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Revealing the potential of Ca isotopes in the research of travertine formation processes is the principal goal of this
study. To achieve this, the hydrochemistry, travertine precipitation rates, and variations in Ca isotopic composi-
tions (δ44/40Ca) of present-day endogenic (thermogenic) travertine in two different hydrodynamic systems
(canal and pool) are studied at Baishuitai (Yunnan, SW China). In the canal, where the travertine precipitation
is faster, δ44/40Ca values of both solution and travertine show a downstream increase, with Ca isotopic fraction-
ation (Δ44/40CaCaCO3-aq) equal to ~−1.6‰. Compared to the canal, Ca isotopic fractionation between travertine
and aqueous Ca2+ is smaller (Δ44/40CaCaCO3-aq ≈ −1.2‰) in the pools where travertine precipitation rates are
lower. The spatial variations in δ44/40Ca values of solution and travertine are related to the amount of Ca removed
from the solution when δ44/40Ca values of spring water remain stable. In addition, the results confirm the control
of precipitation rates on Ca isotopic fractionation between calcite and parent aqueous Ca2+ using natural sam-
ples. The observed negative correlation between Δ44/40CaCaCO3-aq and travertine precipitation rates can be ex-
plained by the steady-state kinetic surface reaction model proposed by DePaolo (2011), with equilibrium and
kinetic fractionation factors of αeq = 1.0000 ± 0.0001 and αf = 0.9983 ± 0.0002, respectively. An important
consequence of this study is that Ca isotopes in travertine systems are good tools to have access to variations
of δ44/40Caaq, which are directly linked to the amount of precipitated Ca. This could then be useful for
reconstructing past hydrodynamic conditions when applied to travertine core data.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Speleothems, tufa and travertine are widespread terrestrial carbon-
ates that form in caves, lakes, and rivers/streams, respectively, and are
among the most important continental climate-related deposits (Ford
and Pedley, 1996; Pentecost, 2005; Liu et al., 2006; Jones and Renaut,
2010). Their deposition is controlled by several factors, such as
CO2 degassing due to inorganic or organic processes. Travertine and
tufa consist ofmicrogranular calcite,which result from twomain forma-
tion processes: (1) CaCO3 encrusts filamentous microbionts, whose
biannual laminations reflect seasonal changes in the water chemistry,
rasbourg et CNRS, Laboratoire
bservatoire des Sciences de la

), liuzaihua@vip.gyig.ac.cn
cyanobacterial growth and/or hydrology of the depositional environ-
ment (Chafetz et al., 1991; Matsuoka et al., 2001; Andrews and
Brasier, 2005; Kano et al., 2007; Kawai et al., 2009), and (2) CaCO3

forms in an endogenic (thermogenic) way with multiple CO2

sources, including the hydrolysis and oxidation of reduced carbon,
decarbonatation of limestone, or direct contributions from the
deep crust or upper mantle (Ford and Pedley, 1996; Minissale et al.,
2002; Crossey et al., 2009). Due to high growth rates (mm to cm per
year), travertine has unique advantages in providing high-resolution
(up to seasonal, monthly or even daily) palaeoclimatic and palaeo-
environmental information (Kano et al., 2003; Liu et al., 2010).

Palaeoenvironmental changes can be recorded in travertine via var-
iations in lamina thickness, textures, trace element concentrations and
their stable isotope compositions (Ihlenfeld et al., 2003). Oxygen
(O) and carbon (C) isotopic compositions (δ18O and δ13C, respectively)
are by far the most commonly investigated paleo-proxies in travertine
(Andrews, 2006; Kano et al., 2007). However, it is difficult to unambig-
uously relate directly the measured isotopic variations in travertine to
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specific environmental changes. For instance, δ18O values of travertine
formed in different hydrodynamic environmentsmay show similar sea-
sonal trends, where one is due to the temperature variation and the
other to thedilution by rainfall (Wang et al., 2014). A potential approach
to solve this problem is to employ combined isotopic systems so that
various environmental information can be separated from each other.
Though calcium (Ca) is one of the main elements in travertine, little
or no data have been reported so far on variation in its isotopic
compositions.

Ca isotope fractionation during inorganic CaCO3 precipitation
(calcite and aragonite) has been primarily studied for a decade via sev-
eral laboratory experiments (Gussone et al., 2003; Lemarchand et al.,
2004; Marriott et al., 2004; Gussone et al., 2005; Tang et al., 2008;
Gussone et al., 2011; Reynard et al., 2011; Tang et al., 2012). In contrast,
few studies dealtwith continental carbonatefield samples (Tipper et al.,
2006; Nielsen and DePaolo, 2013). Tipper et al. (2006) reported results
on travertine from the southern Tibetan Plateau and showed that those
travertine were isotopically light compared to surrounding river water
and limestone samples. More recently, Nielsen and DePaolo (2013)
studied tufa that precipitated from supersaturated lake water in Mono
Lake (California) and observed that the intensity of Ca isotopic fraction-
ation depends on the solution chemistry, with variations that are con-
sistent with the theoretical model proposed by the authors for the
formation of those carbonates.

Here, we focus on the endogenic travertine-depositing canal and
pools of Baishuitai (Yunnan, SW China), a natural laboratory to study
isotopic fractionation associated with calcite precipitation. Some of pre-
vious studies at this site attempted to understand seasonal variations in
the hydrochemistry, CaCO3 precipitation rates and formation of biannu-
al laminae in the canal and to discuss their climatic implications (Liu
et al., 2003, 2006, 2010). Other studies dealtwith the C andO isotope ra-
tios in modern travertine from the canal and the pools (Liu et al., 2006;
Sun and Liu, 2010; Yan et al., 2012; Sun et al., 2014). In the present
study, we aim 1) to determine the variations in δ44/40Ca values of
present-day travertine and their controlling factors, 2) to test if the pre-
cipitation rate dependence of Ca isotope fractionation between calcite
and solution found in the laboratory could also be observed in naturally
travertine-depositing systems, and 3) to discuss the potential of Ca iso-
topes applied to travertine.

2. General Settings of the study

The Baishuitai travertine site (N27°300′, E100°02′) is located
~100 km south of Shangri-La Town, Yunnan Province, China. The eleva-
tion ranges from 2380 to 3800m asl. The area is characterised by a sub-
tropical monsoon climate, with N75% of the annual precipitation
(~750 mm) occurring during the rainy season from May to October.
The annual mean air temperature is 8 °C (Liu et al., 2003).

Baishuitai has a typical karst landscape and features one of the
largest travertine deposits in China, which formed due to calcite-
supersaturated aqueous solutions. Baishuitai spring water originates
from the mixing of infiltrated rainfall and groundwater flow. An endo-
genic CO2 source dissolves limestone from the Triassic Beiya Formation.
When the spring emerges, a huge quantity of CO2 at a high internal par-
tial pressure is released to the atmosphere. This process creates an in-
crease in the calcite saturation index of the water, thereby leading to
CaCO3 precipitation (Liu et al., 2003).

There are two travertine-depositing systems at Baishuitai: a fast-
flowing canal system and a slow-flowing pool system (Fig. 1). In the
canal system, a spring water rich in HCO3

− and Ca2+ (S1-3) emerges
from amiddle Triassic limestone aquifer andmixeswith a small amount
of surface water from the Baishui River, which contains lower concen-
trations of Ca2+ and HCO3

− (Liu et al., 2010; Yan et al., 2012) (Fig. 1c).
Then, the mixed water flows along an ~2.5-km-long artificial canal
that descends from 2900 to 2600 m asl and is accompanied by intense
travertine deposition. The width of the canal ranges from 30 to 70 cm
and its depth varies from 10 to 20 cm. The flow rate in the canal varies
between 50 and 100 L/s.

The pools system is part of a set of large travertine terraces, which
are chiefly supplied by two springs (S1-1 and S1-2, Fig. 1b). In this
study, only S1-1 is studied because the hydrochemistry of the two
springs is almost identical and is stable throughout the year (Sun
et al., 2014). The pools are 50 to 250 cm wide, 100 to 400 cm long,
and 10 to 40 cm deep. Most of the pools are located approximately
300 m (along the flow path) from the springs (S1-1 and S1-2) and
have an elevation of approximately 2555 m (Fig. 1b) (for more details,
see Yan et al., 2012).

3. Sampling and analytical techniques

3.1. Sampling and sample description

Two field sampling campaigns, summer 2010 andwinter 2011/2012,
were conducted to evaluate seasonal variations in Ca isotopic composi-
tions. Plexiglass substrates with the dimensions 5 cm × 5 cm × 0.5 cm
were placed in the flowing water (at 2–5 cm depth, in the middle of
the canal or pools where water flows fast to hamper accumulation of
upper calcite particles on the downward substrates) at eight different
sites: Five sites (W1–W5)were selected at approximately equal intervals
along the sample canal, and three sites (P4, P4.5 and P5) were chosen in
three different pools (Fig. 1). The substrates were replaced every 10 days
at the same locations. The travertine samples were collected from the
substrates to measure the precipitation rates and stable isotopic compo-
sitions of Ca.

During each travertine sample collection, related water samples
were also sampled and stored after filtration in acid-cleaned polyethyl-
ene bottles. Additionally, S1-1 and S1-3 spring waters were collected in
summer 2010 and winter 2011/2012. The spring water of S1-3 corre-
sponds to a mixture of spring and Baishui River water because it was
not possible to collect pure spring water. A winter rainwater sample
~200 m away from the travertine terraces and a summer sample from
the Baishui River near the S1-3 sampling location were analysed. In
summer, an overland flow that contributes to the canal was also collect-
ed. A limestone sample from the middle Triassic aquifer was used to
constrain the Ca isotopic composition of the bedrock.

3.2. Methods

3.2.1. Hydrochemical measurements
For each water sample (including rainwater and the S1-1 and S1-3

springwaters), the pH,water temperature, dissolved oxygen concentra-
tion (DO) and electrical conductivity (SpC) were measured in situ with
a hand-held water quality meter (WTW 350i) with accuracies of
±0.05 pH units, ±0.1 °C, ±0.05 mg/L and ±0.5%, respectively. The in-
strument was calibrated prior to use with pH 7 and pH 10 buffers. The
concentrations of HCO3

− and Ca2+ were titrated on site via an
Aquamerck® Alkalinity Test and Hardness Test with analytical resolu-
tions of approximately ±6 and ±1 mg/L, respectively.

To measure the chemistry more accurately and perform Ca isotope
analysis, water samples at the sampling sites were collected in acid-
cleaned polyethylene bottles andfiltered through 0.45 μmMinisart® fil-
ters. A non-acidified water aliquot was used for major element concen-
tration measurements and analysed at the State Key Laboratory of
Environmental Geochemistry of the Institute of Geochemistry, Chinese
Academy of Sciences. The concentrations of Na+, K+, and Mg2+ were
determined via an inductively coupled plasma optical emission spec-
trometer (ICP-OES) with an RSD of less than 5%, and the concentrations
of SO4

2− and Cl− were determined by ion chromatography (Dionex®
ICS-90) with RSDs of less than 2% and 4%, respectively. Another aliquot
of the waters was acidified to pH b 1 via ultrapure HNO3 for Ca isotope
analyses and refrigerated.



Fig. 1. (a) Distribution of the sampling sites in the travertine-depositing canal and (b) pools systems of Baishuitai (Yunnan, SW China). Note: there is a bridge (an aqueduct) for the canal
between site W4 and W5, so it crosses the stream. Photos of (c) the spring S1-3, the water feeding the canal (a mixture of groundwater and Baishui River water), and (d) the pools.
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The measurements of water temperature, pH and concentrations of
Ca2+, HCO3

−, K+, Na+, Mg2+, Cl− and SO4
2−, were processed with

PHREEQC program (Parkhurst and Appelo, 1999) to calculate activities
of CO3

2−, CO2 partial pressure (pCO2), and calcite saturation index (SIC).

3.2.2. Measurement of modern travertine precipitation rates andmineralo-
gy analysis

The amount of modern travertine deposited on the plexiglass sub-
strates was determined by measuring the weight increase of the
substrates. Before immersion and after collection, each plexiglass sub-
strate was dried at 50 °C for a period of 48 h and weighed. The
carbonate precipitation rate (Rp) was calculated using the following
equation:

Rp ¼ W ts−Wsð Þ= S� tð Þ ð1Þ

where Wts and Ws are the weight of the plexiglass substrates after and
before each collection, respectively, t is the exposure time available for
travertine to precipitate on the plexiglass substrate in each run
(~10 days). It is assumed that the surface for precipitation (S) is roughly
estimated as the total surface area of the substrate (60 cm2) (Liu et al.,
2010; Yan et al., 2012).

Two travertine samples from W1 and P4 were selected to be
analysed by X-Ray Diffraction (XRD). Scanning electron microscopy
(SEM) measurements were also performed to confirm the crystal
shapes.

3.2.3. Analysis of Ca isotopic compositions
All chemical preparations and Ca isotopic analyses were performed

under clean-room laboratory conditions at the Laboratoire d'Hydrologie
et de Géochimie de Strasbourg (LHyGeS), following the techniques de-
veloped in the laboratory (Schmitt et al., 2009, 2013). To extract the
Ca of the travertine for isotopic analysis, ~100 to 300 mg of collected
travertine sampleswere leachedwithH2O2 (30%) to remove any organ-
ic matter before leaching the sample in 0.5 N HCl. The sample was then
centrifuged and the residue was discarded. This procedure avoided any
clay contribution. Approximately 150 mg of crushed limestone bedrock
powder was dissolved in Savillex® vials in a procedure involving three
acids (distilled HNO3, Suprapur® HF, and Suprapur® HClO4) and evap-
orated until dry. The water samples were evaporated in Teflon (PFA)
beakers and digested with distilled HNO3 and 30% Suprapur® H2O2.
Once evaporated, all samples were dissolved in 1 N HNO3.

A 42Ca/43Ca double spike (0.4 μg; 42Ca/43Ca spike ratio = 2.5) was
added to the Ca from the sample (5.6 μg) and evaporated to dryness be-
fore Ca purification via high-selectivity automated ion chromatography
on a Dionex® ICS-3000 device with a high-capacity carboxylate-
functionalised column (Dionex® CS16). The collected Ca fractions
were evaporated and re-dissolved in 2 μL 0.25 NHNO3 and loadedwith-
out any further treatment onto a single out-gassed and partial-vacuum-
oxidised Ta filament (99.995% purity). The Ca isotopic compositions
were measured by thermal ionisation mass spectrometry (TIMS) using
a Triton instrument (Thermo-Fisher) operating in dynamic multi-
collection mode following the method described in Schmitt et al.
(2009, 2013).

The Ca isotope values are expressed as a per-mil deviation relative to
the NIST SRM 915a standard solution:

δ44=40Ca ¼ 44Ca=40Ca
� �

sample
= 44Ca=40Ca
� �

SRM915a
−1

� �
� 1000 ð2Þ

(Eisenhauer et al., 2004).
The fractionation factor αCaCO3_aq is defined as the ratio of 44Ca/40Ca

of the calcite (travertine) divided by the ratio of the solution:

αCaCO3−aq ¼ RCaCO3=Raq: ð3Þ

The calcium isotope fractionation between calcite (travertine) and
the solution is expressed as

Δ44=40CaCaCO3−aq ¼ δ44=40CaCaCO3−δ44=40Caaq≈1000
� ln αCaCO3−aq

� �
: ð4Þ

The external reproducibility of δ44/40Ca values is 0.09‰ (2SD) based
on repeatedmeasurements of the NIST SRM915a and on replicate sam-
ple measurements (N= 90). To improve the statistical significance of a
single δ44/40Ca measurement, the Ca isotope data are generally a

Image of Fig. 1
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combination of two individual measurements, including Ca purification
by ion chromatography and TIMS analyses. The accuracy of the mea-
surements was tested by measurements of seawater during the same
period of time (1.92 ± 0.08‰, 2SD; N = 8), and the values were in
good agreement with previously published values (Hippler et al.,
2003). Total Ca blanks for the isotope analyses were less than 3%, and
blank corrections were not necessary.

4. Results

4.1. Inorganic travertine precipitation

According to the XRD results, the travertine collected by substrates
consists of pure calcite without any traces of other phases, such as
vaterite or aragonite. Fig. 4 shows the SEM images of travertine samples
after 10 days of immersion. No macroscopic algal filament or biofilm is
observed between crystals. Therefore, the deposition of well-defined cal-
cite rhombohedra is suggested to be primarily controlled by inorganic
chemical processes. Another argument pointing to inorganic travertine
precipitation are the concentrations of DO in stream water. They range
from 0.17 to 0.25 mmol/L (Table. EA.1). No obvious diurnial variation in
concentration is observed. This suggests that photosynthesis, which con-
sumes CO2 and produces O2 can be neglected, and that inorganic chem-
ical processes are dominant in both systems. Moreover, even if some
traces of organic matter should be present in the travertine samples, it
should rather be derived from geogenic sources and not formed in situ,
as suggested by Liu et al. (2010), which would not impact Ca isotopes.

4.2. Hydrochemical data and travertine precipitation rates

Measured and calculated hydrochemical parameters in the canal
and pool systems are given in Table 1 and Figs. 2 and 3. In the two sys-
tems, the spring waters S1-3 and S1-1 have high pCO2 values and are
slightly saturated with respect to calcite (Fig. 2d–e and Fig. 3d–e). As
the water flows to site W1 in the canal, pCO2 drops to ~200 Pa, in
both winter and summer in the canal and activities of CO3

2− and SIC in-
crease to ~50 μmol/L and ~1.4 respectively due to intense degassing of
CO2, leading to travertine precipitation (Table 1). Similarly, as the
water flows to P4 in the pool system, pCO2 drops to 611 Pa in summer
Table 1
Hydrochemical compositions of the canal and pool waters from Baishuitai travertine site.

Site Sampling date Water temp.a pHa SpCa Ca2+

(°C) (μs/cm) (mm

Canal system
S1-3 28–07-2010 7.9 6.94 650 3.75

28–01–2012 7.0 6.93 898 5.10
W1 28–07-2010 8.9 8.25 630 3.65

28–01–2012 6.5 8.28 853 4.83
W2 28–07-2010 9.7 8.33 615 3.55

28–01–2012 6.2 8.36 820 4.65
W3 28–07-2010 12.2 8.43 566 3.30

28–01–2012 5.4 8.44 725 4.10
W4 28–07-2010 12.9 8.41 534 3.13

28–01–2012 5.0 8.44 675 3.80
W5 28–07-2010 14.0 8.34 496 2.90

28–01–2012 4.7 8.39 620 3.50

Pool system
S1-1 28–07-2010 11.0 6.7 1032 6.03

28–01–2012 11.0 6.77 1033 5.65
P4 28–07-2010 14.7 7.93 770 4.48

28–01–2012 6.2 8.16 877 4.83
P4.5 28–01–2012 5.5 8.24 820 4.53
P5 28–07-2010 15.0 8.05 679 3.90

28–01–2012 5.7 8.26 811 4.48

a average values during travertine collection period.
b activity of CO3

2− which is calculated using PHREEQC program and data from Table EA.2.
c calculated CO2 partial pressure, calcite saturation index and ionic strength of water using P
and 351 Pa in winter and activities of CO3
2− and SIC increase to

~40 μmol/L and 1.3 respectively. Then, the pCO2, activities of CO3
2−

and SIC values of the water remain relatively constant, although the
pCO2 of the water is much higher than that of earth's atmosphere
(about 39 Pa) (Fig. 2d and Fig. 3d). The pH values follow the variations
in SIC: 6.9 and 6.7 for S1-3 and S1-1, respectively, increasing to 8.4 and
8.1, respectively, later on (Table 1; Fig. 2b and Fig. 3b). In contrast,
Ca2+ (Fig. 2c and Fig. 3c) and HCO3

− concentrations (Table 1) decrease
from upstream to downstream because of travertine precipitation
along the canal and in the pools. In the canal, water temperature in-
creases fromupstream to downstream in summer but decreases inwin-
ter (Fig. 2a). This pattern is related to seasonal variations in atmospheric
temperatures. The temperatures within the pools are generally more
constant for a given season (Fig. 3a; Table 1), which is certainly due to
the long residence time of the water in the pools. In both the canal
and the pools, the pH (only for the pools), SIC, and SpC values and the
Ca2+ and HCO3

− concentrations are higher in winter than in summer
certainly due to dilution effects in summer. Similarly, the smaller varia-
tions of Ca2+ and HCO3

− concentrations in the pools than in the canal,
could be also explained by a lower influence of the dilution effects in
the pools compared to the canal (Table 1; Fig. 2c; Fig. 3c) (Sun and
Liu, 2010; Liu et al., 2010; Sun et al., 2014).

Themeasured precipitation rates of travertine (logRp) are presented
in Table 2. The rates are overall lower in the pools than in the canal
(−6.25 ± 0.25, 2SD, N = 5, and −5.38 ± 0.36, 2SD, N = 10,
respectively).

4.3. Ca isotopic compositions of solution, bedrock and travertine samples

The Ca isotopic compositions of the water and travertine samples
(δ44/40Caaq and δ44/40CaCaCO3, respectively) are listed in Tables 3 and 4.
The collected water samples exhibit a large range of δ44/40Ca values
(0.25 to 1.19‰). The overland flow has the lowest δ44/40Ca value
(0.25 ± 0.12‰) among the water samples. The Ca isotopic composition
of the rainwater sample (0.79± 0.06‰) is close to that of the carbonate
bedrock (0.87 ± 0.06‰). The δ44/40Ca value of the Baishui River water
(0.67 ± 0.06‰) is slightly lower than that of the bedrock. The headwa-
ters of the two travertine-depositing systems (S1-3 and S1-1) have the
same Ca isotopic composition (~0.53‰), which is isotopically lighter
a HCO3−a CO3
2−b pCO2

c SICc Ic

ol/L) (mmol/L) (μmol/L) (Pa) (mmol/L)

7.39 2.10 4850 0.09 12.64
9.95 2.65 6542 0.30 16.17
7.16 41.10 222 1.36 12.06
9.44 53.04 260 1.56 15.70
7.00 49.10 180 1.43 11.54
9.10 60.50 207 1.61 14.56
6.46 60.41 134 1.50 10.69
8.05 63.00 153 1.58 12.79
6.11 55.97 137 1.45 10.22
7.49 58.28 143 1.52 11.98
5.70 46.30 153 1.35 9.73
6.90 47.94 150 1.40 11.44

11.39 1.19 13,053 0.23 19.83
11.15 2.28 10,857 0.27 18.80
8.92 28.71 611 1.30 14.91
9.56 40.57 351 1.44 16.43
8.97 44.78 273 1.46 15.17
8.03 34.40 422 1.32 13.50
8.89 46.67 255 1.47 15.11

HREEQC program and data from Table EA.2.



Fig. 2. Downstream evolution of (a) water temperature, (b) pH, (c) calcium concentration, (d) pCO2 and (e) SIC along the canal in summer and winter.
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than the bedrock and rainwater. Similar ranges of variation in δ44/40Caaq
values are recorded in the canal and in the pools (Table 3).

All travertine samples are enriched in 40Ca compared to the parent
solution, which is in accord with previous experimental studies on car-
bonate precipitates (Gussone et al., 2003, 2005; Lemarchand et al.,
2004; Tang et al., 2008; Reynard et al., 2011). The δ44/40Ca values of trav-
ertine samples from the canal vary from −0.97 to −0.50‰, and the
pool travertine samples are enriched in 44Ca (between −0.30 and
0.01‰) compared to the canal samples. A general increase of δ44/40Ca
values is observed from upstream to downstream, both in the canal
and in the pools, and between water and travertine samples (Fig. 5).
No clear seasonal variation could be observed in travertine nor in
water samples (Fig. 5).

In the canal, the Δ44/40CaCaCO3-aq values range from −1.71 to
−1.42‰, with a mean value of −1.58 ± 0.06‰ (2SE, N = 10;
Table 3). In contrast, in the pools, Ca isotopic fractionations between
travertine and aqueous Ca2+ are smaller, and vary from −1.38 to
−1.11‰, with a mean Δ44/40CaCaCO3-aq value of −1.25 ± 0.09‰ (2SE,
N = 5; Table 3).

While the Δ44/40CaCaCO3-aq values at Baishuitai show no obvious
dependence on temperature (R2 = 0.04), they define a negative
correlation with logRp values (Fig. 6). This variation trend is consistent
with the Ca isotopic data obtained by Tang et al. (2008) in their exper-
imental precipitation study. The trend observed in our data, which cor-
responds to travertine precipitation within an annual temperature
range of 5 to 15 °C, is located between the two linear trends defined
by Tang's experimental data at 5 and25 °C. Our data also definenegative
correlations between Δ44/40CaCaCO3-aq and pH (−1.08‰/pH unit; R2 =
0.74) (not shown) and between Δ44/40CaCaCO3-aq and activities of
CO3

2− (−0.01‰/μmol/L; R2 = 0.55) (not shown). Because in this
study [Ca2+] ≫ [CO3

2−] (see Table 1), the precipitation rate is limited
by the delivery of carbonate ions, not calcium ions (Zuddas and Mucci,
1994). Thus the correlation between Δ44/40CaCaCO3-aq and pH and
[CO3

2−] is essentially the same with that of Δ44/40CaCaCO3-aq and precip-
itation rates.

5. Discussion

5.1. Ca isotopic fractionation versus mixing processes

The increase in Ca isotopic ratios of both systems (the canal and the
pools) from upstream to downstream in the stream water (Fig. 5),

Image of Fig. 2


Fig. 3.Downstreamevolution of (a)water temperature, (b) pH, (c) calcium concentration,
(d) pCO2 and (e) SIC in the pool system in summer and winter.

Fig. 5. Variations of δ44/40Ca values of modern travertine collected in (a) the canal and
(b) pools at Baishuitai in summer 2010 and winter 2011, and corresponding water
samples. The Ca isotope measurement uncertainties are within the data point.
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especially the positive correlation between δ44/40Caaq values and the in-
verse of the Ca2+ concentrations (1/[Ca2+]) (Fig. 7) might be simply
interpreted in terms of binary mixing between two different Ca end-
members, i.e., an upstream one with low δ44/40Caaq and high Ca2+ con-
centration values, corresponding to the different spring waters feeding
the canal and the pools, and a downstream one with higher δ44/40Caaq
and lower Ca concentration values. To test such a scenario, several po-
tential calcium end-members (S1-1 and S1-3 spring waters, Baishui
River, rainwater, plain overflow, and limestone bedrock) were analysed
Fig. 4. SEM images showing the authigenic calcite crystals d
with regard to Ca concentrations and Ca isotope ratios. Although rain-
water has a high δ44/40Ca value (0.79 ± 0.08‰), its Ca concentration
(9.8 ppm) is quite low compared with other surface waters and cannot
be considered a high δ44/40Ca end-member. Apart from rainwater, over-
land flow may also contribute to the Ca isotopic composition of canal
waters in the rainy season. However, this component features the low-
est δ44/40Ca value (0.25 ± 0.12‰) among all the water samples. The
mixing of overland flowwith streamwater will decrease rather than in-
crease the δ44/40Caaq values along the canal and pools. Consequently, the
δ44/40Caaq versus (1/[Ca2+]) trends observed in canal and pool waters
from upstream to downstream do not represent mixing process but
eposited on the substrate surface at W1 (a) and P4 (b).

Image of &INS id=
Image of &INS id=
Image of Fig. 5


Fig. 6. Δ44/40Cacalcite-aq values versus precipitation rates (logRp) for present study and
previous experimental studies.

Fig. 8. αCaCO3_aq variation in function of Rp (mol/m2/s).
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represent instead isotopic fractionation associated with travertine pre-
cipitation. As a result, lighter isotopes are preferentially removed from
the solution, enriching the solution in heavy Ca2+ isotopes. This is
consistent with experimental studies (Gussone et al., 2003, 2005;
Lemarchand et al., 2004; Tang et al., 2008; Reynard et al., 2011). Thus,
carbonate precipitation readily accounts for downstream variations in
the δ44/40Ca values of the solution and travertine along the canal and
pools (Fig. 5).

At this stage, the only trend that could be explained as a
mixing trend would be the one defined by the spring water. Indeed, in
Fig. 7. δ44/40Ca values versus 1/[Ca2+] (a) for water samples and bedrock from Baishuitai
travertine site; (b) close-up for spring, stream and bedrock samples.
a δ44/40Ca versus (1/[Ca2+]) diagram, the spring water data plot along
a straight line, with one end-member close to the values measured in
the limestones, suggesting a potential Ca flux from the dissolution of
deep limestones without any isotopic fractionation (Fig. 7b), as classi-
cally observed in mineral dissolution experiments (Ryu et al., 2011;
Cobert et al., 2011). Such a mixing scenario requires the involvement
of a second end-member with low δ44/40Ca values and low Ca concen-
trations, which could not be identified from the current dataset.

5.2. Modelling of Ca isotopic fractionation

In literature, various theoretical models were employed to explain
Ca isotopic fractionation in association with carbonate mineral precipi-
tation, including kinetic models associatedwith aquo complex diffusion
(Gussone et al., 2003, 2005), equilibrium fractionation (Marriott
et al., 2004), equilibrium fractionation overprinted by kinetic effects
(Lemarchand et al., 2004), adsorption-controlled steady-state (Fantle
and DePaolo, 2007), surface entrapment (SEMO, Tang et al., 2008),
and macroscopic and microscopic kinetic surface effects (DePaolo,
2011; Nielsen et al., 2012).

Due to the consistency between our data and those from Tang et al.
(2008) (Fig. 6), the Ca isotopic fractionation in association with carbon-
ate mineral precipitation at Baishuitai could be modelled by the surface
entrapment model (SEMO, Watson, 2004), as initially applied by Tang
et al. (2008) to interpret their experimental data. More recently, Tang
et al.'s (2008) data have been successfully modelled using macroscopic
and microscopic kinetic surface models (DePaolo, 2011; Nielsen et al.,
2012). These models can be viewed as an extension of the steady-
state box model from Fantle and DePaolo (2007) to explain Ca isotopic
fractionation during calcite growth for a wide range of precipitation
rates. The macroscopic kinetic surface model is based on the competi-
tion between the calcite growth rate and the rate ofmolecular exchange
between the mineral surface and solution (DePaolo, 2011). It sounds
reasonable todescribe the actual situation of calcite growth by consider-
ing the rate of backward reaction (dissolution) comparable to precipita-
tion rate, as suggested by many previous studies when pH N 7
(e.g., Plummer et al., 1978; Chou et al., 1989). In addition, the macro-
scopic parameters such as precipitation/dissolution rates which are in-
volved in DePaolo's model can be measured or estimated in this study.
Thus, we attempt to test this model with present-day field data from
the canal and the pools at Baishuitai.

In this model, assuming mineral precipitation is a steady-state con-
dition, the surface reaction-controlled condition, αCaCO3_aq, can be
expressed as follows (DePaolo, 2011):

αCaCO3−aq ¼
α f

1þ Rb

Rp þ Rb

� 	
α f

αeq
−1

� 	 ð5Þ

Image of &INS id=
Image of &INS id=
Image of Fig. 8


Fig. 9. δ44/40Caaq versus [Ca]i/[Ca]0 forwater samples from (a) the canal and (b) thepools. The regression equations are δ44/40Caaq=−2.18(±0.18) × [Ca]i/[Ca]0+2.62(±0.16), R2=0.94,
P b 0.0001, N = 12 and δ44/40Caaq = −1.54(±0.08) × [Ca]i/[Ca]0 + 2.10(±0.07), R2 = 0.99, P b 0.0001, N = 7 for the canal and pools water samples respectively.

67H. Yan et al. / Chemical Geology 426 (2016) 60–70
where αCaCO3_aq is the effective isotopic fractionation factor for precipi-
tation, αeq is the equilibrium isotopic fractionation factor and αf is the
kinetic fractionation factor associatedwith precipitation. The parameter
Rp represents the net calcite precipitation rate (i.e., the difference be-
tween precipitation and dissolution) which is estimated according to
Eq. (1), and Rb represents the calcite dissolution rate (Table 2, discussed
hereafter).

The calcite dissolution is usually described by the following three
parallel reactions occurring at the mineral/water interface under ambi-
ent conditions but with different predominance domains (see Plummer
et al., 1978; Chou et al., 1989 for more details).

CaCO3 sð Þ þHþ ↔ Ca2þ þHCO3
− ð6Þ

CaCO3 sð Þ þH2CO3 ↔ Ca2þ þ 2HCO3
− ð7Þ

CaCO3 sð Þ ↔ Ca2þ þ CO3
2− ð8Þ

Following Plummer et al. (1978) and Chou et al. (1989), the calcite
dissolution rates Rb can be expressed by a sum of three terms, where
Table 2
Compilation of field Rp and αCaCO3_aq, and calculated Rb and af values.

Field data

Site Date logRp

(mol/m2/s)

Canal system
W1 28–07-2010 −5.66 ± 0.1

28–01–2012 −5.35 ± 0.5
W2 28–07-2010 −5.58 ± 0.1

28–01–2012 −5.28 ± 0.5
W3 28–07-2010 −5.43 ± 0.1

28–01–2012 −5.13 ± 0.5
W4 28–07-2010 −5.48 ± 0.1

28–01–2012 −5.18 ± 0.5
W5 28–07-2010 −5.49 ± 0.1

28–01–2012 −5.18 ± 0.5

Pool system
P4 28–07-2010 −6.05 ± 0.1

28–01–2012 −6.23 ± 0.1
P4.5 28–01–2012 −6.37 ± 0.1
P5 28–07-2010 −6.24 ± 0.1

28–01–2012 −6.35 ± 0.1

a Calculated from Eq. (4).
b Calculated from Eq. (10).
c Calculated from Eq. (5), αeq is set to be 1.0000 ± 0.0001.
each term corresponds to the dissolution rate of one of the three
above reactions:

Rb ¼ k1 Hþ� �þ k2 H2CO3ð Þ þ k3 ð9Þ

In this equation, the parentheses denote activities and k1, k2 and k3
are the temperature-dependent kinetic reaction constants of the three
parallel reactions, corresponding to Eqs. (6), (7) and (8), respectively.
At the condition of pH N 6 and pCO2 b 0.01 atm, the third term
representing the rate of surface hydration is predominant (Pokrovsky
et al., 2009). In our study, the pH of stream water ranges between 7.93
and 8.44, and the pCO2 values range between 1.1 × 10−3 and
5.0 × 10−3 atm. The dissolution rate Rb can therefore be approximated
by the third term of Eq. (9), i.e., Rb ≈ k3.

In this context, Chou et al. (1989) determined an empirical relation-
ship between k3 (Rb) and pH at 25 °C. Using this experimental relation-
ship, for the pH range of the Baishuitai waters (and more broadly
for a pH range between 7.5 and 9), Rb is constant and equal to
6 × 10−7 mol/m2/s at 25 °C (Chou et al., 1989; DePaolo, 2011). DePaolo
(2011) also calculated Rb values equal to 1.55 × 10−6 mol/m2/s at 40 °C
and 1.5 × 10−7 mol/m2/s at 5 °C for solutions with pH values varying
Calculated data

αCaCO3_aq
a Rb

b αf
c

(mol/m2/s)

0.99858 1.67(±0.08)E-07 0.99847
0.99841 1.54(±0.03)E-07 0.99836
0.99849 1.75(±0.09)E-07 0.99839
0.99855 1.53(±0.03)E-07 0.99851
0.99838 2.07(±0.15)E-07 0.99829
0.99840 1.53(±0.02)E-07 0.99837
0.99829 2.19(±0.15)E-07 0.99818
0.99840 1.53(±0.02)E-07 0.99836
0.99837 2.40(±0.18)E-07 0.99825
0.99831 1.53(±0.03)E-07 0.99827

0.99878 2.55(±0.20)E-07 0.99843
0.99873 1.53(±0.03)E-07 0.99840
0.99862 1.53(±0.03)E-07 0.99813
0.99889 2.61(±0.24)E-07 0.99839
0.99873 1.53(±0.02)E-07 0.99830

Image of Fig. 9


Table 3
Ca isotopic compositions of travertine and associated solution in the canal and pool systems at Baishuitai in July 2010 and January 2012.

Site No. Sampling date Solution Travertine Δ44/40CaCaCO3-aq (‰) 2 SDa (‰)

δ44/40Ca-1(‰) δ44/40Ca-2(‰) δ44/40Ca-avg. (‰) δ44/40Ca-1(‰) δ44/40Ca-2(‰) δ44/40Ca-avg. (‰)

Canal system
S1-3 28–07-2010 0.41 0.59 0.50 - - - - -

28–01–2012 0.47 0.52 0.50 - - - - -
W1 28–07-2010 0.42 0.48 0.45 −0.92 −1.02 −0.97 −1.42 0.13

28–01–2012 0.58 0.65 0.62 −0.94 −1.00 −0.97 −1.59 0.13
W2 28–07-2010 0.50 0.47 0.49 −0.99 −1.06 −1.02 −1.51 0.13

28–01–2012 0.48 0.58 0.53 −0.88 −0.97 −0.92 −1.45 0.13
W3 28–07-2010 0.67 0.69 0.68 −0.90 −0.99 −0.94 −1.62 0.13

28–01–2012 0.82 0.75 0.79 −0.81 −0.82 −0.81 −1.60 0.13
W4 28–07-2010 0.73 0.78 0.76 −0.96 −0.94 −0.95 −1.71 0.13

28–01–2012 1.04 0.97 1.01 −0.57 −0.61 −0.59 −1.60 0.13
W5 28–07-2010 0.93 - 0.93 −0.74 −0.67 −0.70 −1.63 0.13

28–01–2012 1.15 1.22 1.19 −0.52 −0.49 −0.50 −1.69 0.13

Pool system
S1-1 28–07-2010 0.63 0.54 0.59 - - - - -

28–01–2012 0.53 0.52 0.53 - - - - -
P4 28–07-2010 0.86 0.98 0.92 −0.25 −0.36 −0.30 −1.22 0.13

28–01–2012 0.85 0.7 0.78 −0.49 −0.50 −0.49 −1.27 0.13
P4.5 28–01–2012 0.86 0.87 0.87 −0.46 −0.56 −0.51 −1.38 0.13
P5 28–07-2010 1.03 1.21 1.12 0.08 −0.06 0.01 −1.11 0.13

28–01–2012 0.94 0.82 0.88 −0.35 −0.43 −0.39 −1.27 0.13

a The error in Δ44/40Ca CaCO3-aq is calculated by error propagation according to the way used by Harouaka et al. (2014).
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from7.5 to 9. A polynomial regression based on the above three Rb values
for 5, 25 and 40 °C yields the following empirical relationship between Rb
and T:

Rb ¼ 0:011667� T2–6:4985� Tþ 906:44 ð10Þ

with T in Kelvin and Rb in 10−7 mol/m2/s. Rb values can therefore be es-
timated for the different temperatures recorded at Baishuitai and are re-
ported in Table 2.

For the calculation of αf field Rp values and the estimated Rb values
are used. αeq is taken equal to 1.0000 ± 0.0001 since two field studies
found the equilibrium fractionation factor equal to this value when cal-
cite is precipitated in any system at equilibrium (Fantle and DePaolo,
2007; Jacobson and Holmden, 2008). In doing so, we obtain an average
αf equal to 0.9983 ± 0.0002 (2SD; N = 15) (Table 2). These values are
similar (within the error bars) to those obtained by DePaolo (2011) to
fit the experimental data of Tang et al. (2008) with their model
(αeq = 0.9998; αf = 0.9983). These values are also similar (within
the error bars) to those calculated by Nielsen and DePaolo (2013)
(αeq=0.9998;αf=0.9986±0.0009) to explain theirfield data obtain-
ed from a high-alkalinity lake system (Mono lake, California) using the
microscopic CaCO3 precipitation model from Nielsen et al. (2012).

Consequently, even if the number of case studies is limited, these ob-
servations might indicate that kinetic and equilibrium isotopic fraction-
ation factors associated with calcite precipitation can be considered to
be constantswith known values in awide range of carbonate precipitat-
ing systems. The immediate corollary of this conclusion is that for the
common solution of [Ca2+] ≫ [CO3

2−], αCaCO3-aq (and thus Δ CaCO3-aq,
see Eqs. (4) would be only dependent on two main parameters: T and
Rp (see Eqs. (5) and (10)). In the specific case of the Baishuitai carbon-
ates, the absence of a clear correlation between Δ44/40CaCaCO3-aq and
temperature accounts for the observation that Δ44/40Ca CaCO3-aq is
Table 4
Calcium isotopic compositions and concentrations of overland flow, rainwater, Baishui River a

Sample Sampling date [Ca] (mmol/kg)

Overland flow 22–06-2010 0.82
Rainwater 04–01–2012 0.24
Baishui River 28–07-2010 1.07
Bedrock 28–01–2012 5484
predominantly influenced by calcite precipitation rates and not domi-
nated by seasonal temperature changes due to small temperature vari-
ation (a maximum of 10 °C). This result is consistent with the small
temperature-dependence ofΔ44/40CaCaCO3-aq observed in the laboratory
during calcite precipitation experiments (between 0.014 and 0.02‰/°C;
Marriott et al., 2004; Tang et al., 2008; Reynard et al., 2011).

5.3. Geochemical implications

When considering Eq. (5) and applying data obtained in Section 5.2
(i.e. αeq = 1.0000 ± 0.0001; αf = 0.9983 ± 0.0002; Rb = (18.3 ±
8.3) × 10−8mol/m2/s), one observes thatαCaCO3_aq is notmuch variable
and tends to αf (Fig. 8). This implies that the fractionation is dominated
by the kinetic fractionation factor associated to precipitation (DePaolo,
2011). In this case, following Eq. (4), Δ44/40CaCaCO3_aq tends to
−1.70 ± 0.17 ‰. If one considers Δ44/40CaCaCO3_aq as being constant,
then, following Eq. (4), a variation of δ44/40CaCaCO3 has to be linked to
a variation of δ44/40Caaq.

The immediate consequence of this result is, that δ44/40Caaq values of
the solution follow a Rayleigh fractionation, which can be expressed as

δ44=40Caaq−i ¼ 1000þ δ44=40Ca0
� �

Ca½ �i= Ca½ �0
� �αðCaCO3−aqÞ−1−1000 ð11Þ

where δ44/40Ca0 and δ44/40Caaq-i are Ca isotopic compositions of solution
at spring (S1-3 or S1-1) and site i respectively, while [Ca]0 and [Ca]i are
calcium concentrations at spring (S1-3 or S1-1) and site i, respectively.

Since the δ44/40Ca values of spring water (δ44/40Ca0) are stable
throughout the year (Table 3) and the fractionation factor αCaCO3-aq is
rather constant (Table 2 and Fig. 8), the amount of Ca removed from
the solution ([Ca]i/[Ca]0) is the main factor that controls δ44/40Caaq
(Fig. 9).
nd bedrock samples at Baishuitai.

δ44/40Ca-1(‰) δ44/40Ca-2(‰) δ44/40Ca-avg.(‰)

0.25 - 0.25
0.79 0.78 0.79
0.67 0.66 0.67
0.86 0.88 0.87



Table EA.1
Concentration of dissolved O2 in spring and streamwater measured by WTW350i on site
in summer 2010.

Site DO (mmol/L) Site DO (mmol/L)

Morning Noon Evening Morning Noon Evening

S1-3 0.23 0.23 0.23 S1-1 0.04 0.04 0.04
W1 0.25 0.25 0.24 P4 0.22 0.19 0.18
W2 0.25 0.25 0.24 P5 0.21 0.18 0.17
W3 0.25 0.24 0.24 P6 0.21 0.18 0.18
W4 0.24 0.24 0.23
W5 0.25 0.23 0.23
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Another consequence of this study is that Ca isotopic compositions
applied to past travertine samples should give information on past var-
iations on the surrounding water hydrology, variations that are directly
linked to the precipitation rate of the travertine. Such δ44/40CaCaCO3 var-
iations in travertine cores could be due to different calcium sources or to
variations in the distance from the Ca source of water, which would re-
sult in local different compositions of the fluid. To answer this question,
the analysis of calcite samples fromdifferent core profiles, as well as the
use of source tracers such as 87Sr/86Sr isotopes (Hori et al., 2013) could
be helpful. Combining Ca isotopes with C and O isotopes could also give
information on water temperature, water chemistry and/or precipita-
tion rates variations (Dietzel et al., 2009; Yan et al., 2012; Sun et al.,
2014; Wang et al., 2014). Moreover, in order to determine if potential
isotopic variations are local or regional, and to compare them to the re-
sults of other studies, it is necessary to determine the chronometric
framework of the samples by dating them, using 14C or U-series
(Soligo et al., 2002; Uysal et al., 2007; Sierralta et al., 2010; Nishikawa
et al., 2012; Gao et al., 2013).

Finally, the results and findings from the present study lead us to
suggest that changes in Ca isotopic compositions in oceanic and conti-
nental carbonates, formed with a set of environmental conditions simi-
lar to those from Baishuitai ([Ca2+] ≫ [CO3

2−], 7.5 b pH b 9 and
pCO2 b 0.01 atm) should help to give information about past variations
of δ44/40Caaq.

6. Conclusions

The Ca isotopic compositions of the present-day travertine and asso-
ciated solution in the canal and pools at Baishuitai (Yunnan, SW China)
Table EA.2
Hydrochemical compositions of the canal and pool waters from Baishuitai travertine site.

Site Sampling date K+ Na+ Mg2+

(mmol/L) (mmol/L) (mmol/L)

Canal system
S1-3 28–07-2010 0.017 0.13 0.49

28–01–2012 u.d. 0.05 0.21
W1 28–07-2010 0.017 0.12 0.51

28–01–2012 u.d. 0.08 0.32
W2 28–07-2010 0.008 0.10 0.43

28–01–2012 u.d. 0.09 0.37
W3 28–07-2010 0.008 0.10 0.43

28–01–2012 u.d. 0.06 0.25
W4 28–07-2010 0.012 0.10 0.44

28–01–2012 u.d. 0.07 0.29
W5 28–07-2010 0.017 0.12 0.49

28–01–2012 0.002 0.09 0.36

Pool system
S1-1 28–07-2010 0.033 0.39 0.66

28–01–2012 0.008 0.19 0.65
P4 28–07-2010 0.028 0.33 0.62

28–01–2012 0.014 0.23 0.76
P4.5 28–01–2012 0.009 0.19 0.66
P5 28–07-2010 0.028 0.32 0.59

28–01–2012 0.011 0.21 0.68

u.d.: under detection limit.
were investigated to identify the mechanisms controlling Ca isotope
fractionations. In each system, δ44/40Ca values of the solution and traver-
tine exhibited in-phase downstream increases. Isotopically light Ca is
preferentially removed from the solution, leaving the remaining aque-
ous Ca2+ enriched in heavy isotopes.

The negative correlation between Δ44/40CaCaCO3-aq values and the
travertine precipitation rates in this study is in accordance with the re-
sults of previous experimental studies (Tang et al., 2008, 2012). This
negative correlation can be explained using the theoretical steady-
state surface kinetic model from DePaolo (2011), which suggests an
equilibrium isotopic fractionation factor close to 1 (αeq = 1.0000 ±
0.0001) and a kinetic fractionation factor associated with precipitation
equal to 0.9983 ± 0.0002. These values are similar within error bars
to those obtained for calcium carbonate precipitated in other con-
tinental contexts (Nielsen and DePaolo, 2013) and in the laboratory
(Tang et al., 2008). Another consequence of this article is that Ca iso-
topesmeasured in travertine samples are representative of the Ca isoto-
pic signature of the surrounding water, itself directly dependent on the
amount of precipitated Ca. Consequently, Ca isotopes could be a good
tool to reconstruct past hydrodynamic variations in travertine core
samples.
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