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ABSTRACT

Travertine samples deposited in Earth’s surface environments can be used as an effective archive for paleo-
climatic reconstruction. As a common element in carbonates, magnesium (Mg) and its isotopic composition in
travertine could provide useful information for evaluating paleo-environment changes. In this study, we inves-
tigate the Mg isotope systematics in both endogenic travertines (mainly calcite) and spring/stream waters at
Baishuitai, Yunnan, SW China. Our results show a systematic increase in 5°°Mg value from —1.37 to —1.26% for
water samples downstream, but varied 626Mg values between —4.12 and —3.95%. (average —4.02%o) for solid
carbonates, thus a corresponding fractionation A26Mgcaldte_water between —2.76 to —2.59%o (mean value of
—2.69%0). Therefore, the solid carbonates preferentially incorporate light Mg isotopes during travertine forma-
tion. More interestingly, the Mg distribution coefficient (Kpg/c,) between travertine and water exhibits two
variation trends with the calcite deposition rate (Rp) along the canal, which can be explained by the change of
calcite formation mechanism from direct nucleation to precipitation via amorphous calcium carbonate (ACC)
intermediate. In the upper-stream, the direct nucleation of calcite results in the rapid incorporation of Mg ions
into crystal lattice, while a relatively slow precipitation of calcite downstream would incorporate Mg via ACC
formation pathway in a quasi-equilibrium pattern. This is consistent with the grain size distribution and crystal
morphology observed under SEM. Our results show the important control of water Mg/Ca ratios on the calcite
precipitation during travertine formation, and imply the potential and complexity of using Mg isotopes of
travertine deposits to reconstruct paleo-environments.

1. Introduction

from atmosphere, soil biogenesis, and decarbonation of carbonate rocks
(e.g., Kano et al., 2019). Travertine normally grows rapidly (mm to cm

Travertine and tufa are terrestrial supergene carbonates formed in
riverine, lacustrine, marshy and spring settings, and may be used as
effective archives for reconstructing climatic condition changes on
continents (e.g., Dong et al., 2023; Kano et al., 2019; Liu et al., 2003; Liu
et al., 2006a; Liu et al., 2010; Minissale et al., 2002; Pentecost, 2005;
Yan et al., 2017). The travertine deposition generally occurs due to the
degassing of carbon dioxide (CO2) from carbonate-supersaturated
aqueous solutions which generally originate from intense interactions
between rocks and meteoric water, surface water or ground water. The
high partial pressure of CO5 (pCO>) in aqueous solution could be sourced
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per year), which is about two orders of magnitude faster than tufa, and
therefore, has great potential for investigating the paleo-climate with
much higher (even daily) resolution (e.g., Kano et al., 2019; Liu et al.,
2010; Pentecost, 2005).

The paleo-climatic information can be recorded in physicochemical
parameters (including the lamina thickness and texture), elemental
content, and corresponding stable isotope compositions of travertine (e.
g., De Boever et al., 2017; Fernandez-Martinez et al., 2017; Kano et al.,
2019; Liu et al., 2010; Sun and Liu, 2010; Sun et al., 2014; Wang et al.,
2014; Watkins et al., 2014; Yan et al., 2012; Yan et al., 2016). Among
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these parameters, oxygen (O) and carbon (C) isotope fractionations
between travertine and coexisting water are the most
intensively-studied paleo-proxies to date (e.g., Andrews, 2006; Kano
et al.,, 2019; Mutlu et al., 2022; Sun et al., 2022; Yan et al., 2016).
Recently, Yan et al. (2016) reported the significant correlation of Ca
isotope compositions of calcite with those of ambient water from the
Baishuitai travertine deposition system and proposed that Ca isotopes
may be a useful tool for tracking past hydrodynamic variations. Since
the stable isotope compositions of travertine (including C, O and Ca) are
likely affected by various environmental factors and it is difficult to
directly linking the measured isotopic variations in travertine with
specific environmental changes, multiple proxies may be helpful to
better constrain environmental factors effectively.

Mg is a relatively-abundant trace element in travertine. Its isotope
composition may provide additional information on the mechanisms of
travertine deposition due to its high hydration energy compared with
other metal ions in aqueous environment and its retarding effect on
calcite surface during crystallization (Berner, 1975). Previous studies
have shown that Mg isotope fractionation during abiogenic and biogenic
carbonate precipitations may be impacted by multiple factors such as
the precipitation temperature (e.g., Galy et al., 2002; Li et al., 2012; Liu
and Li, 2022), precipitation rate (e.g., Mavromatis et al., 2013), frac-
tionation mechanism (e.g., Buhl et al., 2007; Mavromatis et al., 2017),
potential MgZJr speciation (Schott et al., 2016), mineralogy of carbonate
precipitates (e.g., Geske et al., 2012; Geske et al., 2015; Immenhauser
et al., 2010; Saulnier et al., 2012; Wombacher et al., 2011), organic vs.
inorganic precipitation (e.g., Chang et al., 2004; Pogge von Strandmann,
2008; Saenger and Wang, 2014), and vital effects (e.g., Balland-Bolou-Bi
et al., 2019; Black et al., 2006; Black et al., 2007; Black et al., 2008;
Bolou-Bi et al., 2010; Bolou-Bi et al., 2012; Kimmig et al., 2018;
Opfergelt et al., 2014; Ra and Kitagawa, 2007; Ra et al., 2010a, b; Tipper
et al.,, 2010; Wrobel et al., 2020). A few field investigations on conti-
nental carbonate samples also reported complex Mg isotope variations
(e.g., Buhl et al., 2007; Galy et al., 2002; Immenhauser et al., 2010;
Pogge von Strandmann et al., 2019; Riechelmann et al., 2012). For
example, Galy et al. (2002) and Buhl et al. (2007) investigated 626Mg
values of calcitic speleothems in 5 caves (one in the French Alps, three in
Israel, and one in NW Africa of Morocco) and found that they vary little
with temperature, but more with local source signature. Similarly,
Riechelmann et al. (2012) reported §2°Mg time-series on speleothems
collected at different climatic conditions and showed that Mg isotope
systematics may be affected less by temperature change, but more by the
sources of Mg. However, Immenhauser et al. (2010) measured 626Mg
values of a speleothem from a monitored cave in Germany and found
that the large 5§*°Mg variation in these calcite samples mainly indicate
the change of the precipitation rate, with smaller fractionation occurring
during faster calcite precipitation. More recently, Pogge von Strand-
mann et al. (2019) reported the 52Mg values of travertines precipitated
from Icelandic river (Hvanna) impacted by the Eyjafjallajokull volcano,
and suggested that the variation of 52°Mg together with pH and Sr/Ca
ratio would be controlled also by the precipitation rate.

In this study, we investigate Mg isotope systematics in the endogenic
travertine deposition system at Baishuitai, Yunnan, SW China, with
samples collected along a canal, where the variations of hydrochemistry,
travertine deposition rates, C and O isotope ratios have been
systematically-characterized in both temporal and spatial scales (Liu
et al., 2003, 2006a, 2006b, 2010; Sun et al., 2014; Sun and Liu, 2010;
Yan et al., 2012). We examine the variations of 626Mg values of both
stream/spring water and travertine deposits along the canal, discuss the
processes and mechanisms fractionating Mg isotopes, and assess the
potential of Mg isotopes for constructing the paleo-environment and
paleo-climate variables.

2. Geological background

The Baishuitai travertine system (N27°35’, E100°21°) is located in
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the Baidi village, Shangri-La county, Yunnan province, SW China
(Fig. 1), with the elevation ranging from 2380 to 3900 m above sea level
(MASL). This area is characterized by a subtropical monsoon climate,
which results in more than three quarters of the annual precipitation
(~714 mm) occurring during the rainy season from June to October (e.
g., Liu et al., 2003; Liu et al., 2006a; Liu et al., 2010; Sun et al., 2014; Sun
and Liu, 2010; Wang et al., 2020; Yan et al., 2012; Yan et al., 2016; Yan
et al., 2017). The climate and natural vegetation at the site vary with
altitude on the mountain slope and the mean annual temperature is
~8 °C at the sampling altitude (Wang et al., 2020). Limestone, shale and
sandstone of mid-Triassic Beiya Formation are the main rock types in
this area and a series of crack and karst caves are well-developed due to
the tectonic movement and karstification (e.g., Liu et al., 2006b; Wang
etal., 2020; Yan et al., 2016). The water-limestone interactions not only
produce channels for spring water, but also provide ions (for example
Ca?*, Mg?*, and HCO3) for travertine formation.

3. Sampling and analytical methods
3.1. Sampling

Samples were collected downstream along the canal over a distance
of ~2600 m and descending from 2900 to 2600 MASL as shown in Fig. 1.
The width of the canal spans from 30 to 70 cm and the depth ranges from
10 to 20 cm. The flow rate in the canal ranges from 50 to 70 L/s (Liu
et al., 2010).

In this study, the sampling was performed in winter for following two
reasons: First, the regional precipitation at Baishuitai in winter is
significantly lower than in summer, and no rainfall occurred during the
sampling period of this study, reducing the effect of dilution and at-
mospheric precipitation (Liu et al., 2006; Liu et al., 2010; Sun and Liu,
2010; Yan et al., 2016). Second, blue-green algae were frequently found
in travertine samples in summer, which may impact on Mg concentra-
tion and its isotope compositions of river water and travertine given the
fact that Mg is an essential element for chlorophyll in photosynthetic
organisms (Black et al., 2006; Black et al., 2007; Ra et al., 2010; Young
and Galy, 2004). The samples were collected between December 2nd
and 30th of year 2013 when the mean monthly temperature (2-5 °C)
was the lowest of the year. The color of travertine in our study is close to
pure white (vs. dark color for those deposited in summer). During
leaching, there was almost no final leaching residue, which indicates
that the supply of exogenous materials was limited. No algae were
observed in SEM images of travertine samples.

Spring water originates from site S;.3 and stream waters were
sampled at sites WW; through WW1; at an approximately equal interval
along the canal. Water samples were filtered through ~0.45 pm Milli-
pore express membrane filters immediately after sampling, the filtered
water is then acidified to pH = 2 with double-distilled clean nitric acid
and stored in precleaned polypropylene bottles (Nalgene, America) at
~4 °C.

Travertine samples were collected at site WW; through WWy;
following the sampling method reported previously (e.g., Gradzinski,
2010; Kano et al., 2019; Kele et al., 2015; Sun et al., 2014; Sun and Liu,
2010; Wang et al., 2014; Wang et al., 2020; Yan et al., 2012; Yan et al.,
2016). A 15 x 15 cm plexiglass slide was placed in the flowing water
(~8 cm depth, in the middle of the canal) to collect travertine samples
along the canal over the entire sampling period (29 days) at 11 sampling
sites (WW1-WW71). After collection, travertine samples were scraped off
plexiglass slides with an acid-cleaned ceramic knife, and then stored in
an acid-cleaned 50 ml centrifuge tube.

3.2. Measurement of hydrogeochemical parameters and travertine
deposition rate

The pH and temperature of water samples were measured in the field
using a hand-held multiparameter analyzer (WTW 3430, WTW,
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Fig. 1. Location of sampling sites along the canal of the travertine deposition system at Baishuitai, Yunnan, SW China.

Germany) with resolutions of 0.004 and 0.2 °C, respectively. The con-
centrations of HCO3 were measured by titration on site via an alkalinity
test kit with an analytical resolution of approximately 6 mmol/L. The
concentrations of cations (including Ca®t and Mgz+) in the filtered
water samples were measured using the ICP-OES with a precision
generally better than 10%. Before analyses, they were first dried over-
night on the hot plate at ~90 °C and the residuals were re-dissolved in
~5% nitric acid in the clean lab. The PHREEQC software with the
MINTEQ V4 database was used to calculate the speciation of carbon, the
partial pressure of CO3 (pCOs), and the saturation index (SI) of calcite,
based on the measured hydrochemical parameters of water samples.

The mineral composition and surface morphology of deposited
travertine samples were analyzed using an X-ray diffractometer (XRD,
Empyream, Malvern Panalytical, Netherlands) and scanning electron
microscope (SEM, Sigma 500, Zeiss, Germany), respectively. The
average travertine deposition rate (Rp) was calculated from the dry
weight of solid (calcite), the upper surface area of plexiglass substrates
and sampling time (e.g., Kano et al., 2019; Sun et al., 2014; Wang et al.,
2020; Yan et al., 2012; Yan et al., 2016) as follows:

R, = (Wt — Wty) / (Sx t) (€))
where Wt; and Wt are weights of plexiglass substrates after and before
each collection, respectively, S is the surface area of the substrate (~225

cm?) and t is travertine collection duration.
3.3. Step-leaching of travertine sample

As surface absorption and the possible presence of clay and evaporite
minerals may affect the result of Mg isotope compositions of carbonates
in travertine samples, we conducted a step-leaching procedure on the
solids to extract the elements of interest only from carbonates. The
protocol was modified after Liu et al. (2013). Briefly, about 50 mg of dry
travertine samples were sequentially treated using ~10% methanol
(v/v) and 1 N NH4Ac (pH = 7), respectively, to remove the potential
organic matter and surface absorbed Mg?". The solid residuals after
leaching were then dissolved in ~40 ml of ~0.25% HAC. The super-
natants were collected for measuring elemental concentrations and Mg
isotope ratios. During each leaching step, the sample was sonicated at
room temperature for 10 min, followed by centrifugation at 3800 rpm
for 10 min.

3.4. Purification and isotopic measurement of Mg

The purification and analytical methods for Mg isotope analyses are
modified after An et al. (2014). In brief, an aliquot of supernatant after
leaching (containing ~20 pg Mg) was dried first, dissolved in ~2 N
HNOs, and then passed through a cation exchange column (Biorad
AG50W-X12, 200-400 mesh) twice to purify Mg in a class-1000 clean
lab equipped with a class-100 laminar flow exhaust hood at Tianjin
University (TJU) and University of Science and Technology of China
(USTC) (Figure SI 1). In this study, ~2 N HCl was used as eluent acid to
separate MgZ" from Ca®" with high yield (~100%) (Figure SI 2). Since
calcites in travertine samples have high Ca/Mg ratios, and Ca" impurity
may introduce possible interferences during Mg isotope measurement
using MC-ICP-MS (i.e., Ca contamination can significantly reduce the
measured 626Mg value, e.g., Galy et al., 2002), we repeated the purifi-
cation procedure twice using the same columns. The total Mg blank for
the purification process is generally less than 10 ng, introducing an
uncertainty in the 2Mg value by less than 0.05%o.

The measurements of isotopic compositions of Mg in water and
calcite were carried out at TJU and USTC using MC-ICP-MS (NEPTUNE
Plus). All measurements were run at least in triplicate and the concen-
tration of Mg is fixed to ~400 ppb to obtain ~10 V for 24Mg. The
standard-sample bracketing (SSB) technique was consistently applied to
reduce the effect of signal drifts and correct the instrumental mass-bias,
and all data are presented as §2°Mg with respect to the pure magnesium
metal reference material (DSM-3) provided by Dead Sea Magnesium
Ltd., Israel (Galy et al., 2003):

8%Mg (%o) = [(**Mg/**Mg)sampie/ C*Mg/A*Mg)psm.3—1] x 1000 @

Our long-term external analytical reproducibility of §?°Mg is typi-
cally better than 0.10%o (2SD) based on repeated measurements of the
standards CAM-1 (—2.62 + 0.10%o, 2SD; N = 5) and IGG-Mg (—1.75 +
0.04%o, 2SD; N = 3) over the course of this study, and these values are
consistent with previously reported results (e.g., An et al., 2014; Mav-
romatis et al., 2021; Teng, 2017). The MC measurements of standards at
both TJU and USTC labs gave identical values. The carbonate reference
materials stalagmite (SS) and IAPSO seawater (NASS-6) were processed
and measured using the identical protocols to the travertine and water
samples, which gave the §2°Mg values of —4.14 & 0.04% (2SD, n = 6)
and —0.84 £ 0.03%0 (2SD, n = 3), respectively, in agreement with
literature values (An et al., 2014; Teng et al., 2015; Teng, 2017; Zhao
et al., 2019).
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4. Results
4.1. Variation of hydrogeochemical parameters

Table 1 and Fig. 2 present measured and calculated hydrochemical
parameters along the canal. The measured mean water temperature (T)
decreases from 6.2 °C to 1.5 °C downstream (Fig. 2a). The pH value is
8.0 for the water sample at WWj, increases to 8.2 at WW3 (~730 m away
from WW)), varies slightly between WW3 through WWyg, and then de-
creases to ~8.0-8.1 at WWg through WW;; (Fig. 2a). The concentration
of Ca®" in the water sample decreases continuously from 5.0 mmol/L at
WW; and WW,, to 2.7 mmol/L at WWg, as a result of travertine depo-
sition (Fig. 2c). The XRD analyses showed that calcite is the main min-
eral phase in these travertine samples, consistent with previous studies
(e.g., Liu et al., 2006a; Wang et al., 2020; Yan et al., 2016).

Calculation results show that the spring water at WW; is over-
saturated with calcite (SIyw; = 1.1), and the SI of spring/stream water
decreases as the water flows downstream (Fig. 2b). The water sponta-
neously releases aqueous COp to the atmosphere (CO, degassing)
because the partial pressure of CO in the epigean atmosphere (~41.5
Pa) is at least an order of magnitude lower than the pCO; in the water
(Fig. 2b). Continuous degassing and calcite precipitation downstream
reduce the partial pressure of CO in the water from 349 Pa at WW; to
166 Pa at WW; (~1.8 km downstream), accompanied by the decrease of
calcite saturation state (i.e., from 1.3 in WWj to 0.8 in WW1;, Fig. 2b).
Moreover, the deposition rate of solid travertine (Rp) varies slightly at
WW; through WWs, and then decreases rapidly between WW¢ through
WWji; (Fig. 2d). The exchange coefficient of Mg relative to Ca (Kyg/cq =
{[Mg2+] /[Ca%™] Yealcite/{ [Mg2+]/ [Ca2+]}water) between calcite and
water (0.0049-0.0108) decreases first, reaches the minimum at WWg
(0.0049), and then increases to 0.0880 along the canal (Fig. 2).

4.2. Downstream variation of Mg and its isotope composition

The Mg content of all water samples varies from 0.56 to 0.65 mmol/
L, with an average value of 0.60 mmol/L (Table 1 and Fig. 2c). Unlike
Ca?*, Mg concentration in the water sample has no significant
decreasing trend downstream, with only small fluctuations around the
average value (Fig. 2c), due probably to a very low fraction of aqueous
Mgt incorporated into the solid phase (<0.19 mol%).

Mg isotope compositions of spring/stream water and calcite samples
(626Mgwater and 626Mgca1dte, respectively) are shown in Table 2 and
Fig. 3. Spring and stream waters exhibit a relatively small range of
626Mgwater values (—1.37 to —1.26%o0) and show a general increase of
626Mgwater downstream. In contrast, 626Mgcaldte values of travertine
samples span a limited range between —4.20%0 and —3.92%., with an
average value of —4.04%o in the canal system. But no clear trend can be
noticed.
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Our data show that calcite minerals are significantly enriched in light
Mg isotopes compared with coexisting spring/stream water, which is
consistent with previous studies and is a typical feature of isotopic
fractionation of divalent metals in carbonate minerals (including Mg,
Ca, Sr, e.g., Liu et al., 2018; Tang et al., 2008a; Tang et al., 2008b; Tang
et al.,, 2012; Yan et al., 2016). The Mg isotope fractionation factors be-
tween calcite and coexisting water (A%Mgca]cite_water) in our samples
range from —2.76%o to —2.59%o, with a mean value of —2.69%o, which is
consistent with the Mg isotope fractionation obtained by Li et al. (2012)
and Chen et al. (2020) in the lab, but different from those reported for
calcites in the natural systems as reported by Immenhauser et al. (2010)
and Pogge von Strandmann et al. (2019). In addition, there were no
macroscopic algal mats or biofilms observed in spring/stream water and
travertine during our sampling period. As such, the effect of biological
activity on Mg isotope fractionation is negligible.

5. Discussion
5.1. Mg partition and calcite deposition pathway

Fig. 4 shows that the exchange coefficient Kyg/cq and deposition rate
Ry, (both in logarithm) are roughly negatively correlated for samples
collected at WW; through WWjg (R? = 0.34) and at WWj through WWy;
(R? = 0.78), but have significantly different slopes and R, variation
ranges. Due to the difficulty of measuring true surface area of precipi-
tated crystals limited by our sampling method and the time-lag between
the precipitation and deposition, the deposition rate (Rp) estimated is
much higher and not quantitively comparable with precipitation rate
(rp) measured in previous studies (Immenhauser et al., 2010; Li et al.,
2012; Mavromatis et al., 2013; Chen et al., 2020), but it is consistent
with the results of Yan et al. (2017) in the same sampling system. A
rough estimate of precipitation rate (rp) based on the average crystal size
and shapes measured under SEM suggest that log r;, is in the range be-
tween —7.74 and —7.66, which is similar with previous studies of calcite
precipitation rate in field work and experimental simulation (Immen-
hauser et al., 2010; Li et al., 2012; Mavromatis et al., 2013; Chen et al.,
2020).

Although the relationship between precipitation rate and deposition
rate can be complex, qualitatively, they should be inversely correlated.
When the crystal size is small, the precipitation rate under the same
saturation state would be bigger due to larger surface, but the deposition
rate would be lower for smaller crystal size under the same hydrody-
namic condition. This can explain the negative correlation between log
Kug/ca and log R, (deposition rate) in this study, but a positive corre-
lation between log Dyg/cq and 1, (precipitation rate). Thus, our obser-
vation is consistent with the result of Mavromatis et al. (2013), which
showed that log Kpg/c, and log r, (precipitation rate) are linearly
correlated during calcite precipitation, although two trends have been

Table 1
The hydrochemical compositions for both spring/stream water and travertine samples.
Sample Distance Spring/stream water Travertine LogKnwrg/ca
k 1/mol
name (km) T pH  pCO, LogR, s1 Mg?t  Ca** HCO; CO3(*10°%) Mg/Ca Mgzt cazr  mol/moD
°C P 1/s/m> 1/mol
o (Pa) (mol/s/m’) mmol/L (mol/mol) mmol/L
Ww, 0.23 6.2 7.98 349 —5.14 1.10 0.61 4.76 7.50 2.74 0.13 13.48 9783 -1.97
WW, 0.40 5.9 8.12 244 -5.12 1.26 0.59 5.26 7.38 3.71 0.11 11.13 10032 —-2.01
WWws 0.73 5.5 8.21 188 —-5.10 1.23  0.59 4.20 6.94 4.11 0.14 12.80 9780 —2.03
WWwy 0.81 5.4 8.14 213 -5.20 1.21 0.56 4.87 6.73 3.46 0.12 11.99 10241 -1.99
WWs 1.06 6.1 8.18 187 -5.09 1.17 0.63 4.02 7.37 3.57 0.16 10.64 9778 —-2.16
WWg 1.40 5.1 8.20 172 —5.24 1.01 0.65 2.75 6.06 3.41 0.24 11.45 9978 —2.31
ww, 1.80 4.2 8.18 166 —5.38 1.01 0.60 3.16 5.67 3.02 0.19 12.30 9925 -2.19
WWg 1.99 3.6 8.16 176 —5.46 1.00 0.60 3.26 5.78 2.89 0.18 14.55 9774 -2.09
WWy 2.40 2.4 8.05 218 —6.00 0.83 0.60 3.11 5.55 2.05 0.19 18.79 10460 —2.03
WWio 2.45 2.2 8.13 180 —5.83 0.85 0.59 2.73 5.51 2.44 0.22 19.01 9939 —2.06
WWyy 2.63 1.5 8.09 189 —5.67 0.80 0.62 2.82 5.31 2.08 0.22 17.47 9697 —2.08

Note: No Spring samples of S;.3 (0 km) were collected during our sampling time due to winter ice barrier.
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Table 2

The Mg isotope compositions of spring/stream water and travertine samples and corresponding Mg isotope fractionation factors.
Sample name Spring/stream water Travertine APMg aicite—water 2SD?

5%5Mg (%o) 28D 5%5Mg (%o) 28D 525Mg (%o) 28D 52°Mg (%o0) 28D

WWwW, —-0.72 0.03 -1.37 0.06 —2.08 0.03 —4.02 0.01 —2.65 0.06
WW, —0.70 0.03 -1.35 0.01 —2.09 0.02 —4.02 0.04 —2.67 0.04
WWs —0.70 0.01 -1.36 0.02 —2.05 0.06 -3.95 0.08 —-2.59 0.09
WW, -0.71 0.02 -1.35 0.03 —-2.12 0.02 —4.12 0.01 —-2.76 0.03
WW;5 -0.70 0.01 -1.35 0.02 —2.07 0.02 -3.97 0.03 —2.63 0.04
WWg —0.69 0.03 -1.32 0.03 —2.07 0.02 —4.01 0.07 —2.69 0.08
WWwW; -0.71 0.03 -1.36 0.01 —-2.09 0.05 —4.02 0.08 —2.66 0.08
WWg —0.68 0.02 -1.33 0.01 —2.08 0.05 —4.01 0.07 —2.68 0.07
WWy —0.67 0.03 —1.30 0.03 —2.07 0.03 —4.02 0.06 —2.72 0.07
WWio —0.65 0.02 -1.27 0.07 —-2.07 0.03 —4.02 0.07 —2.74 0.10
WWyy —0.65 0.04 -1.26 0.06 —-2.07 0.07 —4.02 0.09 —-2.75 0.11
Standards
Stalagmite (SS) —2.12 0.01 -4.14 0.04
repeat (SS) -2.09 0.03 —4.04 0.07
NASS-6 —0.43 0.02 -0.84 0.03

2 ErrA%Mg = [(Errd?®Mgeaicite)? + (Brr&2°Mgater)? 172 (Liu and Li, 2022).

observed along the canal.

Purgstaller et al. (2016) reported that the Mg/Ca ratio of solution
may affect the pathway for calcite precipitation. They discovered that
when the Mg/Ca molar ratio less than 0.17 mol/mol, Mg-calcite for-
mation occurs by direct precipitation from solution, while Mg-calcite
forms via an intermediate Mg-rich amorphous calcium carbonate
(ACC) when Mg/Ca molar ratio greater than 0.17 mol/mol (Fig. 4b). In
this study, Mg/Ca ratios are less than 0.17 mol/mol for water samples
WW); through WWs5, while are higher than 0.17 mol/mol for those from
WWg through WW71. Thus, our results appear to be consistent with the
study by Purgstaller et al. (2016), and suggest log Kpg/cq and log R, may
be negatively correlated during calcite precipitation via the ACC
pathway.

This interpretation is also consistent with our observation on the
variation of crystal size along the canal. As the spring/stream water
flows from upstream to downstream, the crystal size of calcite

precipitates become gradually smaller (Figure SI 3), with the increasing
Mg molar fraction in calcite (Fig. 4b), which may be explained by the
fact that calcite formation via an intermediate ACC pathway may result
in much smaller calcite crystal size and much higher calcite Mg molar
fraction (due to the substitution of ACC structure Ca®>" with aqueous
Mg?" before ACC transformed into calcite crystal entirely) (Mavromatis
et al.,, 2017; Zou et al., 2015). Under SEM, some fine-grained calcite
samples collected at WWg show no obvious crystal edge and grinding
fracture compared with coarsely-grained calcite precipitated at WWg or
WW; (Fig. 5A-C). They are morphologically similar to calcites precipi-
tated via-ACC in the lab (Fig. 5D, from Mavromatis et al., 2017), but
different in size which may be controlled by the difference of the satu-
ration state in our study relative to previous work. Moreover, the energy
dispersive spectrometer (X-MaxN80) on SEM shows that Ca and Mg are
the main cations in those materials, and there is no essential difference
in the spectrograms between them (Figure SI 4B1-3) and calcite



J. Liu et al.

Applied Geochemistry 157 (2023) 105777

-1.2
1< water
[ Travertine
_1'3_--;"----
-1.4

o
o
[\

325Mg (%o)
»

&
o
L

1.5 2.0 2.5 3.0

Distance (km)
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(Figure SI 4B4). It is worth noting that calcite samples have no drastic
change in crystal size (Figure SI 3) and the mole fraction of Mg in calcite
gradually increases from WWs5 to WWj (Fig. 4b), which indicates likely
that the change of calcite precipitation pathway may be achieved
gradually, instead of instantaneous conversions. Though some coarse
calcites transported upstream site such as WWs to WWg (Fig. 5,
coarse-grained calcite) would contribute, this contribution must be
weak as the Mg content in calcite and pCOz (from in-situ calcite pre-
cipitation) in water after sampling site WWg continuously increase
(Fig. 2).

In summary, the two pathways of calcite precipitation in the canal
system can be depicted in Fig. 6. At Stage I (WW;-WW5) where aqueous
Mg/Ca molar ratio less than 0.17 in spring/stream water, the Mg/Ca
ratio is too low to enable the formation and/or stabilization of ACC, and
the difference between chemical potential of calcite and solution ex-
ceeds that the surface energy required for the nucleation of calcite,

according to the classical nucleation theory (CNT) (e.g., Kashchiev,
2003; Yoreo and Vekilov, 2003), thus calcite minerals may precipitate
directly from the spring/stream water.

At Stage II (WWe—WW;1) where aqueous Mg/Ca molar ratio greater
than 0.17, metastable ACC is formed first by the aggregation of ion pairs
that lowers the free energy of the solid and eliminate the need to
overcome the large free-energy barrier associated with the nucleation (e.
g., Fernandez-Martinez et al., 2017; Gebauer et al., 2008), which con-
sists of a nanoporous charge-separated framework formed by Ca-rich
and poorly-hydrated regions that supports interconnected channels
containing water and carbonate molecules but also Mg (bi)carbonate
complexes (e.g., Goodwin et al., 2010; Mavromatis et al., 2017). After-
wards, the transformation of ACC to a crystalline polymorph can occur
at variable reaction coordinates depending on the environmental
conditions.
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Fig. 5. (A, B, C) SEM images of sample WWg with different scale (red dotted boxes represent the enlarged part) and (D) calcite image precipitated via ACC reported
by previous report (Mavromatis et al., 2017).
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Fig. 6. Schematic representation of classical pathway of nucleation and crystallization by particle attachment (top) at Stage I, the multistage ACC calcite crystal-
lization pathway with the underlying combined reaction progress (bottom) at Stage II.

5.2. The kinetic or equilibrium Mg isotope fractionation affected by which may also affect the Mg isotope fractionation between the depos-
different calcite deposition pathways ited calcite and spring/stream water. Previous studies have suggested
two different models to explain trace metal partition and their isotopic

Different calcite precipitation pathways/mechanisms have signifi- fractionations: surface entrapment (SE) model (Fiiger et al., 2019;
cant effects on Kpg/cq from upstream to downstream (Figs. 2 and 4a), Mavromatis et al., 2013; Watson, 2004; Watson and Liang, 1995) and
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surface kinetic (SK) model (DePaolo, 2011). In the SE model, a trace
element incorporated into a growing crystal can be either enriched or
depleted by increasing the diffusion distance. For Kpy/c, <1, the SE
model predicts it should be enriched in the near surface region and thus
leading to higher Kjsg/cq due to fast growth rate, which is consistent with
previous research (e.g., Mavromatis et al., 2013; Tang et al., 2008b;
Tang et al., 2012; Wang et al., 2020). However, our results show a
general negative correlation between R, and Kuyg/cq (Fig. 4a) at both
Stage I and Stage II.

We suggest that the relationship between Ky, and growth rate can
be likely explained by the SK model (DePaolo, 2011) as follows, which
assumed that the limiting steps of ion transport and surface reaction
during crystal growth can control the isotopic fractionation and the
incorporation of major elements by both attachment/detachment ki-
netics and mass transport in the boundary diffusion layer (BDL) of
calcite. At Stage I, the A26Mgca1me_wate, value positively correlates with
R, (Fig. 7a) and negatively correlates with Ky cq (Fig. 7b), which is
characterized by the dynamic fractionation of Mg isotopes observed in
previous studies (Immenhauser et al., 2010; Mavromatis et al., 2013).
Based on the SK model, the relative faster calcite precipitation rate
(promoted by faster CO, degassing) compared with slower aqueous
Mg?* transmission rate in the BDL may result in the gradual decrease of
Mg?" concentration and increase of §2°Mgg.p value as 2*Mg (trans-
ported faster than 26Mg) preferentially incorporated into calcite. This
process may lead to the gradual increase of A26Mgcalcite_water and
decrease of Kpyg/cq from upstream to downstream. The kinetic Mg
isotope fractionation during calcite precipitation at Stage I without
prominent temperature dependency of A%Mgcalme_water, as shown in our
study (Fig. 8), is also consistent with results observed in previous re-
searches (e.g., Immenhauser et al., 2010; Mavromatis et al., 2013;
Mavromatis et al., 2017; Pogge von Strandmann et al., 2019; Saulnier
et al., 2012).

At Stage II, the A26Mgcalcite_water value has positive and negative re-
lationships with Ry, (Fig. 7a) and Ky cq (Fig. 7b), respectively. This can
be probably explained by the SK model and the calcite precipitation
mechanism via ACC. When ACC nucleates through small scale
dissolution-precipitation and/or diffusion processes in the network of
interconnected/percolating channels (Fig. 6), the gross exchange rate of
aqueous Mg?* ion is much faster than the dissolution-reprecipitation
rate for ACC. Thus, it is likely that the transport of Mg>" to the BDL of
growing calcite may not be limited, and larger Ky c, and more Mg
entering the calcite lattice than 2°Mg are expected as aqueous Mg>*
replaces structure Ga" in the nanochannel of ACC during its stabiliza-
tion time (e.g., Mavromatis et al., 2017; Schott et al., 2016). The
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observed A26Mgtravemne_water at this stage is consistent, within error,
with those of Li et al. (2012), Chen et al. (2020) and Liu and Li (2022),
who have reported attainment of equilibrium Mg isotope fractionation
for calcite in lab experiments (Chen et al., 2020; Li et al., 2012; Liu and
Li, 2022). This may imply that the Mg isotope fractionation at this stage
during precipitation of calcite via ACC is close to equilibrium.

5.3. Comparison with previous studies and potential applications

A statistically-significant negative correlation (R> = 0.76) between
A26Mgcalcite_water and 10%/T? at Stage II can be observed in Fig. 8, and
described in Eq. (3)) as follows.

A26/Mgcalcile—waler = —0.26 x 106/T2 + 0.70 (3)

where T is temperature in Kelvin.

Previous studies reported the equilibrium Mg isotope fractionation
between calcite and aqueous solution in lab experiment at low (4-45 °C)
and high (98-170 °C) temperature ranges (Fig. 8b, Li et al., 2012; Liu
and Li, 2022). When comparing the two results obtained at temperatures
ranging from O to 170 °C, there is a difference of —0.20 to 0.22%,
indicating one or none of these two studies actually reach Mg isotope
exchange equilibrium although they may be close to Mg isotope ex-
change equilibrium. In comparison to the two results obtained between
2 and 5 °C, the AZGMgcalcite_water values observed in this study during
Stage II is 0.10-0.13%o. higher than those in Li et al. (2012), but
0.29-0.30%o higher than those in Liu and Li (2022), suggesting it is
closer to Mg isotope equilibrium than that observed in Stage I, probably
due to a slower precipitation rate.

Note that all AZGMgcalcite_water values determined in lab experiments
(Chen et al., 2020; Li et al., 2012; Liu and Li, 2022) or observed in the
field including this study are all higher than the Mg isotope fractionation
factors calculated by ab initio methods (Fig. 8a). For instance, the
equilibrium A%Mgcalcite_water values from first-principles calculations
range from —3.60%o to —6.80%0 at 25 °C. These values are approxi-
mately 2-3%o lower than the laboratory or field observations shown in
Fig. 8a, which scattered between —1.70%o and —3.50%0 (Immenhauser
et al., 2010; Li et al., 2012; Mavromatis et al., 2013; Saulnier et al.,
2012). The reasons for the significant discrepancies are still under
debate. But it is likely to be caused by the strong hydration free energy of
aqueous Mg?" (Di Tommaso and de Leeuw, 2010a; Di Tommaso and de
Leeuw, 2010b), the presence of intermediate phases (ACCs) (John R.
Clarkson et al., 1992; Wang et al., 2012) both in lab and field, and the
concentration effect during theoretical calculation (Pinilla et al., 2015;
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Fig. 7. The relationships of Mg isotope fractionation factors (A2°Mgcaicite-water) V5. LOg R, (a) and Log Kyg/cq (b) at Stage I and Stage II. The error in Mg isotope

fractionation factors was calculated following the error propagation function: ErrAZ

Mg = [(Errs2°Mgy)? + (Err52°Mgg)?1Y/2 (Liu and Li, 2022).
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Fig. 8. Plot of Mg isotope fractionation factors between Mg-bearing calcite and solution (A26Mgcaldte_water) at Baishuitai as a function of 10%/T2, with regression of
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2020; Galy et al., 2002; Immenhauser et al., 2010; Li et al., 2012; Liu and Li, 2022; Mavromatis et al., 2013; Mavromatis et al., 2017; Pogge von Strandmann et al.,

2019; Saulnier et al., 2012) are shown for comparison.

Wang et al., 2017). Further work is clearly needed to reconcile experi-
mentally determined and calculated Mg isotope fractionation factors.

The results of this study show the strong impact of precipitation ki-
netics on the Mg isotope composition of calcite formed over a larger
range of saturation state and Mg/Ca ratios of aqueous solution in a
natural deposition environment. It implies the possibility of using Mg
isotope composition of travertine deposits to reconstruct paleo-
environment if §2°Mg values of solution and the precipitation kinetics
(e.g., Mg/Ca ratios) can be determined.

6. Conclusion

The Mg isotope compositions of the spring/stream water and
deposited travertine samples in the canal system at Baishuitai (Yunnan,
SW China) are investigated to understand the mechanisms controlling
Mg isotope fractionation during calcite precipitation from spring/stream
waters. The 5?°Mg value of stream water exhibits a slight increase
downstream and that of the precipitated calcite varies slightly from
upstream to downstream. The distinct relationship between the distri-
bution coefficient Ky, and travertine deposition rate R, in the upper-
stream and down-stream can be explained by the difference in precipi-
tation mechanism and surface reaction model. In the upper-stream when
the Mg/Ca ratio of spring/stream water is low (Stage I), the MgZ*
transmission is limited in the boundary diffusion layer BDL, which re-
sults in the decrease of Mgt concentration, increase of §2°Mg value in
the BDL downstream, and the increase of A26Mgcalcite_water. In the down-
stream when the Mg/Ca ratios of spring/stream waters are high (Stage
IN), the Kpyg/cq increases significantly due to the exchange between
aqueous Mg?" and structure Ca?" in the nanochannel of ACC during its
stabilization time. At this stage, the observed A26Mgtravertine,water is the

close to the equilibrium A26Mgcalcite,water previously determined in the
lab. The change of precipitation mechanism is also consistent with the
crystal-morphology and size-distribution observed under SEM. Our re-
sults show the importance of Mg/Ca ratios of spring/stream waters on
calcite precipitation mechanisms during travertine formation. It implies
the possibility of using Mg isotope composition of travertine deposits to
reconstruct paleo-environment if §2°Mg values of solution and the pre-
cipitation kinetics (e.g., Mg/Ca ratios) can be well determined.
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