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Abstract: Water and tufa samples were collected from Arrow Bamboo Lake, the stream from
Panda Lake to Five-Color Lake, Pearl Shoal and Shuzheng Lakes in Jiuzhaigou National Nature
Reserve, China, between October 2013 and September 2014, to investigate tufa growth rate and water
environment (water temperature, pH, electric conductivity, major ions and nutrients), and analyzed
to explore the main causes of tufa degradation. The mean annual rate of tufa growth was low and
varied within lakes, with the maximum deposit thickness of 332 µm/y. The calcite saturation index
ranged from 0.65 to 0.83. Scanning electron microscope images showed that the tufa deposits had
non-isopachous structures, and diatoms were the dominant microorganisms that participated in
tufa deposition. Porous and crystalline structures of deposits were linked with a high tufa growth
and small amounts of diatoms. Conversely, tufa deposits with amorphous and loose structures
showed a low crystal growth rate and a high number of diatoms. A one-way analysis of variance and
a least significant difference test were applied to identify site differences in water chemistry. Linear
correlations indicated that nitrate, phosphate and sulfate inhibit tufa growth (p < 0.05). Increased
nitrogen and phosphorus concentrations that originate mainly from atmospheric pollution and tourist
activities at scenic attractions could trigger excessive diatom growth, which inhibits tufa precipitation.
A series of measures should be implemented (e.g., the visitor number and vehicles should be regulated
and controlled) to minimize tufa degradation in the Jiuzhaigou National Nature Reserve.

Keywords: tufa; aquatic environment; diatom; nutrient; statistical analysis; one-way ANOVA;
tourist attraction

1. Introduction

Tufa is a localized precipitation of calcium carbonate (CaCO3) that is generated by rivers, lakes or
springs in karst areas through certain physical, chemical and biological actions. Tufa contains the
remains of micro- and macro-phytes, invertebrates and bacteria [1]. Tufa is widespread globally [2],
and in some areas, massive tufa deposits can spread from meters to kilometers and form picturesque
tufa landscapes, such as tufa waterfalls, tufa-dammed lakes and cascades. These natural landscapes
are popular tourist destinations [1], such as Jiuzhaigou National Nature Reserve and Huanglong
Scenic and Historic Interest Area in China, Plitvice National Park in Croatia, Havasupai Canyon in
the U.S. and Dunns River Falls in Jamaica. Because of the rapidly-expanding global tourist industry,
these magnificent landscapes are facing unexpected problems. Splendid tufa landscapes are destroyed
easily by human interference [3]. The surge in tourist numbers has led to water pollution and
trampling on tufa in scenic spots, and increased pressure is expected in terms of the conservation of
tufa landscapes [4].

In general, tufa formations are governed by a complex relationship between physical, chemical
and biological factors [5]. CaCO3 deposition in natural water is represented by the following reaction:

Ca2+ + 2HCO−3 ↔ CaCO3 ↓ +H2O + CO2 ↑ (1)
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CaCO3 precipitation contributes to tufa deposition. Tufa deposition is driven mainly by the
release of large amounts of carbon dioxide (CO2) from water to the atmosphere [6]. CO2 removal is
attributed to turbulence, mixing of water of different contents and the metabolic uptake of CO2 by
photosynthetic organisms (e.g., plants, algae and mosses) [7]. Organisms facilitate or retard CaCO3

formation [8–10]. This role can also be divided into physical and chemical effects [6]. Organisms
can aid tufa deposition by trapping and binding CaCO3 particles [11] and precipitating some CaCO3

through photosynthesis by absorbing CO2 from water [4]. Other metabolic types produce organic
acids, which accelerate CaCO3 dissolution [12]. Diatoms are an especially important group of algae
that are distributed widely in aquatic ecosystems and are important in promoting the formation and
dissolution of tufa [13].

CaCO3 precipitation is endothermic, and tufa formation is accelerated with an increase in water
temperature. The solubility of CaCO3 and CO2 decreases with increasing water temperature [14].
However, in turbulent waters, the principal cause of tufa deposition is CO2 degassing, whereas the
photosynthetic uptake of CO2 and temperature effects are negligible [15,16].

All ions except for Ca2+ and HCO3
− are extrinsic in water. Other research suggests that

the presence of complexing ions (e.g., SO4
2−, Mg2+) and acidic organic molecules will reduce the

concentrations of Ca2+ and CO3
2− through ion pairing, which retards CaCO3 deposition [10]. Several

studies also have proven that PO4
3−, Mg2+ and organic ligands inhibit tufa deposition by occupying

the position of Ca2+ in the lattice and by changing the crystal forms [17–19]. This explains why some
streams are calcite supersaturated, but tufa deposition does not occur [6,18].

Jiuzhaigou National Nature Reserve (hereafter Jiuzhaigou) is a celebrated tourist attraction in
China, and its unique water and tufa landscapes attract millions of visitors every year. Tourism has
expanded gradually worldwide, and the number of tourists in Jiuzhaigou has increased from 27,000 in
1984 [20] to 5.1 million in 2015, which represents a 188-fold increase. Since the 1990s, excessive algal
growth and tufa degradation have been observed in Jiuzhaigou [6,21]. A series of measures has been
implemented within the reserve by the Jiuzhaigou Administrative Bureau, such as building pedestrian
roads, banning logging, prohibiting farming and grazing and demolishing hotels and restaurants.
However, tufa degradation and water pollution have continued.

A team from Jiuzhaigou International Laboratory for Ecology, Environment and Sustainability
of Sichuan University researched tufa landscape changes [22], lacustrine deposits [23,24], forest
succession [25], tourism [21,26] and air pollution [20,27,28] in Jiuzhaigou. Relatively little is known
about the rate of tufa accumulation and the tufa deposit structure in particular environments.
The complex relationships between the aquatic environment and tufa deposition are poorly understood.
We hypothesize that water eutrophication facilitates excessive algae growth. These algae will
participate in tufa deposition and form loose deposits that can be displaced easily by water.

The objectives of this study are: (1) to observe tufa deposit structures and to estimate the annual
tufa deposition growth rate at selected sites, (2) to elucidate the relationship between tufa deposition
and water environmental variables and (3) to explore the roles of diatoms in tufa deposition and the
main causes of tufa degradation.

2. Materials and Methods

2.1. Study Area

Jiuzhaigou is located on the eastern fringe of the Qinghai-Tibet Plateau, in Jiuzhaigou County,
Aba Tibetan, and Qiang Autonomous Prefecture, Sichuan, southwestern China. It is situated between
32◦53′ and 33◦20′ N and 103◦46′ and 104◦05′ E (Figure 1a). Jiuzhaigou is a watershed that consists of
three main valleys, namely the Rize, Zezhawa and Shuzheng valleys (Figure 1b). Water flows from the
south to the north.
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Figure 1. Maps showing: (a) The location of Jiuzhaigou; (b) The positions of the main tufa-depositing 
lakes and the approximate installation point of each substrate. 

Four distinct seasons exist in Jiuzhaigou, i.e., dry spring and winter, wet summer and autumn. 
Based on meteorological data collected at Nuorilang of Jiuzhaigou, the mean annual precipitation is 
~680 mm, with the majority of rainfall occurring between May and September. Precipitation is the 
main water source for lakes and rivers in the watershed. A large seasonal range occurs in mean 
monthly temperatures, from −4.0 °C in January (in winter) to 16.4 °C in July (in summer). The mean 
annual temperature is 6.8 °C. 

Jiuzhaigou’s topography is complicated. The elevation ranges from 1996 m to 4764 m, with an 
average elevation of 2768 m above sea level [29]. Tufa is concentrated in the Rize and Shuzheng 
valleys, and the tufa deposits cover approximately 2.4 km2. However, in recent years, excessive algae 
growing and tufa degradation have been observed in Jiuzhaigou (Figure 2). 

 
Figure 2. The changes of water and tufa landscape in Jiuzhaigou showing: (a) Algae growing; (b) Tufa 
landscape collapse. 

2.2. Sampling 

The experimental period was divided into the dry season (including October, November, 
December 2013 and March, April 2014) and wet season (including May, June, July, August and 
September 2014) according to monthly rainfall in the region. Ten field surveys were conducted 
monthly from October 2013 to September 2014 at six sites: Arrow Bamboo Lake (SABL), the stream 
from Panda Lake to Five-Color Lake (SPL), Pearl Shoal (SPS1, SPS2 and SPS3) and Shuzheng Lakes (SSZL). 
Samples were collected at three sites on Pearl Shoal because this is a celebrated spot in Jiuzhaigou. 
Samples (500 mL) were collected near the surface (~0.10-m depth) and kept frozen in high-density 
polyethylene bottles, then transported to a laboratory in Chengdu within three days after collection 
for analyses. Before sampling, the water temperature (WT), pH and electric conductivity (EC) were 

Figure 1. Maps showing: (a) The location of Jiuzhaigou; (b) The positions of the main tufa-depositing
lakes and the approximate installation point of each substrate.

Four distinct seasons exist in Jiuzhaigou, i.e., dry spring and winter, wet summer and autumn.
Based on meteorological data collected at Nuorilang of Jiuzhaigou, the mean annual precipitation
is ~680 mm, with the majority of rainfall occurring between May and September. Precipitation is
the main water source for lakes and rivers in the watershed. A large seasonal range occurs in mean
monthly temperatures, from −4.0 ◦C in January (in winter) to 16.4 ◦C in July (in summer). The mean
annual temperature is 6.8 ◦C.

Jiuzhaigou’s topography is complicated. The elevation ranges from 1996 m to 4764 m,
with an average elevation of 2768 m above sea level [29]. Tufa is concentrated in the Rize and
Shuzheng valleys, and the tufa deposits cover approximately 2.4 km2. However, in recent years,
excessive algae growing and tufa degradation have been observed in Jiuzhaigou (Figure 2).
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Figure 2. The changes of water and tufa landscape in Jiuzhaigou showing: (a) Algae growing; (b) Tufa
landscape collapse.

2.2. Sampling

The experimental period was divided into the dry season (including October, November,
December 2013 and March, April 2014) and wet season (including May, June, July, August and
September 2014) according to monthly rainfall in the region. Ten field surveys were conducted
monthly from October 2013 to September 2014 at six sites: Arrow Bamboo Lake (SABL), the stream from
Panda Lake to Five-Color Lake (SPL), Pearl Shoal (SPS1, SPS2 and SPS3) and Shuzheng Lakes (SSZL).
Samples were collected at three sites on Pearl Shoal because this is a celebrated spot in Jiuzhaigou.
Samples (500 mL) were collected near the surface (~0.10-m depth) and kept frozen in high-density
polyethylene bottles, then transported to a laboratory in Chengdu within three days after collection
for analyses. Before sampling, the water temperature (WT), pH and electric conductivity (EC) were
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measured at each site with a portable multi-parameter probe (Multi 3420, WTW, Munich, Germany).
Samples were analyzed in the laboratory for Ca2+, Mg2+, K+, Na+, HCO3

−, SO4
2−, NO3

−, CI−, F− and
dissolved phosphorus (DP). Water samples (60 mL) for Ca2+, Mg2+, K+, Na+, SO4

2−, NO3
−, CI− and

F− analyses were filtered through 0.22-µm sieves and were analyzed by using an ion chromatograph
(ICS-900, Dionex, Sunnyvale, CA, USA). Dissolved phosphorus (25-mL subsample) and HCO3

− (50-mL
subsample) concentrations were determined with an ultraviolet-visible spectrophotometer (UV-2350,
Unico, Shanghai, China) and by using 0.025 M hydrochloric acid (50 mL acid burette, Sichuan Shu Bo
(Group) Co., Ltd., Chengdu, China), respectively.

Tufa deposition was monitored at the six sites from October 2013 to September 2014.
Two rectangular Plexiglas substrates of 5 cm × 5 cm × 0.2 cm were mounted at each site in October
2013. A 6-mm hole was used to secure each substrate in a stream using a 25 to 30 cm-long stainless-steel
screw [30]. The top and bottom faces of the substrates were oriented parallel to the water flow and were
immersed in water as far as possible (Figure 3). Substrates were retrieved and packed for laboratory
examination in October 2014. Small portions of tufa that had been deposited on each substrate were
cut for scanning electron microscope (SEM) observation. The energy dispersive spectrum (EDS)
analysis was performed to study the chemical composition of tufa deposits. The sampled tufa was
coated with gold. Observations were performed with a scanning electron microscope (S-4800, Hitachi,
Tokyo, Japan) at an accelerating voltage of 5 kV. X-ray diffraction (XRD) analysis was used to identify
petrographic characteristics of tufa deposits through an X-ray diffractometer (XRD-6100, Shimadzu,
Beijing, China). Diatoms in tufa deposits were identified using SEM images. Substrates mounted for
tufa deposition in the red circle represent SPS3 in Pearl Shoal.
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2.3. Data Analysis

CaCO3 precipitation is a function of CO3
2− alkalinity and the availability of free Ca2+, and these

are combined in the saturation index. A calcite saturation index (SIc) is applied as a measure of
equilibrium. If the SIc exceeds 0, CaCO3 tends to deposit; otherwise, CaCO3 dissolves. The saturation
index is defined using:

SIc = log(
IAP

K
) (2)

where IAP denotes an ion activity product (i.e., {Ca2+}× {CO3
2−}) and K is the solubility product of the

corresponding mineral [31]. SIc was calculated by using the hydrogeochemistry simulation software
Phreeqc3 from the U.S. Geological Survey using pH, water temperature, electric conductivity and
ionic concentration.

Raw datasets for tufa deposition and water environmental measurements were normalized,
and a one-way analysis of variance (one-way ANOVA) and a least significant difference test were applied
to identify site differences in water chemistry and tufa growth. The interrelationships between different
parameters were supported by linear correlation. All statistical analyses were performed using SPSS 19.0.
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3. Results and Discussion

3.1. Tufa Deposited on Substrates and Its Rate of Growth

Most substrates were covered with deposits. The water level changed at the studied sites except
for Arrow Bamboo Lake (SABL) and Shuzheng Lakes (SSZL), and it decreased in response to a decrease
in precipitation between November 2013 and April 2014. During this period, substrates at four sites
(i.e., SPL, SPS1, SPS2 and SPS3) became exposed, and tufa growth on their surface stopped. Nevertheless,
the thickness of the deposits at sites SPS1 and SPS3 were higher than SPS2 to some extent, and the
diatoms were the major part of the deposited layer at SPS1 and SPS3. Tourist season (from May
to October) is the wet season in Jiuzhaigou, and tourist activities contributed to the increase in
water nutrient levels of the SPS1 site located under the walkway, which promoted excessive diatoms
participating in tufa deposits. For the SPS3 site, there were plentiful mosses. The mosses cannot grow
directly on the substrate or rock surface, and above all, they usually settle down by means of small
amounts of soil and water [32]. Therefore, the mosses will grow and colonize with the aid of algal mats
at the SPS3 site at first, and then, a combination mats of algae and mosses will be formed gradually to
control the tufa deposition. In that case, large amounts of algae appeared in the tufa deposits at the
SPS1 and SPS3 sites and formed thicker sediments.

The differences in the components of deposits on the substrates were noticeable between the studied
sites. The tufa deposition rate can be calculated from the tufa mass increments [14]. SEM observations
revealed diatoms as the main organisms that participated in tufa deposition. The research also indicated
that the species of diatoms have a distinct advantage in the water of Jiuzhaigou [33]. Tufa was deposited
unevenly on each substrate at maximum and minimum thicknesses of 332 µm/y (SPL) and 75 µm/y
(SSZL), respectively (Figure 4). Foreign diatoms were included in the tufa mass, and hence, the tufa mass
that was used to calculate the deposition rate was overestimated somewhat.
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Figure 4. Deposit thickness under SEM at studied site s in one-year period. (a) Porous tufa
deposits with uneven thicknesses (195 to 332 µm/y), SPL; (b) Compacted and clotted deposits (78 to
140-µm thick), SPS2; (c) Loose deposits with asymmetrical thickness (93 to 113 µm/y) and abundant
diatoms, SPS1; (d) Diatoms that cover non-isopachous deposits and form a network structure, SPS3;
(e) The diatomaceous materials cover the deposits completely, SABL; (f) Loose deposits with uneven
thickness and diatoms embedded randomly, SSZL.
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Values of water depth and velocity refer to the ranges of the means at each site from field
investigations and [7].

The SIc is an important indicator of tufa depositing or not. If we take into account that CaCO3

deposition occurs when SIc is greater than zero, and for a higher SIc value, the CaCO3 deposition rate
increases in water [14]. The SIc values differed significantly at the six sites (t-test, p < 0.05) (Figure 5).
The highest annual mean value of SIc (0.83) occurred at SPS2, followed by SPL (0.79), and the lowest
(0.65) occurred at SSZL. SIc values exceeded zero, and so, we infer that tufa deposition should be higher
at SPS2 and SPL than at SABL, SPS1, SPS3 and SSZL. This is likely related to hydrodynamic conditions
at the sites. Tufa growth was more rapid at sites with a rapid water flow, such as at downstream
waterfalls. Table 1 lists the characteristics of tufa depositional environments at the six sites. SPL and
SPS2 are located on the stream bed below the Panda Waterfall and in a depression on the Pearl Shoal
with turbulent flow, respectively. High flow velocities and turbulence enhance CO2, which favors
CaCO3 precipitation at SPS2 and SPL [6,15,34], and when the water velocity is greater than 120 cm·s−1,
variations in water velocity will not cause CaCO3 deposition [7]. The faster the water flows, the higher
CaCO3 precipitation is within the threshold value (120 cm·s−1) of flow velocity at SPS2 and SPL.
Therefore, fast flow below the hydrodynamic threshold probably was one cause of promoting the
CaCO3 deposition besides the hydrochemical parameters and biological factors considered in the
following sections of this article.

Table 1. Main characteristics of the tufa depositional environments.

Sites Location Subenvironment Altitude (m) Water
Depth (cm)

Water Velocity
(cm·s−1) Tufa Characteristics

SABL

Over Arrow
Bamboo waterfalls,
near walkway,
close to road.

Areas of very low slope,
stable groundwater
recharge and
paludification; the annual
variation of water level
was small.

2618 10–50 20–75

Loose sediment
formed of algae and
amorphous detritus,
coated diatoms.

SPL

100 m downstream
from Panda
Waterfall.

Turbulent water flow,
steep slope, surface water
recharge; water flow
showed dramatic
reduction due to seasonal
decline in rainfall (from
November 2013 to
April 2014).

2507 0–50 90–225

Spongy tufa, diatoms
involvement in
deposits, well-formed
rhombohedra of
calcite crystals.

SPS1 Under walkway,
near entrance.

Areas of gentle slope,
plentiful algae; strong
water flow in the wet
season a; weak flow in the
dry season b.

2452 0–20 50–90

Diatoms were the
main part of loose
sediment, finer
spherulitic calcites.

SPS2 In a depression of
the central shoal.

Areas of shoal, including
steeper slope, turbulent
flow; the annual change of
water flow was obvious.

2433 0–30 30–100

Diatoms participating
in porous carbonate
deposits, sheet-like
calcite crystals.

SPS3 Central shoal

Gentle slope with
bryophytes growth; the
annual variation of water
flow was obvious.

2438 0–20 50–90

Large amounts of
diatoms embedded in
loose deposits,
clumps of calcite
crystals.

SSZL

Opposite Shuzheng
Mill, intersection of
walkways.

Areas with gentle to nil
slope stretching along the
river bed; algae-rich,
constant water flow.

2250 ~100 0–50

Diatoms covered the
loose deposits; scarce
or absent carbonate
deposits, poor
calcites.

Notes: a Wet season, May to October. b Dry season, November to April.

Error bars represent the standard error of the mean. Different lowercase letters indicate significant
differences (p < 0.05) between different sites.
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Calcite is the main component of tufa [7], and tufa in Jiuzhaigou is no exception. Three ttufa
samples were randomly selected for XRD (two samples) and EDS (one sample) analyses, respectively.
Our results indicate that calcite is the main crystalline phase of tufa deposits (Figure S1a in
Supplementary Materials), and tufa at Jiuzhaigou mainly contains chemical elements such as C
(11.5%), O (49.9%), Si (1.3%) and Ca (37.3%) (Figure S1b). According to our quantitative analysis of the
chemical composition, CaCO3 is the main component of the Jiuzhaigou tufa. Diatom colonies grow in
random orientations that are interspersed within the tufa deposits. Because of competitive growth
between diatoms and the initial direction of calcite crystal growth along the diatom stalk, the colonies
formed uneven or non-isopachous sedimentary layers [14,35]. A higher SIc means a faster tufa growth.
At sites with higher SIc values, the tufa deposit texture was compact and crystalline (Figure 4a,b),
as observed at SPS2 and SPL. Detritic carbonate and a higher amount of diatoms existed within the
deposits at SPS1, SPS3, SABL and SSZL (Figure 4c–f). A comparison between SIc and tufa deposition
thickness does not indicate a simple relationship. A good example is the comparison of SPS2 and SPS3.
Although the highest annual mean value of SIc was 0.83 at SPS2, the thickness of tufa growth ranged
only from 78 µm/y to 140 µm/y. The SIc value at SPS3 was only 0.73, but the tufa deposits thickness
varied between 212 µm/y and 245 µm/y. This discrepancy results from their different components
and textures, which is reflected in the different proportions of diatoms in the deposits (Figure 4b,d).

3.2. Tufa Deposition and Hydrochemistry

Tufas are fed with CO2-saturated water with a soil origin, and a healthy water environment is
a prerequisite for tufa precipitation. Table S1 lists the characteristics of the major hydrochemical
parameters at six sites during the study period. Ca2+ (49.84–60.16 mg·L−1) and HCO3

−

(189.58–248.77 mg·L−1) were the dominant cation and anion, respectively. Mg2+ (12.30–13.70 mg·L−1)
and SO4

2− (20.69–22.73 mg·L−1) were the second-most-abundant cation and anion, respectively.
Except for water temperature and SO4

2−, significant differences emerged in other hydrochemical
measurements, including pH, Ca2+, Mg2+, HCO3

−, NO3
−, and DP between the six studied sites at

a p < 0.05 level (Table 2). The pH differed between sites (F = 4.518, p < 0.01), with the highest (8.35) and
lowest value (8.16) occurring at SPS2 and SABL, respectively. Differences in NO3

− (F = 5.024, p < 0.01)
and DP concentrations (F = 2.672, p < 0.05) were also significant between sites. SO4

2− concentrations
(p = 0.756) and water temperature (p = 0.520) were insignificantly different between different sites.
Ca2+ concentrations decreased gradually in water samples that were collected along the water flow
direction. A similar decreasing pattern was also observed in HCO3

−. Such chemical changes likely
result from CaCO3 deposition. The NO3

− concentrations increased with water flow (from 0.73 mg·L−1

to 1.11 mg·L−1), and this may be interpreted as a consequence of nutrient accumulation in the streams.
The highest concentrations of Ca2+, HCO3

− and DP appeared at the SABL site, and a maximum NO3
−
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concentration was observed at SSZL. NO3
− and DP concentration minima were observed at SPL,

whereas minimum contents of Ca2+ and HCO3
− emerged at SSZL. A higher tufa deposition rate

occurred at SPS2 and SPL, and a lower tufa deposition rate occurred at SABL and SSZL. It is likely that
these result from low nutrient levels and moderate concentrations of Ca2+ and HCO3

−, which are
most suitable for tufa growth [36].

Table 2. Hydrochemistry measurements at the studied sites.

Site * SABL SPL SPS1 SPS2 SPS3 SSZL F p

Water temp (◦C) 7.69 (0.94) 8.35 (0.88) 7.69 (0.55) 8.44 (0.57) 8.90 (0.43) 9.64 (0.83) 0.851 0.520

pH 8.16 (0.04) b 8.34 (0.14) a 8.23 (0.03) ab 8.35 (0.02) a 8.28 (0.04) ab 8.28 (0.02) ab 4.518 0.002

Ca2+ (mg·L−1) 60.16 (3.21) a 55.14 (1.57) ab 56.78 (2.01) ab 55.60 (1.78) ab 54.85 (2.54) ab 49.84 (0.54) b 2.423 0.047

Mg2+ (mg·L−1) 13.02 (0.42) ab 12.30 (0.25) b 13.63 (0.25) a 13.53 (0.29) a 13.54 (0.26) a 13.70 (0.21) a 3.049 0.017

HCO3
− (mg·L−1) 248.77 (9.69) a 202.51 (3.70) c 224.95 (3.78) b 223.53 (3.87) b 220.06 (2.96) b 189.58 (3.26) c 15.6 0.001

SO4
2− (mg·L−1) 21.57 (1.30) 20.69 (1.06) 22.37 (0.63) 21.77 (0.86) 21.87 (0.82) 22.73 (0.79) 0.526 0.756

NO3
− (mg·L−1) 0.90 (0.06) ab 0.73 (0.13) b 1.09 (0.04) a 1.08 (0.05) a 1.08 (0.04) a 1.11 (0.06) a 5.024 0.001

(DP) (mg·L−1) 0.009 (0.002) a 0.003 (0.001) b 0.004 (0.001) b 0.003 (0.001) b 0.004 (0.001) b 0.005 (0.001) ab 2.672 0.046

Notes: * SABL, Arrow Bamboo Lake site; SPL, stream from Panda Lake to Five-Color Lake; SPS1, SPS2, SPS3, three
sites in Pearl Shoal; SSZL, Shuzheng Lakes site.

All values are expressed as the mean ± the standard error of the mean; different lowercase letters
in the same row indicate a significant difference (p < 0.05).

Statistically-significant positive correlations existed between SIc and pH and Ca2+ and HCO3
−

(p < 0.05, Figure 6), which can be described by linear equations. In contrast, SIc had significant negative
linear correlations with DP, SO4

2− and NO3
−, respectively (p < 0.05). The relationships between SIc

and pH and NO3
− were significant (p < 0.01). However, no apparent relationships existed between SIc

and the water temperature (p = 0.146) and Mg2+ (p = 0.761).
The alkaline water environment favored CaCO3 deposition, and a high pH was associated with

more intense tufa precipitation [37]. Therefore, at sites SPL and SPS2, rapid CO2 degassing in turbulent
flow led to a pH increase, and tufa deposition was high, as mentioned above. Certain elemental
changes could also affect tufa deposition. In addition to dominant Ca2+ (18% of the ionic concentration)
and HCO3

− (70% of the ionic concentration), Mg2+ and SO4
2− were the next dominant anions (4.5%

and 7.0% of the ionic concentration, respectively) in water. The material source of tufa deposition is
suggested to be from Ca2+ and HCO3

−, and higher Ca2+ and HCO3
− concentrations yield a higher

tufa growth rate, with all other conditions being the same in the parent water [38]. Some studies
also showed that a SO4

2− reduction increased the SIc and favored CaCO3 precipitation, and Mg2+

and SO4
2− can reduce Ca2+ and CO3

2− concentrations through ion pairing, which can inhibit CaCO3

deposition [10,39]. Moreover, Mg2+ can occupy the Ca2+ position in the lattice during tufa growth to
inhibit CaCO3 deposition [17]. Nevertheless, the Mg2+ concentration that hinders CaCO3 deposition
exceeds 240 mg L−1 [2]. Mg2+ in water originates mainly from carbonate (e.g., dolomites and marls)
weathering and dissolution [40]. The Mg2+ concentration in the Jiuzhaigou surface water ranged from
11.0 mg·L−1 to 15.0 mg·L−1, which is far below that required to inhibit tufa deposition. Our results
indicate that the tufa growth rate appeared to have a negative correlation with SO4

2−, whereas the
correlation between tufa growth rate and Mg2+ was not significant (p > 0.05). In this study, the PO4

3−

measurement is less than the threshold detection level (0.001 mg·L−1) of the instrument. DP exists
mainly as phosphate in water. As the main form of phosphate, orthophosphate (PO4

3−) is also
absorbed easily by algae in water [41]. Therefore, the differences in DP content mirror the PO4

3−

concentration change to some extent. Some research shows that PO4
3− is adsorbed on the calcite

surface, blocks active crystal-growth sites, inhibits calcite nucleation and “poisons” tufa deposition in
water [19]. Our results are consistent with this report that suggests that a significant inverse correlation
exists between the tufa deposition rate and the DP concentrations. Fossil-fuel (coal and oil) burning is
one of the major sources of sulfate via atmospheric deposition into water. The increased nitric and
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sulfuric acids in surface water from nitrogen and sulfur deposition would cause tufa degradation in
Jiuzhaigou [42]. The tufa deposition rate was significantly negatively related to NO3

−, SO4
2− and

PO4
3− contents in water, because changes in their concentrations caused hydrochemical property

changes of water.
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The aqueous Ca2+ concentration and SIc are good indicators of tufa deposition. Tufa deposition
occurs mainly in water with a Ca2+ concentration that exceeds 80 mg·L−1 [2], and with an SIc value
that exceeds 0.80 [43,44]. Ca2+ concentrations in Jiuzhaigou ranged from 34.07 mg·L−1 to 68.30 mg·L−1,
and the SIc values exceeded zero (0.52–0.91); however, the annual mean values were less than 0.80 at
the studied sites except for SPS2 (0.83) (Figure 5), which does not favor tufa deposition.

3.3. Roles of Diatoms in Tufa Deposition

SEM observations indicated that abundant diatom flora existed in the deposits at the studied sites.
These diatoms belong to different morphological groups and were composed mainly of Synedra
(Figure 7a,b,d,e), Fragilaria (Figure 7c,d), Navicula (Figure 7c), Cymbella (Figure 7f) and Melosira
(Figure 7e). Diatoms showed variable orientations in deposits over the substrates because of their
competitive growth (Figures 4 and 7), and some diatoms produced mucilaginous secretions on the tufa
surface (Figure 8a,d,e,f). The tufa deposits that were formed on the substrates during the experiment
exhibited various structures. Some displayed clotted and honeycombed surfaces (Figure 7a,b), whereas
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others showed loose and fragmented structures (Figure 7c,d) or surfaces that were covered completely
with a diatom mat that was composed of interwoven stalks (Figure 7e,f).
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important in various tufa deposition structures. Research has shown that a high tufa growth rate 
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Figure 7. Scanning electron micrographs of tested samples showing superficial deposit characteristics.
(a) Some diatoms on the porous tufa surface, SPL; (b) Porous calcareous deposit surface with diatoms,
SPS2; (c) Diatoms of Fragilaria and Navicula on loose deposits, SPS1; (d) Diatoms (Fragilaria) embed in
loose deposits, SPS3; (e) Dense growths of diatoms (Fragilaria and Melosira) produce a mat composed of
interwoven stalks that cover the deposits completely, SABL; (f) Diatom (Cymbella) communities cover
the deposits fully, SSZL.

As mentioned above, calcite crystals were common components of tufa that were formed during
the experiment (Figures 8a–d and 9a–d). Crystals exhibited different sizes that ranged from less than
1 µm to 50 µm, and various shapes were arranged as hemispheres (Figure 8b,d), rhombs (Figures 8c
and 9a), sheets (Figure 9b) and grains (Figures 8a and 9c,d). However, the finer CaCO3 crystals
tended to have a detritic habit and were arranged in an amorphous pattern (Figure 9d,e,f). A higher
magnification showed a number of irregular micropores (less than 1 µm in diameter) on the rough
surface of the calcite (Figure 8f). Some calcite crystals contained a central pore, and the pores were
partially filled with diatom stalks (Figure 8b,d) or limestone (Figure 8c), which represents spaces where
diatoms grew in situ, decayed rapidly and left hollow tubes [36,45,46]. Researchers summarized this
phenomenon as diatom bioturbation (i.e., a micro-boring effect) [47,48].

Diatom communities could trap (Figure 8b), bind (Figure 8a) and bond calcite crystals (Figure 8e)
as a result of their growth and certain metabolic activities (i.e., production of mucilaginous secretions
that attach to the calcite surface) [47]. As mentioned in Section 3.2, the calcite growth rate depended on
the hydrochemistry of the parent water. Our results indicate that diatoms were important in various
tufa deposition structures. Research has shown that a high tufa growth rate favors a crystalline texture
and that the tufa deposit with a porous or clotted structure is related to a high growth rate of calcite
crystals [14]. The deposits at SPS2 and SPL with higher tufa growth rates are good examples for such
structures. In contrast, for a low tufa growth rate, loosely structured tufa and numerous diatoms were
deposited. For instance, at SSZL, with the lowest tufa deposition rate, tufa built of detritic materials
and abundant diatoms formed.
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Figure 9. Scanning electron micrographs of CaCO3 crystals with various sizes and shapes. (a) Well-
formed rhombohedra in a cluster of calcite crystals, SPL; (b) Sheet-like calcite crystals and their 
aggregates, SPS2; (c) Finer spherulitic aggregates of calcites, SPS1; (d) Clumps of calcite and aggregates, 
SPS3; (e) Amorphous detritus and aggregations, SABL; (f) Detritic mineral grains and loose 
aggregations, SSZL. 

Figure 8. Scanning electron micrographs of secretions produced from diatoms and pores in tufa
deposits. (a) Diatoms and their thread-like secretions that entwine CaCO3 particles, SPS1; (b,c) Common
occurrence of pores in the center of calcite crystals and pores obstructed partially by decayed diatoms
or limestone, SPL; (d) Calcite crystal engulfs part of one diatom stalk and mucilaginous secretions
produced from diatoms, SPL; (e) Diatom flora of Fragilaria and their secretions on the tufa surface,
SPS2; (f) A higher magnification view shows a rough and loose CaCO3 exterior and filamentous
secretions, SPS3.
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Figure 9. Scanning electron micrographs of CaCO3 crystals with various sizes and shapes.
(a) Well-formed rhombohedra in a cluster of calcite crystals, SPL; (b) Sheet-like calcite crystals and
their aggregates, SPS2; (c) Finer spherulitic aggregates of calcites, SPS1; (d) Clumps of calcite and
aggregates, SPS3; (e) Amorphous detritus and aggregations, SABL; (f) Detritic mineral grains and loose
aggregations, SSZL.
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The occurrence of tufa deposition is caused mainly by CO2 degassing from water. Algae can
remove CO2 by photosynthesis and drive CaCO3 deposition. However, algae that favor tufa deposition
via photosynthesis to absorb CO2 occurred mainly in sluggish or quiescent water [13]. A large terrain
variation exists in Jiuzhaigou, and water flows through multi-level waterfalls and ramps. CO2 uptake
by algal photosynthesis to aid tufa growth is negligible. However, algal metabolism can produce
organic acids, which leads to a decrease in pH and CaCO3 dissolution [12].

Low nutrient levels contribute to tufa formation [5], and our results in Section 3.2 showed
that the tufa growth rate was significantly negatively related to NO3

− and PO4
3−. Trophic status

and ion concentration are major drivers of diatom growth [49]. Diatoms are good bio-indicators
of water nutrient enrichment [50,51]. Anthropogenic activities are major sources of phosphate and
nitrate pollution in aquatic ecosystems. Besides fossil fuels, automobile exhaust emissions are also
an important source of nitrate in water. Phosphorus gets into the water mainly through various
sources including weathered soils from igneous rocks, domestic sewage containing human excrement,
detergents in industrial waste and agricultural drainage [41]. Previous studies have suggested that
nitrogen deposition from neighboring areas led to water eutrophication and excessive algal growth,
and tourist activities have also resulted in an increase in nitrogen and phosphorus concentrations
in the lakes of Jiuzhaigou [27,52]. Maximum concentrations of NO3

− and PO4
3− appeared at SSZL

and SABL with low tufa growth rates, loose deposited structures and a higher amount of diatoms.
Conversely, minimum contents of NO3

− and PO4
3− existed at SPL with a higher tufa deposition rate,

clotted deposits and a smaller number of diatoms. Shuzheng Lakes (SSZL) is located in the lower
reaches of water flow of the six sites, and the high nutrient concentrations are likely to result from
nutrient enrichment along the water flow. Arrow Bamboo Lake (SABL) is an important visiting transit
station for tourists, and frequent tourist activities contribute to an increase in water nutrient levels.
High nutrient concentrations promote excessive diatom growth. Therefore, these diatoms participate
in tufa deposition and form loose deposits with stability and erosion-resistance weakening.

In conclusion, besides industrial pollution from neighboring areas, automobile exhaust emissions
may be an additional source of NO3

− in the surface water of Jiuzhaigou. With rapid developments
in tourism, tourist activities result in obvious increases in nitrogen and phosphorus concentrations.
Water eutrophication is likely a cause of concern for triggering tufa degradation in Jiuzhaigou. As tufa
is so easily damaged by anthropogenic activities, specific measures, for example a strict control of
the number of tourists, motor-vehicle management and emission standards should be established to
alleviate future tufa degradation.

4. Conclusions

The following conclusions can be made from this study:

(1) During the study period, the average annual rate of tufa growth accompanied with algae deposition
was low (75–332 µm/y), and significant differences resulted between selected sites in Jiuzhaigou.

(2) Linear correlations showed that NO3
−, SO4

2− and PO4
3− were major factors in the aquatic

environment that inhibited tufa deposition. Significant differences resulted in PO4
3− and NO3

−

concentrations between sampled sites mainly because of tourist activity and nutrient enrichment
in the water flow, as well as atmospheric precipitation, respectively.

(3) Diatoms were associated frequently with tufa deposits. The deposits showed a non-isopachous
characteristic because of the diatom’s growing habit of a random growth orientation.
Tufa deposits with porous and crystalline structures formed with high tufa growth. In contrast,
for low crystal growth, tufa contained more diatoms, and a loose structure was deposited.

(4) Anthropogenic activities, including industrial pollution, automobile exhaust emissions and
tourist activities, contributed to an increase in nutrients in the water. Nutrient accumulation
promotes excessive diatom growth, which contributes to a loose tufa deposit structure.
The stability and erosion resistance of tufa deposits were weakened. Hence, abundant diatom
growth is unfavorable to tufa deposition.
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On the basis of the research results in this paper, some conclusions are obtained. A low tufa
deposition rate exists at the six studied sites in Jiuzhaigou, because the Ca2+ concentrations and SIc
values are low and because of diatom growth within the tufa deposits that results from the increased
nutrient content in the water. Nevertheless, there are further fields yet to be revealed in the future
work, which will undoubtedly shed considerable light on the dense investigations of the tufa deposit
sampling, the research of the total microbial involvement in the calcite precipitation, as well as the
effects of hydrodynamic conditions on the tufa deposition.
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samples, Table S1: The major water parameters of the studied sites.
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