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a b s t r a c t

Huanglong, well known for its unique natural travertine landscape, was listed by UNESCO as an entry in
the World’s Nature Heritage in 1992, and attracts more than one million of tourists from all over the
world each year. However, the landscape has undergone significant degradation (notably, serious decay
of travertine) during the past two decades as the tourist numbers have increased remarkably. To under-
stand the variations of travertine deposition rates and their controlling factors, especially the impact of
tourism activities, paired water and modern travertine samples deposited on plexiglass substrates were
taken along the Huanglong stream at regular intervals from early May to early November in 2010 (i.e., in
the wet season). The travertine deposition rates have declined significantly compared to those in early
90s in all four subsystems in the Huanglong Ravine. The largest decrease (89.5%) occurred at the lowest
sampling site. The reduction in travertine deposition most likely resulted from the phosphate pollution
caused by the tourism activities. In spite of an increase in concentrations of Ca, calcite saturation, and
water temperature, which facilitate calcite precipitation, deposition rates decreased because of inhibition
by PO3�

4 ions. Seasonally, three control patterns of travertine deposition rates were distinguished along
the Ravine. They are control by water-temperature, control by dilution of rainwater and snow-melting
water and control by PO4-inhibition of calcite precipitation.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Huanglong, well known for its unusual and diversified land-
scapes (e.g., travertine pools, travertine falls and travertine shoals,
Lu and Li, 1992; Lu et al., 2000), was listed by UNESCO in 1992 as
an entry in the World’s Nature Heritage. Since then, tourist num-
bers have increased from about one hundred thousand in early
1990s to over a million in recent years. However, the Huanglong
travertine landscape has also undergone significant degradation
in recent years, notably the serious chemical weathering and phys-
ical decay of travertine (Liu et al., 2009). It is known that PO3�

4

introduced into the water by agricultural activities can inhibit
deposition of travertine. This has been observed at the waterfall
of Urach, Germany (Michaelis et al., 1984). Laboratory experiments
(Lin and Singer, 2006) have shown that concentrations of total
PO3�

4 above 1 lmol/L strongly inhibit precipitation of calcite at
pH = 7.95. This gives rise to the suspicion that tourist activities
could endanger Huanglong due to declining travertine deposition.

In order to determine whether the present day travertine depo-
sition rates have changed compared to those in early 1990s (Liu
ll rights reserved.

.

et al., 1995), and to investigate whether increased tourist activities
impact travertine deposition due to PO3�

4 inhibition of calcite pre-
cipitation (Reddy and Nancollas, 1973; Ralph et al., 1996; Bono
et al., 2001; Plant and House, 2002), paired water samples and
modern travertine calcite deposited on plexiglas substrates were
collected along the Huanglong stream at regular intervals from
early May to early November in 2010 (which is the wet season
when travertine normally precipitates). Moreover PO3�

4 concentra-
tions were measured. This information not only answers questions
relevant to Huanglong but also provides a scientific basis for the
protection of many travertine landscapes worldwide.
2. General setting of the study area

Huanglong is located about 360 km NW of the provincial capi-
tal, Chengdu, Sichuan Province, China on the southern slope of
the Minshan Mountains that separate the Qinhai Highlands from
the Sichuan Basin (Fig. 1). Because of the yellow color of the trav-
ertine and its morphological resemblance to the shape of a dragon,
the location is named Huanglong (yellow dragon). Its elevation
ranges from 3100 to 3600 m above sea level (asl). The geology con-
sists of Paleozoic carbonate rocks exceeding 4000 m in thickness,
overlain by about 1000 m of Mesozoic clastic rocks plus Cenozoic
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Fig. 1. Plan (top) and geological section (bottom) of Huanglong Ravine with springs and 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. H–W–M: Huanglong springs–Wucaichi–Matihai subsystem;
J–Z: Jiexianqiao Spring–Zhengyanchi subsystem; Y–J: Yingfang Spring–Jinshapudi subsystem; L–Y: Longyan Spring–Yingbinchi subsystem. W: Wucaichi pond (four sampling
sites: W1–W4); M; Matihai (six sampling sites: M1–M6); Z: Zhengyanchi (four sampling sites: Z1–Z4); J: Jinshapudi (nine sampling sites: J1–J9); Y: Yingbinchi (one sampling
site). S1: Huanglong spring; S2: Jiexianqiao spring; S3: Yingfang spring; S4: Longyan spring, 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.
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alluvial gravels, glacial moraines and travertine (Liu et al., 1995). At
Huanglong, the travertine deposits have accumulated over a width
of �250 m and a length of 3.5 km (Fig. 1) in the form of travertine
pools (Fig. 2), travertine falls and travertine shoals.

The average annual precipitation is 759 mm and the mean air
temperature 1.1 �C (Liu et al., 1995). Groundwater discharges along
a fault zone in springs (Huanglong spring group) at an altitude of
about 3580 m asl, with water temperature about 5 �C higher than
annual mean air temperature (Liu et al., 1995). Huanglong spring
water supplies Wucaichi travertine pool (Multi-colored pools)
and then mixes with glacier-snow melt water from higher moun-
tains (the highest peak, Xuebaoding at 5588 m asl) to supply the
Matihai travertine shoals (Fig. 1). Another three secondary springs,
Jiexianqiao Spring, Yingfang Spring and Longyan Spring, occur fur-
ther downstream along Huanglong Ravine. They supply the other
three downstream scenic areas, respectively (Fig. 1).

Accordingly, downstream from each spring four subsystems in
the Ravine, namely Huanglong springs–Wucaichi–Matihai subsys-
Fig. 2. Photograph of the famous Wucaichi (multi-colored pools) landscape.
tem (H–W–M subsystem), Jiexianqiao Spring–Zhengyanchi sub-
system (J–Z subsystem), Yingfang Spring–Jinshapudi subsystem
(Y–J subsystem) and Longyan Spring–Yingbinchi subsystem (L–Y
subsystem) were distinguished (H–W–M, J–Z, Y–J and L–Y, respec-
tively in Fig. 1). In the text these names are used to specify the
locations.

3. Methods

To understand temporal-spatial variations in modern travertine
deposition rates and water chemistry in Huanglong Ravine, 24
monitoring and sampling sites in the four subsystems, were set
up, defined by the geomorphic differences.

3.1. Installation and collection of plexiglass substrates and
measurement of modern travertine deposition rates

In order to obtain modern travertine (carbonate) deposition
rates, plexiglass collector substrates measuring 5 cm � 5 cm �
0.5 cm (with an aggregate surface area of 60 cm2 each) were
mounted in the flowing water in the monitoring sites in the four
subsystems (Liu et al., 1995, 2010). The substrate has a hole of
5 mm diameter in its center and was screwed to a steel nail, which
had been fixed to the travertine bed of the river. The faces of the
substrates were oriented parallel to the flow and the riverbed.
Some samples were located in fast flowing water, 2 cm below the
water surface, whereas others were mounted 10 cm beneath the
water surface in a pool with standing water. Fig. 3 shows such a
substrate mounted in the pool.

The substrates were replaced every 10 days; the amount of
travertine deposited on them was determined by measuring the
weight increase of the plexiglass substrate. Before immersion and
after collection each plexiglass substrate was dried at 50 �C for a
period of 24 h and cooled to room temperature in a glass dryer
and then weighed. The carbonate deposition rate (R) was calcu-
lated by:



Fig. 3. Photograph at one of the experimental sites. The sample holder represents
the Wucaichi pool site location with still water conditions.

Fig. 5. Details of the structure of one of the plexiglass substrate surfaces. (a) SEM
picture showing the authigenic calcite crystals deposited on the substrate surface.
(b) SEM – more magnified reveals structural details of the shape and internal habit
of the precipitated crystals.
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R ¼ ðW ts �WsÞ
A� T

where Wts and Ws are the weight of the plexiglass substrate after
and before each experimental run, respectively, A is the surface area
of the substrate (60 cm2) exposed to the water, and T is the expo-
sure time for carbonate precipitation on the plexiglas substrate
for each run (�10 days). Water evaporating during drying will not
significantly contribute to the amount of calcite precipitated. The
average mass of CaCO3 precipitated in the 10 days is 8 mg. The river
water contains approximately 0.25 g/L of CaCO3. Even if a water
film with a depth of 0.02 cm remained for evaporation, which is un-
likely, only 0.3 mg of calcite could be precipitated from it.

The material deposited covered the substrate as a layer with a
thickness of about 4 lm. Fig. 4 shows a substrate before it was im-
mersed in the water and after 10 days exposure to travertine depo-
sition. The material deposited on it was analyzed by XRD using
CuKa radiation and found to consist of pure calcite without any
traces of other phases, such as vaterite or aragonite. The XRD spec-
tra were identical for all sampling sites.

Fig. 5 displays an SEM picture of the surface of a plexiglass sam-
ple after 10 days of immersion. Fig. 5a shows the area where calcite
crystals have been deposited on the substrate surface, while Fig. 5b
shows the deposited crystals with higher magnification. From
these pictures it is inferred that deposition is mainly controlled
by inorganic chemical processes, and microbiological activities
can be excluded.

3.2. Measurement of the water chemistry

Water temperature, pH and specific conductivity at each moni-
toring site were measured in situ daily with a hand-held water
Fig. 4. Substrates before being immersed into water (left) and after 10 days
exposure to travertine deposition (right).
quality data logger, Model WTW 350i, with resolution of 0.01 pH,
0.1 �C and 1 lS/cm, respectively (Liu et al., 2006). Electrodes were
calibrated prior to use with pH (7 and 10) and conductivity
(1412 lS/cm) standards. In situ titration was used to determine
[HCO�3 ] and [Ca2+] approximately every 10 days by the Aquamerck
Alkalinity Test and Hardness Test. The resolutions are 6 mg/L and
1 mg/L, respectively (Liu et al., 2006). In pure limestone areas, as
is the case in this study, specific conductivity fluctuations in trav-
ertine depositing stream can be attributed solely to Ca2+ and HCO�3
changes, either by calcite deposition or dissolution (Liu et al., 2004;
Krawczyk and Ford, 2006; Wang et al., 2010) or by dilution with
rain water or snowmelt water. So, paired Ca2+ (or HCO�3 ) and con-
ductivity values were correlated and regression was used to estab-
lish a time-series of Ca2+ and HCO�3 changes. At Huanglong, these
concentrations are linearly related to specific conductivity by the
relationships (Wang et al., 2010):

½Ca2þ� ¼ 0:2651SpC� 18:607; r2 ¼ 0:9948 ð1Þ
½HCO�3 � ¼ 0:8017SpC� 54:827; r2 ¼ 0:9951 ð2Þ

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

Water samples at the sampling sites were collected by syringe
with 0.45 lm Minisart� filters. This was performed at the sites of
the plexiglass collectors, at the time of their replacement. The
water samples were analyzed in the State Key Laboratory of
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Environmental Geochemistry, Institute of Geochemistry of Chinese
Academy of Sciences. Concentrations of K+, Na+ and Mg2+ were
determined by Inductively Coupled Plasma Optical Emission Spec-
trometry (Model Vista MPX) and those of Cl�, PO3�

4 and SO2�
4 by ion

chromatography (Model ICS-90) (Liu et al., 2010).

3.3. Calculation of calcite saturation index

The full hydrochemical data sets, including recorded tempera-
ture and pH, calculated Ca2+ and HCO�3 through the relationships
mentioned above, and the average concentrations of K+, Na+,
Fig. 6. Annual mean calcite deposition rate at each sampling sites in four subsystems. W
subsystem; Y: L–Y subsystem. Plexiglass collector substrate at sampling site W4 was pla
were placed in travertine pool or streambed with slow flow. It was found that higher calci

Fig. 7. Comparison of calcite deposition rates bet
Mg2+, Cl� and SO2�
4 , were processed with the program WATSPEC

(Wigley, 1977), which calculates calcite saturation index (SIc) for
each record. SIc is calculated from:

SIc ¼ log
ðCa2þÞ CO2�

3

� �

Kc

0
@

1
A

where activities are denoted by parentheses and Kc is the tempera-
ture dependent solubility constant for calcite. If SIc > 0, water is
supersaturated with respect to calcite and may deposit it, if
1–W4 and M1–M6 belong to H–W–M subsystem; Z1–Z4: J–Z subsystem; J1–J9: Y–J
ced on rimstone dam where fast flow occurred; other plexiglass collector substrates
te deposition rates in each subsystem often occurred at sites with fast flowing water.

ween September 1991 and September 2010.



Fig. 8. Comparison of water temperature, Ca2+ and SIc between September 1991 and September 2010.

Fig. 9. Temporal variations in concentration of phosphate at sampling site W1 and
its relationship with rainfall and tourist numbers in 2010.
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SIc < 0, water is aggressive with regard to calcite and may dissolve
it; where SIc = 0, dynamic equilibrium is reached.

3.4. Rainfall

The rainfall was recorded every 15 min with a HOBO rain gauge
in Huanglong Ravine with a resolution of 0.2 mm and the data
were stored in a HOBO 4-channel data logger. This information is
used to understand the climatic control on the water chemistry
and the deposition rate of travertine.

3.5. Number of tourists

The daily tourist number was obtained from Huanglong Na-
tional Scenic Spot Administration for the whole study period, and
the relationship between the concentration of PO3�

4 in water and
the tourist number over the same period was determined.

4. Results and discussion

4.1. Spatial variations in travertine deposition rates

Fig. 6 shows the average travertine deposition rates at the 24
deposition monitoring sites in the four subsystems along flow path
in the wet season from May to November.

There is no regular decreasing or increasing trend in the traver-
tine deposition rate along the whole Huanglong Ravine system. In
each sub-system as defined in Section 2, the travertine deposition
rate generally displayed an increase due to the rising calcite satu-
ration caused by strong continued CO2 degassing of the spring
water entering the stream, and then a decline due to the continued
decrease in Ca2+ concentration caused by calcite deposition (Wang
et al., 2010). Higher travertine deposition rates occur at the sites
with higher flow velocity, showing the effect of the diffusion
boundary layer determined by flow velocity (Liu et al., 1995; Liu
and Dreybrodt, 1997). For example, although Ca concentration
and calcite saturation index at sampling site W3 (with slow flow
in pool) was even higher than those at sampling site W4 (with fast
flow at rimstone dam), W4 has much higher deposition rate than
W3 (6.18 times). This clearly demonstrates again the importance
of hydrodynamics in controlling travertine deposition (Liu et al.,
1995).
4.2. Changes in travertine deposition rate compared to the early 1990s

Liu et al. (1995) examined the travertine deposition rates in the
early 1990s. The methods used were very similar. The only
difference was that marble tablets were used as substrate. Also
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the sites used were as closely as possible identical. Fig. 7 shows the
comparison with this study. The recent deposition rates show a
clear decrease compared with those of 1991 everywhere along
the flow path, from 17.8% to 89.5%, with sites W1 (i.e., site No. 8,
Liu et al., 1995) and Y (i.e., site No. 1, Liu et al., 1995) showing
the largest decrease (65.9% and 89.5%, respectively). In contrast, re-
cent water temperature, Ca2+ concentration and SIc are higher than
those in 1991 (Fig. 8), which should facilitate carbonate deposition.
This gives strong evidence that the decrease in deposition rates is
due to the inhibition of calcite deposition by other processes.
According to previous studies (Reddy, 1977; Mucci, 1986; Gian-
nimaras and Koutsoukos, 1987; House, 1987; Dove and Hochella,
1993; Bono et al., 2001; Lin and Singer, 2006), this inhibition is
Fig. 10. Temporal variations in travertine deposition rate on the plexiglass substrate at
Ca2+ and SIc.
very likely caused by PO3�
4 , which was introduced into scenic spots

by tourism activities.

4.3. Impact of tourism activities on the concentrations of phosphate at
Huanglong

Phosphate concentrations in surface water linked to tourism
activities in the area is mainly due to pollution from toilet leakage,
rubbish flushing by rainfall, and kitchen leakage. All three kinds of
wastes are possible sources of PO3�

4 . The greater the number of
tourists, the more likely is PO3�

4 pollution. In order to support this
suspicion the temporal variations of the PO3�

4 concentration were
examined in the stream water in relation to tourism activities,
sampling site W4 and its relationship with water temperature, rainfall, phosphate,
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indicated by tourist numbers. It should be noted that at a pH of
about eight inorganic PO3�

4 is present as H2PO�4 and HPO2�
4 . For

simplicity the term phosphate is used in the following text.
To simplify the explanation, we use the upstream sampling site

W1 (close to the tourist trail) as an example of the relationship be-
tween the phosphate concentration and tourist numbers. Fig. 9
shows that the phosphate concentrations have significant positive
correlation with tourist numbers. For example, there are two peaks
in tourist numbers in the experimental period (two large arrows in
Fig. 9), and the phosphate concentration shows two peaks as well.
Fig. 11. Temporal variations in travertine deposition rate on the plexiglass substrate at sa
and SIc.
This indicates that the phosphate concentration in the stream
water has been influenced by tourism activities.

As shown in Fig. 9, the phosphate concentration peaks lag be-
hind tourist numbers some times depending on strong rainfall
events. If there were no strong rainfall events, the general lag-time
was about 17–27 days. For example, the phosphate concentration
kept rising between July 28 and August 29, and then declined,
while tourist number rose on July 1 and declined on August 11.
Therefore, the lag-time was 27 days and 18 days, respectively.
However, if strong rainfall events occurred, there was almost no
mpling site J8 and its relationship with water temperature, rainfall, phosphate, Ca2+
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lag-time between phosphate peak and tourist number peak, as
shown in Fig. 9 on June 12 and October 3–7. This is due to the
flushing effect of rainwater on the wastes from toilets, dustbins
and the restaurant in the area. Therefore, it is concluded that tour-
ism activities significantly influence the phosphate concentration
in stream water at Huanglong.

4.4. Controls of temporal variations in carbonate deposition rates

According to the theory of the kinetics of karst processes pro-
posed by Dreybrodt (1988), calcite deposition rates in pure carbon-
ate water are determined mainly by calcite saturation index, Ca
Fig. 12. Temporal variations in travertine deposition rate on the plexiglass substrate at
Ca2+ and SIc.
concentration, temperature, and hydrodynamic conditions. Due
to the difference in environmental variables at different sampling
sites and times carbonate deposition rates may vary. In the follow-
ing, the effects of water temperature, dilution effect and inhibition
by phosphate are examined jointly.

For an aqueous solution H2O–CO2–CaCO3 supersaturated with
respect to calcite the deposition rates of calcite (R) are:

R ¼ a � ðC � CeqÞ

where a (cm/s) is a temperature dependent rate constant. The value
of a rises linearly from 0.75 � 10�6 at 5 �C to 1.75 � 10�6 at 15 �C
(Baker et al., 1998). C is the actual Ca-concentration and Ceq is the
sampling site M4 and its relationship with rainfall, water temperature, phosphate,
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equilibrium Ca-concentration with respect to calcite and the pCO2

in the water. In Huanglong ravine pCO2 is approximately 100 Pa
and Ceq is about 1 mmol/L = 40 mg/L.

4.4.1. Temperature control of temporal variation in calcite deposition
rate

Fig. 10 shows the travertine deposition rate (R), the coeval rain-
fall, water temperature, [Ca2+], SIc, and phosphate at sampling site
W4 between May 20 and November 7. Note that this upstream site
exhibits extremely high deposition rates, which are not likely
inhibited by phosphates. In this case travertine deposition is con-
trolled mainly by water temperature. For example, in the period
Fig. 13. Temporal variations in travertine deposition rate on the plexiglass substrate at sa
and SIc.
of increasing temperature from May 23 to August 8, the travertine
deposition rate gradually increased with a maximum value of
4 � 10�7 mmol/(cm2 s) at 15 �C. In the period of decreasing tem-
perature from August 9 to November 7, the travertine deposition
rate showed a decreasing trend as well with 2.5 � 10�7 mmol/
(cm2 s) at about 10 �C water temperature. This is in satisfactory
agreement with the temperature dependence of a. However, it
was also noted that the travertine deposition rate declined to the
lowest value during the experimental period from August 12 to
September 23 due to the combined effect of dilution and steep
temperature decrease caused by the strong rainfall events from
August 12 to September 9 (Fig. 10).
mpling site Z3 and its relationship with rainfall, water temperature, phosphate, Ca2+
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A similar behavior is observed at sampling site J8 (Fig. 11). At
both sites the concentration of PO3�

4 is below 1 lmol/L and inhibi-
tion is low. Therefore, it is concluded that water temperature is the
leading control of travertine deposition at sampling sites W4 and
J8. This deposition mechanism is termed water temperature con-
trol type.

4.4.2. Dilution control of temporal variation in calcite deposition rate
Fig. 12 shows the travertine deposition rate, the coeval rainfall,

water temperature, [Ca2+], SIc and PO3�
4 at sampling site M4 (with

the snow-melt surface water input) between May 20 and
November 7. As can be seen from Fig. 12, there is significant neg-
Fig. 14. Temporal variations in travertine deposition rates on the plexiglass substrate at s
and SIc. Dashed line and dotted line are trend lines of calcite deposition rates and pho
deposition rates showed a decreasing trend and phosphate concentrations were opposit
ative correlation between travertine deposition rate and rainfall
at sampling site M4, indicating the effect of rainfall dilution on
travertine deposition at this site. This is illustrated by a large
decrease of [Ca2+] and SIc after rainfall events, especially on June
8, July 11, August 21 and October 3 (A–D in Fig. 12). Note that
due to the low concentrations of Ca (<140 mg/L) in contrast to
station W4 (>200 mg/L, Fig. 10) the variation of Ca-concentration
and SIc exert a significant influence to the rates. It is important
to note that for SIc < 0.9 at June 8, July 11, and August 21 deposi-
tion stops. This is a well known effect, because a SIc of about 1 is
required to drive deposition (Usdowski, 1982). A similar case oc-
curred at the sampling site Z3 with snow-melt surface water input.
ampling site Y and its relationship with phosphate rainfall, water temperature, Ca2+

sphate concentrations, respectively. During the whole experimental period, calcite
e.
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However, here the temperature amplifies the effect of dilution
(Fig. 13).

Therefore, it is concluded that rainfall plus snow-melt water
dilution can be a dominating control of travertine deposition at
sampling sites M4 and Z3. This deposition mechanism is termed
dilution-leading control type.

4.4.3. Phosphate controls of temporal variations in calcite deposition
rates

Fig. 14 shows the calcite deposition rate change trend and its
relationship with coeval rainfall, water temperature, [Ca2+], SIc
Fig. 15. Temporal variations in travertine deposition rate on the plexiglass substrate at
Ca2+ and SIc. Dashed line and dotted line are change trend lines of calcite deposition rate
the calcite deposition rates showed a decreasing trend and phosphate concentration wa
and PO3�
4 at sampling site Y. During August 20 and September 20

the water temperatures are high and the Ca-concentration is low,
but constant. Also SIc is constant above 1. Therefore, one would ex-
pect an increase in deposition rates. The opposite, however, is the
case. The deposition rates drop to very low values (<1 �
10�8 mmol cm�2 s�1), although under similar conditions they were
higher by an order of magnitude during July. The only parameter
changing during these time spans is the concentration of PO3�

4 ,
which increases with time (Fig. 14). This indicates that the traver-
tine deposition may be inhibited by PO3�

4 in the water. Also a weak
negative correlation between calcite deposition rate and PO3�

4

sampling site W1 and its relationship with phosphate, rainfall, water temperature,
s and phosphate concentration, respectively. During the whole experimental period,
s opposite.
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concentration can be seen. Bono et al. (2001) have shown experi-
mentally in a precipitation state test in the field that PO3�

4 concen-
trations as low as 0.1 mg/L cause inhibition of calcite precipitation,
which is enhanced at higher concentrations. This is in accordance
with the present observations.

Fig. 15 also gives a similar indication at the sampling site W1.
During August to October SIc is high, above 1.25, whereas from
May to August SIc is lower. Nevertheless the rates are higher
(>3.7 mmol cm�2 s�1) under those unfavorable conditions than
during the more favorable conditions in August to October
(<2.5 mmol cm�2 s�1). During this later time concentrations of
PO3�

4 have increased to a high level (>0.14 mg/L). This is a further
indication of inhibition. Therefore, it is concluded that inhibition
of calcite precipitation by PO3�

4 may control the travertine deposi-
tion at the sampling sites Y and W1.

5. Conclusions and suggestions for landscape protection

It has been shown that the travertine deposition rate at Huang-
long has decreased significantly compared to rates in the early 90s
with the largest decrease of 65.9% and 89.5%, respectively, at the
sampling sites W1 and Y. It is concluded that the decrease in depo-
sition rate may result from the inhibition of calcite precipitation by
PO3�

4 pollution caused by tourism activities. In addition, important
control patterns of travertine deposition were distinguished along
the Ravine. These are water-temperature control and dilution-
control.

Therefore, to warrant sustainable use of the travertine land-
scape, environmental assessment of tourism activities in Huang-
long Ravine needs to be performed as early as possible to
determine the tourist capacity; meanwhile, more attention should
be paid to the management of wastes produced by tourism activi-
ties, so as to prevent their harmful impact on the water quality and
travertine deposition in the ravine. This applies not only for the
travertine of Huanglong, but also for many travertine landscapes
worldwide. This work intended to raise attention to this problem
and to motivate monitoring of phosphates in such streams.
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