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Abstract

Travertines are potential archives of continental paleoclimate. Records of stable carbon and oxygen isotopic composition
(d13C and d18O) in laminated travertine deposits from endogene spring waters show regular cyclic patterns which may be due
to seasonal change in climate determinants such as temperature and rainfall. In this study, d13C and d18O measurements of
three travertine specimens that grew naturally over the eight years, 2004–2011, at upstream, middle and downstream sites in a
canal at Baishuitai, SW China, are presented. They exhibit clear seasonal variations that generally correlate with biannual
laminations. Specifically, d13C and d18O values show significant positive correlation with each other for the three travertine
specimens, with the correlation coefficients increasing downstream along the canal. To reveal the factors governing the sea-
sonal and spatial variations in d13C and d18O values, newly formed travertines precipitated on Plexiglas substrates are also
examined. Both d13C and d18O of the substrate travertines are low in the summer/rainy season and high in the winter/dry
season, showing a great consistency with the patterns in the natural travertines. Spatially, isotope values increase downstream
in both seasons, with higher increase rates in winter that are related to removal of larger fractions of dissolved inorganic car-
bon (DIC) from the solution and stronger kinetic isotopic fractionation in winter. Due to in-stream physicochemical pro-
cesses, including CaCO3 precipitation and the associated degassing of CO2, seasonal changes in d13C and d18O in the
travertines are amplified by two times between the upstream and downstream sites: this is opposite to trends for epigene
(meteogene) tufas whose seasonal changes in stable isotope compositions are reduced downstream. We suggest in-stream
physicochemical processes are a potential reason for underestimation of annual temperature ranges that are inferred from
epigene tufa d18O data.
� 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Tufa and travertine are common carbonate deposits in
karst areas and seismically active areas, respectively. CO2

degassing due to various physicochemical processes such
as diffusion and utilization by aquatic plants leads to an
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increase of saturation with respect to CaCO3 in the solu-
tion. When supersaturation reaches a threshold value, car-
bonate will be precipitated. The carbonates can be classified
into two categories based on the origins of CO2 in the water
(Pentecost and Viles, 1994; Pentecost, 2005): (1) epigene
tufa where CO2 is sourced from the soil and atmosphere
(Chafetz et al., 1991; Matsuoka et al., 2001; Andrews and
Brasier, 2005; Kano et al., 2007; Kawai et al., 2009;
Capezzuoli et al., 2014), and (2) endogene travertine, which
forms due to multiple CO2 sources in an endogene
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(thermogene) environment, including hydrolysis and oxida-
tion of reduced carbon, decarbonation of limestone, or
directly from the deep crust or upper mantle (Ford and
Pedley, 1996; Fouke et al., 2000; Liu et al., 2003, 2010;
Crossey et al., 2009). Because endogene CO2 is generally
characterized by high concentrations and enrichment in
13C, endogene travertines often have higher precipitation
rates and d13C values compared to epigene tufas. Both cat-
egories have been reported to record valuable paleoclimatic
information (Minissale et al., 2002; Andrews and Brasier,
2005; Andrews, 2006; Liu et al., 2006; Toker et al., 2015).
It has been suggested that their variations in stable carbon
and oxygen isotope (d13C and d18O) values and trace-
element compositions reflect changes in the geochemistry
of parent water or seasonal temperature/rainfall effects
(Chafetz et al., 1991; Matsuoka et al., 2001; Ihlenfeld
et al., 2003; Kano et al., 2004; O’Brien et al., 2006; Liu
et al., 2006; Kano et al., 2007; Brasier et al., 2010; Sun
and Liu, 2010). Apart from climatic factors, however, these
geochemical proxies are also influenced by in-stream
physicochemical processes during the travertine/tufa depo-
sition such as evaporation and kinetic isotope effects associ-
ated with bicarbonate dehydration and rapid precipitation
(Fouke et al., 2000; Andrews and Brasier, 2005; Kele
et al., 2011). For instance, Wang et al. (2014) observed
opposing temporal patterns of d13C and d18O values in
the travertines deposited in ramp and pool environments,
even under the same weather and climate conditions. This
may make the interpretation of geochemical proxies in tra-
vertine/tufa quite complicated and often site-specific. To
distinguish between the climatic and in-stream factors,
newly formed or recent (formed within the past few dec-
ades) samples are usually investigated to interpret the
meanings of geochemical proxies by comparing them with
monitored instrumental data (e.g. Matsuoka et al., 2001;
Sun and Liu, 2010).

Some workers (Sun and Liu, 2010; Wang et al., 2014)
have used artificial substrates to collect new travertine,
and monitored the physical–chemical properties of the par-
ent water and climatic conditions at the same time. The
advantage of such a method is the opportunity provided
for detailed examination of the various factors controlling
these geochemical proxies. Other studies (e.g. Matsuoka
et al., 2001; Ihlenfeld et al., 2003; Kano et al., 2004; Liu
et al., 2006; Kano et al., 2007; Hori et al., 2009; Lojen
et al., 2009; Osácar et al., 2013) have also extracted climatic
information from oxygen and carbon isotope and trace ele-
ment profiles in recent travertine/tufa specimens. When cal-
ibrated by monitored travertine collected on artificial
substrates, such recent laminated specimens can provide
many years of data on the cyclic variations in oxygen and
carbon isotope composition, and thus may establish the
relationships between the proxies and the climatic variables
not only on seasonal but also on inter-annual timescales
(Matsuoka et al., 2001; Kano et al., 2007). Among the
chemical indices in travertine/tufa, the use of the oxygen
isotopic composition as a paleothermometer has been the
principal concern in most previous studies of recent lami-
nated samples (Kano et al., 2007). Interpretation of the car-
bon isotope composition in travertine/tufa is usually more
complicated due to the greater variety of controlling factors
(Hori et al., 2008).

In this study we present high-resolution oxygen and car-
bon isotope profiles of three recent travertine specimens
collected in the Baishuitai canal (Yunnan, SW China),
where there has been much prior work (Liu et al., 2006,
2010; Sun and Liu, 2010; Yan et al., 2012, 2016; Kele
et al., 2015). One previous investigation showed that the
d13C and d18O values of travertine in the canal can be used
as a proxy for reconstruction of the local rainfall (Sun and
Liu, 2010). Another found that the d18O values of travertine
there did not reflect local temperatures but in-stream kinetic
effects instead (Yan et al., 2012). The conclusions of these
two studies were based on new travertine collected on arti-
ficial substrates. Thus it is of particular interest to check the
mechanisms controlling stable isotopic compositions in tra-
vertine from upstream to downstream sites on a longer
timescale and evaluate the effect of in-stream processes on
the d18O and d13C values. We also pay attention to the dif-
ferences between endogene travertine and epigene (meteo-
gene) tufa and offer a new explanation for narrow range
of annual temperature calculated from d18O data
(Matsuoka et al., 2001; Brasier et al., 2010).

2. GENERAL SETTING OF THE STUDY AREA

The Baishuitai travertine site (N27�3000, E100�020) is
located �100 km south of Shangri-La Town, Yunnan Pro-
vince, China. The elevation ranges from 2380 to 3800 m asl.
The area is characterized by a subtropical monsoon climate,
with >75% of the annual precipitation (�750 mm) occur-
ring during the rainy season from May to October, and
an annual mean air temperature of 8 �C (Liu et al., 2003).

Intense travertine deposition takes place in an artificial
canal 2.6 km in length that descends from 2900 to 2600 m
asl (Fig. 1). The canal is supplied chiefly by a karst spring,
S1-3, but also partially by the Baishui River during the rainy
season.The springwater is a simpleHCO3–Cahydrochemical
type that reflects the dissolution of middle Triassic limestone
bedrock in the catchment (Liu et al., 2010). The spring has
high concentrations ofCa2+ andHCO3

� and high partial pres-
sures of CO2, implying an endogene origin (Liu et al., 2003).
The canal is small; its width ranges from 30 to 50 cm and
depth from 10 to 20 cm. The flow rate ranges between 50
and 100 L/s (for more details see Sun and Liu, 2010).

3. METHODS

Three recent travertine samples were collected along the
canal in January 2012 for oxygen and carbon isotope anal-
ysis. The distances from Spring S1-3 to the upstream, mid-
dle and downstream sites are about 850 m, 1500 m and
2600 m, respectively (Fig. 1). The samples each contain
eight couplets of lighter and darker laminae, representing
the years from 2004 to 2011 (Fig. 2). The thickness of each
sample was about 12 cm, implying that the thickness of
annual couplets varied from 1 to 2 cm. The samples were
dried at room temperature and cut into columnar shapes.



Fig. 1. Locations of the sample plexiglass substrates (solid rectangles) and the recent travertine specimens (gray stars) in the travertine-
depositing canal of Baishuitai, Yunnan, SW China.

Fig. 2. The recent laminated travertine specimens (2004–2011) collected at upstream, middle and downstream sites in the Baishuitai canal,
showing the regular alternation of thin darker and thick lighter layers. A couplet consisting of one thin and one thick layer is assumed to
represent one annual cycle. The top outer surface corresponds to January 22, 2012, when the sample was collected.
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Sub-samples were then taken using a hand dental drill at
�1 mm intervals.

In addition, new travertine samples at five sites along the
canal (W1-W5) were collected on Plexiglas substrates in
July, 2010 (Yan et al., 2012) and January, 2012. The sub-
strates were immersed in stream water for ten days in sum-
mer or seven days in winter for the collection. During the
sampling period, the pH, water temperature and electrical
conductivity (EC) were measured in situ with a hand-held
water quality meter (WTW 350i) with accuracies of ±0.05
pH units, ±0.1 �C and ±0.5%, respectively. The concentra-
tions of HCO3

� and Ca2+ were titrated on site via an
Aquamerck� Alkalinity Test and Hardness Test with ana-
lytical resolutions of approximately ±6 and ±1 mg/L,
respectively. To accurately measure solution chemistry,
water samples at the sampling sites were collected in acid-
cleaned polyethylene bottles and filtered through 0.45 lm
Minisart� filters. A non-acidified water aliquot was used
for major element concentration measurements and anal-
ysed at the State Key Laboratory of Environmental Geo-
chemistry 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 spectrometer (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.
The measurements of water temperature, pH and concen-
trations of Ca2+, HCO3

�, K+, Na+, Mg2+, Cl� and SO4
2�,

were processed with the PHREEQC program (Parkhurst
and Appelo, 1999) to calculate CO2 partial pressure
(PCO2) and the calcite saturation index (SIC).

Oxygen and carbon isotopic values (d18O and d13C) of
sub-samples of the three recent travertine specimens and
the substrate samples were measured in the State Key Lab-
oratory of Environmental Geochemistry, Guiyang, China.
For each analysis about 400 lg of travertine powder was
put into a glass tube to react with 100% H3PO4 at 80 �C.
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The generated CO2 was then passed through a MAT 253
mass spectrometer for isotope measurements. The results
were reported as ‰ vs. Vienna Pee Dee Belemnite (VPDB).
The internal precision of the isotope analyses of samples
was better than ±0.05‰, while the uncertainty of internal
standard during entire analytical procedure was better than
0.1‰ for both d13C and d18O.

4. RESULTS

Hydrochemical parameters of the stream water in the
canal are presented in Table 1. All measured parameters
display seasonal changes. Concentrations of Ca2+ and
HCO3

� ([Ca2+] and [HCO3
�]), EC, PCO2 and SIC are gener-

ally higher in winter than in summer. The seasonal varia-
tions of hydrochemical properties are due to the effect of
dilution by Baishui river water and overland flow in the
rainy season (Liu et al., 2010). Seasonal changes in precip-
itation rates and in the content of clay and organic matter
introduced by overland flow control the thickness and color
of biannual laminations in travertine at Baishuitai (Liu
et al., 2010; Yan et al., 2016).

General increases in the d13C and d18O values of sub-
strate travertine samples are observed from upstream to
downstream in the canal in both the summer and winter.
However, their rates of increase differ; temporally, the win-
ter samples being enriched in 13C and 18O compared to the
summer samples (Fig. 3).

The d13C and d18O values of the recent travertine speci-
mens at the upstream, middle and downstream sites in the
canal are presented in Fig. 4. Generally, both d13C and
d18O values show the same seasonal pattern, i.e., lower in
summer and higher in winter, as observed in the newly
formed travertines on the substrates. The average d13C values
of travertine samples at upper, middle and lower sites are
3.7‰, 5.2‰ and5.6‰ respectively,while for d18O the average
values are�12.9‰,�12.0‰ and�11.7‰, respectively. Both
the average d13C and d18O show a downstream increasing
trend. The minimum and maximum values of d13C and
d18O values at the three sites are given in Table 2. In addition,
cross-plots of the d13C and d18O values show significant pos-
itive correlations in all the three travertine samples (Fig. 5).

5. DISCUSSION

5.1. Effects of in-channel physicochemical processes on d13C
and d18O values of the travertine

5.1.1. The newly formed travertine on substrates

The isotopic data of travertine samples on substrates
show that both carbon and oxygen become significantly
enriched isotopically (heavier) downstream (Fig. 3). For
carbon, it is well known that preferential loss of 12C due
to degassing of CO2 (or HCO3

� dehydration) is responsible
for the downstream progressive increase of d13C values in
the dissolved inorganic carbon (DIC) in the solution and
thus in any travertine that is deposited (Usdowski et al.,
1979; Dandurand et al., 1982; Sun and Liu, 2010). For oxy-
gen, because there were no significant spatial variations of
d18O in water flowing down the canal during the study per-
iod according to Yan et al. (2012), evaporative effects on
oxygen isotopic composition in both water and travertine
can be ignored here. Change in the temperature-
dependent isotopic fractionation between travertine and
water is also not the reason for spatial variations (Yan
et al., 2012). Instead, downstream increase in the d18O val-
ues of the travertine may reflect the effect of HCO3

� deple-
tion, as reported by many cave researchers (e.g. Hendy,
1971; Dreybrodt and Scholz, 2011).

The combined fractionation factor of carbon and oxy-
gen isotopes (a13Ctotal and a18Ototal) of the global reaction
(Ca2+ + 2HCO3

� ? CaCO3 + H2O + CO2) can be calcu-
lated with the following equations (Dreybrodt, 2008):

a13Ctotal ¼ 1

2
a13CCaCO3�HCO3

þ 1

2
a13CCO2�HCO3

ð1Þ

a18Ototal ¼ 1

2
a18OCaCO3�HCO3

þ 1

6
a18OH2O�HCO3

þ 1

3
a18OCO2�HCO3

ð2Þ

where a13Ci�j and a18Oi�j are carbon and oxygen isotopic
fractionation factors between i and j respectively. At the
ambient temperature, both a13Ctotal and a18Ototal are less
than 1.0 due to the production of 13C-depleted CO2 and
18O-depleted water. As the reaction proceeds, remaining
HCO3

� in the solution will become enriched in 18O along
the canal in a manner similar to carbon isotopes. However,
downstream evolution of the oxygen isotopic composition
is more complex because there is a huge reservoir of oxygen
atoms in the water that can buffer the effect of HCO3

� deple-
tion (Dreybrodt, 2008; Scholz et al., 2009; Dreybrodt and
Scholz, 2011). The effect of HCO3

� depletion on d13C and
d18O values of solution has been well quantified using either
a classical Rayleigh-distillation model (Scholz et al., 2009)
or a kinetic fractionation model (Dreybrodt, 2008). These
two models are based on different assumptions and lead
to different evolution of d13C and d18O values in HCO3

–,
especially where [HCO3

–] approaches the equilibrium value.
However, when the proportion of HCO3

– removed from the
solution is less than 50%, both models arrive at similar
results, which can be fitted approximately by a linear Eq.
(3) (Dreybrodt and Scholz, 2011).

Rt-HCO3�
R0-HCO3�

¼ 1þ �a� 1� c
Ceq

C0

� �
þ 1� Ceq

C0

� �� �
� t
s

ð3Þ
where R0-HCO3- and Rt- HCO3- are the isotopic ratios of
HCO3

– at the time when travertine begins to be deposited
(R0) and when the reaction is completed (Rt) respectively;
a is the isotopic fractionation factor which can be calcu-
lated by Eqs. (1) and (2); c is a parameter which relates
R0-HCO3� to the isotope ratio in equilibrium (Req-HCO3�)
(c = Req-HCO3�/R0-HCO3�) and close to 1; C0 and Ceq are
the initial and equilibrium concentrations of HCO3

� respec-
tively; t is the reaction time and s is the time constant of
precipitation for HCO3

� (Buhmann and Dreybrodt, 1985).
According to Buhmann and Dreybrodt (1985), the fraction
of remaining HCO3

� in the solution (f = [HCO3
�]t/[HCO3

�]0)
is related to t

s:
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f ¼ ½HCO�
3 �t

½HCO�
3 �0

¼ ðC0 � CeqÞðexpð� t
sÞ � 1Þ þ C0

C0

ð4Þ

While f is larger than 0.6, the relationship between f and
t
s can approximately be expressed linearly:

f � ðC0 � CeqÞð� t
sÞ þ C0

C0

ð5Þ

Replacing t
s with f, Eq. (3) can be rewritten as:

Rt-HCO3�
R0-HCO3�

¼ 1þ ð1� f Þ � 1� a� ðC0 � cCeqÞ
C0 � Ceq

� �
ð6Þ

The isotopic fractionation between travertine and
HCO3

� is:

atrav:�HCO3� ¼ Rtrav:

RHCO3�
ð7Þ

In this study, spatial changes in water temperature are
never larger than 7 �C (Table 1). Within such a range of
temperature, we can assume that there is no spatial varia-
tion in atrav:�HCO3� as f decreases along the canal (O’Neil
et al., 1969; Romanek et al., 1992; Beck et al., 2005). Thus,
for travertine, there is:

Rt�trav:

R0�trav:
¼ 1þ ð1� f Þ � 1� a� C0 � cCeq

� �
C0 � Ceq

� �
ð8Þ

In the d-notation it can be expressed as:

dt�trav: ¼ � 1�a�ðC0� cCeqÞ
C0�Ceq

� �
�ðd0�trav:þ1000Þ

�

�f þ 2�a�ðC0� cCeqÞ
C0�Ceq

� �
�ðd0�trav:þ1000Þ�1000

�,
1000 ð9Þ

It is noted that Eq. (9) is only for carbon isotopes when
the fraction of remaining HCO3

� (f) is larger than 0.6. For
oxygen, it is valid when the isotopic exchange rate between
HCO3

� and water is much lower than the rate of calcite pre-
cipitation so that buffering effect of bulk water can be
neglected. When considering the buffering effect, d18Ot-trav.

cannot be simply expressed as a function of f as shown in
Eq. (9), though their relationship is approximately linear
when f > 0.6.

In this study, both d13C and d18O values of the travertine
correlate significantly with f as predicted by the numerical
models (Fig. 6). The linear relationships in this figure follow
Eqs. (10)-(13):

For summer samples:

d13Ctrav: ¼ ð�10:2� 0:6Þ � f þ ð12:5� 0:5Þ
ðR2 ¼ 0:996; P ¼ 0:04; n ¼ 3Þ ð10Þ

d18Otrav: ¼ ð�4:2� 0:0Þ � f � ð8:7� 0:0Þ
ðR2 ¼ 1; P ¼ 0:0003; n ¼ 3Þ ð11Þ

For winter samples:

d13Ctrav: ¼ ð�15:0� 0:2Þ � f þ ð18:3� 0:2Þ
ðR2 ¼ 0:999; P < 0:0001; n ¼ 5Þ ð12Þ

d18Otrav: ¼ ð�6:5� 0:2Þ � f � ð6:3� 0:2Þ
ðR2 ¼ 0:998; P < 0:0001; n ¼ 5Þ ð13Þ



Fig. 3. Spatial and seasonal variations in (a) d13C and (b) d18O values of new travertines collected on Plexiglass substrates in the Baishuitai
canal in July, 2010 and January, 2012.
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For carbon, when f = 1 (i.e., there is no prior travertine
precipitation), we obtain d13C0-trav values of 2.3 ± 1.1‰ in
summer from Eq. (10) and 3.3 ± 0.4‰ in winter from Eq.
(12) respectively. The d13C0-trav values here represent the
isotopic compositions of the earliest travertine formed in
the canal. These two values are very close to but slightly
lower than the values measured at W1 (Table 1). This
implies the location where travertine begins to be precipi-
tated is close to W1. In addition, d13C0-trav values in winter
are higher than in summer, which is most likely attributed
to temporal changes in carbon isotopic compositions of
bicarbonate (d13CHCO3-). It has been particularly stated
by Sun and Liu (2010) that 13C-depleted river water and soil
water, flowing into the canal after a rain event in summer/
rainy season, could decrease d13C values of the solution and
travertine precipitated from the solution. Such a so-called
‘‘isotopic dilution effect” was strong after heavy rains and
weak during droughts. Sun and Liu (2010) thus suggested
that the d13C values of travertine in the canal are a potential
proxy for local rainfall. In this study, seasonal d13C0-trav

values can be reasonably interpreted by seasonal carbon
isotopic compositions of the bicarbonate precipitating the
earliest travertine (d13C0-HCO3�). Temporal variations in
carbon isotopic fractionation between travertine and
HCO3

– (D13Ctrav-HCO3�) is another potential cause to sea-
sonal d13C0-trav values. The d

13C0-trav value in winter would
be higher with a larger D13Ctrav-HCO3, even though the
d13C0-HCO3� value remains stable. For oxygen, when
f = 1, d18O0 values of travertine in summer and winter are
almost the same (�12.9 ± 0.0‰ and �12.8 ± 0.4‰ accord-
ing to Eqs. (11) and (13) respectively). Compared to carbon
isotope, oxygen isotope composition of water are more
resistant to ‘‘isotopic dilution effect” because of a huge
reservoir of oxygen atoms in bulk water. At the place where
the earliest travertine is deposited (near spring vent), oxy-
gen isotopic fractionation between travertine and water is
suggested to depend mainly on water temperature (Kele
et al., 2011, 2015). The narrow temperature range of spring
water (Table 1) could result in a rather stable d18O0 value of
travertine if d18O of water kept constant.

The slope of Eq. (9) depends on the values of a, Ceq, C0

and c. When c is approaching to 1, the slope is dominated
by the total isotopic fractionation factor (a) (Eqs. (1) and
(2)). In the present study the slopes of Eqs. (12) and (13)
which are fitted with winter data are steeper than those of
Eqs. (10) and (11) corresponding to summer data. This
implies when the same amount of HCO3

– is removed by tra-
vertine precipitation and the associated CO2 degassing the
d13C and d18O of the travertines increase more rapidly in
winter. According to Eq. (9), a smaller a value (larger iso-
topic fractionation because a < 1) will lead to a steeper
slope. Thus, the different slopes of Eqs. (10)-(13) imply
there are stronger kinetic effects on carbon and oxygen iso-
topes in winter. It is reasonable as higher rates of travertine
precipitation in winter are observed (Liu et al., 2010, also
see thicker layer in winter in Fig. 2).For oxygen, the steeper
slopes in winter may be alternatively attributed to slower
exchange of oxygen isotopes between HCO3

� and water.
However, it is difficult in this study to demonstrate whether
stronger kinetic fractionation or a weaker buffering effect is
the dominant steepening factor.

From Eq. (9), dt-trav correlates negatively with f (Fig. 6).
It is seen from Table 1 that fraction of remaining HCO3

� in
the solution at each site is higher in summer than in winter.
This implies that a larger amount of HCO3

� is removed
from the solution in winter. In Table 1, [Ca2+], [HCO3

�],
PCO2 and SIC of water are all low in summer/rainy season
due to dilution by rainfall (Liu et al., 2010), resulting in rel-
atively low travertine precipitation rates (corresponding to
the thin and dark layers in Fig. 2). Thus, combining a
smaller f and stronger kinetic isotope fractionation, d13C
and d18O of travertine increase by 3.8‰ and 1.6‰
respectively in winter, greater than the 2.0‰ and 0.8‰ in
summer.



Fig. 4. Oxygen and carbon isotopic profiles from samples of three recent natural travertines in the canal. (a) upstream, (b) middle and (c)
downstream location.
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Overall, it is concluded that in-stream physicochemical
processes can significantly increase d13C and d18O values
in travertine along the canal, and that the extent of increase
mainly depends on the fraction of HCO3

� removed from the
solution and the associated isotopic fractionation factor.

5.1.2. Recent travertine specimens collected at upstream,

middle and downstream in the canal

Most previous studies of recent travertine and tufa have
focused on the temporal variations in stable isotopic com-
positions and their correlation with climatic variables
(Matsuoka et al., 2001; Ihlenfeld et al., 2003; Liu et al.,
2006; Kano et al., 2007; Lojen et al., 2009; Osácar et al.,
2013), but have paid little attention to spatial differences
in the isotopic compositions of different travertine speci-
mens along a flow path or the influence of in-stream physic-
ochemical processes on the interpreted climatic implications
(Fouke et al., 2000; Hori et al., 2009; Sürmelihindi et al.,
2013). Hori et al. (2009) studied three recent tufas from dif-
ferent streams in SW Japan within a similar temperate cli-
mate, suggesting that the carbon isotopic composition of
downstream tufa is readily affected by CO2-degassing.
When a spring water has high PCO2, any change in flow rate
caused by rainfall will lead to a change in the amount of
CO2 degassing and thus to a perturbation in d13C profile
of the deposit (Hori et al., 2009).

In this study, the seasonal and spatial variations of d13C
and d18O in the three recent travertine samples is quite con-
sistent to those in new substrate travertines. In addition,
seasonal patterns in d13C and d18O are quite clear at all
three sites so that there were no unique perturbations at
any one of them (Hori et al., 2009). Instead, the seasonal
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variations in isotope composition are amplified down-
stream (Table 2). From up-stream to downstream sites, sea-
sonal variations in d13C and d18O values increased by two
times, from 1.5 ± 0.3‰ to 2.9 ± 0.6‰ for d13C and from
0.6 ± 0.2‰ to 1.2 ± 0.3‰ for d18O.

With a record of several years of deposition, the inter-
year seasonal correlations can be examined in each speci-
men. The d13C and d18O values of all recent travertine sam-
ples show positive correlations. Their relationship follows:

Upstream d18O ¼ ð0:30� 0:04Þ � d13C� ð13:96� 0:13Þ
� ðR2 ¼ 0:45; P < 0:0001; n ¼ 89Þ ð14Þ

Middle d18O ¼ ð0:33� 0:03Þ � d13C� ð13:68� 0:15Þ
� ðR2 ¼ 0:63; P < 0:0001; n ¼ 79Þ ð15Þ

Downstream d18O ¼ ð0:37� 0:02Þ � d13C� ð13:76� 0:11Þ
� ðR2 ¼ 0:83; P < 0:0001; n ¼ 77Þ ð16Þ

Two features may be noted. First, the correlation coeffi-
cients increase from upstream (R2 = 0.45) to downstream
site (R2 = 0.83). The positive correlation between d13C
and d18O values at the upstream site is mainly due to their
coupled response to rainfall-related isotopic dilution effects
(Sun and Liu, 2010; Wang et al., 2014). As the water flows
to the downstream sites, similar evolution behaviors of the
d13C and d18O values in the travertine also lead to positive
correlations. Thus, the statistically more significant correla-
tion at the downstream site can be viewed as another evi-
dence of in-stream physicochemical processes affecting
isotope signals, tending to homogenize them. Second, the
slopes increase from upstream (0.30 ± 0.04) to downstream
(0.37 ± 0.02), which means that a given d13C variation is
related to larger d18O difference at the downstream site.
This may imply that d18O values are more sensitive to in-
stream physicochemical processes than to changes in the
rainfall.

Sun and Liu (2010) found that the d13C and d18O values
of travertine in the canal are related to local rainfall
changes. Due to the in-stream physicochemical processes,
the seasonal pattern of d13C and d18O are more significant
at downstream sites. In Fig. 4c, there were abnormally high
d13C and d18O values at downstream site at the end of 2004,
2009 and 2011, which is quite consistent with the drought
history in Yunnan Province over the eight years (Yu
et al., 2013). Over the severe drought there during the win-
ter of 2009–2010 (Yang et al., 2012), the d18O anomaly seen
in Fig. 4c suggests a very strong evaporation effect during
that period.

It is also seen in Fig. 2 that the layers formed in 2006 are
much thicker than in the other years. This is due to hydro-
logical change after a flood on July 6, 2006 which was
referred by Sun and Liu (2010) and Liu et al. (2010). Before
the flood, the canal was fed by both groundwater and
Baishui River water which is characterized by low [Ca2+]
and [HCO3

–]. On July 7, 2006, however, the connecting path
between the canal and Baishui River was destroyed by the
flood, and then the canal was only supplied by groundwa-
ter. Due to lack of dilution effect by surface water in
2006, more travertines were deposited. The hydrological
change was also recorded by isotopic compositions in



Fig. 5. Cross-plots of d13C and d18O values of the natural travertine specimens from the Baishuitai canal.

Fig. 6. Negative correlations between (a) d13C and (b) d18O of the substrate travertines and the fraction of remaining HCO3
� in the solution in

the canal.
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recent travertines. The travertines formed in 2006 have nar-
row seasonal ranges of d13C and d18O values when com-
pared with other years (Fig. 4), which implies a relatively
stable geochemistry of water after hydrological change. In
addition, isotopic compositions, especially for carbon, were
generally heavier in 2006 than in other years, reflecting a
weaker ‘‘isotopic dilution effect” during that period.

5.2. Comparison with epigene tufa-depositing systems

The effect of in-stream physicochemical processes on the
isotopic composition of epigene tufa has been described by
Hori et al. (2009). These authors observed that seasonal
variation in d13C values in groundwater become reduced
in the downstream travertines, especially where a spring
water has high PCO2. This is the opposite of the findings
in this study. Comparing the two depositing systems, there
are similar seasonal patterns in d13C and d18O values in the
travertine/tufa (i.e., low in summer and high in winter).
However, concentrations of HCO3

–, PCO2 and SIC in epi-
gene tufa-depositing streams are high in summer–autumn
(June–October) and low in winter–spring (November–
May), owing to the changes in soil CO2 productivity and
ventilation (Hori et al., 2008, 2009). Precipitation rates
for tufa are high in summer–autumn and low in winter–
spring (Kano et al., 2003) and the amount of CO2 degassing
follows a similar seasonal variation. When CO2 out-gassing
is intense in summer, low d13C in spring water will be coun-
teracted at downstream sites, leading to significant pertur-
bations in the tufa d13C profiles. Comparing Hori et al.’s
data with ours, we can readily determine whether amplified
or reduced seasonal changes in isotopic compositions of the
travertine/tufa profile depend on the seasonal relationships
between isotopic composition and CaCO3 precipitation
rates. Where high d13C and d18O values in endogene head-
waters coincide with high precipitation rates, the greater
amount of HCO3

– will be removed from the solution and
consequently amplify the seasonal changes (as shown in this
study), whereas the opposite will be observed in epigene
waters (Hori et al., 2009).

Many studies of epigene tufas have shown that seasonal
temperature variations calculated from tufa d18O values are
much smaller than the actual measured temperature ranges
(Chafetz et al., 1991; Matsuoka et al., 2001; Ihlenfeld et al.,
2003; O’Brien et al., 2006; Brasier et al., 2010). Matsuoka
et al. (2001) attributed this mismatch to the irregularity of
tufa surfaces. They suggested that the d18O value of each
sub-specimen corresponds to several months of deposition
and thus records an average temperature for that period.
Brasier et al. (2010) found that discontinuous deposition
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may be responsible for the mismatch. Based on petro-
graphic examinations, they suggested that there are no pre-
cipitates in mid-summer and mid-winter, thus d18O values
record only the temperature variation during spring and
autumn. Based on the data in our study, we propose an
alternative explanation. In the tufa-depositing system,
CO2 in the groundwater mainly derives from soil CO2. Thus
PCO2 and [HCO3

�] of groundwater is generally higher in
summer than in winter. With higher [HCO3

�] and tempera-
ture, the rates of precipitation of tufa are also higher in
summer. Thus, greater amounts of HCO3

– are being
removed before the water reached the tufa-collecting site.
This implies a smaller f value in Eq. (9) and thus a larger
increase in d18OHCO3� and d18Otufa in summer. The effect
of the temperature-dependence of oxygen isotope fraction-
ation is partly counteracted by the effect of these in-stream
physicochemical processes, resulting in a narrower range of
d18O variation. Thus, we suggest, for epigene tufa, in-
stream carbonate precipitation and the associated CO2

degassing may be a potential reason for underestimation
of annual temperature range inferred from d18O data.

6. CONCLUSIONS

Active travertines collected on Plexiglas substrates and
three samples of recent natural travertine deposited along
a canal at Baishuitai, Yunnan Province (SW China) were
analysed to study the temporal and spatial variations in
oxygen and carbon isotopic compositions and their control-
ling factors. Both d13C and d18O values of travertine show
downstream increase in summer and winter, with a larger
increase in winter. This is because more HCO3

� is removed
from the solution, combined with stronger kinetic isotope
fractionations. It was also found that d18O and d13C values
of travertine are lower in summer and higher in winter,
showing positive correlation with each other. In addition,
seasonal variations in d13C and d18O in the travertine that
originate from rainfall changes are amplified approximately
two times at a downstream site due to in-stream physico-
chemical processes. In contrast, for meteogene (epigene)
tufa, because high deposition rates often occur in summer
when d13C and d18O values are low, in-stream physico-
chemical processes including carbonate precipitation and
bicarbonate dehydration reduce the seasonal variations in
d13C and d18O values. Seasonal temperature changes may
therefore be underestimated by tufa d18O data.

ACKNOWLEDGEMENTS

This study was supported by the National Natural Science
Foundation of China (Grant Nos. 41172232, 41372263, and
U1301231). Special thanks are given to Derek Ford and Sándor
Kele and anonymous reviewers for their thoughtful comments
and suggestions, which greatly improved the original draft.

REFERENCES

Andrews J. E. (2006) Palaeoclimatic records from stable isotopes in
riverine tufas: synthesis and review. Earth Sci. Rev. 75, 85–104.
Andrews J. E. and Brasier A. T. (2005) Seasonal records of climatic
change in annually laminated tufas: short review and future
prospects. J. Quat. Sci. 20, 411–421.

Beck W. C., Ethan L., Grossman E. L. and Morse J. W. (2005)
Experimental studies of oxygen isotope fractionation in the
carbonic acid system at 15 �C, 25 �C, and 40 �C. Geochim.

Cosmochim. Acta 69, 3493–3503.
Brasier A. T., Andrews J. E., Marca-Bell A. D. and Dennis P. F.

(2010) Depositional continuity of seasonally laminated tufas:
implications for d18O based palaeotemperatures. Global Planet.
Change 71, 160–167.

Buhmann D. and Dreybrodt W. (1985) The kinetics of calcite
dissolution and precipitation in geologically relevant situations
of karst areas: 1. Open system. Chem. Geol. 48, 189–211.

Capezzuoli E., Gandin A. and Pedley M. (2014) Decoding tufa and
travertine (fresh water carbonates) in the sedimentary record:
the state of the art. Sedimentology 61, 1–21.

Chafetz H. S., Utech N. M. and Fitzmaurice S. P. (1991)
Differences in the d18O and d13C signatures of seasonal laminae
comprising travertine stromatolites. J. Sediment. Res. 61, 1015–
1028.

Crossey L. J., Karlstrom K. E., Springer A. E., Newell D., Hilton
D. R. and Fischer T. (2009) Degassing of mantle-derived CO2

and He from springs in the southern Colorado Plateau region—
Neotectonic connections and implications for groundwater
systems. Geol. Soc. Am. Bull. 121, 1034–1053.

Dandurand J. L., Gout R., Hoefs J., Menschel G., Schott J. and
Usdowski E. (1982) Kinetically controlled variations of major
components and carbon and oxygen isotopes in a calcite-
precipitating spring. Chem. Geol. 36(3–4), 299–315.

Dreybrodt W. (2008) Evolution of the isotopic composition of
carbon and oxygen in a calcite precipitating H2O–CO2–CaCO3

solution and the related isotopic composition of calcite insta-
lagmites. Geochim. Cosmochim. Acta 72, 4712–4724.

Dreybrodt W. and Scholz D. (2011) Climatic dependence of stable
carbon and oxygen isotope signals recorded in speleothems:
from soil water to speleothem calcite. Geochim. Cosmochim.

Acta 75, 734–752.
Ford T. D. and Pedley H. M. (1996) A review of tufa and travertine

deposits of the world. Earth Sci. Rev. 41, 117–175.
Fouke B. W., Farmer J. D., Des Marais D. J., Pratt L., Sturchio N.

C., Burns P. C. and Discipulo M. K. (2000) Depositional facies
and aqueous-solid geochemistry of travertine depositing hot
springs (Angel Terrace, Mammoth Hot Springs, Yellowstone
National Park, U.S.A). J. Sediment. Res. 70, 565–585.

Hendy C. H. (1971) The isotopic geochemistry of speleothems: I.
The calculation of effects of different modes of formation on the
isotopic composition of speleothems and their applicability as
paleoclimatic indicators. Geochim. Cosmochim. Acta 35, 801–
824.

Hori M., Hoshino K., Okumura K. and Kano A. (2008) Seasonal
patterns of carbon chemistry and isotopes in tufa depositing
groundwaters of southwestern Japan. Geochim. Cosmochim.

Acta 72, 480–492.
Hori M., Kawai T., Matsuoka J. and Kano A. (2009) Intra-annual

perturbations of stable isotopes in tufas: effects of hydrological
processes. Geochim. Cosmochim. Acta 73, 1684–1695.

Ihlenfeld C., Norman M. D., Gagan M. K., Drysdale R. N., Maas
R. and Webb J. (2003) Climatic significance of seasonal trace
element and stable isotope variations in a modern freshwater
tufa. Geochim. Cosmochim. Acta 67, 2341–2357.

Kano A., Matsuoka J., Kojo T. and Fujii H. (2003) Origin of
annual laminations in tufa deposits, southwest Japan. Palaeo-
geogr. Palaeoclimatol. Palaeoecol. 191, 243–262.

http://refhub.elsevier.com/S0016-7037(16)30740-2/h0005
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0005
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0010
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0010
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0010
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0015
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0015
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0015
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0015
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0015
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0015
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0015
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0020
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0020
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0020
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0020
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0020
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0025
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0025
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0025
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0030
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0030
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0030
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0035
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0035
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0035
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0035
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0035
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0035
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0040
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0040
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0040
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0040
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0040
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0045
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0045
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0045
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0045
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0050
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0050
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0050
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0050
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0050
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0050
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0055
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0055
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0055
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0055
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0060
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0060
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0065
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0065
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0065
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0065
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0065
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0070
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0070
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0070
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0070
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0070
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0075
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0075
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0075
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0075
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0080
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0080
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0080
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0085
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0085
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0085
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0085
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0090
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0090
http://refhub.elsevier.com/S0016-7037(16)30740-2/h0090


H. Yan et al. /Geochimica et Cosmochimica Acta 202 (2017) 179–189 189
Kano A., Kawai T., Matsuoka J. and Ihara T. (2004) High-
resolution records of rainfall event from clay bands in tufa.
Geology 32, 793–796.

Kano A., Hagiwara R., Kawai T., Hori M. and Matsuoka J. (2007)
Climatic conditions and hydrological change recorded in a
high-resolution stable-isotope profile of a recent laminated tufa
on a subtropical island, southern Japan. J. Sediment. Res. 77,
59–67.

Kawai T., Kano A. and Hori M. (2009) Geochemical and
hydrological controls on biannual lamination of tufa deposits.
Sediment. Geol. 213, 41–50.
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Kessener P. (2013) Environmental and depositional controls on
laminated freshwater carbonates: an example from the Roman
aqueduct of Patara, Turkey. Palaeogeogr. Palaeoclimatol.

Palaeoecol. 386, 321–335.
Sun H. and Liu Z. (2010) Wet–dry seasonal and spatial variations

in the d13C and d18O values of the modern endogenic travertine
at Baishuitai, Yunnan, SW China and their paleoclimatic and
paleoenvironmental implications. Geochim. Cosmochim. Acta

74, 1016–1029.
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