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Abstract

Study on calcite precipitation has major implications for both the hydrochemical evolutions of river systems and the global
carbon cycle. The precipitation of calcite generally requires the water to be 5—10 times supersaturated with respect to calcite,
which is usually achieved by the removal of CO,. Formation of waterfall tufa has been often simply described as the result of
water turbulence in fast-flowing water. In this paper, the formation mechanisms of waterfall tufa are discussed and a series of
laboratory experiments are designed to simulate the hydrological conditions at waterfall sites. The influences of the air—water
interface, the water flow velocity and the solid—water interface on CO, outgassing and calcite precipitation are compared and
evaluated quantitatively. The results show that the principal cause of waterfall tufa formation is the enhanced inorganic carbon
dioxide outgassing resulted from the sudden hydrological changes occurring at waterfall sites, rather than organisms,
evaporation or the solid—water interface. The air—water interface area and the water flow velocity are greatly increased at
waterfall sites as a result of the “aeration effect”, “low pressure effect” and ““jet-flow effect”, which greatly accelerate CO,
outgassing. Inorganic CO, outgassing drives the waters to become highly supersaturated with respect to calcite and,
consequently, results in much calcite deposition. The solid—water interface is less important as the air—water interface in
affecting calcite precipitation at waterfall sites. Field measurements showed that conductivity, Ca> " and HCO3 concentrations
along Tianhe Creek and Hot Creek decrease downstream while pH rises. Field observations also showed that tufa deposition
occurred mainly at waterfall sites.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the calcite deposition that forms at waterfall and

cascade sites along river channels, is widely distrib-

The term “tufa” is commonly used for porous,
cool, freshwater CaCOj; deposits (Ford and Pedly,
1996; Zhang et al., 2001). Waterfall tufa, which is
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uted around the world, especially in tropical and
subtropical karst regions. Precipitation of calcite in
natural water can be simply shown by the following
reaction:

Ca’" 4+ 2HCO; = CaCO; | +CO, T +H,0 (1)
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Calcite precipitation has important influence on
both the hydrochemical evolution of river systems
and the global carbon cycle because a large amount of
CO, is released from the water to the atmosphere
during the precipitation processes. Generally, precip-
itation of calcite requires the waters to be 5—10 times
supersaturated with respect to calcite because of lack
of free energy to create new surface areas, unavail-
ability of reactive calcite to act as nucleation sites, and
inhibition of PO ~, Mg>" and organic ligands
(Berner, 1975; Reddy, 1977; Dandurand et al., 1982;
Buhmann and Dreybrodt, 1987; Lorah and Herman,
1988; Lebron and Suarez, 1996). This is why river
water is generally supersaturated with respect to
calcite but calcite precipitation does not occur along
the entire river channel. In the Colorado River system
of the southwest United States, calcite precipitation is
not detectable although the water reaches four to six
times supersaturation with respect to calcite (Suarez,
1983).

The mechanisms of tufa formation have been
investigated by many scientists since the 1980s. It
is well known that high supersaturation of water with
respect to calcite usually results from the removal of
CO, from the water. Several studies have attributed
the CO, removal to turbulence, mixing of different
waters and metabolic uptake of CO, by photosyn-
thetic plants (Jacobson and Usdowski, 1975; Chafetz
and Folk, 1984; Herman and Lorah, 1987; Viles and
Goudie, 1990). Chafetz and Folk (1984) present
convincing evidence that bacterially precipitated cal-
cite forms a large percentage of tufa accumulations
in Italy and the USA. Viles and Goudie (1990) and
Janssen et al. (1999) also noted tufa formation is
commonly associated with organisms. However,
studies of waterfall tufa have shown that a great
amount of inorganic CO, outgassing occurs at wa-
terfall sites (Zhang and Mo, 1982; Chafetz and Folk,
1984; Lorah and Herman, 1988; Ford, 1989; Zhang
et al., 2001; Drysdale et al., 2002). Through detailed
field measurements of temperature, pH, calcium
concentration and alkalinity in two small streams in
southwest Germany, Merz-Preifl and Riding (1999)
found that the principal cause of supersaturation in
fast-flowing streams is inorganic carbon dioxide
outgassing while photosynthetic uptake of carbon
dioxide and temperature effects are negligible. It
seems that organisms play an insignificant role in

waterfall tufa formation although they may indirectly
aid in tufa formation by trapping microparticle and
providing a substrate for calcite growth. This is
testified by the field observation that organisms exist
along the entire river channel, but tufa deposition
occurs mainly at waterfall site. However, develop-
ment of waterfall tufa has been simply described as
the result of water turbulence. Knowledge about how
environmental conditions change at waterfall sites
and how these changes affect calcite precipitation is
rather scarce. We believe the principal cause of
waterfall tufa formation is the sudden hydrological
changes occurring at waterfall sites. In this paper, a
series of experiments are designed to simulate the
hydrological changes at waterfall sites, and the
influences of various factors on calcite precipitation
are evaluated quantitatively.

2. Research design and experiments

Understanding the hydrological changes occurring
at waterfall sites is the key to design simulating
experiments and to thus investigate the factors con-
trolling tufa formation. Three major changes occur
when river channel flow approaches a waterfall.
Firstly, the sudden changes in flow conditions at
waterfall sites can lead to air entrainment, which are
termed ‘“‘natural aeration” (Kobus, 1991). In rivers,
aeration can appear in high-velocity flow, plunging
free-jet flow, the wakes of topographic irregularities
on channel beds, and in hydraulic-jump configura-
tions, which suck and trap air inside the water body
and create many air bubbles (Chanson and Qiao,
1994; Chanson and Cummings, 1996; Chanson and
Toombes, 2003). These conditions are most obvious
at waterfall sites, where “white-water phenomena”
occurs. Here we call the phenomena induced by air
entrainment as “‘aeration effect”.

Secondly, water pressure at high velocity at water-
fall sites is reduced according to the Bernoulli effect
(described in Section 3). At lower pressures, dissolved
gases can be released from water as tiny air bubbles
according to the Henry’s law. This results in air
detrainment at waterfall sites and is called “low
pressure effect”.

Finally, the fast-flowing and falling water at wa-
terfall sites is broken into many water droplets, small
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streams and sprays due to the initial jet-flow turbu-
lence and to the shear forces of the surrounding air.
We call this phenomenon “jet-flow effect™.

The “aeration effect” creates air bubbles at wa-
terfall sites that can greatly increase the size of the
air—water interface area. The “low pressure effect”
at high flow velocity not only creates bubbles and
thus enlarges the air—water interface area, but also
reduces CO, content in the water resulting from
detraining of the dissolved gases from the water
flow. The “jet-flow effect” usually results in much
larger air—water interface area because the jet flows
consist of sprays, droplets and broken streams
(Chanson and Cummings, 1996; Zhang et al.,
2001). Thus, it can be seen the main hydrological
changes, occurring at waterfall sites as a result of
these effects, are the enlargement of the air—water
interface area and the increase of the flow velocity of
the water. We believe these two hydrological
changes are the major cause of waterfall tufa depo-
sition. In order to testify our hypothesis, a series of
laboratory experiments were designed to simulate the
changes of the air—water interface area and the flow
condition at waterfall sites, and to evaluate quantita-
tively their influences on CO, outgassing and calcite
precipitation. Field measurements in two creeks were
carried out in order to improve our understanding of
CO, outgassing and calcite precipitation in natural
river waters.

In order to acquire quantitative data on calcite
precipitation rates, we need to continuously monitor
the Ca®" concentration changes. In fact, it is impos-
sible to determine Ca®" concentration continuously

1500

and accurately during the simulating processes be-
cause it will change the simulating conditions and
thus affect the simulating results when a part of
solution is taken out for Ca®" concentration deter-
mination by the Atomic Absorption Spectrometer
(AAS). Fortunately, conductivity, which along car-
bonate-depositing systems fluctuates primarily as a
result of carbonate depositions (Drysdale et al.,
2002), is often a good tracer of Ca®>" concentration
changes in natural karst water (Groleau et al., 2000;
Drysdale et al., 2002). In order to testify whether
conductivity variability can represent Ca>” concen-
tration changes, Ca”>" concentrations and conductiv-
ities of laboratory solutions with different Ca®"
concentrations were measured respectively by the
Atomic Absorption Spectrometer (PES100) and the
Portable Multi-parameter Instrument (pIONneer 65).
The good correlation between them (Fig. 1) suggests
that conductivity can be used as a surrogate measure
of Ca>" concentration. Ca®" concentrations can be
calculated according to the initial Ca®* concentration
and the conductivity in the waters. Furthermore,
calcite precipitation rate can be deduced from the
Ca’" concentration changes.

CaCOgj; solution for simulating experiments was
prepared by adding pure CaCO; grains in a 10-
1 glass container full of distilled water. Pure CO,
gas was then continuously pumped into the water
for 72 h. The CaCOj; solution was passed
through a 0.45-um filter before using as sample
solutions for experimental studies. The initial
conductivities of the sample waters ranged from
1050 to 1210 ps.
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Fig. 1. The correlation between Ca® " concentration and conductivity in sample waters.
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All the following simulating experiments were
carried out in a cultivator box set to 20 °C in order
to eliminate the influence of the temperature on
calcite precipitation. Changes of conductivity and
pH in sample waters were measured respectively
by the Portable Multi-parameter Instrument (pION-
neer 65) and by an Orion 818 pH meter. The pH
electrode was calibrated with pH 4.00 and 6.86
buffers every 2 h.

2.1. Calcite precipitation processes experiment

The first aim of this experiment is to systemat-
ically comprehend the calcite precipitation processes
and the second aim is to examine the dependence
of calcite precipitation on CO, outgassing. The
550-ml sample solution was put into a 11.21-cm
diameter cylindrical glass vessel with a water-sur-
face area of 98.70 cm?. The pH and conductivity of
the sample solution were measured under stationary
condition at time intervals of 10—20 min at the
beginning in order to understand the fast-changing
process, and at time intervals of 30—60 min when
the sample solution showed only small fluctuations
in pH and conductivity and finally appeared to
reach equilibrium.

The “equilibrated” solution was filtered through a
0.45-um filter, and its Ca>" concentration was mea-
sured by the Atomic Absorption Spectrometer
(PE5100) in order to calculate calcite precipitation
rate.

2.2. Air—water interface experiments

In order to evaluate quantitatively the influence
of air—water interface on calcite precipitation, 550-
ml sample solutions were respectively put into
three cylindrical glass vessels with different wa-
ter-surface areas of 55.65, 98.70 and 155.49 cm?.
These sample solutions had the same initial con-
ductivity of 1052 ps. Conductivity changes with
time in the three sample waters were measured by
the Portable Multi-parameter Instrument (pIONneer
65) under stationary condition at time intervals of
about 10 h until the solutions appeared to stop
precipitating. Ca?"* concentrations of the initial
solutions and the ‘“equilibrated” solutions were
measured by the Atomic Absorption Spectrometer

(PE5100) after they were filtered through a 0.45-
um filter.

2.3. Flowing water experiments

The first aim of this experiment is to evaluate
quantitatively the influence of the water flow veloc-
ity on calcite precipitation, with the second aim
comparing the calcite precipitation rates in standing
and flowing waters. The 550-ml sample solution
with an initial conductivity of 1031 ps was put into
a cylindrical glass vessel with a water-surface area of
55.65 cm?. The glass vessel was put on a magnetic
beater and a round magnetic rod with a length of 4
cm was put in the middle of the bottom of the vessel
in order to bring the solution to move. When the
magnetic beater worked, the sample solution had a
rotation rate of 30 rps (i.e. an average flow velocity
of 4 m/s). Conductivity changes were measured
under flowing condition at time intervals of 10—20
min at the beginning and at time intervals of 30—60
min when the sample solution showed only small
conductivity fluctuations and gradually approached
equilibrium. As a comparison, 550-ml sample solu-
tion with an initial conductivity of 1049 ps was put
into a cylindrical glass vessel with the same water-
surface area of 55.65 cm?, and conductivity changes
under stationary condition were monitored every
10—-20 min at the beginning and every 30—60 min
when the solution showed only small conductivity
fluctuations.

2.4. Solid—water interface experiments

In order to evaluate quantitatively the influence
of the solid—water interface on calcite precipitation
and examine the relative importance of the air—
water interface and the solid—water interface, 550-
ml water samples were respectively put into two
cylindrical glass vessels with the same surface area
of 55.65 cm2, one of which a calcite tablet with a
surface area of 65.31 cm® was put in the middle of
the bottom. The sample solutions had the same
initial conductivity of 1180 ps. Conductivity
changes in these two solutions were monitored by
the Portable Multi-parameter Instrument (pIONneer
65) under stationary condition at time intervals of
about 10 h until the solutions appeared to stop
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precipitating. Ca®" concentrations of the initial
solutions and the “equilibrated” solutions were
measured by the Atomic Absorption Spectrometer
(PE5100) after they were filtered through a 0.45-
um filter in order to compare their calcite precip-
itation rates.

2.5. Field measurement of river waters

With an aim of improving our understanding of
CO, outgassing and calcite precipitation in natural
river waters, field measurements were carried out
along Tianhe Creek and Hot Creek, which are
located in Guizhou Province, a typical Karst region
in Southwest China. The two creeks typically are
less than 40 cm in depth and 3 m or less in width.
There is no obvious resurgence of groundwater

downstream. Six sites were respectively selected
and examined in each of the two creeks. Sites
were not evenly spaced, but located to monitor
hydrochemical changes at waterfall sites and cas-
cades (Fig. 2). All sample were sampled within 2
h in order to eliminate the influences of diurnal
changes of hydrochemical parameters on the inter-
pretation of downstream changes (Drysdale et al.,
2002). Conductivity and pH in river waters were
measured respectively by the Portable Multi-param-
eter Instrument (pIONneer 65) and by the Orion
818 pH meter. Standard HCI titration method was
applied to measure HCO3 concentrations after the
waters were filtrated in field. Upon return to the
laboratory, the waters were passed through a 0.45-
pm filter and Ca®* concentrations were determined
by the Atomic Absorption Spectrometer (PE5100).
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Fig. 2. Sample localities sketch map along Hot Creek (R1—R6) and Tianhe Creek (T1-T6).
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All the measurements were completed within 24
h of sampling.

3. Results

3.1. Calcite precipitation processes observed under
stationary condition

The pH and conductivity changes with time
under stationary condition were shown in Fig. 3,
from which the following three stages can be
identified.

3.1.1. The fast degassing stage

This stage lasted about 25 h and was character-
ized by the constant conductivity and the rapid
increase in pH (Fig. 3). The Pco, difference be-
tween the ambient atmosphere and the sample
water resulted in quick diffusion of CO, from the
water to the atmosphere, and thus led to the
reduction in H" content. This process can be shown

by Eq. (2).

HY + HCO; <H,CO3<CO, T + H,O (2)
The water’s supersaturation degree with respect to

calcite is usually expressed by IAP/K. where IAP

represents the ionic activity product and K, represents

1400

the equilibrium constant of CaCOj;. One convenient
method for the computation of IAP is:

IAP = (Ca’")(CO3")
= {ree x [Ca®*] X ruco; x Ky x Alk}/(H")
3)

Where rc2" and raco, are respectively the activity
coefficients of Ca>* and HCOj3, [Ca® ] is the Ca®"
concentration, K, is the second dissociation constant
for H,COj3, Alk is the alkalinity of the water, (H") is the
H" activity defined through measuring pH values
(pH=—log (H")). From Eq. (3), it can be easily seen
that the water’s supersaturation degree with respect to
calcite increases with the reduction in H" content.
Detailed calculations showed the sample water’s su-
persaturation degree with respect to calcite increases
from 0.82 to 6.97 when pH rises from 6.22 at the
beginning to 7.15 at the end of this stage. However, the
constant conductivity of the sample water indicated
calcite precipitation did not commence. The calcite
precipitation rate is almost equal to zero during this
stage (Fig. 3).

3.1.2. The fast precipitation stage

This stage lasted about 170 h and was character-
ized by sharp drop in conductivity (Fig. 3), which
reflected the rapid precipitation of calcite. Because of
the great loss of CO, during the fast degassing stage,
the water’s supersaturation degree with respect to
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Fig. 3. Changes of conductivity, pH and calcite precipitation rate in the sample water under stationary condition.
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calcite rose to so high a level that the nucleation
barrier can be overcome and the fast calcite precipi-
tation started. Much H" was released to the solution
during the processes of the calcite precipitation, lead-
ing to the decrease of pH, which can be shown by the
Eq. (4). On the other hand, the released H" and HCO3
gradually converses into CO, (Dreybrodt et al., 1997),
leading to the reduction in H' content, which can be
shown by the reaction (5). When the consumption of
H" was balanced by its production, the pH value
remained stable. When the consumption rate of H"
outpaced its production rate, the pH value rose. When
the conversion rate slowed down, the pH value again
declined. These processes handed over to substitute
the emergence during the whole stage and led to the
frequent fluctuations of pH (Fig. 3). The calcite
precipitation rates ranged from 8.0 to 92.0 pg/(1 m)
during this stage with an average of 27.6 pg/(l m)

(Fig. 3).

Ca’>" + 2HCO; «CaCO; | +HCO; +H™. (4)

H' +HCO; <CO, T +H,0 (5)
3.1.3. The equilibrium stage

This stage is characterized by the relatively
stable conductivity and pH value (Fig. 3). The
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rates of CO, outgassing and calcite precipitation
slowed down because the Pco, difference between
the atmosphere and the sample water gradually
decreased and the solution gradually approached
“equilibrium™. The calcite precipitation rates were
below 8.0 pg/(1 m) with an average of 4.2 pg/(1 m)
(Fig. 3).

Although the conductivity of the sample solution
decreased with the time, the calcite precipitation
rates fluctuated from time to time (Fig. 3). Two
reasons may contributed to this phenomenon. Firstly,
the sample solution was supersaturated with respect
to calcite, so the conductivity showed a decreasing
trend during the calcite precipitation processes. Sec-
ondly, the water’s supersaturation degree with re-
spect to calcite changed as a result of the frequent
pH fluctuations (Fig. 3) according to Eq. (3), causing
the calcite precipitation rates to vary from time to
time.

3.2. The influence of the air—water interface on
calcite precipitation

Conductivity variations under stationary condi-
tion in the three sample solutions respectively with
water-surface areas of 55.65, 98.70 and 155.49 cm?
were shown in Fig. 4.
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Fig. 4. Conductivity evolution in sample solutions with different surface areas.



360 J. Chen et al. / Sedimentary Geology 166 (2004) 353—-366

Table 1
Comparison of calcite precipitation rates in solutions with different
interface areas

Surface Initial Ca®™"

Equilibrated  Equilibrium Precipitation

area concentration Ca®* time (h) rate (mg/l-h)
(em?)  (mg/l) concentration
(mg/l)
55.65  254.6 38.8 312 0.69
98.70  254.6 38.4 247 0.88
155.49 254.6 37.9 173 1.25

Obviously, an enlargement of air—water interface
area not only accelerated calcite precipitation indi-
cated by faster decrease of conductivity (Fig. 4),
but also shortened the period for the sample water
to reach the equilibrium (Table 1). The high
correlation coefficient between the size of the
air—water interface area and the calcite precipita-
tion rate (Fig. 5) suggests that the calcite precip-
itation rate, to a great extent, depends on the size
of the air—water interface area. Higher Pco, in the
water than in the ambient atmosphere drive CO, to
diffuse quickly from the water to the air. All other
things being equal; the larger the air—water inter-
face area is, the faster CO, diffuses, the earlier the
calcite precipitation commences. In fact, this phe-
nomenon can be well explained by the diffusion
theory. The mass transfer rate of a chemical across
an interface is a function of the molecular diffusion
coefficient, the negative gradient of gas concentra-
tion and the interface area. If the chemical of

interest is volatile (e.g. CO,), the gas transfer rate
may be expressed as:

%Cgas =K X o0 X (Cgat — Cas) (6)
where Cgy; is the dissolved gas concentration, K is the
mass transfer coefficient, o is the specific surface area
and C, is the concentration of the dissolved gas in
water at equilibrium (Gullier, 1990; Chanson, 1995;
Chanson and Toombes, 2003). The mass transfer
coefficient (Ki) is almost constant (Kawase and
Moo-Yong, 1992). The specific surface area (o) is
defined as the air—water surface area per unit volume
of air and water (Chanson, 1995; Chanson and
Toombes, 2003). In our experiments, the three sample
solutions have the same volume, the same Cj, and the
same initial Cg,g, so the variations of the specific
surface area can be represented by the changes of the
air—water interface area, and the Eq. (6) can be
simplified as:

%Cgas =K X S X (Csat - Cgas) (7)
where K is a constant and S is the air—water
interface area. It is obvious from Eq. (7) that the
sizes of the air—water interface area decide the
CO, outgassing rate and thus control the calcite
precipitation rate. This may explain the reason of
the high correlation coefficient between the size
of the air—water interface area and the calcite
precipitation rate in our experiments (Fig. 5).
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Fig. 5. Correlation between the size of the air—water interface area and the calcite precipitation rate.
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Merz-Preifl and Riding (1999) found the greater
channel width (i.e. larger air—water interface area)
allowed more rapid CO, outgassing while the
narrower channel limited CO, outgassing and cal-
cite precipitation. This provided direct field evi-
dence for our experiment results.

3.3. The influence of the flow velocity on calcite
precipitation

Conductivity changes in sample waters under sta-
tionary condition and under flowing condition are
shown in Fig. 6.

From Fig. 6 and Table 2, it can be seen that the
calcite precipitation rate in flowing water is more
than four times larger than in stationary water,
while the equilibrium time is only one fourth of
that in stationary water. This gives clear evidence
for the influence of flowing conditions on calcite
precipitation rates.

The behavior of a fluid under varying flow
conditions is described quantitatively by Bernoul-
li’s law:

1
P+ 5,{)\)2 + pgh = [constant], (8)

where P is the static pressure (N/m?), p is the
fluid density (kg/m’), v is the velocity of fluid

Table 2
Calcite precipitation rates in sample waters under stationary and
flowing conditions

Flow Initial Ca®”  Equilibrated Equilibrium Precipitation
condition concentration Ca*” time (h) rate (mg/l-h)
(mg/1) concentration
(mg/)
Stationary 254.6 38.8 312 0.69
Flowing 251.7 38.1 70 3.05

flow (m/s) and % is the height above a reference
surface (m). The effect described by this law is
called the Bernoulli effect. Obviously, an increase
in the velocity of flow will result in a decrease in
the static pressure from Eq. (8), so the water
pressure is lower in a moving fluid than in a
stationary fluid.

It is well known that the solubility of a gas in water
decreases with decreasing pressure if the temperature
stays constant according to the Henry’s law, which
states

P=kC 9)

Where P is the static pressure (N/m?), C is the
gas concentration and k is the Henry’s law
constant, which is the same for the same tem-

Conductivity (* s)

400

A stationary

© flowing

0 3000 6000

9000 12000 15000
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Fig. 6. Conductivity changes with time under stationary and flowing conditions.
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perature, gas and solvent. From Egs. (8) and (9),
we can get

C = ([constant] — pgh — pv*/2)/k (10)

Obviously, the solubility of a gas in water dec-
reases with increasing flow velocity according to Eq.
(10). Therefore, dissolved gases can diffuse more
quickly from flowing water than from stationary
water. On the other hand, fast flowing water not only
induces turbulence which can cause more effective
collision between dissolved ions and therefore accel-
erate chemical reactions, but also reduces the thick-
ness of diffusion boundary layers in both solid—water
and air—water interface, which accelerates the mass
transfer through the two interfaces and thus increases
calcite deposition rate (Bogli, 1980; Liu et al., 1995).
All these factors together caused much earlier and
faster calcite precipitation in flowing water than in
stationary water. This phenomenon also occurs in
field. Liu et al. carried out in situ experiments to
measure calcite deposition rates at the dam sites with
fast water flow (0.5—-2 m/s) as well as inside pools
with still water in Huanglong Ravine, China. The
result showed that depositional rates in fast flowing
water were higher by as much as a factor of four
compared to still water although there were no differ-
ences in hydrochemistry (Liu et al., 1995). The good
agreement between the field measurements and our

laboratory observations provide convincing evidence
that the flowing conditions exert a large influence on
calcite precipitation rates in natural waters.

3.4. Calcite precipitation in waters with different
solid—water interface areas

Although an increase of solid—water interface
area accelerated the calcite precipitation (Fig. 7),
but it did not affect the precipitation rate as much
as an increase of air—water interface area (Fig. 4).
Moreover, when river water flows over a water-
fall, there is much greater increase of the air—
water interface area than that of the solid—water
interface area. Therefore, the air—water interface is
much more important in controlling calcite precip-
itation than the solid—water interface at waterfall
sites. CO, outgassing plays a major role in
causing calcite precipitation.

3.5. Chemical evolution in two natural rivers

The field measurements showed that patterns of
downstream variations in pH, conductivity, Ca*"
concentrations and HCO5 concentrations are gen-
erally comparable in these two creeks (Fig. 8).
Conductivity, Ca®>" concentrations and HCO3 con-
centrations decreased downstream along the river
channels (Table 3 and Fig. 8) while pH rose. This
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Fig. 7. Conductivity evolution of solutions with/without calcite tablet.
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Table 3

Hydrochemical evolution along Tianhe Creek and Hot Creek

Tianhe Creek Hot Creek

Length Ca®" Conductivity pH HCO3 Length Ca®* Conductivity pH HCO3
(m) (mg/h) (1s) (mg/l) (m) (mg/l) (1s) (mg/l)
0 63.91 465 7.39 242.23 0 47.96 417 7.47 243.92
200 63.66 459 7.48 236.60 500 47.94 413 7.83 241.11
350 63.04 457 7.62 233.22 900 46.48 403 8.01 238.85
650 61.39 454 7.66 229.28 1300 45.26 392 8.08 233.78
800 58.15 447 7.75 223.64 1800 45.24 382 8.12 228.15
1100 57.21 442 7.78 218.57 2300 45.24 376 8.11 221.95

reflected the processes of CO, outgassing and calcite
precipitation downstream. The highest waterfalls and
cascades generally have the most obvious decreases
of conductivity, Ca®" and HCO3 concentrations.
Field observations also showed that tufa deposition
occurred mainly at waterfall sites.

4. Discussions and conclusions

Until now, several factors have been found to
attribute to tufa formation.

4.1. Organisms

The effects of organisms (such as plants, algae,
bacteria, cyanobacteria, diatoms and mosses) on
tufa formation can be divided into physical effects
and chemical effects. The physical effects are
encrustation, trapping and binding, assimilation,
nucleation and secretion (Chafetz and Folk, 1984;
Emeis et al.,, 1987; Pentecost and Lord, 1988;
Viles and Goudie, 1990; Pedley, 1992; Zhang et
al., 2001). However, the physical effects cannot
result in the waters becoming supersaturated with
respect to calcite, which is the prerequisite of
calcite precipitation. The chemical effects lie main-
ly in photosynthesis, which takes up CO, from
water and causes supersaturation (Kelts and Hsu,
1978; Stumm, 1985; Chen et al., 2002). However,
the slowest CO, outgassing rate calculated from
our experiments and other experiments in the field
(Lorah and Herman, 1988; Liu et al., 1995; Lu et
al., 2000; Zhang et al., 2001) is at least 10 times
greater than the fastest CO, uptake rate by algae
(Geider and Osborne, 1992), which suggests that

CO, consumed by organisms is much less than
the CO, lost by outgassing at waterfall sites.
Therefore, organisms cannot be the major cause
of tufa formation at waterfall sites although they
may play a major role in calcite precipitation
where water is quiescent or slowly flowing such
as in lake waters when CO, outgassing rate is
very low. This is supported by the fact that tufa is
mainly deposited at waterfall sites although organ-
isms exist along the entire river channel in the
investigated rivers.

4.2. Evaporation

Evaporation can reduce water volume and in-
crease the ion concentrations in waters, even direct-
ly results in the waters becoming supersaturated
with respect to calcite and induces calcite precipi-
tation (Chen et al., 2002). However, this usually
occurs when the water experiences long-time strong
evaporation, for example in brine lakes. At water-
fall sites, the fast-flowing water passes the waterfall
usually within several minutes, so the evaporation
cannot play major role in calcite precipitation.

4.3. Changes of hydrological conditions

As noted before, the “aeration effect”, the “low
pressure effect” and the “jet-flow effect” result in
two major hydrological changes at waterfall sites.
Firstly, the air—water interface area is greatly en-
larged. Secondly, the flow velocity of the water
increases when river channel flow approaches a
waterfall. Our laboratory experiments have proven
that larger size of the air—water interface area lead
to faster calcite precipitation rate, and the fast-
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flowing water can cause much faster calcite precip-
itation than in stationary water. Therefore, we
believe the enlargement of the air—water interface
area and the high flow velocity at waterfall sites
contribute to the waterfall tufa deposition.

4.4. Solid—water interface

Larger solid—water interface area may result in
faster calcite precipitation because more nucleation
sites are available, which is helpful for overcoming
the kinetic thresholds to calcite precipitation. How-
ever, our experiments showed that the solid—water
interface did not affect calcite precipitation as much
as the air—water interface. Moreover, there is much
greater increase of the air—water interface area than
that of the solid—water interface area when river
water flows over a waterfall. Therefore, the influ-
ence of the water—solid interface on calcite precip-
itation is negligible. Nevertheless, it should be
noted that solids at waterfall sites play important
role in keeping calcite particles. If there is no direct
precipitation on solids, all calcite particles will flow
downstream and are lost.

In conclusion, the dominant factors controlling
waterfall tufa formation are the hydrological
changes instead of organisms, evaporation or the
solid—water interface. Inorganic CO, outgassing is
the principal process driving the waters becoming
highly supersaturated with respect to calcite and
induces calcite precipitation at waterfall sites. The
air—water interface area and the water flow velocity
are greatly increased at waterfall sites as a result of
the “aeration effect”, “low pressure effect” and
“jet-flow effect”, which greatly accelerates CO,
outgassing, drive the waters to high levels of calcite
supersaturation and consequently results in much
calcite deposition. This is the major cause of
waterfall tufa formation.
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