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ABSTRACT

Many spring deposits throughout the world are characterized by spectacular deposits of calcium
carbonate that are formed of various combinations of aragonite and calcite, and in very rare cases
vaterite. The factors that control the precipitation of the aragonite and calcite have been the
subject of considerable debate that has been based on natural precipitates and information gained
from numerous laboratory experiments. Synthesis of this information indicates that there is
probably no single universal factor that controls calcite and aragonite precipitation in all springs.
Instead, the reason for aragonite as opposed to calcite precipitation should be ascertained by
considering the following ordered series of possibilities for each system. First, aragonite,
commonly with calcite as a co-precipitate, will form from spring water that has a high CO,
content and rapid CO, degassing, irrespective of the Mg:Ca ratio and scale of precipitation.
Second, aragonite can be precipitated from waters that have low levels of CO, degassing
provided the Mg:Ca ratio is high enough inhibit calcite precipitation. Third, the presence of
biofilms may lead to the simultaneous precipitation of aragonite and calcite (irrespective of CO,
degassing or Mg:Ca ratio) either within the different microdomains that develop in the biofilm or
because of diurnal changes in various geochemical parameters associated with the biofilm.
Although the precipitation of calcite and aragonite has commonly been linked directly to water
temperature, there is no clear evidence for this proposition. It is possible, however, that
temperature may be influencing another parameter that plays a more direct role in the
precipitation of these CaCO; polymorphs. Despite the advances that have been made, the factors
that ultimately control calcite and aragonite are still open to debate because this long-standing
problem has still not been fully resolved.

Keywords: Calcite; Aragonite; Vaterite, CaCOs polymorphs; springs; biofilms
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1. Introduction

Many spring systems throughout the world are characterized by spectacular, varicoloured
discharge aprons that are formed largely of calcium carbonate precipitated from the flowing
spring waters. Prime examples of such deposits include those at Pamukkale in the Denizli Basin,
Turkey (Kele et al., 2011; Ozkul et al., 2013), Mammoth Hot Springs in Yellowstone National
Park, U.S.A. (Fouke et al., 2000; Chafetz and Guidry, 2003), and Huanglong in Siuchuan
Province, China (Lu et al., 2000; Wang et al., 2014). These deposits, as well as those associated
with smaller springs, may be formed entirely of calcite, entirely of aragonite, or mixtures of both
polymorphs. As noted by Sun et al. (2015), precipitation of the stable phase of a mineral is
commonly preceded by precipitation of a metastable phase. Although it has long been
understood that calcite is the stable CaCO3 polymorph, the reasons why metastable aragonite is
precipitated in spring systems has been the subject of debate since Suganuma (1928) questioned
the conclusions offered by Meigen (1901) and Warth (1902). Vaterite, the third polymorph of
CaCO3, has only been reported from an unusual supraglacial spring located on northern
Ellesmore Island, Arctic Canada (Grasby, 2003).

The factors that control precipitation of the different CaCOj3; polymorphs is important in
many other aspects of geology, including marine deposits, organisms that form their skeletons of
calcite and/aragonite, cave precipitates, and lake deposits (e.g., Goto, 1961; Hill and Forti, 1997).
Geological investigations into this question have used interpretations of natural samples as well
as various experiments to try and resolve the problem (e.g., Kitano, 1962b; Folk, 1994;
Pentecost, 2005). Over the last 10-15 years, considerable interest in CaCO3 polymorphs has
arisen in the areas of material science and chemical materials as calcite, aragonite, and vaterite

have become widely used in many different industrial applications (e.g., Meldrum, 2003; Sand et
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al., 2012; Declet et al., 2016). In these areas of science, numerous experiments using many
different types of reagents and many different techniques have been undertaken in an effort to
gain an understanding of the factors that control calcite, aragonite, and vaterite precipitation.

Despite the innumerable studies that have focused on various aspects of the calcite-
aragonite problem, it is still difficult to identify any universal factor(s) that control the
precipitation of aragonite in any given situation. For spring deposits, aragonite precipitation has
been variously linked to water temperature, pH, the presence or absence of various elements such
as Mg and Sr, the presence of microbes, the level of supersaturation, and the rate of precipitation
(e.g., Loste et al., 2003; Jones and Renaut, 2010; Kanellopoulos, 2012). Collectively, this
suggests that the calcite — aragonite precipitation problem is extremely complex and that
variations in virtually any parameter may trigger aragonite precipitation.

This review paper, which synthesizes the vast amount of data and ideas that have been
derived by many different studies, is designed to summarize the work that has been done to date,
discuss the different parameters that have been deemed important in CaCOj; precipitation, and
offer some ideas that might help to resolve this complex issue. This paper is presented in five
parts: (1) a review of the existing data and information regarding the factors that may control
precipitation of the CaCO; polymorphs, (2) the spatial relationships between calcite and
aragonite precipitates evident in spring deposits throughout the world, (3) comparison of calcite
and aragonite in spring deposits with calcite and aragonite in cave speleothems, (4) examination
of the models that have been proposed for calcite and aragonite precipitation in spring deposits,
and (5) discussion of the results of the review and ideas for resolution of the problem. Although
a definitive answer is not yet possible, this review should provide some focus on the problem and

perhaps point the way forward.
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2. Controls of CaCO; polymorph precipitation

It is evident from the vast literature that deals with CaCO; polymorph precipitation, both in
natural settings and laboratory experiments, that many different parameters can influence calcite
and aragonite precipitation. In evaluating the underlying causes for precipitation of the different
polymorphs it immediately becomes clear that part of the complexity arises because the physical
and chemical parameters may act independently or in tandem. In other words, a change in one
parameter may trigger a change in another parameter that then causes precipitation of one
polymorph or another. Parameters like the saturation level, which is a function of many
variables, is a prime example. Herein, each parameter that has been implicated in the
precipitation of the different CaCO3 polymorphs in natural settings and laboratory experiments

are evaluated independently in order to clarify the basic issues associated with each one.

2.1. Water temperature

Rose (1837) suggested that a temperature (T) higher than 30° (unit not specified) was
needed for aragonite precipitation. The idea that T played an important role in the precipitation
of aragonite and calcite was subsequently supported by Meigen (1901), Linck (1903), Johnstone
et al. (1916), Kohlschiitter and Egg (1925), Saylor (1927), Faive (1946), Togari and Togari
(1955), and Zeller and Wray (1956). The exact relationship between T and aragonite
precipitation has, however, proven difficult to define with precision and some studies have even
suggested T does not control the polymorph that is precipitated (e.g., Curl, 1962; Siegel and
Reams, 1966; Hill and Forti, 1997; Rowling, 2004).

Some studies have suggested that the change from calcite to aragonite precipitation occurs
once a critical T has been reached. Specific examples include (1) Suganuma (1928) who found

that calcite formed at < 50°C, whereas aragonite formed if T > 50°C, (2) Goto (1961), who



111  suggested that aragonite forms when T > 60°C, (3) Roques and Girou (1974) who experimentally
112  demonstrated that the CaCOj; phase changed from vaterite to calcite to aragonite as T increased,
113 (4) Chakrabarty and Mahapatra (1999), who argued that vaterite formed if T < 15°C, calcite at
114  room T, and aragonite when T > 70°C, (5) Nebel and Epple (2008) who proposed that vaterite
115  was precipitated at low T, calcite at room T, and aragonite at high T, (6) Chen and Xiang (2009)
116  who suggested that vaterite formed at 30-40°C and that at a T of 50°C increased aragonite

117  precipitation occurred, (7) Rosa et al. (2011) who argued that vaterite formed at 25°C, calcite at
118  30°C, and aragonite at 37°C, and (8) Burton and Walters (1987) who suggested that calcite and
119  aragonite precipitation was controlled mainly by T. Other laboratory experiments (e.g., Wray
120  and Daniels, 1957; Zhou and Zheng, 2001; Hu and Deng, 2004; Meldrum and Célfen, 2008)
121  have also supported the idea that high T will lead to aragonite precipitation.

122 The notion that aragonite precipitation is directly related to a critical T has, however, been
123 disputed by other studies. Faive (1946), for example, showed that aragonite precipitation

124 reached a maximum at T = 60° (scale not specified but assumed to be Celsius) but then

125  decreased as T further increased (Fig. 1A). Similarly, Kitano (1955) suggested that aragonite
126  forms when T > 55°C, but noted that this is not always the case and Kitano and Hood (1962)
127  showed that with increased T, the amount of aragonite increased but never resulted in aragonite
128 alone. Similarly, Togari and Togari (1955) showed that calcite formed at T < 30°C and that the
129  amount of aragonite increases up to 70°C, but thereafter there was equal amounts of calcite and
130 aragonite. Atlay et al. (2007) also argued that the amount of aragonite increased when T > 50°C.
131 In caves, T does not seem to be a controlling factor (Gonzalez and Lohmann, 1987;

132 Rowling, 2004) and Hill and Forti (1997) noted that aragonite appears to be more common in

133 high latitude, cold caves (T ~ 0°C) than in warm, low-latitude caves. Curl (1962), in
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commenting on the same issue, argued that T may trigger secondary effects by influencing other

variables such as reaction rates, diffusion rates, and ion availability.

2.2. Water pH

The exact role that pH may play in the precipitation of aragonite and calcite is based almost
entirely on experimental work. Even so, the issue of pH on CaCOj3 precipitation is poorly
understood because most information comes from incidental comments offered as other
parameters are being considered.

Matsumoto et al. (2010), based on experiments whereby CO,/NH3 microbubbles are passed
through the reagent mixture, noted the following relationships: (1) vaterite if pH < 9; (2) calcite
if pH > 11; and (3) aragonite if pH was 9.7 to 10.5. They also noted, however, that with a pH of
9.7, the rate of aragonite crystallization accelerated if the CO,/NH; molar ratio and average
bubble size of the CO, gas were decreased. Similarly, Tai and Chen (1998) used experiments to
argue that CaCOj; polymorph precipitation was controlled by various parameters, including pH
with precipitation of (1) calcite if pH > 12; (2) vaterite if pH < 10, and (3) aragonite if pH =11
when the experiments were run at room T. At higher T, however, aragonite became a major
component at pH < 11 but calcite still formed at higher pH. Hu and Deng (2004, their Fig. 6)
also noted that aragonite precipitation was highest at 70°C when the pH was 11.

Although Weiss et al. (2014) precipitated vaterite and calcite in their experiments, they
suggested that the lack of aragonite was due to the pH of ~ 8.4, which is far lower than that

associated with other experiments.

2.3. CO; content and degassing
Rose (1860), Credner (1870), and Adler (1897) argued that aragonite forms from hot water

when it is saturated with CO,. Kitano (1962b, his Figs. 1, 2) used various experiments to show
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that when CO, was bubbled through solutions there was a radical change in the proportions of
calcite, aragonite, and vaterite precipitated over a temperature range of 0 to 100°C (Fig. 1B, C).
In a subsequent paper, he pointed out that aragonite is the dominant precipitate in Japanese
springs where CO, degassing is the highest (Kitano, 1963). Yagi et al. (1984) also used
experiments to show that CO, influenced aragonite precipitation. In recent years, many
experiments have produced calcite and aragonite by bubbling CO, through various mixtures of
reagents (Dickinson et al., 2002; Matsumoto et al., 2010; Bang et al., 2011). Such experiments
not only showed that CO; can cause such precipitation but also demonstrated that other factors
such as the average bubble size and the CO,/NH3; molar ratio also influence polymorph
precipitation (Matsumoto et al., 2010).

Folk (1994), while arguing that T and Mg were the main controls over calcite and aragonite
precipitation in springs, noted that high CO, degassing can override those controls. For various
springs in Yunnan Province of China, Jones and Peng (2012, 2014a, 2016) also suggested that
CO, degassing was the primary control over the precipitation of calcite and aragonite.

According to Kawano and Obokata (2007), the water in Anraku Hot Spring in Japan is
supersaturated with respect to calcite and aragonite due to abiotic CO, degassing and CO, loss
resulting from cyanobacteria photosynthesis. Based on laboratory experiments using this spring
water, they argued that the presence of microbial mats led to a significant increase in the

precipitation rate of CaCO; (by 1.9 to 3.2 times), and an increase in the percentage of aragonite.

2.4. Saturation levels
A prerequisite for calcite and aragonite precipitation is that the parent fluids must be
supersaturated with respect to both ploymorphs (Curl, 1962). Supersaturation is, however, a

complex parameter that is controlled by many different parameters, including T, rate of supply of
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solution, rate of evaporation or loss of CO,, initial concentrations of reactants, and the rate of
precipitation (Curl, 1962). Similarly, Roques and Girou (1974) suggested that supersaturation
levels were not the only parameter that controlled polymorph precipitation because the presence
of various foreign ions can also control which polymorph is precipitated.

Numerous studies have argued that supersaturation levels commonly determine the CaCOs3
polymorph that will be precipitated. Holland et al. (1964), based on the analysis of cave waters,
argued that high supersaturation levels caused by rapid CO; degassing led to aragonite
precipitation and that this parameter was more important than the Mg content of the water. Ahn
et al. (2005) used experimental data to suggest that the precipitation of aragonite, calcite, and
vaterite was related to low, medium, and high supersaturation levels, respectively. This is
reflected in other studies where precipitation has been attributed to supersaturation levels as well
as other parameters such as T, the presence of additives, and cooling (Meldrum, 2003; Wang et
al., 2013).

De Choundens-Séanchez and Gonzélez (2009) used experiments to demonstrate that the
precipitation of CaCOj; polymorphs was controlled by supersaturation levels and the Mg/Ca ratio
of the fluid (Fig. 1D). They argued that as the Mg/Ca ratio increased, progressively higher
supersaturation levels are needed for calcite precipitation because the change in the Mg/Ca ratio
causes a decrease in growth rate of calcite while the aragonite growth rates stay unaffected.

Thus, aragonite is dominant in solutions with high Mg/Ca ratios and low supersaturations.

2.5. Alkali metals
Experimental studies by Okumura and Kitano (1986) showed that (1) the alkali metal ions
(Li", Na", K", Rb") easily co-precipitate with aragonite, but not with calcite, (2) the amount of

alkali metal ions co-precipitated with calcite increases as Mg increases, and (3) Na in aragonite
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10

reduced the amount of Li", K', and Rb" that is incorporated. Nevertheless, there was no
indication that any of these ions determined which polymorph was precipitated. Sawada (1998)
and Meldrum (2003) suggested, however, that Li retards the growth of calcite. Ogino et al.
(1990) argued that the presence of Li retarded the transformation of aragonite or vaterite to

calcite.

2.6. Divalent ions

Divalent ions, including Mg2+, Sr2+, Fez+, Ba2+, Pb2+, Mn2+, Zn2+, have commonly been
implicated as the underlying cause of aragonite as opposed to calcite precipitation. Credner
(1870), for example, argued that the presence of Sr, Ba, or Pb favoured aragonite precipitation.
This notion was subsequently supported by Bauer (1890), Johnston et al. (1916), Faust (1950),
Zeller and Wray (1956), and Wray and Daniels (1957). Harada and Goto (1957) and Goto
(1961), however, argued that the presence of Sr, Ba, Pb, or Mg was not needed to force aragonite

precipitation.

2.6.1. Magnesium

Leitmeier (1909) suggested that the presence of Mg favoured aragonite precipitation. Since
then, the notion that the presence of Mg inhibits calcite precipitation while promoting aragonite
precipitation has been substantiated by theoretical calculations, many different types of
experiments, and analysis of natural precipitates (Lippmann, 1960; Kitano, 1962a, 1962b;
Bischoff, 1968; Katz, 1973; Berner, 1975; Reddy and Nancollas, 1976; Kitano et al., 1979;
Reddy and Wang, 1980; Mucci and Morse, 1983; Yoshida, 1987; Deleuze and Brantley, 1992;
Rushdi et al., 1992; Falini et al., 1994; Heywood and Mann, 1994; Tai and Chen, 1995; Wada et
al., 1995; Gutjahr et al., 1996; Falini et al., 1997; Berndt and Seyfried, 1999; Davis et al., 2000;

Zhang and Dawe, 2000; Zhou and Zhang, 2000; Tsukamoto et al., 2001; Meldrum, 2003;
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Sunagawa et al., 2007; Xie et al., 2007). Lin and Singer (2009), however, suggested that the
precipitation of aragonite as opposed to calcite was related mainly to the Mg/Ca molar ratio
rather than the actual amount of Mg. Based on their experiments, Togari and Togari (1955)
argued that more aragonite was formed as T or the amount of Mg increases. Lin and Singer
(2009) also suggested that Mg incorporation increases as T rises. The growth rate of calcite is
known to decrease as the concentration of dissolved Mg in the parent solution increases (Reddy
and Wang, 1980; Mucci and Morse, 1983; Deleuze and Brantley, 1992). Conversely, an increase
in the Mg/Ca ratio may lead to an increase in aragonite precipitation.

The exact role that Mg plays in the precipitation of aragonite as opposed to calcite has been
widely debated. The most commonly expressed idea is that Mg inhibits the growth of calcite and
thereby allows aragonite to grow rapidly (e.g., Bischoff, 1968; Bischoff and Fyfe, 1968; Berner,
1975; Fernandez-Diaz et al., 1996; De Choudens-Sanchez and Gonzalez, 2009). Inhibition of
calcite growth is generally attributed to “poisoning” of the growth sites on the calcite crystal
faces by Mg ions that are more strongly hydrated than the Ca ions (Lippmann, 1960; Bischoff,
1968; Reddy and Nancollas, 1976; Nancollas and Sawada, 1982; Hill and Forti, 1997; Meldrum,
2003; Rowling, 2004). Mg does not have the same effect on aragonite because it cannot be
incorporated into its lattice as easily (Berner, 1975; Mucci and Morse, 1983; Meldrum, 2003;
Jiménez-Lopez et al., 2004). Nancollas and Sawada (1982) suggested that the inhibition of
calcite growth by Mg was related to surface-controlled processes, including Mg (1) acting as a
surface poison, (2) causing strain in the calcite lattice with concomitant increase in solubility of
the solid phase that, in turn reduces the supersaturation levels, and (3) preferentially poisoning of

crystal growth in directions perpendicular to ¢ axis of the crystal.
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Sun et al. (2015), based on thermodynamic considerations, argued that the inhibition of
calcite nucleation following inclusion of Mg is due to an increase in the surface energies. They
also suggested that for seawater, a Mg:Ca ratio > 2 and supersaturation levels > 18 were needed

for aragonite precipitation.

2.6.2. Strontium

Based largely on laboratory experiments, it has been proposed that Sr can lead to the
precipitation of aragonite (Kitano and Kawasaki, 1958; McCauley and Roy, 1974; Wada et al.,
1993, 1995). Kitano (1962a) used experiments to show that the amount of aragonite increased as
the amount of Sr increased, but only up to a certain limit where after the amount of aragonite
decreased. Buerger (1971) suggested that Sr, like Mg, inhibited calcite growth and thereby
promoted precipitation of aragonite. Sunagawa et al. (2007) supported this contention after
examining a succession of alternating calcite and aragonite laminae that had been precipitated
from spring waters in a fracture through a serpentine mass found at Kashio in Japan.

In contrast, Curl (1962) argued that the higher concentrations of Sr in aragonite, relative to
calcite, reflected a Sr partition coefficient that was more favorable to aragonite. Aragonite will
readily accept Sr into its lattice (up to 14% SrCO; — Radha and Navrotsky, 2013) and forms an
isomorphic series with strontianite (Speer and Hensley-Dunn, 1976). In terms of aragonite-
calcite precipitation, it is highly unlikely that the Sr ions will act in the same manner as Mg
because of the differences in the ionic radii of Sr (1.12 A) and Mg (0.66 A) relative to Ca (0.99
A). These differences in size mean that the Sr ion will not enter the calcite lattice whereas it will
freely be incorporated into the aragonite lattice. Given this situation, it seems unlikely that Sr

will have any influence on the precipitation of aragonite as opposed to calcite.
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2.6.3. Barium
The role that Ba plays in the precipitation of the CaCOs polymorphs is open to debate.
Some studies have suggested that its presence leads to calcite precipitation (Kitano, 1962a),

whereas other studies have shown that it leads to the precipitation of vaterite (McCauley and

Roy, 1974; Kitano et al., 1979; Wada et al., 1993).

2.6.4. Other divalent metals and rare earths

Various experiments have shown that other elements, including Fe, Ni, Co, Zn, and Cu also
promote aragonite precipitation (Wada et al., 1993, 1995; Tai and Chen, 1995; Meldrum, 2003),
whereas Mn, Cu, and Pb favour calcite precipitation (Tai and Chen, 1995). Rowling (2004)
suggested that calcite precipitation can be affected by many inhibitors, including heavy metals

and rare earths (Cu, Sc, Pb, La, Y, Cd, Au, Zn, Ge, Mn, Ni, Ba, Co), sulfate, and phosphate.

2.7. Additives

Over the last 10-15 years, numerous experiments have been undertaken in an effort to
determine the parameters that can assure precipitation of any one of the three CaCO;
polymorphs. One of the strategies used to control such precipitation has involved additives that
are mixed with the reagents used in the experiments (e.g., Meldrum and Colfen, 2008). Among
the vast array of additives that have been used for this purpose are ethylene glycol (Flaten et al.,
2009), urea and various acids (Wang, 2008), polysaccharides, polyacrylamide (PAM) and
polyacrylic acid (PPA) (Matahwa et al., 2008), Mg/DL-asparitic or L-tyrosine (Xie et al., 2007),
poly(diallyldimethylammonium (PDDA), cetyltrimethylammonium (CTAB), and
ethylenediaminetetraacetic acid (EDTA) (Atlay et al., 2007), glycine (Hou and Feng, 2005),
alcohol (Sand et al., 2012), and glutamic acid (Manoli and Dalas, 2000). This abbreviated list of

additives amply demonstrates the vast number of different chemical substances that have been
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used in the experimental precipitation of vaterite, calcite, and aragonite. The primary focus in
most of these studies has been production of a given polymorph and relatively little attention has
been given to the reasons that control that precipitation. Xyla et al. (1991) argued that the
presence of additives retarded precipitation rates. Meldrum and Hyde (2001) suggested,
however, that the additives may retard crystal growth because the additives complex the cations
that are in solution and thereby change supersaturation levels and the activity of the ions, or

reduce crystal growth rates by binding to the growth sites.

3. Spatial relationships between CaCOj; polymorphs in spring deposits

Calcite and aragonite are common in spring systems throughout the world. To date,
however, vaterite has only been recorded from a supraglacial spring on the northern part of
Ellesmere Island (Arctic Canada) where it occurs with calcite, gypsum, and native sulfur
(Grasby, 2003). According to Grasby (2003), vaterite exists there because of the extremely cold
environment and the high-pH waters.

Aragonite and/or calcite precipitates have been reported from many springs, including
those in Italy (Guo and Riding, 1992; Folk, 1994; Guo and Riding, 1998), northern Euboea and
Eastern Central Greece (Kanellopoulos, 2012), Japan (Okumura et al., 2012), Indonesia
(Okumura et al., 2012; Sugihara et al., 2016), China (Jones and Peng, 2014a, 2014b, 2016),
Kenya Rift Valley (Jones and Renaut, 1996; Renaut and Jones, 1997), Turkey (Ozkul et al.,
2013), and the U.S.A. (Fouke, 2011) These selected examples clearly illustrate that aragonite
and calcite are common worldwide and not restricted to any specific areas. Any assessment of
the factors that control the precipitation of these two polymorphs in these settings must be
applied relative to the known spatial and temporal relationships between the two minerals in

those settings (Figs. 2, 3).
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3.1. Spatial and temporal relationships between aragonite and calcite
The following examples have been selected to specifically illustrate the spatial and

temporal relationships that exist between aragonite and calcite in spring deposits.

3.1.1. Temporal variation in aragonite-calcite precipitation

Travertines at Rakuenso in the Myoken hot spring area of southwest Japan, are
characterized by light coloured laminae (150-2509 um thick) formed of calcite dendrite crystals
that alternate with dark-coloured (50-100 pm thick) aragonite laminae (Okumura et al., 2013a).
A similar alternation of aragonite and calcite micro-laminations has also been documented from
spring deposits at Rapolano, Italy (Guo and Riding, 1992). Alternating aragonite and calcite
laminae of similar style are also evident in spring deposits from Gongxiaoshe, Yunnan Province,
China (Fig. 2A).

At Jifei, located in Yunnan Province, China (Jones and Peng, 2014a), deposits precipitated
from spring water that flowed over a cliff face are formed of alternating aragonite and calcite
layers that are each up to 3 cm thick (Fig. 3A). The fact that the layers are thicker than those in
the deposits described by Okumura et al. (2013b) and Guo and Riding (1992) and found at
Gongxiaoshe (Fig. 2A) implies that the physiochemical conditions did not change with the same

frequency as those associated with other springs in Japan, Italy, and China.

3.1.2. Geographic variation in individual spring systems

On Angel Terrace in the Mammoth Hot Spring system of Yellowstone National Park, the
distribution of calcite and aragonite changes downstream from the spring vents (Fouke et al.,
2000). In that system, aragonite forms at temperatures > 40°C, calcite and aragonite are co-
precipitated at T of 30 to 43°C, and calcite is found where T is < 30°C (Fouke et al., 2000). This

distribution pattern, however, is complicated by (1) mixtures of calcite and aragonite that
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precipitate at the air-water interface in the higher-T ponds and aragonite shrubs that form on the
floors of high-T ponds, and (2) mixtures of calcite and aragonite in the downstream sites that

reflect, as least in part, the downflow transportation of some CaCOj crystals (Fouke et al., 2000).

3.1.3. Geographic variation between springs

Some spring systems are characterized by calcite alone whereas others are dominated by
aragonite. Examples of spring deposits formed entirely of calcite include those from Shuzhishi
Spring (Fig. 3B) in the Rehai geothermal area, Tengchong (Jones and Peng, 2012), the Clinton
deposits in British Columbia, Canada (Jones and Renaut, 2008), Waikite Springs, New Zealand
(Jones et al., 1996, 2000), and Lysuholl, Iceland (Jones et al., 2005).

Examples of spring deposits formed solely of aragonite are relatively rare but include those
documented by Folk (1994, his Fig. 2) and Pentecost (2005, his Fig. 37). Other examples where
aragonite is the dominant polymorph includes the Azuaje Travertine found on Gran Canaria
Island, Spain (Rodriguez-Berriguete et al., 2012).

At many springs, aragonite and calcite are intermixed in varying proportions. Specific
examples of mixed calcite-aragonite deposits include those found at Chemurkeu on the shores of
Lake Bogoria, Kenya (Jones and Renaut, 1996; Renaut and Jones, 1997), in modern hot springs
at Shigiang (Stone Wall) in Yunnan Province, China (Jones and Peng, 2016), the Myoken hot
spring area of southwest Japan (Okumura et al., 2013a), and in spring deposits at Rapolano, Italy
(Guo and Riding, 1992). Likewise, at Pamukkale (Turkey), some of the vertically banded
travertines in the Cukurbag fissure ridge are formed of alternating laminae of fibrous aragonite

and calcite (Ozkul et al., 2013, their Fig. 11).
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3.1.4. Microscale relationships between aragonite and calcite crystals

In many spring systems, like those at Jifei (Jones and Peng, 2014a) and Shigiang (Jones
and Peng, 2016) in Yunnan Province, China, the spring deposits include (1) calcite and aragonite
that grew alongside each other in the same laminae (Fig. 2B, C), (2) aragonite crystals that are
rooted on the top of calcite crystals (Fig. 2D, E), and (3) aragonite crystals that are encased by

calcite crystals (Fig. 2F).

4. Comparison of CaCOj; polymorph precipitation in cave speleothems and springs

Many speleothems in caves throughout the world are formed of aragonite and/or calcite
(e.g., Cabrol, 1978; Bar-Matthews et al., 1991; Hill and Forti, 1997; Frisia et al., 2002; Rowling,
2004; Rossi and Lozano, 2016). In those settings, aragonite precipitation from freshwater occurs
at temperatures ranging from 2.4°C to 20°C, but is most common where T > 12°C (Frisia et al.,
2002). The temperature in caves, however, seems to play no role in dictating the precipitation of
calcite as opposed to aragonite (Gonzalez and Lohmann, 1987; Frisia et al., 2002).

The spatial and temporal relationships between aragonite and calcite in cave speleothems,
which are essentially the same as in spring deposits, includes (1) alternation of aragonite and
calcite laminae at variable scales, (2) lateral changes from aragonite to calcite along individual
laminae, and (3) some speleothems being formed entirely of calcite whereas others are formed
solely of aragonite (e.g., Wassenburg et al., 2012).

As with spring deposits, the alternation between calcite and aragonite precipitation has
been attributed to many different parameters, including (1) supersaturation levels (Rossi and
Lozano, 2016), (2) COs concentrations (Riechelmann et al., 2014), (3) nucleation effects related
to substrate mineralogy (Fairchild and Baker, 2012), (4) high Zn concentrations in drip waters

(Caddeo et al., 2011), (5) drip rates that affect CO, degassing rates (Holland et al., 1964; Hill and
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Forti, 1997; Frisia et al., 2002), and (6) Mg/Ca ratio of the drip waters (Rossi and Lozano, 2016).
The situation with respect to supersaturation levels is unclear because aragonite precipitation is
associated with low supersaturation levels in some caves, whereas in other caves it has been
linked to high supersaturation levels (Railsback et al., 1994; Denniston et al., 2000). Murrray
(1954), based on examination of cave waters, cave deposits, and experiments concluded that the
factors that favoured aragonite precipitation in caves included (1) high T, (2) low concentrations
of calcium bicarbonate, and (3) high concentrations of Mg, Sr, and Pb. He also noted, however,
that the pH, and the presence of Mn, Ba, or sulfate ions had little impact on this issue. In
essence, this contradicts most of the parameters that Fisher (1962) and Curl (1962) considered
critical for determining the precipitation of aragonite and calcite in caves.

Wassenburg et al. (2012), based on aragonite-calcite speleothems in caves in Morocco,
suggested that decreased rainfall led to precipitation of aragonite, with more aragonite being
precipitated in the dolostone cave, where the Mg/Ca ratio of drip water was higher, than in the
limestone cave. Although this explained the temporal changes, they were unable to explain the
lateral aragonite-to-calcite transitions. Despite not finding a clear correlation between the Mg:Ca
ratio and calcite-aragonite precipitation, Gonzalez and Lohmann (1987), noted that aragonite
only forms if the Mg:Ca ratio is greater than 1.5.

Hill and Forti (1997) in their review of calcite and aragonite precipitation in caves offered
the following conclusions on the problem: (1) T does not seem to be a controlling factor in caves
because aragonite commonly forms in caves at high latitudes where T is commonly ~ 0°C and in
caves with higher T in the tropical areas, (2) aragonite precipitation generally arises where
calcite growth is inhibited by high Mg content in the fluids (3) Sr does not seem to be a critical

issue, (4) pH does not seem to affect precipitation, (5) the degree of supersaturation is critical as
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it controls the rate of precipitation that dictates nucleation and growth rate; at low
supersaturation, aragonite nucleation is higher than for calcite, and (6) aragonite precipitation is

favoured in areas of caves where CO, levels are high.

5. Models for calcite-aragonite precipitation in spring systems

If it is assumed that spring precipitates have formed from the waters that are now flowing
over them, it should be possible to correlate the constituent minerals with some aspect(s) of their
environmental setting. Folk (1994, his Fig. 2) and Pentecost (2005, his Fig. 37) used this
approach when they tried to correlate the precipitation of aragonite and/or calcite with the water
T, Mg content, and Mg:Ca ratio (Fig. 4). On the basis of his diagram (Fig. 4A), Folk (1994, p.
235) argued that (1) aragonite forms if water T > 40-45°C, regardless of fluid composition, (2) if
the molar Mg/Ca ratio is > 1:1, aragonite forms regardless of water T, and (3) calcite forms if T
<40°C and the water is Ca-rich. Critically, he noted that there are two exceptions to these
general rules, namely (1) in areas with rapid CO, degassing, aragonite will form even if the
conditions favor calcite precipitation, and (2) if ion transportation is slow because of viscous
fluids or mucus films, calcite can form even in hot waters (cf., Buczynski and Chafetz, 1991).
Pentecost (2005), while agreeing that T and Mg content were the most important controls, also
argued that the situation can be complicated by (1) kinetic effects given that Kitano (1963) had
suggested that aragonite dominates in Japanese springs where the rate of CO, degassing is high,
(2) the presence of organic matter because numerous studies, including those by Murray (1954)
and Lowenstam and Wiener (1983), had demonstrated that all three CaCO; polymorphs can form
in the presence of organic matter at room temperature, and (3) the presence of Sr that can lead to

the precipitation of aragonite as suggested by Malesani and Vannucchi (1975).
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In some springs, aragonite precipitation is clearly associated with small-scale variations in
CO; degassing. At Futamata Spring, Japan, Kitano (1962b) noted that calcite was precipitated in
flowing water whereas aragonite was precipitated from the same water as it splashed onto rock
surfaces. He suggested that the aragonite precipitated because of the rapid CO, degassing
triggered by agitation of the splashing water. Chafetz et al. (1991) attributed the formation of
aragonite around gas bubbles in pools in a small spring system in SW Colorado, USA, to rapid
CO; degassing that produced very high levels of supersaturation.

Many springs that are located in volcanically active areas are characterized by gas
emissions that have a high CO; content. Intergrown calcite and aragonite precipitates are, for
example, a feature of the hot springs at Chermukeu on the shores of Lake Bogoria in the Kenyan
Rift Valley (Jones and Renaut, 1996; Renaut and Jones, 1997). There, the spring waters have
been characterized by constant water chemistry over last 30 years, and have very low Mg content
with a Mg:Ca ratio never above 1:1, a Sr content of <350 ppb, and no evidence of microbial
control (Renaut and Jones, 1997). Gases emitted with the spring waters at Chermukeu, as for
other springs in the Kenyan Rift Valley, have a high CO; content that is, in some cases, up to
98% (McCall, 1967, Darling et al., 1995). Renaut and Jones (1997) concluded that the

temporally-irregular alternation between aragonite and calcite precipitation was related to
temporal changes in the pCO, and CO, degassing.

There are numerous springs in Yunnan Province, China, which is a tectonically active area
that experiences numerous earthquakes. Spring deposits, including those at La Xin (Jones and
Peng, 2014b), Jifei (Jones and Peng, 2014a), Eryuan (Peng and Jones, 2013), and Shigiang
(Jones and Peng, 2016) are characterized by both aragonite and calcite precipitates that are

integrated at all scales. Water in these springs, with T ranging from 57 to 88°C and pH from 6.6
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to 8.5, are characterized by low Mg levels and low Mg:Ca ratios (Jones and Peng, 2016, their
Table 1). At Shigiang, for example, the Mg:Ca ratio is 0.35 (based on ppm) or 0.63 (molar
ratio). In most of these springs, there are thriving microbial mats and there is clear evidence that
microscale variations in the distribution of calcite and aragonite is related to precipitation that
has taken place in the microdomains in those mats (Peng and Jones, 2013). It has, however,
proven impossible to relate the aragonite and calcite precipitation to T, pH, Mg content or any
other parameter of the water chemistry. CO; can form up to 90% of the gas emissions associated
with the springs in the Tengchong geothermal area (Du et al., 2006; Cheng et al., 2014) and the
CO; content is known to vary with time. At Dagunguo, the CO, content in the gases has varied,
somewhat irregularly, from 49.7% in 1980 to 99.7% in 2000 (Du et al., 2006, their Table 4). The
temporal changes in the CO; gas has been linked to earthquake activity (Ren et al., 2005),
hydrothermal explosions (Shangguan et al., 2005), and/or variations in the source of the gas (Du
et al., 2005). For hot springs in western Sichuan Province, increases in CO; emissions typically
occurs following major earthquakes (Zhou et al., 2015). Thus, Jones and Peng (2016) suggested
that variations in the amount of CO,, and hence its rate of degassing, were probably responsible
for the changes between aragonite and calcite precipitation.

There is clear evidence that the presence of microbes and microbial mats can influence
precipitation of the CaCO; polymorphs, especially at a small scale. At Pancuran Pitu in central
Java, Indonesia, there is a travertine mound formed exclusively of aragonite that is characterized
by well-developed microbial mats (Okumura et al., 2012). Downstream, the water T ranges from
51.8° to 32.9°C but the Mg:Ca molar ratio is > 1.7 throughout. Although Okumura et al. (2012)
argued that the microbial mats controlled development of the aragonite crystals, they suggested

that aragonite was being precipitated because of the high Mg:Ca ratio. Aragonite precipitates
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found around Nagano-yu Hot Spring in southwest Japan (Okumura et al., 2011) are characterized
by sub-millimeter laminae that were attributed to diurnal variations in the activity of the biofilms
associated with that deposit. In some biofilms, neighbouring microdomains only microns apart
can be the sites of aragonite and calcite precipitation that take place at the same time (Peng and
Jones, 2013). These examples clearly illustrate that biofilms can have a pronounced effect on
precipitation of the CaCOs polymorphs.

Greer et al. (2015), based on a sample collected from Shigiang (exact location not
specified), argued that “aragonite rods” formed as a result of phase transformation from the
associated Mg-calcite. It seems highly unlikely, however, that the metastable aragonite would
evolve from the stable calcite. Furthermore, Greer et al. (2015) did not consider the possibility
of co-precipitation of the two phases or that the aragonite crystals may have been precipitated
first and then subsequently entombed by calcite crystals. Thus, the proposal offered by Greer et
al. (2015) is not considered viable.

After describing spring deposits formed of aragonite and calcite in Northern Euboea and
eastern central Greece, Kanellopoulos (2012) suggested, based on previous studies, that the
precipitation of the different polymorphs was potentially controlled by (1) temperature, (2) Sr

content, (3) Mg/Ca ratio, (4) pCO,, and (5) precipitation rates.

6. Discussion

Numerous studies based on natural spring systems and laboratory experiments have shown
that precipitation of aragonite as opposed to calcite can be attributed to many different
parameters. Collectively, the experimental studies have demonstrated that precipitation of the
CaCOs polymorphs can be controlled by virtually any parameter, including some that are

unrealistic in the context of natural spring systems. Boulos et al. (2014), for example, argued
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that the angle of tilt of the Vortex Fluidic Device that they used in their experiment was one
parameter that affected the nature of the CaCOs precipitate. Nevertheless, the parameters that
are most commonly associated with the precipitation of aragonite as opposed to calcite include

water T, inhibition of calcite growth by “poisoning” of the calcite crystal growth surfaces, the

pPCO; and the rate of CO, degassing, microbial activity, and/or saturation levels. Any

parameter(s) deemed to be important in this respect must, however, be operative at all scales
given that the aragonite—calcite precipitation varies from the microscale to the megascale.

The link between T and polymorph precipitation has commonly been regarded as a primary
control (Folk, 1994; Pentecost, 2005), with the idea that aragonite generally forms at higher
temperatures. This notion, however, is not universally applicable as demonstrated by the
following examples:

¢ In many spring vent pools in the Kenyan Rift Valley and throughout Yunnan Province,
China, aragonite and calcite (Figs. 2, 3) have been precipitated from the same parent fluid, at
the same temperatures, and at the same time (Renaut and Jones, 1997; Jones and Peng,
2016). In these examples, it is important to stress that precipitation is taking place in the
vent pool where the water has undergone only minimal cooling and there has been no
opportunity for downslope changes in water T, pH, or chemistry.

e In caves, aragonite is generally more common in cold, high latitude caves than in the
warmer, low latitude caves (Hill and Forti, 1997). Even in warmer caves, the T is generally
only ~ 26°C and hence much cooler than water found in the high-T springs in places like the

Kenyan Rift Valley and Yunnan Province, China.
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o Although there are spring systems where polymorph precipitation appears to be linked to
water T, the correlation is never perfect, and as noted by Folk (1994) and Fouke et al. (2000)
there are always exceptions.

Considerations like these indicate that there is no direct linkage between water T and
polymorph precipitation. It is entirely possible, however, that T may be controlling or
influencing another parameter (e.g., supersaturation level) that exerts a more direct role in
dictating which polymorph is precipitated.

The notion that aragonite precipitation is a result of calcite growth inhibition has commonly
been advanced as the underlying reason for precipitation of this unstable polymorph, irrespective
of where it is found (e.g., Meldrum, 2003; Rowling, 2004). The underlying premise is that
elements, such as Mg2+, “poisons” the growth surfaces on the calcite crystals that, in turn, allows
aragonite to precipitate because those elements do not inhibit aragonite precipitation.
Application of this model to aragonite found in spring deposits, however, needs to be used with
caution for the following reasons:

e Models for “poisoning” the growth surfaces of calcite are based on the assumption that the
crystals are growing via the “classical crystal growth model” with surface controlled
processes being operative (e.g., Nancollas and Sawada, 1982). It is, however, becoming
increasingly clear that calcite crystal growth in spring systems commonly involves “non-
classical crystal growth models” whereby mesocrystals develop through the addition of
nanocrystals in a common crystallographic register (e.g., Meldrum and Célfen, 2008; Jones,
in press). As yet, it is not clear if the presence of Mg or any other element inhibits the

growth of calcite mesocrystals.
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e Many springs in the Kenyan Rift Valley (e.g., Renaut and Jones, 1997) and Yunnan
Province, China (e.g., Jones and Peng, 2016) have waters with very low Mg content and
Mg:Ca ratios that are commonly < 1:1. Despite this, aragonite is a common precipitate.

e The premise that Sr may inhibit calcite growth in the same way as Mg is not accepted
because Sr will not substitute readily into the calcite lattice, whereas it will readily enter into
the aragonite lattice. This cannot be considered as reliable evidence for inhibition of calcite

growth.

The presence of CO; in spring waters has frequently been implicated in the precipitation of
the CaCOj3 polymorphs with clear supporting evidence coming from study of natural systems
like those in the Kenyan Rift Valley (e.g., Renaut and Jones, 1997) and Yunnan Province, China
(e.g., Jones and Peng, 2016) and laboratory experiments (e.g., Kitano, 1962b). Springs that are
located in volcanically and tectonically active areas, for example, are commonly supercharged
with CO,, which may be derived from magma chambers, decarbonation of subsurface carbonate-
silicate rocks, and/or heating of organic matter (e.g., Pentecost, 2005). CO; in these spring
systems are known to be temporally variable with seismic activity commonly triggering an
increase in CO; gas emissions (Sorey et al., 1998; Zhou et al., 2015). In some cases, CO;
degassing can reach levels that are harmful to local vegetation (Sorey et al., 1998). Spring water
generally has a higher CO, content than the atmosphere, especially in situations where it has
been super-charged with CO,, and this typically leads to degassing as the CO; in the water tries
to equilibrate with the air (cf., Chafetz et al., 1991). Such degassing causes an increase in
supersaturation levels in the water may then lead to the precipitation of calcite and/or aragonite.
Critically, this can happen at all scales, ranging from CaCOj; precipitation around gas bubbles

(e.g., Schreiber et al., 1981; Chafetz et al., 1991), to rafts that form at the water-air interface
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(e.g., Black, 1953; Taylor et al., 2004), to large scale deposits at cascades or waterfalls where
water agitation significantly increases CO; degassing (e.g., Zhang et al., 2001). The potential
control that CO, content and degassing has on CaCO3 polymorph precipitation is significant
because available evidence clearly illustrates that this process can (1) vary through time in
accord with natural variations in CO, flux, and (2) control processes that operate at all scales
ranging from micro- to mega-scale.

Biofilms generated by various microbial populations are common features of many spring
systems, irrespective of water temperature. The biofilms serve to isolate the substrates from the
spring water (Decho and Lopez, 1993; Decho, 2000, 2010), and are characterized by numerous
microdomains (Decho, 2010). As noted by Peng and Jones (2013) this means that different
conditions can exist in each microdomain with all having physiochemical conditions that are
different than those in the overlying spring water. Thus, aragonite, calcite, and even amorphous
calcium calcite (ACC) may develop at the same time in the same biofilm (Peng and Jones, 2013).
Similarly, Okumura et al. (2013b) demonstrated that diurnal variations associated with biofilms
can lead to alternating calcite and aragonite laminae. In most cases, it appears that the microbes
have, in one way or another, modified the physiochemical condition in the microdomains of the
biofilms to favor precipitation of the different polymorphs. Given that this can take place at
scales of <1 um it has, so far, proven impossible to monitor and clearly demonstrate how this is
achieved.

The debate concerning the factors that control aragonite as opposed to calcite precipitation,
irrespective of where it is taking place, is typically based on the premise that there is one
universal feature that explains the process. The fact that no universal cause has yet been

identified suggests that many different parameters may be involved and that each one may be site
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specific. This was already implied by Folk (1994) who noted exceptions to his notion that the
precipitation of calcite and aragonite were controlled largely by water T and/or the Mg:Ca ratio.
In any assessment of the underlying causes of calcite and aragonite precipitation, care should be
given to separating parameters into those that have a direct or indirect impact on polymorph
precipitation. It is, for example, clear that very high levels of CO, degassing will invariably lead
to the precipitation of aragonite. Conversely, T does not seem to play a direct role in polymorph
precipitation but it may influence other parameters (e.g., saturation levels) that do control
precipitation.

The factors that control aragonite and calcite precipitation in spring systems has been a
subject of considerable debate and controversy ever since the question was first posed by Meigen
(1901) and Warth (1902). This long-standing debate probably reflects the complexity of the
problem and the fact that there is no universal control that is applicable in all situations. It seems
evident that resolution of this problem will require a change in research approach that may
include: (1) detailed on-site micro-scale monitoring of spring systems with the view of
correlating active precipitation with precise physiochemical characteristics of the parent solute,
(2) establishing criteria for recognizing the presence of biofilms in situations where physical
evidence of their presence 1s missing because they were not calcified, (3) further investigation
and resolution of the role that biofilms play in CaCOj precipitation, and (4) integration of
information derived from spring systems and laboratory experiments while recognizing that there
are significant differences between the two approaches in terms of scale, time, and the number of
active variables involved. In the context of spring systems, it seems unlikely that the calcite-
aragonite precipitation problem will be resolved unless there is a radical change in the manner in

which these systems are examined.
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7. Conclusions

Synthesis of information available from numerous studies of natural spring systems and

countless laboratory experiments considered relative to natural occurrences of aragonite and

calcite in spring systems suggests that the causes for precipitation of aragonite at a particular

location should be viewed from hierarchical perspective, whereby an ordered series of

possibilities are considered for each system. The following points are critical.

Aragonite, commonly with calcite as a co-precipitate, will form from spring water that has
a high CO; content and rapid CO, degassing. Under this situation, a high Mg content or a
high Mg:Ca ratio are not required for aragonite precipitation. This can happen from the
microscale (e.g., around air bubbles) to megascale (e.g., laminae/bed production). In all
situations, the precipitation is driven by the very high supersaturation levels that result from
rapid CO; degassing.

Aragonite will be precipitated from waters that have low levels of CO, degassing provided
the Mg:Ca ratio is high. The critical level of the Mg:Ca ratio that triggers aragonite
precipitation is generally thought to be somewhere in the range of 1 (Folk, 1994) to 2 (Sun
etal., 2015). Aragonite precipitation takes place because the Mg inhibits growth of the
calcite.

Aragonite—calcite—-ACC may be precipitated at the same time within the microdomains that
develop within biofilms that are commonly found in spring systems. Such precipitation
can take place irrespective of CO, levels and the Mg:Ca ratio in the spring water. Similar
processes associated with the diurnal changes in the behaviour of the biofilms may also

cause diurnal variations in the precipitation of calcite and aragonite.
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The co-precipitation of aragonite and calcite can only take place if the water is
supersaturated with respect to both polymorphs. In each spring, various factors will control the
supersaturated levels in the spring water, which is the ultimate driver of calcite and aragonite

precipitation irrespective of scale.

Acknowledgements

This research was made possible by funding from the Natural Sciences and Engineering
Research Council of Canada. I am greatly indebted to Dr. Robin Renaut and Dr. Xiaotong Peng
who gave me permission to use some of the data and images derived from samples obtained
during joint fieldwork projects over the past 20 years. I am also indebted to George Braybrook
who took most of the SEM images used in this paper. This paper benefited greatly from the
reviews provided by Dr. M. Ozkul, an anonymous reviewer, and the journal Editor, Dr. J.

Knight.



643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

30

REFERENCES

Adler, M., 1897. Beitrdage zur Kenntniss des geféllten kohlensauren Kalkes. Angewandte Chemie
14, 431-444.

Ahn, J.W., Kim, J.H., Park, H.S., Kim, J.A., Han, C., Kim, H., 2005. Synthesis of single phase
aragonite precipitated calcium carbonate in Ca(OH),-Na,CO3-NaOH reaction system.
Korean Journal of Chemical Engineering 22, 852-856.

Atlay, E., Shahwan, T., Tanoglu, M., 2007. Morphosynthesis of CaCOs at different reaction
temperatures and the effects of PDDA, CTAB, and EDTA on the particle morphology and
polymorph stability. Powder Technology 178, 194-202.

Bang, J.H., Jang, Y.N., Kim, W., Song, K.S., Jeon, C.W., Chae, S.C., Lee, S.W., Park, S.J., Lee,
M.G., 2011. Precipitation of calcium carbonate by carbon dioxide microbubbles. Chemical
Engineering Journal 174, 413-420.

Bar-Matthews, M., Matthews, A., Ayalon, A., 1991. Environmental controls of speleothem
mineralogy in a karstic dolomite (Soreq Cave, Israel). Journal of Geology 99, 189-207.

Bauer, M., 1890. Beitrige zur Mineralogie. VI Reihe. Neues Jahrbuch fur Mineralogie 10, 48.

Berndt, M.E., Seyfried, W.E., 1999. Rates of aragonite conversion to calcite in dilute aqueous
fluids at 50 to 100°C: Experimental calibration using Ca-isotope attenuation. Geochimica et
Cosmochimica Acta 63, 373-381.

Berner, R.A., 1975. The role of magnesium in the crystal growth of calcite and aragonite from
sea water. Geochimica et Cosmochimica 39, 489-504.

Bischoff, J.L., 1968. Kinetics of calcite nucleation: Magnesium ion inhibition and ionic strength

catalysis. Journal of Geophysical Research 73, 3315-3322.



667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

31

Bischoff, J.L., Fyfe, W.S., 1968. The aragonite-calcite transformation. American Journal of
Science 266, 65-79.

Black, D.M., 1953. Aragonite rafts in Carsbad Caverns, New Mexico. Science 117, 84-85.

Boulos, R.A., Zhang, F., Tjandra, E.S., Martin, A.D., Spagnoli, D., Raston, C.L., 2014. Spinning
up the polymorphs of calcium carbonate. Scientific Reports 4, 1-6. DOI:
10.1038/srep03616

Buczynski, C., Chafetz, H.C., 1991. Habit of bacterially induced precipitates of calcium
carbonate and the influence of medium viscosity on mineralogy. Journal of Sedimentary
Petrology 61, 221-233.

Buerger, M.J., 1971. Crystal-structure aspects of phase transformations. Transactions of the
American Crystallography Association 7, 1-23.

Burton, E.A., Walter, L.M., 1987. Relative precipitation rates of aragonite and Mg calcite from
seawater: Temperature or carbonate ion control? Geology 15, 111-114.

Cabrol, P., 1978. Contribution a 1'étude du concrétionnement carbonaté des grottes du Sud de la
France, morphologie, génese, diagénese. Mémoir Recherches Géologie Hydrogéologie, 12.
University of Montpellier, 275 pp.

Caddeo, G.A., De Waele, J., Frau, F., Railsback, L.B., 2011. Trace element and stable isotope
data from a flowstone in a natural cave of the mining district of SW Sardinia (Italy):
Evidence for Zn*"-induced aragonite precipitation in comparatively wet climatic conditions.
International Journal of Speleology 40, 181-190.

Chafetz, H.S., Guidry, S.A., 2003. Deposition and diagenesis of Mammoth Hot Springs
travertine, Yellowstone National Park, Wyoming, U.S.A. Canadian Journal of Earth

Sciences 40, 1515-1529.



690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

32

Chafetz, H.S., Rush, P.F., Utech, N.M., 1991. Microenvironmental controls on mineralogy and
habit of CaCO; precipitates: an example from an active travertine system. Sedimentology 38,
107-126.

Chakrabarty, D., Mahapatra, S., 1999. Aragonite crystals with unconventional morphologies.
Journal of Materials Chemistry 9, 2953-2957.

Chen, J., Xiang, L., 2009. Controllable synthesis of calcium carbonate polymorphs at different
temperatures. Powder Technology 189, 64-69.

Cheng, Z., Guo, Z., Zhang, M., Zhang, L., 2014. Carbon dioxide emission from Tengching
Cenozoic volcanic field, Yunnan Province, SW China. Acta Petrologica Sinica 30, 3657-
3670.

Credner, S.P., 1870. Uber gewisse ursachen der krystallverschiedenheiten des kohlsauren kalkes.
Journal fiir Praktische Chemie 110, 292-319.

Curl, R.L., 1962. The aragonite-calcite problem. National Speleological Society Bulletin 24, 57-
73.

Darling, W.G., Griesshaber, E., Andrews, J.N., Armannsson, H., O'Nions, R.K., 1995. The origin
of hydrothermal and other gases in the Kenya Rift Valley. Geochimica et Cosmochimica
Acta 59, 2501-2512.

Davis, K.J., Dove, P.M., De Yoreo, J.J., 2000. The role of Mg*" as an impurity of calcite growth.
Science 290, 1134-1137.

De Choudens-Sanchez, V., Gonzalez, L.A., 2009. Calcite and aragonite precipitation under
controlled instantaneous supersaturation: elucidating the role of CaCOj; saturation state and
Mg/Ca ratio on calcium carbonate polymorphism. Journal of Sedimentary Research 79, 363-

376.



713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

33

Decho, A.W., 2000. Microbial biofilms in intertidal systems: an overview. Continental Shelf
Research 20, 1257-1273.

Decho, A.W., 2010. Overview of biopolymer-induced mineralization: What goes on in biofilms?
Ecological Engineering 36, 137-144.

Decho, A.W., Lopez, G.R., 1993. Exopolymer microenvironments of microbial flora: Multiple
and interactive effects on trophic relationships. Limnology and Oceanography 38, 1633-
1645.

Declet, A., Reyes, E., Suarez, O.M., 2016. Calcium carbonate precipitation: A review of the
carbonate crystallization process and applications in bioinspired composites. Reviews in
Advanced Material Sciences 44, 87-107.

Deleuze, M., Brantley, S.L., 1992. Inhibition of calcite crystal growth by Mg*" at 100°C and 100
bars: Influence of growth regime. Geochimica et Cosmochimica Acta 61, 1475-1485.

Denniston, R.F., Gonzalez, L.A., Asmerom, Y., Sharma, R.H., Reagan, M.K., 2000. Speleothem
evidence for changes in Indian summer monsoon precipitation over the last ~ 2300 years.
Quaternary Research 53, 196-202.

Dickinson, S.R., Henderson, G.E., McGrath, K.M., 2002. Controlling the kinetic versus
thermodynamic crystallisation of calcium carbonate. Journal of Crystal Growth 244, 369-
378.

Du, J., Cheng, W., Zhang, Y., Jie, C., Guan, Z., Liu, W., Bai, L., 2006. Helium and carbon
1sotopic compositions of thermal springs in the earthquake zone of Sichuan, southwestern
China. Journal of Asian Earth Sciences 26, 533-539.

Du, J., Liu, C., Fu, B., Ninomia, Y., Zhang, Y., Wang, C., Wang, H., Sun, Z., 2005. Variations of

geothermometry and chemical-isotope compositions of hot spring fluids in the Rehai



736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

34

geothermal field, southwestern China. Journal of Volcanology and Geothermal Research
142, 243-261.

Fairchild, L.J., Baker, A., 2012. Speleothem Science. From Process to Past Environments. Wiley-
Blackwell, Oxford, England.

Faivre, M.R., 1946. Reserche des conditions physiochimiques de précipitation des trois formes
cristallines du carbonate de calcium prépare par double décompositon due chlorure de
calcium et du carbonate de sodium. Comptes Rendus 222, 140-141.

Falini, G., Fermani, S., Gazzoano, M., Ripamonti, A., 1997. Biomimetic crystallization of
calcium carbonate polymorphs by means of collagenous matrices. Chemistry A European
Journal 3, 1807-1814.

Falini, G., Gazzoano, M., Ripamonti, A., 1994. Crystallization of calcium carbonate in presence
of magnesium and polyelectrolytes. Journal of Crystal Growth 137, 577-584.

Faust, G.T., 1950. Thermal analysis studies on carbonates I. Aragonite and calcite. American
Mineralogist 35, 207-224.

Fernandez-Diaz, L., Putnis, A., Prieto, M., Putnis, C.V., 1996. The role of magnesium in the
crystallization of calcite and aragonite in porous medium. Journal of Sedimentary Research
66, 482-491.

Fisher, J.R., 1962. On the formation of calcite and aragonite. The Netherworld News 10, 103-
114.

Flaten, E.M., Seiersten, M., Andreassen, J.-P., 2009. Polymorphism and morphology of calcium
carbonate precipitated in mixed solvents of ethylene glycol and water. Journal of Crystal

Growth 311, 3533-3538.



758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

35

Folk, R.L., 1994. Interaction between bacteria, nannobacteria, and mineral precipitation in hot
springs of central Italy. Géographie physique et Quaternaire 48, 233-246.

Fouke, B.W., 2011. Hot-spring systems geobiology: abiotic and biotic influences on travertine
formation at Mammoth Hot Springs, Yellowstone National Park, USA. Sedimentology 58,
170-219.

Fouke, B.W., Farmer, J.D., Des Marais, D.J., Pratt, L., Sturchio, N.C., Burns, P.C., Discipulo,
M.K., 2000. Depositional facies and aqueous-solid geochemistry of travertine-depositing hot
springs (Angel Terrace, Mammoth Hot Springs, Yellowstone National Park, USA). Journal
of Sedimentary Research 70, 565-585.

Frisia, S., Borsato, A., Fairchild, L.J., McDermott, F., Selmo, E.M., 2002. Aragonite-calcite
relationships in speleothems (Grotto de Clamouse, France): Environment, fabrics and
carbonate geochemistry. Journal of Sedimentary Research 72, 687-699.

Gonzalez, L.A., Lohmann, K.C., 1987. Controls on mineralogy and composition of spelean
carbonates: Carlsbad Caverns, New Mexico. In: James, N.P., Choquette, P.W. (Eds.),
Paleokarst. Springer-Verlag, Berlin, pp. 81-101.

Goto, M., 1961. Some mineralo-chemical problems concerning calcite and aragonite, with
special reference to the genesis of aragonite. Journal of the Faculty of Science, Hokkaido
University. Series 4, Geology and Mineralogy 10, 571-640.

Grasby, S.E., 2003. Naturally precipitating vaterite (uL-CaCOs) spheres: Unusual carbonates
formed in an extreme environment. Geochimica et Cosmochimica Acta 67, 1659-1666.

Greer, H.F., Zhou, W., Guo, L., 2015. Phase transformation of Mg-calcite to aragonite in active-

forming hot spring travertines. Mineralogy and Petrology 109, 453-462.



780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

36

Guo, L., Riding, R., 1992. Aragonite laminae in hot water travertine crusts, Rapolano Terme,
Italy. Sedimentology 39, 1067-1079.

Guo, L., Riding, R., 1998. Hot-spring travertine facies and sequences, Late Pleistocene,
Rapolano Terme, Italy. Sedimentology 45, 163-180.

Gutjahr, A., Dabringhaus, H., Lacmann, R., 1996. Studies of the growth and dissolution kinetics
of the CaCOj; polymorphs calcite and aragonite I. Growth and dissolution rates in water.
Journal of Crystal Growth 158, 296-309.

Harada, Z., Goto, M., 1957. On an experimental condition favourable for the formation of
aragonite. Journal Mineralogical Society of Japan 3, 137-145.

Heywood, B.R., Mann, S., 1994. Molecular construction of oriented inorganic materials:
Controlled nucleation of calcite and aragonit eunder compressed Langmuir monolayers.
Chemistry of Materials 6, 311-318.

Hill, C.A., Forti, P., 1997. Cave Minerals of the World. National Speleological Society Inc.,
Huntsville, Alabama, 463 pp.

Holland, H.D., Kirsipu, T.V., Huebner, J.S., Oxburgh, U.M., 1964. On some aspects of the
chemical evolution of cave waters. Journal of Geology 72, 36-67.

Hou, W., Feng, Q., 2005. A simple method to control the polymorphs of calcium carbonate in
CO»-diffusion precipitation. Journal of Crystal Growth 282, 214-219.

Hu, Z., Deng, Y., 2004. Synthesis of needle-like aragonite from calcium chloride and sparingly
soluble magnesium carbonate. Powder Technology 140, 10-16.

Jiménez-Lopez, C., Ohmoto, H., Caballero, E., Romanek, C.S., Huertas, F.J., 2004. Oxygen
isotope fractionation in synthetic magnesian calcite. Geochimica et Cosmochimica Acta 68,

3367-3377.



803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

37

Johnston, J., Merwin, H.E., Williamson, E.D., 1916. The several forms of calcium carbonate.
American Journal of Science 41, 473-512.

Jones, B., 2017. Review of aragonite and calcite crystal morphogenesis in thermal spring
systems. Sedimentary Geology.

Jones, B., Peng, X., 2012. Intrinsic versus extrinsic controls on the development of calcite
dendrite bushes, Shuzhishi Spring, Rehai geothermal area, Tengchong, Yunnan Province,
China. Sedimentary Geology 249-250, 45-62.

Jones, B., Peng, X., 2014a. Hot spring deposits on a cliff face: A case study from Jifei, Yunnan
Province, China. Sedimentary Geology 302, 1-28.

Jones, B., Peng, X., 2014b. Signatures of biologically influenced CaCO3 and Mg-Fe silicate
precipitation in hot springs: Case study from the Ruidian geothermal area, Western Yunnan
Province, China. Sedimentology 61, 56-89.

Jones, B., Peng, X., 2016. Mineralogical, crystallographic, and isotopic constraints on the
precipitation of aragonite and calcite at Shiqiang and other hot springs in Yunnan Province,
China. Sedimentary Geology 345, 103-125.

Jones, B., Renaut, R.W., 1996. Morphology and growth of aragonite crystals in hot-spring
travertines at Lake Bogoria, Kenya Rift Valley. Sedimentology 43, 323-340.

Jones, B., Renaut, R.W., 2008. Cyclic development of large, complex calcite dendrite crystals in
the Clinton travertine, Interior British Columbia, Canada. Sedimentary Geology 203, 17-35.

Jones, B., Renaut, R.W., 2010. Calcareous spring deposits in continental settings. In: Alonso-
Zarza, A.M., Tanner, L.H. (Eds.), Carbonates in Continental Settings Facies, Environments

and Processes. Developments in Sedimentology 61. Elsevier, Amsterdam, pp. 177-224.



825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

38

Jones, B., Renaut, R.W., Owen, R.B., Torfason, H., 2005. Growth patterns and implications of
complex dendrites in calcite travertines from Lysuhdll, Snafellsnes, Iceland. Sedimentology
52, 1277-1301.

Jones, B., Renaut, R.W., Rosen, M.R., 1996. High—temperature (> 90°C) calcite precipitation at
Waikite Hot Springs, North Island, New Zealand. Journal of the Geological Society of
London 153, 481-496.

Jones, B., Renaut, R.W., Rosen, M.R., 2000. Trigonal dendritic calcite crystals forming from hot
spring waters at Waikite, North Island, New Zealand. Journal of Sedimentary Research 70,
586-603.

Kanellopoulos, C., 2012. Dstribution, lithotypes and mineralogical study of newly formed
thermogenic travertines in Northern Euboea and Eastern Central Greece. Central European
Journal of Geosciences 4, 545-560.

Katz, A., 1973. The interaction of magnesium with calcite during crystal growth at 25-90°C and
one atmosphere. Geochimica et Cosmochimica Acta 37, 1563-1586.

Kawano, M., Obokata, S., 2007. Effects of cyanobacteria on precipitation rate and polymorphism
of CaCO3 minerals in hot spring water. Journal of the Clay Science Society of Japan 3, 156-
168.

Kele, S., Ozkul, M., Férizs, 1., Gokgoz, A., Baykara, M.O., Al¢icek, M.C., Németh, T., 2011.
Stable isotope geochemical study of Pamukkale travertines: New evidences of low-
temperature non-equilibrium calcite-water fractionation. Sedimentary Geology 238, 191-
212.

Kitano, Y., 1955. Chemical investigations of hot springs in Japan. The conditions under which

aragonite and calcite are formed. Nippon Kagaku Zassi 75, 581-584.



848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

39

Kitano, Y., 1962a. The behavior of various inorganic ions in the separation of calcium carbonate
from a bicarbonate solution. Bulletin of the Chemical Society of Japan 35, 1973-1980.

Kitano, Y., 1962b. A study of the polymorphic formation of calcium carbonate in thermal
springs with an emphasis of the effect of temperature. Journal of Earth Sciences, Nagoya
University 35, 1980-1985.

Kitano, Y., 1963. Geochemistry of calcareous deposits found in hot springs. Journal of Earth
Science, Nagoya University 11, 68-100.

Kitano, Y., Hood, D.W., 1962. Calcium carbonate crystal forms formed from sea-water by
inorganic processes. Journal of the Oceanographical Society of Japan 18, 141-145.

Kitano, Y., Kawasaki, N., 1958. Behavior of strontium ion in the process of calcium carbonate
separation from bicarbonate solution. The Journal of Earth Sciences, Nagoya University. 6,
63-74.

Kitano, Y., Park, K., Hood, D.W., 1962. Pure aragonite synthesis. Journal of Geophysical
Research 67, 4873-4874.

Kitano, Y., Tokuyama, A., Arakaki, T., 1979. Magnesian calcite synthesis from calcium
bicarbonate solution containing magnesium and barium ions. Geochemical Journal 13, 181-
185.

Kohlschutter, V., Egg, C., 1925. Uber Anderung des Habitus und der Modifikationvon Calcium-
carbonat durch Losungsgenossen. Helvetica Chimica Acta 8, 470-490.

Leitmeier, H., 1909. Die absitze des mineralwassers von Rohitsch-Sauerbrunn in Steiermark.
Zeitschrift flir Kristallographie - Crystalline Materials 47, 104-116.

Lin, Y.P., Singer, P.C., 2009. Effect of Mg*" on the kinetics of calcite crystal growth. Journal of

Crystal Growth 312, 136-140.



871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

40

Linck, G., 1903. Die Bildung der Oolithe und Rogensteine. Nues Jahebuch Beil 16, 495-513.

Lippmann, F., 1960. Versuche sur Aufklarung der Bildungs-Bedingunger von Calcit und
Aragonit. Fortschritte der Mineralogie 38, 156-161.

Loste, E., Wilson, R.M., Seshadri, R., Meldrum, F.C., 2003. The role of magnesium in sabilizing
amorphous calcium carbonate and controlling calcite morphologies. Journal of Crystal
Growth 354, 206-218.

Lowenstam, H.A., Weiner, S., 1983. Mineralization by organisms and the evolution of
biomineralization. In: Westbroek, P., De Jong, E.W. (Eds.), Biomineralization and
Biological Metal Accumulation. Springer, Netherlands, pp. 191-203.

Lu, G., Zheng, C., Donahoe, R.J., Lyons, W.B., 2000. Controlling processes in a CaCO;
precipitating stream in Huanglong Natural Scienic District, Sichuan, China. Journal of
Hydrology 230, 34-54.

Malesani, P., Vannucchi, S., 1975. Precipitazione di calcite o di aragonite dalle acque
termominerale in relazione alla genesi e all'evoluzione dei travertini. Atti della R. Academia
d'Ttalia 58, 761-776.

Manoli, F., Dalas, E., 2000. Spontaneous precipitation of calcium carbonate in the presence of
chondroitin sulfate. Journal of Crystal Growth 217, 416-421.

Matahwa, H., Ramiah, V., Sanderson, R.D., 2008. Calcium carbonate crystallization in the
presence of midified polysaccharides and linear polymeric additives. Journal of Crystal
Growth 310, 4561-4569.

Matsumoto, M., Fukunaga, T., Onoe, K., 2010. Polymorph control of calcium carbonate by
reactive crystallization using microbubble technique. Chemical Engineering Research and

Design 88, 1624-1630.



894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

41

McCall, G.J.H., 1967. Geology of the Nakuru — Thomson's Falls — Lake Harrington area: Degree
sheet No. 35 SW Quarter and 43 NW Quarter (with coloured maps). Geological Survey of
Kenya, Report 78.

McCauley, J., Roy, R., 1974. Controlled nucleation and crystal growth of various CaCOj3 phases
by the silica gel technique. American Mineralogist 59, 947-963.

Meigen, W., 1901. Eine einfache Reaktion zue unterscheidung von aragonit und kalkspath.
Zentralblatt fuer Mineralogie, Geologie, und Paleontologie 1901, 577-578.

Meldrum, F.C., 2003. Calcium carbonate in biomineralisation and biomimetic chemistry.
International Materials Review 48, 187-224.

Meldrum, F.C., Célfen, H., 2008. Controlling mineral morphologies and structures in biological
and synthetic systems. Chemical Reviews 108, 4332-4432.

Meldrum, F.C., Hyde, S.T., 2001. Morphological influence of magnesium and organic additives
on the precipitation of calcite. Journal of Crystal Growth 231, 544-558.

Mucci, A., Morse, J.W., 1983. The incorporation of Mg* and Sr** into calcite overgrowths:
influences of growth rates and solution composition. Geochimica et Cosmochimica Acta 47,
217-233.

Murray, J.W., 1954. The deposition of calcite and aragonite in caves. Journal of Geology 62,
481-492.

Nancollas, G.H., Sawada, K., 1982. Formation of scales of calcium carbonate polymorphs: The
influence of magnesium ion and inhibitors. Journal of Petroleum Technology 34, 645-652.

Nebel, H., Epple, M., 2008. Continuous preparation of calcite, aragonite and vaterite, and of
magnesium-substituted amorphous calcium carbonate (Mg-ACC). Journal of Inorganic and

General Chemistry 634, 1439-1443.



917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

42

Ogino, T., Suzuki, T., Sawada, K., 1990. The rate and mechanism of polymorphic transformation
of calcium carbonate in water. Journal of Crystal Growth 100, 159-167.

Okumura, M., Kitano, Y., 1986. Coprecipitation of alkali metal ions with calcium carbonate.
Geochimica et Cosmochimica Acta 50, 49-58.

Okumura, T., Takashima, C., Kano, A., 2013a. Textures and processes of laminated travertines
formed by unicelluar cyanobacteria in Myokwn hot spring, southwestern Japan. Island Arc
22, 410-426.

Okumura, T., Takashima, C., Shiraishi, F., Akmaluddin, Kano, A., 2012. Textural transition in
an aragonite travertine formed under various flow conditions at Pancuran Pitu, Central Java,
Indonesia. Sedimentary Geology 265-266, 195-209.

Okumura, T., Takashima, C., Shiraishi, F., Nishida, S., Kano, A., 2013b. Processes forming daily
laminations in a microbe-rich travertine under low flow condition at the Nagano-yu hot
spring, southwestern Japan. Geomicrobiological Journal 30, 910-927.

Okumura, T., Takashima, C., Shiraishi, F., Nishida, S., Yukimura, K., Naganuma, T., Arp, G.,
Kano, A., 2011. Microbial processes forming daily lamination in an aragonite travertine,
Nagano-yu Hot Spring, southwest Japan. Geomicrobiological Journal 28, 135-148.

Ozkul, M., Kele, S., Gokgoz, A., Shen, C.C., Jones, B., Baykara, M.O., Forizs, L., Németh, T.,
Chang, Y.W., Alcicek, M.C., 2013. Comparison of the Quaternay travertine sites in the
Denizli extensional based based on their deposition and geochemical data. Sedimentary
Geology 294, 179-204.

Peng, X., Jones, B., 2013. Patterns of biomediated CaCOj crystal bushes in hot spring deposits.
Sedimentary Geology 294, 105-117.

Pentecost, A., 2005. Travertine. Springer, Berlin Heidelberg, 445 pp.



940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

43

Radha, A.V., Navrotsky, A., 2013. Thermodynamics of carbonates. Reviews in Mineralogy &
Geochemistry 77, 73-121.

Railsback, L., Brook, G., Chen, J., Kalin, R., Fleisher, C., 1994. Environmental controls on the
petrology of a late Holocene Speleothem from Botswana with annual layers of aragonite and
calcite. Journal of Sedimentary Research A64, 147-155.

Reddy, M.M., Nancollas, G.H., 1976. The crystallization of calcium carbonate (IV. The effect of
magnesium, strontium, and sulfate ions). Journal of Crystal Growth 35, 33-38.

Reddy, M.M., Wang, K.K., 1980. Crystallization of calcium carbonate in the presence of metal
ions. L. Inhibition by magnesium ion at pH 8.8 and 25°C. Journal of Crystal Growth 50, 470-
480.

Ren, J., Wang, X., Ouyang, Z., 2005. Mantle-derived CO; in hot springs of the Rehai geothermal
field, Tengchong, China. Acta Geologica Sinica 79, 426-431.

Renaut, R.W., Jones, B., 1997. Controls on aragonite and calcite precipitation in hot spring
travertines at Chemurkeu, Lake Bogoria, Kenya. Canadian Journal of Earth Sciences 34,
801-814.

Riechelmann, S., Schroder-Ritzrau, A., Wassenburg, J.A., Schreuer, J., Richter, D.K.,
Riechelmann, D.F.C., Terente, M., Constantin, S., Mangini, A., Immenhauser, A., 2014.
Physiochemical characteristics of drip waters: influence on mineralogy and crystal
morphology of recent cave carbonate precipitates. Geochimica et Cosmochimica Acta 145,
13-29.

Rodriguez-Berriguete, A., Alonso-Zarza, A.M., Cabrera, M.C., Rodriguez-Gonzalez, A., 2012.
The Azuaje Travertine: An example of aragonite deposition in a recent volcanic setting, N

Gran Canaria Island, Spain. Sedimentary Geology 277-278, 61-71.



963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

44

Roques, H., Girou, A., 1974. Kinetics of the formation conditions of carbonate tartars. Water
Research 8, 907-920.

Rosa, S., Madsen, H.E.L., 2011. Kinetics of mass crystallization of calcium carbonate at 25, 30
and 37°C. Journal of Crystal Growth 318, 99-102.

Rose, G., 1837. Uber die Bildung des Aragonits und der Kalkspaths. Annalen der Physik 42,
353.

Rose, G., 1860. Ueber die Umstinde, unter denen der kohlensaure Kalk sich in seinen
heteromorphen Zustdden uls Kalspath, Aragonit und Kreide abscheidet. Annalen der Physik
111, 156-165.

Rossi, C., Lozano, R.P., 2016. Hydrochemical controls on aragonite versus calcite precipitation
in cave dripwaters. Geochimica et Cosmochimica Acta 192, 70-96.

Rowling, J., 2004. Studies on aragonite and its occurrence in caves, including New South Wales
caves. Journal and Proceedings of the Royal Society of New South Wales 137, 123-149.

Rushdi, AL, Pytkowicz, R.M., Suess, E., Chen, C.T., 1992. The effects of magnesium-to-
calcium ratios in artifical seawater, at different ionic products, upon the induction time, and
the mineralogy of carbonate: A laboratory study. Geologische Rundschau 81, 571-578.

Sand, K.K., Rodriguez-Blanco, J.D., Makovicky, E., Benning, L.G., Stipp, S.L.S., 2012.
Crystallization of CaCOj in water-alcohol mixtures: spherulitic growth, polymorph
stabilization, and morphology change. Crystal Growth and Design 12, 842-853.

Sawada, K., Ohtaki, H., 1998. Crystallization processes. John Wiley & Sons, Inc., New York.

Saylor, C.H., 1927. Calcite and aragonite. Journal of Physical Chemistry 32, 1441-1460.



984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

45

Schreiber, B.C., Smith, D., Schreiber, E., 1981. Spring peas from New York State: nucleation
and growth of fresh water hollow ooliths and pisoliths. Journal of Sedimentary Petrology 51,
1341-1346.

Shangguan, Z., Zhao, C., Li, H., Gao, Q., Sun, M., 2005. Evolution of hydrothermal explosions
at Rehai geothermal field, Tengchong volcanic region, China. Geothermics 34, 58-526.
Siegel, F.R., Reams, M.W., 1966. Temperature effect on precipitation of calcium carbonate from

calcium bicarbonate solutions. Sedimentology 7, 241-248.

Sorey, M.L., Evans, W.C., Kennedy, B.M., Farrar, C.D., Hainsworth, L.J., Hausback, B., 1998.
Carbon dioxide and helium emissions from a reservoir of magmatic gas beneath Mammoth
Mountain, California. Journal of Geophysical Research 103, 15303-15323.

Speer, J.A., Hensley-Dunn, M.L., 1976. Strontianite composition and physical properties.
American Mineralogist 61, 1001-1004.

Suganuma, 1., 1928. On the constituents and genesis of a few minerals produced from hot springs
and their vicinities in Japan. III. Calcium carbonate minerals deposited from effervescent
springs. Bulletin of the Chemical Society of Japan 3, 87-89.

Sun, W., Jayaraman, S., Chen, W., Persson, K.A., Ceder, G., 2015. Nucleation of metastable
aragonite CaCOs; in seawater. Proceedings of National Academy of Science, U.S.A. 112,
3199-3204.

Sunagawa, 1., Takahashi, Y., Imai, H., 2007. Strontium and aragonite-calcite precipitation.
Journal of Mineralogical and Petrological Sciences 102, 174-181.

Tai, C.W.T., Chen, P.C., 1995. Nucleation, agglomeration and crystal morphology of calcium

carbonate. AIChE Journal 41, 68-77.



1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

46

Tai, C.Y., Chen, F., 1998. Polymorphism of CaCOj precipitated in a constant-composition
environment. AIChE Journal 44, 1790-1798.

Taylor, M.P., Drysdale, R.N., Carthew, K.D., 2004. The formation and environmental
significance of calcite rafts in tropical tufa-depositing rivers of northern Australia.
Sedimentology 51, 1089-1101.

Togari, K., Togari, S., 1955. Conditions controlling the crystal form of calcium carbonate
minerals (I) (On influence of the temperature and the presence of magnesium ion). Journal
of the Faculty of Science, Hokkaido University. Series 4, Geology and Mineralogy 9, 55-65.

Tsukamoto, K., Sorai, M., Kakegawa, T., 2001. Mechanisms of crystallization of Ca-carbonates
from nanometer size. Journal of Japanese Association for Crystal Growth 28, 61-69.

Wada, N., Okazaki, M., Tachikawa, S., 1993. Effects of calcium-binding polysaccharides from
calcareous algae on calcium carbonate polymorphs under conditions of double diffusion.
Journal of Crystal Growth 132, 115-121.

Wada, N., Yamashita, K., Umegaki, T., 1995. Effects of divalent cations upon nucleation,
growth and transformation of calcium carbonate polymorphs under conditions of double
diffusion. Journal of Crystal Growth 148, 297-304.

Wang, C., 2008. Control the polymorphism and morphology of calcium carbonate precipitation
from a calcium acetate and urea solution. Materials Letters 62, 2377-2380.

Wang, H., Huang, W., Han, Y., 2013. Diffusion-reaction compromise the polymorphs of
precipitated calcium carbonate. Particuology 11, 301-308.

Wang, H., Yan, H., Liu, Z., 2014. Contrasts in variations of the carbon and oxygen isotopic

composition of travertines formed in pools and a ramp section at Huanglong Ravine, China:



1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

47

Implications for paleoclimatic interpretations. Geochimica et Cosmochimica Acta 125, 34-
48.

Warth, v., H., 1902. Die Bildung des Aragonits aus wiéssriger Losung. Centralblatt fiir
Mineralogie, Geologie und Paldontologie, 492-493.

Wassenburg, J.A., Immenhauser, A., Richter, D.K., Jochum, K.P., Fietzke, J., Deininger, M.,
Goos, M., Scholz, D., Sabaoui, A., 2012. Climate and cave control on Pleistocene/Holocene
calcite-to-aragonite transitions in speleothems from Morocco: Elemental and isotopic
evidence. Geochimica et Cosmochimica Acta 92, 23-47.

Weiss, C.A., Torres-Cancel, K., Moser, R.D., Allison, P.G., Gore, E.R., Chandler, M.Q.,
Malone, P.G., 2014. Influence of temperature on calcium carbonate polymorph formed from
ammonium carbonate and calcium acetate. Journal of Nanotechnology and Smart Materials
105, 1-6.

Wray, J.L., Daniels, F., 1957. Precipitation of calcite and aragonite. Journal of the American
Chemical Society 79, 2031-2034.

Xie, A.J., Shen, Y., Li, X., Yuan, Z., Qiu, L., Zhang, C., Yang, Y., 2007. The role of Mg2+ and
Mg*/amino acid in controlling polymorph and morphology of calcium carbonate crystal.
Materials Chemistry and Physics 101, 87-92.

Xyla, A.G., Giannimaras, E.K., Koutsoukos, P.G., 1991. The precipitation of calcium carbonate
in aqueous solutions. Colloids and Surfaces 53, 241-255.

Yagi, H., Iwazawa, A., Sonobe, R., Matsubara, T., Hikita, H., 1984. Crystallization of calcium
carbonate accompanying chemical absorption. Industrial and Engineering Chemistry

Fundamentals 23, 153-158.



1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

48

Yoshida, S., 1987. Transformation of aragonite to calcite in aqueous solution. Journal of Earth
Sciences, Nagoya University 35, 147-166.

Zeller, E., Wray, J., 1956. Factors influencing prepitation of calcium carbonate. Bulletin of the
American Association of Petroleum Geologists 40, 140-152.

Zhang, D.D., Zhang, Y., Zhu, A., Cheng, X., 2001. Physical mechanisms of river waterfall tufa
(travertine) formation. Journal of Sedimentary Research 71, 205-216.

Zhang, Y., Dawe, R.A., 2000. Influence of Mg2+ on the kinetics of calcite precipitation and
calcite crystal morphology. Chemical Geology 163, 129-138.

Zhou, G.-T., Zhang, Y., 2000. Chemical synthesis of CaCO3 minerals and mineralogical
mechanisms of polymorphic transformaation at low temperatures. Scientia Geologica Sinica
35, 325-255.

Zhou, G.T., Zheng, Y.F., 2001. Chemical synthesis of CaCO; minerals at low temperatures and
implication of polymorphic transition. Journal of Mineralogy and Geochemistry 176, 323-
343.

Zhou, X., Wang, W., Chen, Z., Y1, L., Liu, L., Xie, C., Cui, Y., Du, J., Cheng, J., Yang, L.K.,
2015. Hot spring gas geochemistry in western Sichuan Province, China after the Wenchuan

Ms 8.0 earthquake. Terrestrial, Atmospheric and Ocedanic Sciences 26, 361-373.



1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

49

FIGURE CAPTIONS

Fig. 1. (A) Percentage of aragonite in CaCOs as a function of fluid temperature (scale not

specified but assumed to be Celsius) from experiments by Favire (1946, p. 46). (B)
Percentages of aragonite, calcite, and vaterite as a function of temperature in experiments
by Kitano et al. (1962, their Fig. 1). (C) Percentages of aragonite, calcite, and vaterite as a
function of temperature in experiments with CO, being bubbled through the parent fluid
(Kitano, 1962b, his Fig. 2). (D) Precipitation of aragonite and calcite as a function of the
Mg/Ca,q ratio and saturation levels based on experiments by De Choudens-Sanchez and

Gonzélez (2009, their Fig. 4).

Fig. 2. SEM photomicrographs showing microscale relationships between calcite and aragonite

in various hot spring deposits in Yunnan Province, China. Panel A from Gongxioshe,
LaXin (see Jones and Peng, 2014b, for description of site); panels B, C, E, F from
Sghiqgiang (see Jones and Peng, 2016, for description of site); and panel D from Jifei (see
Jones and Peng, 2014a, for description of site). (A) Alternating laminae of aragonite and
calcite. (B) Calcite crystals overlying aragonite laminae. Note small clusters of aragonite
needles between some of the calcite crystals. (C) Clusters of aragonite crystals growing
between calcite crystals. (D) Aragonite cluster nucleated on top of a calcite crystal. (E)
Intermixed calcite and aragonite crystals. (F) Clusters of aragonite crystals encased by

calcite crystals.

Fig. 3. (A) Alternating beds of calcite (light coloured) and aragonite (dark coloured) at Jifei,

Yunnan Province, China formed by spring waters flowing down a cliff face (see Jones and
Peng, 2014a, for descriptions of site). (B) Spring deposits at Shuzhishi Spring, Rehai

Geothermal area, Tengchong, Yunnan Province, China. Succession of calcite spring
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deposits (no aragonite) with each bed formed of calcite dendrites (see Jones and Peng,
2012, for description of site).

Fig. 4. Proposed relationships between precipitation of calcite and aragonite in high spring
systems with water T, Mg content, and Mg:Ca ratios as proposed by (A) Folk (1994, his
Fig. 2) and (B, C) Pentecost (2005, his Fig. 37). For these graphs from Pentecost (2005),
the temperature and Mg:Ca and Mg content axes have been transposed in order to facilitate

easier comparison with the Folk’s graph that is shown in panel A.
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