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Abstract

Siliceous-sulphate rock coatings were observed at Zhenzhu Spring, an acid sulphate hot spring
in the Tengchong volcanic field, China. These rock coatings are mainly formed of gypsum and
amorphous silica. Some alum-(K), voltaite, a-quartz and muscovite were also found. Four dif-
ferent laminae are developed in the rock coatings: gypsum layer, tight siliceous layer, tabular
siliceous layer and siliceous debris layer. The gypsum layer is located at the top of the rock coat-
ings, while other siliceous layers appear below the gypsum layer. Geochemical modelling of the
fluids was performed to identify the mechanisms responsible for the formation of gypsum and
amorphous silica. The results indicated that the occurrence of gypsum is related to the acid-fog
deposition and amorphous silica mainly originates from spring water. Fog deposition provided
the rock coatings with abundant SO,>~ and Ca, and the subsequent complete evaporation of the
condensed fluids produced gypsum. Seasonal climate change (especially variation in rainfall)
determines the fluctuations of capillary action and dissolution. Rainfall events in the wet season
led to periods of non-precipitating gypsum and promoted the capillary rise of the spring water.
Slightly diluted capillary water (a small amount of rainwater) covered the rock coatings, formed
a tight siliceous layer on the rock-coating surface and/or filled the pores among the gypsum
crystals forming many tabular siliceous aggregates. Heavy rainfall (high dilution), however,
resulted in non-precipitating amorphous silica and accelerated the gypsum dissolution, leaving
tabular pores around tabular siliceous aggregates and forming a tabular siliceous layer.

1. Introduction

Volcanic and/or geothermal fields throughout the world are common sites that develop silica
(e.g. amorphous silica) and sulphate minerals (e.g. gypsum). Although these silica and sulphate
minerals can be precipitated in subaqueous environments, such as hot springs and crater lakes
(e.g. Pierre & Alain, 1994; Peng & Jones, 2012; Tang et al. 2014), some of them were also found in
many subaerial environments, such as volcanic fumaroles and soils around geysers (Ciesielczuk
et al. 2013; Hynek et al. 2013; Piochi et al. 2015). Some silica and/or sulphate minerals are
present as rock coatings in volcanic and/or geothermal fields (Schiffman et al. 2006; Minitti
et al. 2007; Yant et al. 2018), with different compositions compared to their underlying rocks.
The formation of silica and/or sulphate rock coatings is complex and scientists have suggested
various explanations, such as acid-fog deposition, vapour deposition and condensate-rock
interaction (e.g. Kodosky & Keskinen, 1990; Africano & Bernard, 2000; Schiffman et al.
2006; Aguilera et al. 2016; Rodriguez & van Bergen, 2016).

Acid fog (acid aerosol) in volcanic fields is generally thought to be the product of sulphurous
gases (SO, and H,S) emitted from volcanoes (Settle, 1979; McCanta et al. 2014). Acid fog is also
present above acid sulphate-rich hot water pools (Rodgers et al. 2000; Bogdan et al. 2013),
largely due to the gas release (mainly H,S) at the pool bottom and fast evaporation and sub-
sequent condensation of hot water. Acid-fog deposition on the rock surface may form silica
and/or sulphate minerals because of the fluid-rock interaction (Tosca et al. 2004; Schiffman
et al. 2006). Capillary action of spring water is ubiquitous around hot springs and geysers,
and is considered to be a significant factor that accelerates the accumulation of subaerial silica
and/or sulphate minerals (Renaut et al. 1998; Jones & Renaut, 2006; Ciesielczuk et al. 2013).
Dissolution of sulphate minerals, especially soluble metal sulphate minerals, can influence their
preservation and distribution (Valente & Gomes, 2009), mainly because of the high solubility
that allows them to be easily dissolved in meteoric water (e.g. rainstorm).

Zhenzhu Spring in the Rehai geothermal field develops rock coatings around the pool wall.
These rock coatings are continuously in contact with the fog arising from the pool surface and
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Fig. 1. (Colour online) Location of (a) Tengchong in SW China and (b) the Rehai geothermal field, Tengchong, showing the locations of Zhenzhu Spring and other springs (Guming

Spring, Yanjing Spring, etc.). (c) Siliceous rock coatings at Zhenzhu Spring.

are located in areas where the capillary action of the spring water
may develop. These siliceous-sulphate coatings experience high
rainfall in the wet season that could modify the development of
sulphate minerals. To evaluate the effect of fog deposition, spring
water capillary action, and dissolution, on the development of the
rock coatings at Zhenzhu Spring, we report (1) the fluid (spring
water and condensed fluid) chemistry, (2) the mineralogical com-
position of the rock coatings, (3) the different laminae of the rock
coatings and (4) the fluid cooling, evaporation and dilution and the
reaction path models of water-rock interactions. Integration of this
information shows that the impact of fog deposition in acid sul-
phate hot springs on the formation of subaerial sulphate minerals
is notable. In addition, this study demonstrates that the capillary
action of the spring water may cause the precipitation of subaerial
amorphous silica. Additionally, rainfall events could, to some
extent, control the capillary action of the spring water and the dis-
solution of some sulphate minerals around hot springs.

2. General setting

The Rehai geothermal field is located in the southern part of
the Tengchong volcanic field, ¢. 11km from Tengchong City

https://doi.org/10.1017/50016756819000542 Published online by Cambridge University Press

(Fig. 1a, b). One magma body with an average temperature of more
than 560 °C (Zhao et al. 2011), a depth of 5-6 km,and a thickness of
15-20 km,underlies the study area (Bai et al. 2001). Influenced by
the residual heat from the magma chamber, the Rehai geothermal
field develops many strong geothermal manifestations: hydrother-
mal explosions, fumaroles, steaming ground, hydrothermal alter-
ation, hot springs, siliceous sinters and hot-spring travertines
(e.g. Shangguan et al. 2005; Guo & Wang, 2012; Jones & Peng,
2015; Luo et al. 2019a, b). Numerous hot springs (42-96 °C)
(Guo, 2012) occur in the valley of the Zaotanghe River (Fig. 1b).
These hot spring fluids are largely derived from meteoritic waters
(Du et al. 2005; Zhang et al. 2008; Guo, 2012). Moreover, water—
rock interactions and/or the mixing between magmatic fluids and
meteoric waters cause different changes in fluid composition
(Du et al. 2005; Zhang et al. 2016b). The temperature values of
the geothermal reservoirs (Proterozoic metamorphic rocks and
Yanshanian granites) (Guo & Wang, 2012) are mainly in the range
200-250°C (Shangguan, 2000). Tengchong County, which
includes the Rehai geothermal field, is characterized by a highland
subtropical climate and can be divided into wet season (May to
September) and dry season (October to April) (Jones &
Peng, 2015).
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Zhenzhu Spring (also known as Pearl Spring, Zhenzhuquan, or
Zhenzhuquan Spring), with Na-SO4-Cl type waters, is a special
steam-heated hot spring in the Rehai geothermal field (Zhang
et al. 2016b). The characteristics of Zhenzhu Spring include (1)
high-temperature (84.3-96 °C), low-pH (generally <4.5) spring
waters (Zhang et al. 2008, 2016b; Guo & Wang, 2012; Guo et al.
2014; Jiang et al. 2018), (2) high CO, (88.7-84.5 %) and low N,
(1.7-7.98 %), O, (0.03-2.77 %), Ar (0.004-0.13 %), H, (5 %),
CH, (0.03-0.05 %) and H,S (0.11-0.28 %) contents (Shangguan
et al. 2000; Zhang et al. 2016a), (3) abundant fog above the water
surface due to boiling and bubble bursting, (4) deposits of various
detrital lithic grains and no amorphous silica in the pool bottom,
and (5) rock coatings developed around the pool (Fig. 1c). Previous
studies (e.g. Zhang et al. 2008; Guo & Wang, 2012) have shown that
the acidic waters from Zhenzhu Spring contain higher concentra-
tions of SO,*~ and SiO, than most alkaline hot springs (predomi-
nant ions: ClI7, HCO;~, Na and SiO,) in the Rehai geothermal field.
Low pH values and the enrichment of SO,*~ in the acidic spring
waters may be formed by separation of vapours rich in H,S
from the reservoirs and subsequent condensation and oxidization
in shallow oxygen-rich groundwater or surface water (Guo &
Wang, 2012; Jiang et al. 2018), while the intense water-rock inter-
actions in underground reservoirs result in the presence of large
amounts of SiO, (Zhang et al. 2008).

3. Methods

Field observations and sampling at Zhenzhu Spring were conducted
in January 2018. One sample was filtered through a 0.45 pm cellulose
acetate filter. For SiO, analysis, the spring water was diluted tenfold
with deionized water to prevent the precipitation of SiO,. Water
samples for cation analysis were acidified (pH < 1) with a few drops
of concentrated HNO; and analysed with ICP-AES (iCAP 6000
Series, Thermo Scientific), which was also used to analyse the
SiO, concentrations. The CO;?~ and HCO;~ concentrations of
unacidified water samples were determined by the titration method
(Jackson, 1958), while the Cl~ and SO,2~ concentrations were mea-
sured using ion chromatography (Dionex ICS 5000+, Thermo
Scientific).

Only those rock coating samples developed at a location that the
spring water can reach by capillary action, and their underlying
rocks were used in this study. Fourteen samples were powdered
using a mortar and pestle and were sent for mineralogical identi-
fication by X-ray diffraction (XRD) analysis utilizing a Cu-Ka
radiation with a step of 0.02° and 20 range of 5-60° (DX-2700,
Dandong Haoyuan). We extracted 19 small fractured samples
(~1cm®) from the large samples and coated them with gold.
After these preparation steps, small fractured samples were exam-
ined on a QUANTA 250 FEG-scanning electron microscope (SEM)
at 5kV to observe mineral crystal morphology. Furthermore,
detailed energy-dispersive X-ray (EDX) analyses were performed
with an accelerating voltage of 20 kV and an average beam spot size
of 1 pm (Oxford INCAx-max20 X-ray spectrometer) in order to
identify the mineral elemental composition.

PHREEQC software, Version 2.5 (Parkhurst & Appelo, 1999),
was employed to simulate the cooling, evaporation and dilution
processes of the fluids, and the reaction path of water-rock inter-
actions. We chose the Lawrence Livermore National Laboratories
thermodynamic database (llnl.dat) for the simulations. All models
were started with 1 kg of fluid. In view of the simple mineral com-
position of the rock coatings from Zhenzhu Spring, only represen-
tative minerals (gypsum and amorphous silica) were selected to
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precipitate during each run. Since the siliceous-sulphate rock coat-
ings at Zhenzhu Spring develop in a surficial environment, we
selected a low temperature range (5-95 °C) to simulate the proc-
esses possibly occurring at Zhenzhu Spring.

The cooling modelling was conducted at temperatures from
95 °C (about the highest water temperature of Zhenzhu Spring) to
5 °C (close to the lowest air annual temperature in Tengchong)
(Jones & Peng, 2015). For fluid evaporation simulations, three tem-
perature values were used, including 90 °C (approximately the spring
water temperature) representing an uncooled fluid, 20 °C (close
to the ambient temperature) representing a fully cooled fluid, and
55 °C representing a partially cooled fluid. Pure water with no ions
was continuously added into the fluids to model the changes in the
saturation states of minerals during the dilution processes. Although
the mineral saturation index (SI) can reflect the precipitation ten-
dency of various minerals, the simulation processes in this study
do not consider the effect of reaction kinetics and always assume
thermodynamic equilibrium. Water-rock reaction models were built
using the same method used by Rodriguez & van Bergen (2017):
1 mol of the underlying rocks was reacted with 1kg of the fluids
(spring water, condensed fluid). Moreover, the simulations of
water-rock interaction assumed that no quartz was dissolved in
the fluids because of the low dissolution rate of quartz in acid fluids
(Henderson et al. 1970; Knauss & Wolery, 1988).

4. Results
4.a. Fluid chemistry

Fluid characteristics in this study and the previous studies are
listed in Table 1. The results show no significant differences in
temperature (c. 90 °C) and concentrations of most ions (except
for Si0,). The spring waters are deficient in HCO;~, Mg, Al
and Ca, and rich in Cl, SO,*~, Na, K and SiO, (Table 1). With
respect to pH and SiO,, Guo & Wang (2012) report a near-neutral
pH (6.42) and a higher SiO, concentration (262 mg L™!), while
other studies describe lower pH values (<4.5) and SiO, concen-
trations (<160 mg L™!). Comparison of the results with those of
other studies also reveals some differences in Na, Cl~, SO,2~ and
HCO;™. Although the reasons for these contrasts are not clear,
they might be: (1) analytical problems in ion analysis, and (2)
temporary changes in composition of spring waters. Cations
detected in the acid condensed fluid from Zhenzhu Spring
include Ca, Na, Mg and K, while anions contain SO,* and Cl
(Table 1). A distinct enrichment of SO,?~ and Ca was observed
in the condensed fluid from Zhenzhu Spring. Although the spring
waters and the condensed fluid are different in fluid composition,
they have a similar abundance of SO,*".

4.b. Mineralogy

XRD analyses (Fig. 2) and SEM analyses (Fig. 3) show the simple
mineral composition of the rock coatings and the underlying rocks
from Zhenzhu Spring. The former are composed of gypsum, amor-
phous silica, alum-(K) [KAI(SO,),-12H,0], a-quartz and musco-
vite (Fig. 2a—c), while the latter which might be derived from the
alteration of silicified fractured syenogranites (Lin et al. 2014) in
the Rehai geothermal field are represented by a-quartz and
muscovite (Fig. 2d). A small number of granular angular sulphate
minerals (Fig. 3h) were also observed in the SEM analysis,
but their contents were too low to be checked in the XRD spec-
trums. In this study, these sulphate minerals are identified as vol-
taite [K,Fe**sFe’*3A1(SO,),,-18H,0], based on repetitive EDX
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Table 1. Chemical analyses of water samples from Zhenzhu Spring in the Rehai geothermal field (concentration in mg L=%, blank = no data, ND = not detected,
* = measured in the lab)

Reference Fluid T (°C) pH K Na Ca Mg Al Fe Cl S0,* HCO; Si0,
Zhang et al. (2008) Spring water 96 3.5 13.7 13 171 0.04 0.204  38.1 134 ND 153
Guo & Wang (2012) Spring water 96 6.42 15.9 67.7 2.3 0.4 39.2 128.2 5.6 262
Guo et al. (2014) Spring water 91.8 4.5 21.7 58.5 2.16 0.61 0.46 1.33 64.3 162 12.8 140
Jiang et al. (2018) Spring water 88.50  3.93 22.30 51.37 313 047 0.35 0.56 40.30 11573  16.30
Luo et al. (2019b) Condensed fluid 19.6* 3.22* 0.183 0.267 511 0.185 ND ND 0.107 34 ND 0.295
This research Spring water 89.5 4.50* 22.9 30.8 2.49 0.548 0.739 0.572 46.4 98.9 28.46 126
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Fig. 2. Representative X-ray diffraction patterns of the rock coatings and their underlying rocks at Zhenzhu Spring. G = gypsum, Am = amorphous silica (a ‘hump’ shape),
A= alum-(K), Q = a-quartz, M = muscovite. (a) Newly formed gypsum sampled from the surficial rock coatings. (b, c) Previously formed minerals sampled from the lower part
(close to the underlying rock) of rock coatings. (d) Abundant a-quartz and some muscovite constitute the underlying rocks.

analyses which show that they are mainly composed of K, Fe, AL S,
O. Since a-quartz and muscovite might be derived from the under-
lying rocks or soils, this study predominantly focuses on the rest of
the minerals, which may be formed either by fog deposition, spring
water capillary action or the alteration of underlying rocks.
Gypsum is the most abundant sulphate mineral and mainly
occurs at the top of the rock coatings at Zhenzhu Spring. Two types
are recognized: tabular (Fig. 3a) and prismatic (Fig. 3b, ¢). Tabular
gypsum crystals are common in the rock coatings and are charac-
terized by long crystals (> 0.5 mm). Some less common prismatic
gypsum crystals also appear and can be divided into large (>100 pm)
(Fig. 3b) and small crystals (<100 pm) (Fig. 3c). In this study,
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apart from a few gypsum crystals found to be embedded in amor-
phous silica (Fig. 3d), most of the gypsum crystals were present
above the amorphous silica (Fig. 3a).

Amorphous silica typically appears in the lower part of the rock
coatings at Zhenzhu Spring and varies in occurrence. This mineral
is apparent in the XRD spectra (Fig. 2b, ¢) with a broad hump cen-
tred around 21.9° (20) (Herdianita ef al. 2000). Amorphous silica is
found as: (1) a coating on the surfaces of the gypsum crystals
(Fig. 3e), (2) tabular aggregates made of granular amorphous silica
(Fig. 31), (3) amorphous silica debris likely formed by the breakage
of tabular amorphous silica aggregates (Fig. 4) and (4) tight layers
with some pores developed in them (Fig. 3g). Some alum-(K)
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Fig. 3. Backscattered electron photographs of gypsum crystals, amorphous silica, voltaite and alum-(K). G = gypsum, Am = amorphous silica, V = voltaite, A= alum-(K). (a)
Tabular gypsum crystals develop on amorphous silica. (b) Large prismatic gypsum crystals and amorphous silica aggregates. (c) Small prismatic gypsum crystals. (d)
Tabular gypsum crystals (light parts) embedded within amorphous silica (dark parts). (€) Amorphous silica coating present on gypsum crystal surfaces. (f, g) Tabular amorphous

silica aggregates. (h-j) voltaite alum-(K) in the sulphate rock coatings.

and trace voltaite were found in some samples (Figs 2b, 3h-j), com-
monly in association with amorphous silica.

4.c. Laminae

Most of the rock coatings at Zhenzhu Spring are laminated, with
the layers varying in mineral composition and/or occurrence
(Fig. 4). Four different layers were observed, including the gypsum
layer formed of tabular or prismatic gypsum crystals, the tabular
siliceous layer composed of tabular amorphous silica aggregates,
the siliceous debris layer characterized by amorphous silica debris,
and the tight siliceous layer. The gypsum layer developed at the top
of the rock coatings, whereas other layers appeared below the gyp-
sum layer (Fig. 4). The lower part of the rock coatings at Zhenzhu
Spring is formed of alternating tight siliceous layers and tabular
siliceous layers (or siliceous debris layers). Although three
types of siliceous layers exist in some rock coating samples at
Zhenzhu Spring (Fig. 4b), there may be only two types of layers
because of the high probability that the siliceous debris layers
are the result of the breakage (and dissolution) of tabular siliceous
layers.
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4.d. Geochemical modelling

The cooling model of the condensed fluid from Zhenzhu Spring
shows that the condensed fluid was unsaturated with gypsum
and amorphous silica (Fig. 5a). A temperature fall can increase
the SI value of amorphous silica and cause a subtle decrease in
pH and the SI value of gypsum (Fig. 5a). The temperature changes
will not drive the condensed fluid to precipitate any mineral
because of their low SI values (<0). The evaporation of the con-
densed fluid will account for the rapid rise of SI and the decrease
in pH, especially during the last stage of evaporation (H,O > 80 %)
(Fig. 5b). Such a pH decrease would cause the waters to become
more acidic. Acid fluids are generally not favourable to gypsum
precipitation due to sulphuric acid equilibrium (i.e. forming more
H,S0,4~ and improving the solubility of gypsum), but the STgypeum
values still increase during the evaporation processes (Fig. 5b). This
shows that the pH increase of the condensed fluid plays a secon-
dary role in the formation of gypsum during the evaporation proc-
esses. The complete evaporation of the condensed fluid is necessary
for gypsum and amorphous silica formation. Compared with other
cations, anions and dissolved SiO, in the condensed fluid (Table 1),
its relatively high concentrations of Ca and SO,*" in the condensed
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gypsum layer

tight siliceous
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tabular siliceous
layer

Fig. 4. Backscattered electron photographs of different laminae.

fluid show that the most abundant mineral produced during the
evaporation of the condensed fluid is gypsum instead of amor-
phous silica.

With the cooling of the spring water from Zhenzhu Spring, the
SI value of amorphous silica increases, while the SI value of gyp-
sum decreases (Fig. 5¢). The change in the SI value of gypsum was
subtle. Compared with the SI values of gypsum, the changes in the
SI values of amorphous silica are relatively large and may cause
the precipitation of amorphous silica when the spring water
cools down to 30 °C. Unless the spring water is completely
evaporated, no gypsum can be precipitated (Fig. 5d). The precipi-
tation of amorphous silica is influenced not only by temperature
(Fig. 5c¢), but also by the percentage of H,O evaporated
(Fig. 5d). A larger proportion of H,O evaporated and a lower
temperature will promote the precipitation of amorphous silica
(Fig. 5¢, d). For instance, the SI value of amorphous silica will
steadily increase during the spring water evaporation at 90 °C
until c. 66 % of the water is evaporated and then the amorphous
silica will be precipitated (Fig. 5d). However, if the spring water is
evaporated at 20 °C, the amorphous silica will be formed even if
no spring water evaporation occurs because of its high SI values
(>0) (Fig. 5d).

A precipitation-dissolution model (Fig. 5e) and a dilution
model (Fig. 5f) were run in PHREEQC to estimate the variations
in the amounts of amorphous silica precipitation and dissolved
gypsum in the spring water at different temperatures, and the sat-
uration states of the minerals in the mixed fluid of spring water
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with meteoric water (pure water). The curve of gypsum is near
horizontal (Fig. 5e), which shows the temperature changes have
little influence on the gypsum dissolution amount. Amorphous
silica precipitation would start at ¢. 30 °C (Fig. 5¢, e) when the
SIvalues of amorphous silica arrive at 0. Unlike the near-constant
dissolution amount of gypsum (Fig. 5e), a lower temperature
would lead to more amorphous silica precipitates (Fig. 5e) largely
because of the continuous and rapid rise of SI of amorphous silica
during cooling processes (e.g. Hinman & Lindstrom, 1996;
Guidry & Chafetz, 2002). The dilution model suggests that dilu-
tion facilitates the dissolution of gypsum and slows down the pre-
cipitation rate of amorphous silica (Fig. 5f). After 0.35 times pure
water was added, amorphous silica became unsaturated in fluids
(Fig. 5%).

Figure 5g shows that although spring-water - rock interactions
and condensed-fluid - rock interactions cause differences in the
number of secondary minerals and in the reaction progress value,
both alunite and amorphous silica can be formed. The underlying
rocks can release Al and K and form alunite at low-intermediate
reaction progress values (<0.1 mol rock / kg water). Unfortunately,
no alunite was detected at Zhenzhu Spring, which means that alun-
ite may not be formed or may have been converted to other min-
erals. In this study, we consider alum-(K) to be the product of
transformation (dissolution, evaporation and crystallization) of
alunite, as proposed by Singer (1948) and Archontidou et al.
(2005). Amorphous silica appears at intermediate-high reaction
progress values (c. 0.01-1 mol rock / kg water).
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5. Discussion
5.a. Genesis of sulphate minerals and acid-fog deposition

Interpretations of the genesis of subaerial sulphate minerals in vol-
canic and geothermal fields are various (e.g. Rodgers et al. 2000;
Schiffman et al. 2006; Hynek et al. 2013; Szynkiewicz et al.
2014). A rock-fluid (e.g. rock-vapour, rock-condensate) interac-
tion is commonly considered responsible for the development of
sulphate minerals at many sites, such as Diana Cave, Romania
(Bogdan et al. 2013), and active volcanoes in Nicaragua (Hynek
et al. 2013) and Costa Rica (Poas volcano) (Rodriguez & van
Bergen, 2017). However, this mechanism is inapplicable at
Zhenzhu Spring because of (1) the stable mineral composition
of the underlying rocks (c. 90 % a-quartz and 10 % muscovite;
Fig. 2d), which can only produce a weak fluid-rock interaction
and provide no or little Ca for gypsum, and (2) a small number
of aluminium-containing sulphate minerals, indicating that only
small amounts of aluminium and potassium were released from
the underlying rocks.

The gases from Zhenzhu Spring contain some H,S (0.11-0.25 %)
and SO, (0.0051 %) (Shangguan et al. 2000; Zhang et al. 2016a).
Although sulphate minerals formed directly from the sulphur-
containing gases (as sublimates) have been found at some volcanic
fumaroles (e.g. Kavalieris, 1994; Taran et al. 2001; Aguilera et al.
2016) and burning coal-dumps (Shimobayashi et al. 2011), high
gas temperatures (generally >300 °C) are necessary for the forma-
tion of these sulphate minerals. At Zhenzhu Spring, vapour
deposition cannot cause the occurrence of sulphate minerals
because of its low temperatures (at least, vapour deposition is not
the main factor controlling the formation of sulphate minerals).
Additionally, the evaporation of the capillary spring water can
form sulphate minerals in subaerial conditions (Zhu et al.
1982; Ciesielczuk et al. 2013; Szynkiewicz et al. 2014), but the
geochemical models of the spring water from Zhenzhu Spring
(Fig. 5¢, d) show the preferential formation of amorphous silica
instead of gypsum.

Precipitation of gypsum from the capillary spring waters
requires complete evaporation of the spring waters, possibly
because of the low concentrations of Ca in spring waters and
the low pH (Table 1). The complete evaporation of the capillary
spring waters would form large amounts of saline minerals (e.g.
halite) instead of gypsum due to the high contents of Na, K, CI
and SO,*" in the spring waters (Table 1). However, we found
no other saline minerals in the rock coatings, suggesting full evapo-
ration of the capillary waters was never achieved near the rock
coatings at Zhenzhu Spring. We thus exclude the possibility that
the gypsum in the rock coatings was directly precipitated from
capillary waters.

Fog (composed of steam and vapour) can be formed around hot
springs (e.g. Rodgers et al. 2000; Bogdan et al. 2013), possibly by
the bubble bursting on the water surface, vapour release from the
pool-bottom vents and rapid evaporation of spring waters. The
close link between sulphate minerals and fog has been found
in deserts (Leybourne et al. 2013) and volcanoes (McCanta et al.
2014; Yant et al. 2018). The fog (condensed fluid) from
Zhenzhu Spring contains some jons (Table 1). The acid-fog dep-
osition on the rock surface produced the condensed fluids. After
the complete evaporation of these fluids (Fig. 5b), abundant sul-
phate minerals (mainly gypsum because of the enrichment of
Ca and SO,%, and the rarity of other ions in the condensed fluids)
were formed on the rock-coating surface. This fog deposition
model can also explain why the gypsum commonly occurred at
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the top of the rock coatings from Zhenzhu Spring. It is noticed that
some condensed fluids can react with the underlying rocks (mainly
muscovite) and cause the occurrence of aluminium-containing
sulphate minerals (e.g. alunite) (Fig. 5g). These condensed fluid-
rock interactions become stronger with the cooling of condensed
fluids due to the decrease of pH (Fig. 5a).

5.b. Origin of silica and capillary action

The rock coatings from Zhenzhu Spring are characterized by the
occurrence of amorphous silica below the gypsum crystals
(Fig. 4), which partly reflects the presence of SiO,-containing flu-
ids. In terrestrial hot spring settings, amorphous silica is commonly
precipitated from spring waters because of rapid cooling, evapora-
tion, changes in pH, and cation effects (Guidry & Chafetz, 2002;
Handley et al. 2005; Tobler et al. 2008). Spring waters are the main
sources of silica for subaqueous amorphous silica precipitates
(sinter) in hot springs. In environments (especially in acid-sulphate
environment) related to hot springs, surrounding rocks are likely
the predominant origin of silica. For example, amorphous silica
found on the surface of the geothermal fields in New Zealand
was formed as the primary silica residue of the acid-sulphate alter-
ation of volcanic rocks (Rodgers et al. 2002, 2004). With respect to
silicate minerals, especially feldspar and kaolinite, their long-time
presence in the acid-sulphate environment would cause the forma-
tion of silica minerals (Martin et al. 2000; Kruszewski, 2013).

At Zhenzhu Spring, amorphous silica from the rock coatings
was largely issued from the spring water. The underlying rock
can produce amorphous silica during water-rock interactions
(Fig. 5g). However, their contribution was not important because
(1) only a few silicate minerals that may form amorphous silica
during acid-sulphate alteration processes were observed in the
underlying rocks (Fig. 2d), and (2) only a small amount of
alum-(K) was detected, indicating the weak water-rock inter-
actions. The stable a-quartz would not interact with acid fluids
(condensed fluid and/or spring water) from Zhenzhu Spring.
Although the full evaporation of the condensed fluid from
Zhenzhu Spring can form some amorphous silica (Fig. 5b) because
the condensed fluid contains a small concentration of SiO,
(Table 1), it is difficult to explain why amorphous silica appeared
under the gypsum crystals (Fig. 4) and why there is a larger amount
of amorphous silica than gypsum. Indeed, the condensed fluids
contributed some silica to the amorphous silica deposits. Their
contribution, however, was limited compared with that of the
spring water. Thus, the spring water would be the main silica
source of amorphous silica precipitates in the rock coatings from
Zhenzhu Spring.

Amorphous silica precipitates in the rock coatings at Zhenzhu
Spring are formed subaerially. Several processes were proposed to
explain the formation of subaerial amorphous silica in hot springs:
splashing, oscillatory changes in the water level (e.g. wave action),
steam condensation and capillary action (Walter, 1976; Jones et al.
1997; Campbell et al. 2002; Mountain et al. 2003; Jones & Renaut,
2006). At Zhenzhu Spring, the splashing water cannot reach the
areas where the rock coatings are formed. Moreover, dissolved
SiO, cannot be supplied by oscillatory changes in the water level
because of the stable pool water depth of Zhenzhu Spring.
Accordingly, the capillary rise of the spring water, also termed
wicking (Hinman & Lindstrom, 1996), would be necessary for
the formation of subaerial amorphous silica in the rock coatings
at Zhenzhu Spring. The spring water ascended to the lower
part of the rock coatings at Zhenzhu Spring by capillary action
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Fig. 6. Schematic diagrams showing the development of siliceous rock coatings in the dry season (a) and the wet season (b). The tabular gypsum crystals were mainly formed in

the dry season, and the alternating siliceous layers were formed in the wet season.

(Fig. 6) and precipitated amorphous silica among gypsum crystals
resulting from the evaporation and/or cooling of the spring water
(Fig. 6¢, d).

5.c. Laminae controlled by dissolution, capillary action and
acid-fog deposition

Most of the rock coatings from Zhenzhu Spring are formed of
multiple layers, including the gypsum layers present at the top
of the rock coatings and the alternating siliceous layers developed
below the gypsum layer (Fig. 4). As discussed above, the gypsum
crystals are produced by acid-fog deposition and subsequent
evaporation, and the siliceous minerals are the result of the capil-
lary rise of the spring water and cooling/evaporation. The higher
amorphous silica contents in the rock coatings and the alternation
of siliceous layers are interesting. The former may be caused by (1)
larger contribution of capillary spring waters to the rock coatings
than contribution of fog, (2) dissolution of gypsum by the capillary
waters or meteoric waters (Fig. 6), and (3) weak water-rock inter-
actions between acid fluids and muscovite, which would leach a
little SiO, (Fig. 5g). However, the alternation of siliceous layers
is still unclear.

Laminated development has been found to be a common char-
acteristic of hot spring deposits in Tengchong (e.g. Jones & Peng,
2012, 2015). Konhauser et al. (2001) suggested that seasonal cli-
mate change is responsible for the development of the cyclic sili-
ceous laminae. Intrinsic control (aperiodic CO, content changes in
the spring water) was also proposed to interpret the development
of the tripartite growth cycle in travertines (Jones & Peng, 2012,
2014). However, these hot spring deposits are all considered to
be formed subaqueously, unlike the subaerial siliceous-sulphate
coatings at Zhenzhu Spring.

The subtropical monsoon climate in Tengchong causes signifi-
cant variations in rainfall between the wet season and the dry sea-
son. Data from Jones & Peng (2015) show that c. 80 % of total
rainfall is concentrated in the wet season (average 210 mm/
month). This change accounts for the seasonal development of
gypsum. In the dry season, the acid-fog deposition on the surface
of rock coatings and subsequent complete evaporation led to the
formation of gypsum crystals on the rock-coating surface (gypsum
layer, Fig. 6). Continuous rain in the wet season diluted the con-
densed fluid and reduced the saturation level of the condensed
water with respect to gypsum. Thus, little or no gypsum was pre-
cipitated on the rock-coating surface in the wet season.

Rainfall events can cause the dissolution of many metal sulphate
minerals (Jambor et al. 2000). Although the spring waters of
Zhenzhu Spring were unsaturated with gypsum (Fig. 5¢), little gyp-
sum was dissolved in the dry season because the capillary spring
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waters might only arrive at the lower part of the rock coatings
due to the low groundwater level (Fig. 6). In the wet season, the
capillary waters might rise to the surface of the rock coatings
and mix with the rainwater and some condensed fluids. This dilu-
tion process strengthened the gypsum-dissolving capacity of the
diluted capillary waters. Thus, affected by perennial rains, the ear-
lier-formed gypsum was dissolved by the capillary waters during
the wet season and produced tabular pores (Fig. 6).

The changes in rainfall controlled the precipitation of amor-
phous silica in the rock coatings at Zhenzhu Spring. Although
heavy rains would increase the groundwater level and drive the
capillary waters to cover the rock-coating surfaces, they would
dilute the capillary waters. Slight dilution of the capillary waters
decreased the SI of amorphous silica (Fig. 5f), but amorphous silica
would still be formed until it reaches undersaturation. Weak capil-
lary action in the dry season explains the occurrence of amorphous
silica in the lower part of gypsum crystals (Fig. 6). Abundant amor-
phous silica was formed in the wet season, when the diluted capil-
lary water covered the surface of the rock coatings. However, it is
must be emphasized that heavy rain events (high dilution factors)
would prevent the formation of amorphous silica and accelerate
the dissolution of gypsum. The amorphous silica precipitation
would therefore cease after the strong dilution (dilution factor >

1.35, T=20 °C) of the capillary waters (Fig. 5f).

Accordingly, the growth and development of the laminae of the
rock coatings at Zhenzhu Spring involved the acid-fog deposition
process, the capillary action of spring water, and the dissolution
process influenced by the seasonal climate change (Fig. 6). The
acid-fog deposition in the dry season and subsequent evaporation
formed the gypsum layer at the top of the rock coatings. The capil-
lary action of the spring waters supplied silica to the rock coatings,
but this process was influenced by the seasonal climate change
(especially rainfall variations). Amorphous silica was mainly pre-
cipitated among tabular gypsum crystals to form tabular aggregates
and on the rock coating surface to form tight siliceous layers in the
wet season, when there was still a small amount of rainwater.
Heavy rains interrupted the precipitation of amorphous silica
and enhanced the dissolution of gypsum crystals forming many
tabular siliceous pores. Thus, the tight siliceous layers and the tabu-
lar siliceous layers were formed in the wet season. In the case of the
siliceous debris layers, they largely originated from the breakage
and/or dissolution of the tabular siliceous layers.

6. Conclusions

The rock coatings from Zhenzhu Spring are mainly composed of
gypsum and amorphous silica along with some alum-(K), voltaite,
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a-quartz and muscovite. The various laminations of the rock coat-
ings found at Zhenzhu Spring can be divided into the following
layers: gypsum, tight siliceous, tabular siliceous and siliceous
debris. The siliceous debris layers might be the products of the
breakage (and dissolution) of the tabular siliceous layers, possibly
resulting from rainfall events in the wet season. Both the spring
waters and the condensed fluids are rich in SO,>~. Large differences
in concentrations of other ions and SiO, are, however, evident
between the spring waters and the condensed fluids. Geo-
chemical models indicate that the formation of gypsum is closely
linked to the condensed fluids, while the precipitation of amor-
phous silica is mainly influenced by the cooling and/or evaporation
of the capillary spring waters.

This study shows that the rock coatings are the integrated prod-
uct of acid-fog deposition, capillary action of spring water, and dis-
solution. The acid-fog deposition (and cooling/condensation)
produced water films and droplets on the rock surface. Gypsum
only occurred after the complete evaporation of the condensed flu-
ids in the dry season. Meanwhile, some spring waters were deliv-
ered to the lower part of the rock coatings by capillary action and
precipitated amorphous silica. This capillary rise process became
stronger with larger rainfall amounts in the wet season. Con-
trolled by the variations in rainfall, the precipitation of amorphous
silica was fluctuant. A small amount of rain caused the capillary
spring waters supersaturated with amorphous silica to cover the
rock-coating surface, forming a tight siliceous layer, and to fill
the pores among tabular gypsum crystals, forming many tabular
siliceous aggregates. Nevertheless, rainwater diluted the capillary
waters and prevented the further formation of amorphous silica.
Meanwhile, the diluted capillary water continuously dissolved
the tabular gypsum crystals, forming a tabular siliceous layer or
a siliceous debris layer. Thus, the alternating siliceous layers were
all formed in the wet season.

The development of the siliceous-sulphate rock coatings sug-
gests the effect of acid-fog deposition on subaerial sulphate min-
erals around hot springs. In most of the acid sulphate hot
springs and similar environments, the effect of acid-fog deposition,
however, might be masked by other processes (e.g. acid-sulphate
alteration). The preservation of sulphate minerals formed by
acid-fog deposition is difficult in wet conditions (e.g. rainfall
events). This study also shows the significance of capillary action
in the formation of subaerial amorphous silica in hot springs.
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