carbon
dioxide and calcium bicarbonate (Ford & Pedley 1996).
It is found in many karst regions of the world, where it
can form spectacular terraces, cascades and dams (Emeis
et al. 1987; Liu et al. 1995; Pentecost 1995; Ford & Ped-
ley 1996). The chemical changes that take place once tra-
vertine depositing spring waters emerge in the open air
are well understood (Emeis et al. 1987; Herman & Lo-
rah 1987; Dreybrodt et al. 1992; Liu et al. 1995; Liu et al.
2003). Before any carbonate is deposited, the waters lose
CO, as they equilibrate with ambient atmospheric con-
ditions, which results in them becoming supersaturated
with respect to the dissolved carbonate minerals. Car-
bonate deposition, usually as calcite, occurs once kinetic
thresholds to mineral formation are overcome (Ford &
Williams 2007). Consequently, the point at which dep-
osition commences is often located in stream channels
well downstream of spring orifices, and deposition may
continue for a few kilometers thereafter (Liu et al. 1995).
The hydrochemical evolution is also controlled by the
physicochemical adjustment of the solution as it inter-
acts with streambed geomorphology. Abrupt changes
in stream longitudinal profile enhance CO, degassing,
whilst in slowing moving zones (e.g., in travertine pools)
it is considerably retarded (Liu et al. 1995). For a solution
with given CO, and Ca** concentrations, this solution-
bed interaction governs precipitation kinetics, which not
only control where deposition may occur, but also the
rate at which the calcite is precipitated (Liu et al. 1995;
Dreybrodt et al. 1997). At the solution-mineral interface
there is also strong evidence that biogenic factors may
be significant in travertine deposition (Emeis et al. 1987;
Pentecost 1998; Plenkovic-Moraj et al. 2002), especially
in standing water where CO, removal by biogenic activ-
ity may be of equal or greater importance than removal
by physicochemical means. Thus, travertine forming in
lakes and low-velocity reaches of stream systems may
display strong biogenic influences (Pedley 2000).

In recent years, travertine research has focused
on refining our knowledge of specific depositional

processes, particularly with respect to stream chem-
istry. For example, links between seasonal climate,
groundwater discharge, spring water concentrations
and changes in the longitudinal distribution of trav-
ertine deposition have been investigated for river sys-
tems (Drysdale et al. 2002). Drysdale et al. (2003) also
investigated the influence of diurnal temperatures on
the hydrochemistry of a tufa-depositing stream in cen-
tral NSW, Australia. Results showed that changes in
the amount of CaCOj; deposited upstream of the study
reach were directly related to changes in diurnal water
temperatures, which control the rate of CO, degassing
to the atmosphere.

Many scholars have also studied the Huanglong
travertine-depositing stream. Lu & Li (1992) demon-
strated the inter-dependence between slope travertine,
pool travertine, and waterfall travertine deposits. Lu
(1994) and Lu et al. (2000) discussed the downstream
evolution of hydrochemistry along the flow path, and
the influence of hydrodynamics on CO, out-gassing
and CaCOj; precipitation. Liu et al. (1995) predicted
CaCO; precipitation rates from the aqueous chemistry
in the faster flowing waters. However, these researches
did not further distinguish the roles of other possible
factors such as aquatic organisms in controlling the
travertine deposition. In addition, much work remains
to be done to protect the travertines in the face of ever
increasing tourism activities. For instance, very little
is known about the temporal variations of the hydro-
chemistry and their relation to the travertine deposi-
tion. More practically, is there any contamination
caused by the tourist activity and how can the influ-
ences of climate and human activities on the travertine
deposition be distinguished?

This study is significant for two major reasons.
Firstly, it is the first major attempt in the World Heri-
tage site to reveal diurnal variations of hydrochemistry
under different biological conditions. Secondly, it ex-
tends our understanding of contemporary hydrochemi-
cal processes in travertine-depositing streams subject to
human interference and thus provides more information
for protection of the travertines and interpretation of the
depositional paleoenvironment.

GENERAL SETTINGS OF THE STUDY AREA

Huanglong Ravine is located about 360 km NW of the
provincial capital, Chengdu, Sichuan Province, on the
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southern slopes of the Minshan Mountains that separate
the Qinghai Highlands from the Sichuan Basin. Its eleva-
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Fig. 1: Plan and geological section of Huanglong Ravine with sampling sites.

1. boundary of the travertine scenery; 2. rimstone dam and pool; 3. travertine shoal; 4. spring; 5. travertine cave; 6. fault; 7. trail; 8.

sampling site; 9. flow direction of groundwater.

Qt/Qg-Quaternary travertine/glacial sand and gravel; Tss-Triassic sandstone and slate; CPL- Carboniferous and Permian limestone;
C-Carboniferous limestone; D- Devonian slate and limestone; Sss- Silurian slate, intercalated with sandstone.

Fig. 2: Travertine rimstone pools at Yingbinchi (Guest-welcoming
Ponds) in Huanglong Ravine (with site No. 6 in Fig. 1; Photo: Z.
Liu).

tion ranges from 3,100 to 3,600 m above sea level (asl).
The geology consists of Paleozoic carbonate rocks ex-
ceeding 4,000 m in thickness, overlain by about 1,000 m
of Mesozoic clastic rocks plus Cenozoic alluvial gravels,
glacial moraines and travertine (Liu ef al. 1995). In the
Ravine, the travertine deposits have accumulated over a
width of ~250 m for a length of 3.5 km (Fig. 1), in the
form of flowstones with many rimstone dams over one
m in height that impound the stream (Fig. 2). The sur-
faces of the travertines are covered with bryophytes and
cyanobacteria of various colors (Fig. 3).

Fig. 3: Travertine rimstone pools at Wucaichi (Multi-colored
Ponds) in Huanglong Ravine (with site No. 2 in Fig. I; Photo:
Z. Liu).

The average annual precipitation is 759 mm and
the mean temperature 1.1°C. Groundwater issues along
a fault zone at an altitude of about 3,580 m asl, with a
water temperature about 5°C higher than that of annual
mean air temperature. The surface stream is a mixture
of this groundwater together with glacier and/or snow-
melt water from higher mountains (the highest peak,
Xuebaoding, is at 5,588 m asl). There is no travertine de-
position in the valley upstream of the point where the
groundwater enters the channel.
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METHODS

MONITORING THE WATER CHEMISTRY;
ANALYTICAL CHEMISTRY

To measure the detailed hydrochemical variations of
Huanglong Spring, a Greenspan CTDP 300 multi-chan-
nel data logger (Liu et al. 2004, 2007) was installed close
to the orifice. Rainfall, water stage, water temperature,
pH and specific conductivity (SpC) of the spring were
monitored every 15 min, with resolutions of 0.5 mm,
0.001 m, 0.1°C, 0.01 pH, and 0.01 pS/cm, respectively.
The logger was calibrated prior to deployment using pH
(4, 7 and 10) and conductivity (1,412 uS/cm) standards.
According to the technical data sheet the CTDP-300 has
an accuracy of + 0.2, £ 0.1°C, £ 0.2% FS in pH, tempera-
ture and SpC respectively.

To measure detailed hydrochemical variations in
the travertine-depositing stream, eight sampling sites
(Fig. 1) were chosen downstream along the Huanglong
channel. Water temperature, pH and specific conductiv-
ity were measured in-situ daily at the sites, with a hand-
held water quality meter (WTW 350i) with accuracies
of + 0.004 pH unit, + 0.1°C and * 0.5%, respectively. In
situ titration was used to determine [HCOj3] and [Ca**]
semimonthly by Aquamerck Alkalinity Test and Hard-
ness Test. The resolutions are 6 and 1 mg/l, respectively
(Liu et al. 2007).

To understand the general chemistry, waters at the
sampling sites were collected monthly by syringes with
0.45 pm Minisart filter and analyzed in the State Key
Laboratory of Environmental Geochemistry, Institute of
Geochemistry of Chinese Academy of Sciences. Concen-
trations of K*, Na* and Mg** were determined by atomic
absorption spectrometry and those of Cl-, PO;~ and
SO}~ by ion chromatography.

ESTIMATING CO, PARTIAL PRESSURE
AND THE CALCITE SATURATION INDEX
FROM CONTINUOUS RECORDS OF
WATER TEMPERATURE, PH AND SPECIFIC
CONDUCTIVITY

In pure limestone areas such as the case in this study,
specific conductivity fluctuations in travertine-deposit-
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ing stream can be attributed solely to Ca** and HCO;
changes by calcite deposition or dissolution (Krawcyzk &
Ford 2006). So, paired Ca?* (or HCO3) and conductivity
values were correlated and regression was used to estab-
lish a time-series of Ca** and HCOj changes.

At Huanglong, these concentrations are linearly re-
lated to specific conductivity by the relationships:

[Ca?*]=0.2426SpC-6.517 r* =0.9991 (1)
[HCO31=0.7367SpC-24.92 r* = 0.9992 (2)

where brackets denote species concentrations in
mg/L and SpC is specific conductivity in pus/cm at 25°C.

The full hydrochemical data sets, including re-
corded temperature and pH, calculated Ca** and HCO3
through the relationships above, mean seasonal values of
K*, Na*, Mg**, Cl~ and SOj~ , were processed through
the program WATSPEC (Wigley 1977), which calculates
CO, partial pressure (pCO,) and calcite saturation index
(SI¢) for each record (Liu et al. 2007). PCO, is calculated
from:

_ (HCO,)(H")

CcO
p KK, 3)

2

where Ky; and K| are the temperature-dependent
Henry’s Law and first dissociation constants for CO, gas
in water, respectively.

Slc is calculated from:

(Ca’")(COI7)

SI. =log( ) 4)

C

where activities are denoted by brackets, and K is
the temperature dependent equilibrium constant for cal-
cite dissociation. If SI. > 0, water is supersaturated with
respect to calcite and may deposit it; if SI. < 0, water is
aggressive with respect to calcite and may dissolve it;
where SI, = 0, dynamic equilibrium is attained.
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RESULTS AND DISCUSSION

GENERAL HYDROCHEMICAL COMPOSITION OF
HUANGLONG SPRING

Tab. 1 shows the general hydrochemical compositions
of Huanglong Spring (sampling site No. 1 in Fig. 1). It
is seen that Ca®" and Mg®" are the major cations in the
waters, with a combined molarity percentage of > 95%:
HCOj5 is the major anion with a molarity percentage
of > 90%. Thus, the hydrochemical classification of the
spring water is simple HCO;-Ca, Mg, which reflects the
control by the Carboniferous- Permian carbonate bed-
rock at the site.

Tab. 1: Hydrochemical features of the Huanglong Spring.

The spring water has very high concentrations
of calcium and bicarbonate, amounting to more than
250 and 750 mg/l, respectively, and the corresponding
CO, partial pressure is more than 12,500 Pa (Tab. 1).
According to many observations elsewhere in China
(Liu & Yuan 2000), even in the warm and humid tropi-
cal and sub-tropical zones, the partial pressure of bio-
logical CO, in soil is no more than 10,000 Pa, and the
concentrations of calcium and bicarbonate are typi-
cally less than 150 and 450 mg/l, respectively. Pente-
cost and Zhang (2001) also found that concentrations
of dissolved inorganic carbon derived from limestone

Date K* Na* Ca** Mg?* Ccl- SO0 HCo; Temp. pH SpC Slc pCO,

(yyyy-mm-dd) (mg/l) (°C) (us/cm, 25°C) (100Pa)
2007-9-3 043 3.79 262 2080 084 24.12 780 6.3 6.65 1074 0.12 127.64
2007-9-18 0.41 3.66 271 2056  1.09 2435 805 6.4 6.59 1107 0.08 151.01

2007-10-7 0.42 3.71 252 2063 1.15 2434 750 6.3 6.56 1035 0.00 151.71

2007-10-24 0.41 3.67 252 2074 1.14 2390 750 6.2 6.59 1035 0.03 141.58
2007-11-7 043  3.65 252 2046 1.27 2354 750 6.2 6.56 1034 0.00 151.36
2008-4-29 0.38 248 272 2122 026 2278 808 6.2 6.60 1M 0.09 148.25
2008-5-13 038 245 282 2153 026 2219 839 6.2 6.56 1152 0.08 168.27
2008-7-25 0.39 291 276 2348 0.15 19.31 823 7.0 6.56 1130 0.08 166.34
2008-8-11 0.38 2.70 272 2248 0.17 2020 808 7.2 6.58 111 0.09 156.31

2008-8-26 0.35 2.56 264 2183 013 1375 785 7.3 6.51 1081 0.00 179.06
2008-9-11 0.34 2.57 259 2214 0.11 15.60 772 7.2 6.54 1063 0.01 164.44
2008-9-26 0.35 2.85 257 2183 0.13 16.00 763 7.2 6.57 1052 0.03 151.71

2008-10-2 0.34 2.78 268 2221 017 17.92 798 7.3 6.48 1097 -0.02 194.54
2008-10-7 0.34 2.52 268 2217 0.12 20.08 798 7.0 6.39 1097 -0.12  238.78
2009-5-4 0.44 2.95 275 2122 133 2968 819 6.5 6.48 1125 -0.02 198.15
2009-5-20 0.48 3.64 279 2184 085 2847 831 6.6 6.59 1141 0.10 155.96
2009-6-4 0.79 547 275 2215 086 28.04 820 6.5 6.41 1126 -0.09 232.81

2009-6-18 0.71 342 273 2189 1.02 2871 812 6.6 6.43 1116 -0.07 220.80
2009-7-2 0.63 3.39 274 2185 206 2833 814 6.5 6.61 1119 0.11 145.88
2009-7-20 058 3.08 272 2251 1.09 2759 810 6.6 6.54 1113 0.04 170.61

2009-8-4 1.74 3.00 270 2143 099 2799 802 6.6 6.51 1103 0.00 181.55
2009-8-18 058 292 271 2189 150 2871 807 6.6 6.50 1109 -0.01 186.64
2009-9-2 0.55 2.76 275 2114 152 28.14 817 6.5 6.55 1123 0.05 168.27
2009-9-18 054 269 272 2122 128 2945 810 6.5 6.53 1114 0.03 17498
2009-9-30 0.51 2.64 271 21.05 142 2539 806 6.5 6.56 1108 0.05 162.55
2009-10-15 0.5 259 272 2100 1.03 2952 810 6.5 6.57 1114 0.07 159.59
2009-10-26 0.52 2.58 271 20.73 130 2835 807 6.4 6.57 1110 0.06 158.85
2009-11-5 0.53 2.68 270 2134 128 2866 804 6.4 6.60 1105 0.09 147.57
2009-11-15 0.56 2.79 269 2150 1.26 2897 801 6.4 6.62 1102 0.11  140.60

Data are not available in winter season (December to March) due to snowing.

Values for Ca**, HCO3, Temp., pH and SpC were obtained in situ.
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Fig. 4: Long-term hydrochemical variations of the Huanglong Spring.

dissolution caused by biological CO, rarely exceed
10 mmol/l (usually 2-5 mmol/l). Therefore, the hydro-
chemistry of Huanglong Spring cannot be explained by
biological activity in the soil alone. Moreover, tempera-
ture of less than 2°C in the spring recharge area is too
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cold for substantial biogenic
CO, production. Therefore,
it is likely that endogenic
CO, plays a more important
role (Liu et al. 2003). The
water at Huanglong Spring
is near equilibrium with re-
spect to calcite but slightly
undersaturated (Tab. 1).

TEMPORAL
HYDROCHEMICAL
VARIATIONS AT
HUANGLONG SPRING

Figs. 4 and 5 show the sea-
sonal and diurnal varia-
tions at Huanglong Spring
respectively. It can be seen
that there is neither clear sea-
sonal nor diurnal variation
in the hydrochemistry, in-
dicating the high regulating
capacity of the system. This is
likely an effect of control by
an endogenic karst ground
water system where all the
hydrochemical indexes are
relatively stable and less in-
fluenced by local climate (Liu
et al. 2003; Sun 2008). For
example, the remarkable in-
crease in water temperature,
pCO,, H*, and SpC after May
12 2008 (Fig. 4) was due to
effect of the great earthquake
(M 8.0) at 14:30 hours that
day at Wenchuan (Sichuan),
which induced reactions in
the endogenic karst system
at Huanglong. This increase
lasted about two months af-
ter the earthquake, and then
the hydrochemistry returned
to pre-earthquake values
over the course of the next

three months (Fig. 4). This situation contrasts with, e.g.,
sample epikarst springs in Guangxi and Guizhou, SW
China, whose hydrochemistry shows both clear seasonal
and diurnal variations controlled by climate variability
(Liu et al. 2007).
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flowed downstream from
the spring, pH increased, the
water became supersaturated
with respect to calcite, and
travertine was deposited.

It is seen from Fig. 6
that after about 3.5 km flow
downstream, the CO, par-
tial pressure of the water
has decreased from 14,000
Pa (at the spring) to 100 Pa,
pH increased from 6.3 to
8.4, and the calcite satura-
tion index increased from
near zero to more than 1.0.
Correspondingly, calcium
carbonate was deposited as
travertine along the stream
bed, and concentrations of
Ca?" and HCOj in the wa-
ter decreased from 240 and
750 mg/1 to 100 and 300 mg/1
respectively (Fig. 6).

However, this gen-
eral pattern of spatial hy-
drochemical evolution was

10-18 10-19 10-20 10-21
Date (in 2008)

10-22 10-23 10-24 10-25

I | I interrupted by discharge
from downstream springs
Nos. 4’ (Jiexianqiao Spring,
Fig. 7) and 6 (Longyan

Fig. 5: Diurnal hydrochemical variations of the Huanglong Spring.

SPATIAL AND TEMPORAL HYDROCHEMICAL
VARIATIONS OF THE TRAVERTINE-DEPOSITING
STREAM

SPATIAL HYDROCHEMICAL VARIATIONS

Fig. 6 shows the spatial hydrochemical variations of the
stream in the rainy season (September 2007) and dry sea-
son (November 2007).

As mentioned above, the travertine-depositing
spring had very high concentrations of calcium and bi-

Spring, Fig. 8) along the
channel. Increases of Ca*
and HCOj; at sample sites
4 and 6 was due to the input of these spring waters. It
can also be seen from Fig. 6 that rapid release of CO,
from the Huanglong Spring water happened mostly be-
tween sampling sites No. 1 and No. 2, which resulted
in remarkable increase of pH and SI¢ and decrease of
HCOj3 and Ca?". However, the abnormal decrease of
the concentration of HCO;3 and Ca?* at site No. 3 was
not the result of travertine deposition but was due to
dilution of stream by snow-melt water (Liu et al. 1995),
as evidenced by the decrease of Slc at site No. 3.
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Fig. 6: Spatial hydrochemical variations along the Huanglong Ravine in rainy (September) and dry

(November) seasons.

TEMPORAL HYDROCHEMICAL VARIATIONS
After the spring water emerged, it was changed from a
closed system to an open system. Thus, its hydrochemis-

try experienced not only spatial change, but also remark-
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used and equilibrium with
the dissolved calcium bicar-
bonate is reached (calcium
carbonate-carbonic acid-
equilibrium). If the dissolved CO, is taken from the sys-
tem, the inverse process occurs to keep the equilibrium,
i.e., dissolved calcium bicarbonate precipitates as solid
CaCO; (Equation 6).
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Fig. 8: Longyan Spring (site No. 6’ in Fig. 1; Photo: Z. Liu).

Ca2++2HCO3' =CaCO3(precipitaIing)+COz(aq) +H20 (6)

Due to the associated extraction of dissolved Ca
from the water during this process, it is also called “de-
calcification” (Equation 6).

When photosynthesis is the main reason for the
process it is termed “biological de-calcification” (Winde
2002). Simple increase of water temperature and/or
higher CO, atmospheric partial pressure difference be-
tween water and the atmosphere can also reduce the
concentration of dissolved carbon dioxide - “physico-
chemical de-calcification”. Triggered by sunlight, photo-
synthesis started soon after sunrise, accelerating calcite
precipitation (Equation 6), as evidenced by the decrease
in specific conductivity (Fig. 9). This results in an ongo-
ing decrease of the CO, concentration in the pools (see
pCO; in Fig. 9¢) that simultaneously causes the pH to
rise. Apart from photosynthesis, a rise in water tempera-
ture affects the concentration of dissolved CO, by reduc-
ing the solubility of the gas. Thus, increasing water tem-
perature causes decreasing CO, levels. In the night time,
respiration and decreased temperature resulted in higher
total carbon dioxide concentrations and hence a gradual

decrease in pH, which reduces calcite deposition, and
correspondingly the increase of specific conductivity. It
was thus inferred that travertine deposition takes place
mainly in the daytime, particularly in sunny conditions.

In order to know the quantitative influence of wa-
ter temperature and aquatic plants on the diurnal varia-
tions of hydrochemistry, we chose the Lianyan pool
with an abundance of visible aquatic plants (mainly
green algae, Fig. 10) for special study. Because CO, is
the key parameter which links temperature, aquatic
plants and calcite dissolution/precipitation, we concen-
trated on the control of temperature and aquatic plants
on pCO,, which has been calculated using WATSPEC
(Wigley 1977). The temperature control was estimated
through the influence of water temperature on Henry’s
constant (Lu et al. 2006). Maximum pCO, was 798 Pa,
corresponding with the lowest water temperature of
8.0°C (constant Ky; = 0.059336) and minimum pCO,
was 310 Pa at the highest temperature of 11.6°C (K, =
0.050967). Thus, the maximum multiple of water tem-
perature influence on the pCO, would be Ky,,/Ky, = 1.13
and minimum pCO, would be 798/1.13 = 705 Pa if wa-
ter temperature were the only influencing factor. Thus
the contribution of water temperature to the diurnal
variation of pCO, is estimated to be 93 Pa (798-705).
However, the combined contribution of water tempera-
ture and aquatic plants to diurnal pCO, variation was
488 Pa (798-310), so the influence of temperature alone
was (93/488) x 100% = 19%, and that of photosynthesis
was 81% (100% - 19%).

Travertine shoals (flowstones) are one of the char-
acteristic morphologies in Huanglong Ravine (e.g.,
the Jinshapudi Travertine Shoal at sampling site No. 5,
Fig. 11, extends for several hundred meters, possibly
the largest travertine shoal in the world). It is different
from the morphologies at Plitvice National Park, Croa-
tia, where calcite deposition is restricted to the lake
bottoms formation of lake marl) and to the tufa dams
(Emeis et al. 1987). Sampling site No. 5 at the lowest
part of Jinshapudi Travertine Shoal had less visible
aquatic plants than at the Lianyan pool with its flour-
ishing plants (Fig. 10). Using the same method as above,
we found that water temperature was the key factor (>
95%) controlling diurnal hydrochemical variations at
sampling site No. 5.

SPATTIAL VARIATIONS OF CONCENTRATIONS
OF PHOSPHATE IN TOURISM OFF-SEASON AND
MIDSEASON: INFLUENCE OF HUMAN ACTIVITY

Fig. 12 shows the spatial variations of the concentration
of phosphate in the water samples taken down Huan-
glong Ravine. Concentrations in Huanglong Spring
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No.B o’ v S Lo

Fig. 11: Travertine shoal at Jinshapudi with quick flow and less
aquatic plants (with site No. 5 in Fig. 1; Photo: Z. Liu).
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Fig. 12: Spatial variations in concentrations of phosphate along
the Huanglong Valley: comparison between the tourism off-sea-
son and midseason.

It can be seen from Fig. 12 that there was little
variation along the ravine in the tourism off-season
(April), with all values close to the background and
even some decrease at site No. 2 that was possibly due
to the utilization of phosphate by aquatic plants. How-
ever, the concentration of phosphate increased abruptly
(to about five times the background) from sampling site
No. 4 downstream in the tourism midseason (September
2007), indicating the existence of pollution. The values at
sampling sites 2 and 3 were between surface snow-melt
and Huanglong Spring water, exhibiting mixing of back-
grounds only. It was thus inferred that the entrance of
the phosphate pollution to the stream was between site
No. 3 and site No. 4; from a field survey, it was found that
it is very likely due to a tourist restaurant (with toilets
behind, Fig. 13) situated between sites 3 and 4.

Fig. 13: The tourist restaurant beside the Huanglong Middle
Temple, possibly the source of phosphate pollution of the stream
water in the ravine (Photo: Z. Liu).

According to Drysdale et al. (2002), deposition of
calcite will be restrained if the concentration of phos-
phate is more than 1 umol/L (about 0.095 mg/L). Mi-
chaelis et al. (1984) also have found that anthropogenic
pollution, e.g., pollution by phosphate, can inhibit calcite
deposition. As a consequence the decreases in traver-
tine deposition in the middle- to downstream reaches of
Huanglong that have happened recently (see Guo et al.

Fig. 14: Prolific diatom mats (mainly Cymbella sp) developed on
the Jinshapudi travertine shoal (Photo: Z. Liu).

2002; Xu & Jiang 2007) may be related to the increase of
the phosphate concentration caused by increased tour-
ism activities, especially since Huanglong was placed on
the UNESCO World Heritage list in 1992.

Phosphate pollution could also be one of the rea-
sons for the accelerated propagation of diatoms (mainly
Cymbella spp., Fig. 14), which is bad for the protection of
the travertine landforms. Work by Lu et al. (2000) at this
site has shown that thin sections of travertine covered by
algae at the bottom of pools have 40% less CaCO; pre-
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cipitation than those not covered by algae, and that cal-
cite surfaces with diatoms adhered to them show signs
of etching, suggesting that dissolution may be aided by
their activity. In addition, the accelerated propagation of

diatom cover has changed the color of travertine in some
parts of the Ravine from golden yellow to white or even
black (Fig. 11), which has diminished the scenic appeal
of this World Natural Heritage site.

CONCLUSIONS

By examining the spatial and temporal variations of the
hydrochemistry in the travertine-depositing stream at
Huanglong Ravine, Sichuan, SW China, it was found that
the deposition of travertine was due to great amounts of
CO, degassing from the water, decreasing pCO, and con-
ductivity, and increasing pH and Slc downstream from
the source spring. However, dilution or increased con-
centration is caused by addition of snow-melt water or
inputs from other springs interrupted the regular spatial
evolution of the hydrochemistry down the Ravine. The
chemistry of the Huanglong Spring was stable on the
diurnal time scale though it was changed by the great
Wenchuan earthquake of May 12 2008. In contrast, in
spring-fed pools downstream, pCO, and SpC were lower,
and pH and SIc were higher in daytime than at nighttime,

which indicates that the deposition of travertine was fast-
er in daytime. It was shown that this was caused by the
combined effects of higher water temperature and greater
aquatic algae photosynthesis during daytime.

Finally, it was found that the phosphate concentra-
tion in the stream water increased remarkably down-
stream in the tourism midseason in the Ravine, indicat-
ing water pollution due to tourism activities. The increase
of phosphate concentration may be one of the reasons
for the decrease in travertine deposition rates and accel-
erated propagation of diatom cover during the past two
decades, which needs to be given more comprehensive
study and taken care of in future for the protection of
this world famous travertine landscape.
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