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It is often assumed that the carbon isotope composition (§13C) of carbonate minerals records that of the
dissolved inorganic carbon (DIC) species with insignificant disequilibrium effect. However, results from
field observations and laboratory experiments have shown that the §13C difference between calcite and
solution can vary up to 3%o even under a similar set of solution composition and temperature, raising
uncertainties on the §'3C’s paleoclimate and paleoecology implications. One likely cause is the variable
calcite precipitation rates and pH values induced by different thicknesses of the stagnant liquid layer
Keywords: between solid and well mixed bulk solution (i.e., diffusion boundary layer, DBL). To test this hypothesis,
calcite we selected a well-studied natural travertine deposit (Baishuitai, SW China) which consists of meter-scale
carbon isotope fractionation travertine terraces. Calcite crystals at both the pool bottom and the rim of the terraces are inorganically
diffusion boundary layer precipitated from solutions identical in chemical, isotopic composition and temperature, but different
precipitation rate only in hydrodynamics. This difference results in thicker DBL for water at the pool-bottom than for
PH effect water flowing across the rim. We found that the §'3C and Mg/Ca ratios are higher while Sr/Ca ratios
are lower for the pool-bottom calcites than for the rim calcites. By applying a mass transfer model,
we quantitatively link the differences in carbon isotope and elemental compositions of the abiogenic
calcites to the different hydrodynamic conditions. The inverse variation in Mg/Ca and Sr/Ca ratios in
calcites arises from the different precipitation rates between at the pool-bottom and at the rim, while
the consistently lower §13C for calcites at the rim is due to their higher pH at the solid-solution interface
than for calcites precipitated at the pool-bottom. In contrast, calcite precipitation rate has little influence
on carbon isotope fractionation between calcite and HCO3~. Our results demonstrate the role of DBL
thickness in governing the §3C of HCO3~ at mineral surface, which can assist to interpret the variable
813C values of calcites in riverine or cave environments.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction and paleo-vegetation (e.g., Dorale et al., 1998). Combined with el-
emental and oxygen isotope compositions, the §'3C of carbonates
on land can provide specific information on, e.g., drought events
(Oster et al., 2009) and monsoon variability (Zhang et al., 2011).
The foundation of these geological and environmental appli-
cations is that natural carbonates record the fluctuation of §'3C
values of the dissolved inorganic carbon (DIC) species in solution

and this fluctuation is linked to changes in the ambient envi-

Stable carbon isotope composition (8'3C) of marine and fresh-
water carbonates has been widely used to reconstruct the marine
carbon budget (e.g., Kump and Arthur, 1999), variation in CO, con-
centration of the atmosphere (Breecker, 2017), and paleo-ecology
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ronment and/or climate. There is, however, an implicit assump-
tion that carbon isotope fractionation between carbonate minerals
and DIC (&cacos/pic) in solution remains constant during carbonate
mineral precipitation even when there are changes in local depo-
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Fig. 1. Field photos of the travertine terraces at Baishuitai, SW China with the sampling sites (indicated by circles): (A) the travertine terraces for the sampling sites Pi
(i=2,3,...,10); (B) the travertine terraces for the sampling sites Bi (i =1,2,...,5). The filled and open circles represent the sites where calcites were collected from
the bottom and rim of travertine pools respectively. Two sample sets collected in February 2012 and in May 2016 are indicated by red and blue colors respectively. (For
interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

sitional conditions including solution chemistry, precipitation rate,
and hydrodynamics.

It has been shown that the rate of calcite precipitation influ-
ences the calcium and oxygen isotope compositions of calcite (e.g.,
Tang et al., 2008a; DePaolo, 2011; Watkins et al., 2014). However,
it is less clear if the carbon isotope fractionation between calcite
and bicarbonate ion (€c,|cite/Hco,- ) IS affected by the precipitation
rate. Turner (1982) found that &cycite/nco,~ decreased from 1.8%o
to 0.4%0 with an increase of precipitation rates in an open sys-
tem where the isotope composition of the solution stayed constant.
However, care must also be taken when referring to the work of
Turner (1982) as he precipitated carbonates over a range of pre-
cipitation rates in a single experiment (see Fig. 8 in Romanek et
al,, 1992) and he precipitated a multi-mineral solid (calcite + arag-
onite) in some experiments. Romanek et al. (1992) performed in-
organic calcite precipitation experiments with a better control of
solution chemistry and precipitation rate. They reported a constant
Ecalcite/Hcos~ Value close to 1.0%o at precipitation rates between
107696~107476 mol/m?/s and temperatures at 10, 25 and 40 °C.
Recently, Levitt et al. (2018) performed a similar set of experiments
as those of Romanek et al. (1992) but at a slower calcite growth
rate, and they obtained an &ccite,Hco,- value of 1.6 £ 0.4%. Sim-
ilarly, no apparent correlation between the &c;icite/Hco,- and pre-
cipitation rates was observed in Levitt et al. (2018)’s experiments
despite the fact that their precipitation rates varied over one order
of magnitude. While it is difficult to synthesize in the laboratory,
extremely slow-precipitated calcite from slightly supersaturated
solution can be found in nature. Vein calcite from Devils Hole with
growth rate on the order of 107'% mol/m?/s has an &cycie/Hcos-
value of 2.3%o (Coplen, 2007), which is apparently higher than
those from Romanek et al. (1992) and Levitt et al. (2018)’s experi-
ments.

Theoretical model from Watkins and Hunt (2015) predicts that
Ecalcite/HCO;— May decrease with increasing precipitation rate when
the rate is within a certain range. Their model can explain the dif-
ferent values of &caiite/Hco,- between Romanek et al. (1992) and
Levitt et al. (2018)’s experiments. However, the reason why there
is no apparent rate dependence of £cycite/Hco,- 1N individual stud-
ies is unknown.

It has been recognized that the rate of calcite precipitation
is governed by ion flux at the solid-solution diffusion boundary
layer (DBL), a stagnant region located between mineral surface
and the well mixed bulk solution (Dreybrodt and Buhmann, 1991).
Since solute transport relies on gradient-driven molecular diffu-

sion within the DBL, the DBL thickness, controlled mainly by water
flow rate over mineral surface, can affect the precipitation rate
even from the same solution at the same temperature (Liu et al.,
1995; Dreybrodt et al., 1997). Natural travertine dams (or terraces)
with a wide range of scales, from millimeters to tens of meters,
are common in caves, springs, and rivers worldwide. Their for-
mation is attributed to an accumulative effect of different calcite
precipitation/growth rates at different hydrodynamic conditions in-
fluenced by initial landscape (Hammer et al., 2007). In this study,
we choose travertine terraces as a natural laboratory to study the
effect of growth kinetics on &cyicite/pic. By comparing the §'3C val-
ues of calcites precipitated at the bottom and the rim of travertine
pools where the temperature and solution chemistry are identi-
cal at any time, we can assess the influence of DBL thickness on

Ecalcite/DIC-
2. Geological setting

Baishuitai (N27°300’, E100°02’), Yunnan Province, SW China
has one of the most spectacular travertine sceneries around the
world and is the sacred site of Dongba Religion of the Naxi eth-
nic minority. The area is an alpine karst with a mean annual
precipitation of 750 mm and an annual air temperature of 8°C.
Vegetation in this area has a distinct vertical zonation with ever-
green shrubs dominant at 2200~2500 m, Pinus yunnanensisi forests
at 2500~3000 m, spruce forests at 3000~3500 m, and fir forests
above 3500 m.

Baishuitai is located on Shisanjiao Mountain composed of lime-
stones of the Triassic Beiya Formation. Due to intensive neotec-
tonics and weathering, the limestones are highly fractured. This
provides favorable conditions for rainfall infiltration and ground-
water flow. Due to the cut-off by a major northwest oriented fault,
groundwater resurges at an altitude of about 2550 m asl. There
are two adjacent perennial springs with 10 meters distance. The
two springs have identical temperature (11°C) and water chem-
istry which are stable throughout the year. The hydrochemistry of
spring water is of the Ca?T-HCO3~ type and features high partial
pressures of CO; (up to 150,000 ppmv), implying an endogenic ori-
gin. After groundwater emerges, a large amount of CO; is released,
and the aqueous solution becomes supersaturated with respect to
calcium carbonate. About 200 m away from the springs, a traver-
tine platform has formed with a thickness of several tens of meters
covering an area of about 3 km?2. The platform houses numerous
travertine pools (or terraces) with areas varying from 0.5 to 20 m?
and depths from 10 to 50 cm (Fig. 1).
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Fig. 2. SEM images of travertine calcites from (A) the bottom and (B) the rim of pool P4.

3. Materials and methods
3.1. Sampling and analysis

Fieldwork at Baishuitai was carried out in February 2012 and
May 2016. Two transects were sampled along the water flow path
and sample locations are shown in Fig. 1. The uppermost surface of
travertine was sampled using a spatula to obtain the pristine pre-
cipitated carbonates. Back in the laboratory, samples were dried
for 24 h in an oven at 60°C and then stored in centrifuge tubes
for further analyses. Water samples for carbon isotope composi-
tion of DIC were collected by a syringe with 0.45 pm filter and
stored in a 15 mL pre-cleaned glass vial with no air bubbles or
headspace. One drop of saturated HgCl, solution was added to
each sample to prevent microbial activity. All samples were kept at
4°C until isotopic measurements. Water temperature (T), pH, and
electrical conductivity (EC) were measured with a hand-held wa-
ter quality meter (WTW 350i) with accuracies of +0.1°C, +0.05
pH unit, and £0.5%, respectively. Alkalinity and concentration of
Ca%t ([Ca®t]) were titrated on-site using Aquamerck® Alkalinity
Test and Hardness Test with resolutions of 0.1 mmol/L and 2 mg/L,
respectively.

All laboratory work including SEM observations, elemental anal-
yses, and stable isotope measurements was conducted in the Insti-
tute of Geochemistry, Chinese Academy of Sciences (IGCAS). Sev-
eral travertine samples were analysed by X-Ray Diffraction (XRD)
and scanning electron microscope (SEM) to examine the mineral-
ogy and inorganic growth feature of carbonate crystals. Ca, Sr, and
Mg contents in travertine carbonate collected in February 2012
were analysed using an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES, Vista MPX, USA) with a precision of
better than 5%. Isotopic measurements of travertine and DIC were
performed in a continuous-flow mode using a MAT 253 isotope ra-
tio mass spectrometry (IRMS) equipped with GasBench II (Thermo
Scientific™) for acid digestion. The results are reported relative to
Vienna Pee Dee Belemnite (VPDB). The reproducibility of isotopic
measurements is better than +0.1%o for §'3C based on repeated
measurements of international standards NBS-18, NBS-19, and lab-
oratory standards. The carbon isotope fractionation between A and
B is expressed as:

ea/p = 1000(ca/p — 1) (1)

where A and B are the species of a carbonate system, such as
CO,, HCO3~, CO32~, and CaCOs. ap/p is carbon isotope fraction-

ation factor between A and B and can be calculated from the §13C
values of A and B:

_ B/12Ry 85+ 1000
¥A/B = 13712k, T 55 + 1000

where 84 and 8g are in per mil (%o).

(2)

3.2. Calculation of the §13C value of HCO3~

The 813C value of HCO3~ (83Cyco3) is calculated from the
813C value of DIC (8'3Cpyc), the relative fraction of CO3.q, HCO3™,
and CO32~, and the equilibrium isotope fractionation factors be-

tween CO;,q and HCO3~ (oz;qco3, /C0,,,) and between HCO3™~ and
,aq
€032~ (%l

HCO5- /032 ). Here, we use PHREEQC program (Parkhurst
and Appelo, 1999) to calculate the relative fraction of DIC species
with the data of water temperature, pH, alkalinity, and [CaZt].

eq eq
€0, /COg.2q and Opicos- jcos2- T8 from Mook et al. (1974) and

Turner (1982).
4. Results

XRD results reveal that calcite is the only phase in travertine
carbonates at Baishuitai, consistent with the results of Yan et al.
(2016). Fig. 2 shows the SEM images of travertine calcite crystals
collected from the bottom and rim of site P4 in May 2016. No
macroscopic algal filament or biofilm is observed between crystals,
indicating that rhombohedral calcite originated primarily from in-
organic precipitation.

The carbon isotope compositions of travertine calcites
(813Cealcite) from the bottom and the rim of pools are displayed
in Fig. 3 (see supplementary material for the raw data). The §'3C
of calcite is consistently lower at the rim than that at the bot-
tom of the same pool (Fig. 3). The difference between the paired
sites (813Crim — 83 Cpottom) is —0.49 + 0.10%, while the 813C of
DIC at the paired sites are the same within analytical error. Carbon
isotope fractionation between calcite and DIC (&caicite/pic) at the
bottom and the rim are 1.93 & 0.08%o and 1.54 + 0.12%, respec-
tively. At pH values of 8.02 to 8.15, more than 97% of DIC is HCO3 .
In this case, §13Cyco3 is only ~0.2%o higher than §3Cpyc. Thus, the
apparent &c,cite/Hco,~ at the bottom and the rim are 1.7140.08%o
and 1.33 £ 0.11%o respectively. For the §'80 of calcite, however,
we found no difference between the pool bottom and the rim sites
(8"804im — 8'80pottom = —0.07 £ 0.20%0, Table S1). The Mg/Ca and
Sr/Ca ratios in these calcites are also characterized by saw-toothed
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Fig. 4. Spatial variation in (A) Mg/Ca ratios of calcite and the associated Kyg, (B) Sr/Ca ratios of calcite and the associated Ks; along travertine terraces. The travertine calcites

were sampled in February 2012.

pattern (black lines in Fig. 4). However, the Mg/Ca and Sr/Ca ra-
tios vary inversely, i.e., higher Mg/Ca and lower Sr/Ca ratios occur
in bottom calcites than those in rim calcites. The average Mg/Ca
and Sr/Ca ratios in calcites are 6.80 mmol/mol and 1.40 mmol/mol
at the pool bottom, 3.80 mmol/mol and 1.93 mmol/mol at the rim,
respectively. Spatially, a gradual increase in §'3Ceyicite Values is ob-
served along each transect (Fig. 3), which has been explained in
a previous study by a preferential removal of '2C from the so-
lution during CO, degassing (Yan et al., 2020). In contrast, no
obvious downstream trend is found for the Mg/Ca and Sr/Ca ra-
tios (Fig. 4).

5. Discussion

5.1. Identical chemical and isotopic compositions of bulk solutions at
the bottom and the rim

Results of mineralogical analyses show that calcite is the only
phase for carbonates precipitated at the bottom and the rim of
travertine pools and there is no difference in crystal size or growth
features between the two settings. Thus, the influence of mineral-
ogy on elemental partitioning and carbon isotope fractionation can
be excluded.
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1991). h is the thickness of the DBL.

Another factor that could cause the observed §'3Ceycite differ-
ence in the two settings is that the chemical and isotopic compo-
sitions of bulk solutions at the bottom and the rim of travertine
pools are different. This difference in [DIC] (AC = Cpott — Crim) be-
tween the paired sites is linked to the amount of DIC removed
by calcite precipitation and CO, degassing when water flows from
the pool bottom to the rim. From mass balance one gets (see Ap-
pendix A for derivation)

AC — 2Rp x 1

Viim X rim

(3)

where Ry is the precipitation rate of calcite; the factor 2 denotes
the rate of DIC removed from the solution is twice the precipita-
tion rate required by stoichiometry; [ is the distance between the
bottom and rim sites; v,y is the flow velocity at the rim; djy, is
the water depth at the rim. Given Rp <2 x 107% mol/m?/s (see
Section 5.2), < 0.3 m, Vp > 0.01 m/s, and dyjm ~ 0.005 m, AC
is smaller than 0.02 mmol/L. This conclusion is consistent with the
observations of Liu et al. (1995) who found no measurable differ-
ence of pH and electrical conductivity in solutions between at the
bottom and at the rim of travertine pools at Huanglong Ravine,
China. Our data also show that the bulk solutions at the bottom
and at the rim exhibit the same §'3Cpjc value within analytical er-
TOr.

5.2. Different DBL thicknesses between at the bottom and the rim of
travertine pools

With mineralogy, crystal size, and solution chemistry being ex-
cluded as potential causes of the observed é&cacite/pic difference
between the bottom and the rim sites, we must examine the dif-
ference in transport dynamics at the microscopic level caused by
different thicknesses of DBL on the surface of calcite crystals be-
tween the two settings. Calcite precipitation from a Ca*-HCO3;~
solution will consume Ca?t and CO32~ and produce H*, result-
ing in solution chemistry at the mineral surface being different

from that in the bulk solution (Fig. 5). The existence of a DBL gen-
erates a transfer resistance for these ions, thus strongly reducing
the precipitation rates of calcite (Buhmann and Dreybrodt, 1985).
Dreybrodt and his co-workers have suggested that precipitation
rates can vary by as much as one order of magnitude given dif-
ferent thicknesses of DBL even when bulk solution composition
remains constant (Buhmann and Dreybrodt, 1985; Dreybrodt and
Buhmann, 1991; Dreybrodt, 2012). In this study, a large difference
in DBL thickness is caused by the distinct hydrodynamic condi-
tions at the bottom and the rim of the pools, which is illustrated
in Fig. 5. The nearly still water at the bottom generates thick DBLs
whereas fast flow at the rim results in thin layers.

The thickness of a DBL is typically on the order of tens of mi-
crons to millimeters, depending on the nature and roughness of
the substrate, as well as on the flow velocity of the overlying water
(Dreybrodt et al., 1992; Boudreau and Jergensen, 2001; Han et al,,
2018; Sulpis et al.,, 2019). Accurate estimation of DBL thickness is
difficult, especially for the solution flowing on a rough surface (Han
et al,, 2018). Jergensen and Revsbech (1985) determined the thick-
ness of DBLs by micrometer-scale electrodes and found the DBLs
are 0.2~1.0 mm thick for lake and ocean environments. Sulpis et
al. (2019) reported a DBL thickness of about 0.5 mm under the
condition of the rotation rate of 1 rpm in their rotating disc exper-
iments, representative of low-energy aquatic natural environments.
In this study, we choose 0.5 mm as the DBL thickness for our
pool bottom calcites. In fact, the following interpretation will hold
when the DBL thickness at the pool bottom is within the range of
0.2 and 0.5 mm because when DBL is thicker than 0.2 mm, fur-
ther increase in thickness has little influence on the precipitation
rate as reactions occurring within the DBL determine the CO32~
fluxes at the mineral surface (Dreybrodt and Buhmann, 1991). DBL
thickness in a turbulent flow can be estimated using gypsum dis-
solution which is controlled entirely by mass diffusion (Dreybrodt
et al, 1992). Using this method, Liu et al. (1995) determined the
DBL thickness at the rimstone dams at Huanglong Ravine to be
0.1 £+ 0.04 mm. However, in their study the theoretical precipita-
tion rates were much lower than the measured ones at the two
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last sites with high turbulence, indicating that the real DBL thick-
ness there was smaller than 0.1 mm. Considering a much thicker
(>3 cm) water flow at the rimstone dams in Liu et al.’s study than
that (<0.5 cm) at the rim of pools in this study (for more details,
see section 5.4), DBL thickness of 0.05 mm is chosen for the rim
conditions in the subsequent discussion.

With the estimated values of DBL thickness and the chemistry
of bulk solution (Table S2), we calculated the precipitation rates of
calcite at the bottom and the rim of travertine pools by employing
the DBL model developed by Dreybrodt and Buhmann (1991). This
model considers the combination of three processes, i.e., kinetics
of the heterogeneous growth of calcite, kinetics of the conversion
of HCO3™ to CO;, and mass transport by diffusion. Basically, the
concentrations of ions (i.e., Ca**, HCO3~, CO3%~ and H*) across
the DBL can be described by the following system of partial differ-
ential equations:

aCi(t, z 92Ci(t, z
i( )=Di i( )Jr

ot 972
where C;(t,z) denotes the concentration of species i (i.e., CO2aq,
HCO3;~, CO32~, Ca?* and H*) at time t and distance z from solid-
water interface (Fig. 5¢), D; is the diffusion coefficient of species
i, and R; is the net reaction rate of species i. The above formula
can be solved by iterative methods (see Dreybrodt and Buhmann,
1991; Guo and Zhou, 2019, for the details of calculation). The pre-
cipitation rates of calcite are then calculated using the Plummer-
Wigley-Parkhurst (PWP) equation (Plummer et al., 1978) as:

R; (4)

Rp = k4(HCO3)o(Ca*M)o — k1 (HM)o — k2 (H2CO%)o — k3 (5)

where k1, k2, and k3 are temperature dependent kinetic reaction
constants, while x4 also depends on the activity (H,CO3*)g; the
brackets denote the activity of each species; the subscript 0 means
z=0, i.e., at the mineral surface. The calculated precipitation rates
fall in the range of 5.2 x 10~7 to 6.6 x 10~7 mol/m?2/s at the bot-
tom and 1.3 x 1078 to 1.8 x 10~% mol/m?/s at the rim (Table S2).
The calculated values at the bottom are consistent with the mea-
sured rates of newly precipitated calcites on substrates in the field
(5.86 +1.66 x 10~7 mol/m?/s, n =5, Yan et al., 2016), indicating
the validity of the DBL thickness of 0.5 mm at the pool bottom.
No direct measurement of precipitation rate has been performed
at the rim because the water film there is too thin to place a
substrate. However, our calculation shows the precipitation rates
at the rim are ~2.6 times higher than those at the pool bottom,
which is comparable to the results of Liu et al. (1995) who found
the precipitation rates at the rimstones 2~5 times higher than in-
side the pools at Huanglong Ravine.

Since the temperature and chemistry of bulk solution at the
paired sites of a pool are demonstrated to be identical in sec-
tion 5.1, the regular variation in Mg/Ca and Sr/Ca ratios in calcite
along a flow path (Fig. 4) is likely the result of different pre-
cipitation rates owing to distinct hydrodynamics at the two de-
positional settings. Inverse variation patterns of Mg/Ca and Sr/Ca
ratios in calcites along travertine terraces imply the opposite re-
sponses of Mg/Ca and Sr/Ca partitioning to changing precipita-
tion rate (Gabitov et al.,, 2014). Although no consensus has been
achieved on the effect of precipitation rate on Me/Ca partition-
ing (Me denotes Mg or Sr) between calcite and parent solution
(e.g., Mucci and Morse, 1983; Tang et al., 2008b; Mavromatis et
al., 2013; Gabitov et al., 2014), Mg/Ca and Sr/Ca partition coeffi-
cients are found to vary with precipitation rate in some abiotic
calcite-precipitated experiments (e.g., Tang et al., 2008b; Gabitov
et al,, 2014). Here, we use Mg/Ca and Sr/Ca ratios in calcites from
the bottom and the rim to further evaluate the rationality of the
estimated DBL thickness. As aqueous samples for Mgt and Sr?*
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concentrations ([MgZt] and [Sr?t]) at the bottom-rim sampling
sites were not collected, Mg?* and Sr’t concentrations in spring
water from previous studies (Yan et al., 2012, 2016) are adopted
in this study to calculate the partition coefficients, which brackets
the uncertainty of calculated partition coefficients to less than 2%
and 5% for Mg/Ca and Sr/Ca respectively. Using the concentrations
of Ca?* in several pools, we calculate the partition coefficients of
Mg2* and Sr’t by assuming the solutions at the paired sites of a
pool have the identical Mg?*, Sr2* and Ca®* concentrations (Fig. 4,
Table S3). The equation for partition coefficients (Kpz) is expressed
as Kye = (Me/Ca)calcite/ (Me/Ca)auiqg (Gabitov et al., 2014). The val-
ues of Kyg and Ksg; are 0.03740.002 and 0.1540.00 at the bottom
and 0.022 4+0.003 and 0.20 £ 0.01 at the rim of the pools, respec-
tively (Fig. 4). The absolute values and rate dependences of Kug
and Ks; agree well with the estimations by employing the rela-
tionships proposed by Gabitov et al. (2014) and Tang et al. (2008b)
respectively. Such an agreement, in turn, implies that our chosen
values of DBL thickness for calculation of precipitation rate are
valid.

5.3. Interpreting the variations in 813Ceqcie at Baishuitai travertine
terraces

As both pH and precipitation rate may have an impact on the
apparent isotope fractionation between DIC and calcite, we must
determine which process plays the dominant role. Despite no con-
sensus on the dependence of &calcite/HCO;~ ON calcite precipitation
rate, ion-by-ion growth model predicts a significant negative cor-
relation between & calcite/HCO3 - and precipitation rate within the
range of 1077 mol/m?/s < R, < 107> mol/m?/s (see Fig. 3 in
Watkins and Hunt, 2015) which covers the range of precipitation
rates in this study. Alternatively, the §'3Ceyite difference between
the pool bottom and the rim sites may be the result of different
813Cycos in the interface solutions owing to the pH-dependence of
the relative abundance of DIC species. As stated above, due to the
existence of a DBL, pH at the mineral-solution interface could be
quite different from that of the bulk solution.

Here we calculate pH and ion concentrations (e.g., Ca2t,
HCO3~, CO32~) at the solid-water interface using Equation (4).
The profiles of pH and [CO32~] across the DBL are shown in Fig. 6
for a bulk solution of [Ca>*] =4 mmol/L and pH = 8.1 when DBL
thickness (h) is 0.5 mm and 0.05 mm respectively. Both pH and
[CO32~] are much lower at the mineral-solution interface than in
the bulk solution. Note that [CO32~] is not a linear function of the
distance from the interface at h = 0.5 mm because the conversion
of HCO3~ to CO, within the DBL becomes significant when this
layer is sufficiently thick, i.e., >0.2 mm (Dreybrodt and Buhmann,
1991). In contrast, [Ca®*] and [HCO3~] have little variations across
the DBL.

The calculated results for pH at the mineral surface at the pool
bottom and rim sites at Baishuitai are given in Table S2. Despite
having the same bulk solution pH for the paired sites, pH at the
mineral surface for h = 0.5 mm at the pool bottom is about 0.15
lower than that for h = 0.05 mm at the rim. When pH is at 7, dis-
solved CO; accounts for more than 10% of DIC while the fraction of
€032~ is negligible. Under this circumstance, a small change in pH
will lead to a very different §13Cyco3 value due to the large car-
bon isotope fractionation between CO3,q and HCO3~ (10.14%0 at
15°C, Mook et al., 1974). According to our calculation, 16% of DIC
at the mineral surface is CO4q for the pool bottom sites, while
only 12% is COy 44 for the rim sites. And this difference in the frac-
tion of CO2,q in DIC between the paired sites (16% vs. 12%) can
cause a difference in 8'3Cycoz of 0.41%o at the mineral surface,
which is close to the §13Ccycite difference of 0.49 + 0.10%o ob-
served between the paired sites. Such an agreement implies that
local equilibrium among DIC species, rather than kinetic effect of
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Fig. 6. Profiles of pH and CO32~ across the diffusion boundary layer for (A) h =
0.5 mm at the bottom, (B) h = 0.05 mm at the rim, when pH and [Ca?*] of the bulk
solution are 8.1 and 4 mmol/L, respectively, which represents the average conditions
of travertine pools in this study. For simplicity, [HCO3~] = 2[Ca?t].

faster calcite precipitation at the rim, mainly contributes to the
consistently low §13Cg,icite values at the rim.

It should be noted that there are two assumptions in the deduc-
tion above. One is that the §'3Cpc at the mineral surface is iden-
tical to that in the bulk solution. This assumption holds because
transport of DIC to the mineral surface across the DBL is driven by
ion diffusion with negligible isotope fractionation (Zeebe, 2011).
The other assumption is that carbon isotopic equilibrium among
DIC species has reached before HCO3~ and CO3%~ are incorpo-
rated into crystal lattice. According to the calculation by Zeebe
et al. (1999), the relaxation time for carbon isotopic equilibrium
among DIC species (Teqc) is 17.5 s at pH 8.2 at 25°C. In compari-
son, the time constant for calcite precipitation (zp;), depending on
the thickness of water, is much larger. For the water thickness of
0.3~3 cm, T ranges from 1000 s to 10% s at 20°C (Dreybrodt
and Scholz, 2011). Thus, it is safe to assume that carbon isotopic
equilibrium among DIC species is attained at the mineral surface.
For oxygen isotopes, the time constant for isotopic equilibrium be-
tween DIC species and H20 (7eq®) is about 10% s at pH = 8.3 and
T =20°C (Beck et al,, 2005; Dreybrodt and Scholz, 2011), on the
same magnitude of tp;. For pH~ 7, teqo should be smaller due to
the higher concentration of CO3,q in DIC. Thus, we speculate that
oxygen isotope compositions of HCO3~ and CO32~ at the mineral
surface for incorporation are buffered via isotope exchange with
the overwhelming H,O. There is no isotope re-balance for oxy-
gen as there is for carbon among carbon-bearing species at the
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Fig. 7. The §'3Cyco3 difference between at the mineral-solution interface and in the
bulk solution (A8'3Cyco3) as a function of DBL thickness under the conditions of
T =20°C, pH = 8.3, and various concentrations of Ca2™.

mineral-solution interface. This could explain why there is a con-
sistent shift in §13Ceyeie but no obvious difference in §'80¢ycite
between the pool bottom and rim sites.

Our finding implies that, for elements such as boron whose
partition of different aqueous species is sensitive to pH, the DBL
thickness which has an influence on the pH at the mineral surface
must be considered when interpreting their isotope data. In addi-
tion, our results support the conclusion in Romanek et al. (1992)’s
study that calcite precipitation rate has negligible influence on car-
bon isotope fractionation between calcite and HCO3 ™.

5.4. The influence of DBL thickness on 813 C qcie and its implications

Using Equation (4) and the carbon isotope fractionation factors
from Mook et al. (1974) and Turner (1982), we calculated the so-
lution §13Cyyco3 difference (A8'3Cycos) between at the solid-water
interface solution and in the bulk solution as a function of DBL
thickness under the conditions of T =20°C, pH = 8.3, and various
concentrations of Ca®*, which represents the typical Ca*t-HCO3~ -
type solutions in nature. Our results show that, as the DBL gets
thicker, HCO3~ at the mineral surface become more enriched in
13C than that in the bulk solution (Fig. 7). The most rapid increase
in A813Cycos takes place when DBL thickness h increases from
0.02 to 0.2 mm. Concentration of Ca** shows negligible effect on
A513CH(:03.

The effect of DBL thickness on §'3Cycos at the mineral sur-
face offers a probable explanation for the observed large &caicite/pic
variability in riverine or cave calcite-depositing environments
(Riechelmann et al,, 2013; Zavadlav et al,, 2017; EL-Shenawy et
al., 2020). Depending on the flow velocity and topography of the
substrates, DBL thickness in riverine environments varies greatly.
According to field measurements by Dreybrodt et al. (1992),
sediment-water DBL thickness is between 0.1 mm and 0.3 mm in
a calcite-depositing stream where flow velocity ranges from 0.33
to 1.33 m/s. Previous studies have shown that apparent &c,icite/pic
values in riverine systems often fall between 1.5%o and 2.5%q (e.g.,
Lojen et al., 2009; Osacar et al., 2016; Zavadlav et al., 2017), close
to the &caicite/Hco,~ Vvalues for slow-precipitated calcites in Devils
Hole (Coplen, 2007).

As the overlying water becomes thinner, centimeter-scale
micro-terraces are observed, which increase the roughness of the
substrate significantly as shown at the rim setting in Fig. 5A. The
effects of bed roughness on solute transfer from the overlying wa-
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ter to sediment beds have recently been quantified by Han et al.
(2018) using Large Eddy Simulation (LES) technique. Their results
show that, as the substrates change from a smooth regime to a
rough regime, the solute transfer coefficient is greatly enhanced.
Under the rough regime, the solute transfer coefficient correlates
inversely with water depth in the form of a power law (Han et
al., 2018). Thus, in the environments where thin water flows on a
rough bed like the rim of travertine pools at Baishuitai, the DBL
may be much thinner than in a riverine environment of the same
flow velocity (Dreybrodt et al., 1992), resulting in a lower apparent
Ecalcite/pic Value (1.5 4 0.1%o) at the rim sites.

Compared with riverine/stream environment, the studies on ap-
parent Ecacite/pic in caves are limited due to the difficulties of
water sampling. In cave pool settings, the mineral-solution DBL
has a thickness similar to those in travertine pools. EL-Shenawy
et al. (2020) simulated the formation of speleothems in an arti-
ficial cave and obtained an apparent eccite/pic = 1.7 £ 0.7%0 in
the pool-like settings, close to the values from the pool bottom in
this study. Under the stalagmite-growth condition, water film on
the stalagmite surface is laminar or stagnant. Baker (1993) mea-
sured the thickness of the water film on the stalagmite cap to
be 0.045 £ 0.019 mm, using a vernier spherometer. Mickler et
al. (2006) collected newly precipitated stalagmite calcites in Har-
rison’s Cave (Barbados) by placing glass plates underneath the drip
sites. They found the §'3C of calcites in center of the plates is
~1.0%o higher than that of DIC in the drip water. In the same
way, Riechelmann et al. (2013) collected fresh calcites in Bunker
Cave (Germany) and observed a difference of 1.0 4 0.5%¢ between
813Cealcite and 8'3Cyripwater at high drip rates >10 drops/min. The
above values are close to the &c;cite/Hco,- values calibrated by Ro-
manek et al. (1992)'s experiments in which the solutions were
vigorously stirred and the mineral-solution DBLs were thin.

It should be noted that kinetic isotope fractionation during
precipitation-associated degassing of CO, (Dreybrodt, 2019; Yan et
al., 2020) can increase the 8'3Ceycite, thus enlarging the appar-
ent difference between 813Ceycire and 813Cpic of the drip water.
For instance, Riechelmann et al. (2013) obtained a difference be-
tween §'3Ceacite and 8'3Caripwater Of 3.0 £ 0.7%0 at low drip rate
<0.1 drops/min.

6. Conclusion

We found a consistently lower §'3C and Mg/Ca ratio but higher
Sr/Ca ratio in calcites from the rim in comparison with those from
the bottom of travertine pools (Baishuitai, SW China) where bulk
solutions have identical chemistry and temperature. We reduced
the apparent difference in hydrodynamics in the two settings
to one factor: the thickness of mineral-water diffusion boundary
layer.

In the framework of Dreybrodt and Buhmann’s DBL model
(1991), we show that different DBL thicknesses result in different
pH on the mineral surface, inducing different carbon isotope and
elemental compositions of calcites even when precipitating from
the same bulk solution. In general, stiller waters have thicker DBLs
and result in lower pH on the mineral surface, which drives the
apparent Ecalcite/pic vValues higher. Our findings provide a mecha-
nistic interpretation on the variability of the observed &cacite/pic in
riverine or cave environments.
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Appendix A. Derivation of Equation (3)

Considering mass balance, one gets

Q x AC=2R, x A (A1)

where Q is the amount of flow passing the rim with a width of w
and A is the surface area on that calcite is deposited. Thus,

Q = Viim X drjm X W (A2)

ArIxw (A3)

where Vijm and d;j are the flow velocity and the depth of the
water across the rim respectively, and [ is the distance between
the bottom and rim sites.

Substituting Equation (A.2) and (A.3) into Equation (A.1), one
gets

2Rp x 1

AC=———
Viim X drim

(A.4)

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2021.116932.
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