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Abstract 

The mineralogy, geochemical mass balance, sulfur isotope, and micro-structure of the sandstone in the Nankan 
Grotto were analyzed to explore the weathering mechanisms of the subflorescence and crust patterns. The results 
revealed that the mineralogical compositions of the rock samples from the subflorescence and crust sites were 
quartz, feldspar, calcite, and clay minerals. The calcite content was much higher in the crust site than that in the sub-
florescence site. Based on the microscopic petrographic evidence, the crystallization stress of the thenardite and cal-
cite and the swelling/shrinking stress of the clay minerals led to the detachment of the outer rock layer, after which 
subflorescence became visible on the newly exposed surface. Solution migration carried  Ca2+ from the interior 
of the rock to the surface, where it combined with  CO3

2− and  SO4
2− to produce gypsum and calcite on the surface 

during the drying process, resulting in the formation of the crust. Therefore, the mineralogical composition (especially 
the calcite content) laid the foundation for the distinct development of the subflorescence and crust. In addition, 
the microstructure and external environment influenced the amount and location of salt crystallization, eventually 
leading to thenardite crystallizing within the rock in the subflorescence site while the gypsum precipitated on the sur-
face as a crust. The sulfur isotope analysis revealed that the sulfur in the subflorescence and crust sites was most likely 
derived from detergents and from the combustion of oil and natural gas. Our research revealed the microscopic 
weathering mechanisms of the subflorescence and crust patterns in the Nankan Grotto, providing insights on salt 
weathering mechanisms for stone heritage sites around the world.
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Introduction
Sandstone buildings and monuments are an important 
part of our world’s cultural heritage [1]. They have been 
subjected to diverse degradation processes over long 
geological timescales under the combined influences of 
external factors, such as environmental, geological, and 

anthropogenic disturbances [2–5], and internal factors, 
such as petrography and sedimentology [6–8]. In addi-
tion, salt weathering is widely accepted as an important 
weathering mechanism causing severe decay in sand-
stone heritage sites, as has been repeatedly demonstrated 
by numerous case studies [9–12]. Salt damage often 
results in the formation of efflorescence or crust on the 
surface, or the formation of subflorescence below the 
surface. Efflorescence, crust, and subflorescence patterns 
induce discoloration, deformation, and even detachment 
of the stone materials [13,    14]. These processes have 
greatly damaged the artistic value of sandstone herit-
age sites. Therefore, it is of great significance to further 

*Correspondence:
Sixiang Ling
lingsx@swjtu.edu.cn
1 Faculty of Geosciences and Environmental Engineering, Southwest 
Jiaotong University, Chengdu 611756, Sichuan, People’s Republic of China
2 MOE Key Laboratory of High-speed Railway Engineering, Southwest 
Jiaotong University, Chengdu 610031, Sichuan, People’s Republic of China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-023-01031-1&domain=pdf


Page 2 of 13Zhang et al. Heritage Science          (2023) 11:181 

explore the salt weathering mechanism of sandstone her-
itage sites and to provide appropriate protection.

The mechanisms of salt transport and the consequent 
weathering patterns are controlled by the petrography of 
the sandstone and the dominant environmental condi-
tions [15]. The petrographic characteristics of the sand-
stone determined the type of salt and its concentration 
[16]. At the same time, the environmental conditions 
(such as temperature and relative humidity) controlled 
the drying kinetics of the solution, which further deter-
mined whether the salts would crystallize at the surface 
as efflorescence/crust or inside the material as damag-
ing subflorescence [10]. In addition, the development 
of stone decay can be affected by anthropogenic distur-
bances, especially since the industrial revolution. Mass 
industrial and agricultural wastewater and waste gas have 
been discharged into the natural environment, which 
provided large salt sources for the salt weathering in 
sandstone grottoes [17–19].

The Nankan Grotto was dug from a sandstone cliff in 
approximately 700 AD in Bazhong City, and has since 
suffered severe salt weathering over a long geological 
timescale. However, the salt weathering mechanisms of 
the sandstone in the Nankan Grotto are still unclear. We 
conducted a field investigation and collected rock blocks 
and salt crystals for mineralogical, major element, sulfur 
isotope, and micro-structure analyses. The main objec-
tives of this study were (i) to elucidate the weathering 
mechanisms of the subflorescence and crust patterns in 
the Nankan Grotto; (ii) to investigate the possible sulfur 
sources of the salt weathering in the Nankan Grotto; and 
(iii) to investigate the petrographic and environmental 

influences leading to the differentiation of rock deteriora-
tion. The results of this study provide new insights that 
improve our knowledge of the salt weathering processes 
in sandstone grottoes.

Study site and sampling
The Nankan Grotto is located in Bazhong City, Sichuan 
Province (Fig.  1a). The Nankan Grotto was first carved 
during the Sui dynasty and was then further carved dur-
ing the Tang dynasty. It is an excellent representation of 
Buddhist and Taoist grotto art, which was included in 
the third group of major historical and cultural sites pro-
tected at the national level by the State Council in 1988. 
The existing sandstone grottoes are clustered in the Giant 
Buddha Cave Area (Fig. 1b–d).

Bazhong City is characterized by a subtropical humid 
monsoon climate and is frequently subjected to the 
Asian monsoon. The average annual temperature is 
approximately 16  °C. The lowest average daily tempera-
ture of 6.1 °C is in January, and the highest temperature 
of 27.1 °C occurs in July (http:// www. cnbz. gov. cn). There 
are approximately 12–15 high-temperature days per year, 
on which temperature extremes of > 35  °C occur. The 
temperature rarely drops below 0 °C in winter, except for 
on an average of 2 or 3 days per year. The maximum tem-
perature variations in a single day are approximately 20 
to 35 °C in summer and − 2 to 13 °C in winter. The mean 
annual precipitation is approximately 1117.2  mm in the 
Bazhong area. The annual relative humidity (RH) varies 
from 64 to 84%. The relative humidity is relatively low 
in spring, with an average daily humidity of below 70%. 
The relative humidity is relatively high in winter, and the 

Fig. 1 a Location of the study area. b Photograph of Grotto 107. c Photograph of Grotto 103. d Field photograph of the Nankan Grotto. The Arabic 
numerals in b, c, and d are the sequential numbers of the Buddhas

http://www.cnbz.gov.cn
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average relative humidity from October to December is 
greater than 80%. The maximum relative humidity vari-
ations on rainy days range from approximately 60–98%.

The sandstone, excavation material for the Nankan 
Grotto, has a reddish color and is from the Lower Cre-
taceous Bailong Formation. The salt weathering pat-
terns in the Nankan Grotto can be mainly classified as 
subflorescence (Fig.  2a, b), efflorescence (Fig.  2c), and 
crust (Fig.  2d–f). The subflorescence and efflorescence 
are composed of white salt particles that poorly adhere 
on the sandstone surfaces or newly exposed surfaces 
(Fig.  2a–c), while the crust is hard and bonded to the 
stone surface. The crust is brown or dark brown and 
includes the products of extraneous sedimentary mate-
rials and secondary mineralization (Fig. 2d–f). Based on 
the Illustrated Glossary on Stone Deterioration Patterns 
established by the International Council on Monuments 
and Sites (ICOMOS) for stone [20], efflorescence and 
subflorescence can be distinguished as follows. Efflores-
cence is generally poorly bonded to the stone surface and 
is not suspected to cause severe damage to the material. 
Subflorescence corresponds to salt crystallization inside 
the material pores and under the stone surface. Sub-
florescence is also visible on the newly exposed surface 
when the stone layer over it has detached. Therefore, the 
damage caused by subflorescence is much more severe 
than that caused by efflorescence.

We collected three samples from a subflorescence site 
and three samples from a crust site to investigate their 
deterioration mechanisms. Samples S0, S1, and S2 were 

collected from the subflorescence site. Sample S0 was 
the white salt crystallization on the surface, while sam-
ples S1 and S2 were the weathered and fresh rock sam-
ples, respectively, from the subflorescence site (Fig.  2a). 
Samples C0, C1, and C2 were collected from the crust 
site. Sample C0 was the brown crust attached to the 
cliff surface, while samples C1 and C2 were the weath-
ered and fresh rock samples, respectively, from the crust 
site (Fig. 2d). Salt crystal sample S0 was collected using 
a brush. Crust sample C0 was collected using a knife. 
Then, a microscopic drill (HZD-L, China) was used to 
drill horizontal micro holes with a diameter of 50  mm 
in the newly exposed sandstone surface. At the subflo-
rescence and crust sites, four holes were drilled in each 
site, with a horizontal drilling depth of 10  cm (Fig.  2a, 
d). Each sampling site yielded two samples: the 0–3 cm 
depth sandstone cores were denoted as weathered sand-
stone samples (sample S1 or C1), and the 4–10 cm depth 
sandstone cores were denoted as fresh sandstone samples 
(sample S2 or C2). The weathering state of the sandstone 
core was classified based on the particle color, hardness, 
and fissures.

Methods
Mineralogical analysis
After the collection, the samples were completely dried 
in a drying oven at 60  °C until a constant mass was 
achieved. Then, the whole rock samples were pulverized 
to silt-sized particles using an agate mortar and pestle. 
Before the laboratory analyses, the crushed samples were 

Fig. 2 Field observations and sampling sites of the different deterioration patterns in the Nankan Grotto. a, b Subflorescence site. c Efflorescence 
site. d–f Crust site. The red dots in a and d denote the drill sites
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ground to 200 mesh (< 75  μm) powder using an XQM-
0.4  A ball mill and a zirconia ball. The mineralogical 
compositions of the powdered whole rock samples were 
determined via X-ray diffraction (XRD) using Cu-Kα 
radiation (Bruker D8 DISCOVER, Germany; 40  kV; 40 
mA; λ = 1.54059 Å). The whole rock samples were ana-
lyzed at 2θ angles of 5° to 45° and a step size of 0.02°/sec.

The clay fractions (< 2  μm) were separated from the 
bulk sandstone powder using a previously published 
method [21,   22]. First, the powdered samples were dis-
solved in 20% diluted acetic acid to remove the car-
bonate components. They were allowed to settle for 
approximately 60  h. Then, the uppermost suspension 
was transferred to a polyethylene tube and centrifuged at 
2000  rpm for 5  min to settle the clay fraction. The clay 
fraction was collected and suspended in distilled water, 
and then it was sonicated to achieve dispersion. Finally, 
this clay suspension was pipetted onto a glass slide and 
dried at room temperature for 48  h. The clay fractions 
were further treated via (i) air drying, (ii) the addition of 
ethylene glycol, and (iii) thermal-processing at 450 °C. All 
of the treated clay samples on the glass slides were then 
analyzed using XRD at 2θ angles of 2.5° to 15° and a step 
size of 0.02°/sec. The mineral contents were quantified 
using whole pattern fitting and Rietveld refinement. The 
relative standard deviation (RSD) of the XRD measure-
ments was less than 10%. The lowest detection limit was 
0.1 wt.%.

Major element analysis
The major element compositions were analyzed via X-ray 
fluorescence spectroscopy (XRF; PANalytical PW2424, 
Netherlands). For the chemical analysis, two portions 
of each powdered samples were weighed out. One sam-
ple was fused with  LiBO2-Li2B4O7 flux and an oxidizing 
agent  (LiNO3). Then, the melted sample was poured into 
a platinum mold and prepared for XRF analysis. Another 
sample was calcined in a muffle furnace with oxygen at 
1000 °C to calculate the loss on ignition (LOI). Measure-
ments were carried out on standard and parallel samples, 
and the relative deviation (RD) and relative error (RE) of 
the XRF measurements were less than 5%. The lowest 
detection limit was 0.01 wt%.

Pore measurement
The pore size distribution was determined using mercury 
intrusion porosimetry (MIP, Micromeritics AutoPore IV 
9505, America). Before measurements were taken, the 
rock samples were crushed into centimeter sized frag-
ments and heated at 105 °C for 24 h under high vacuum 
conditions. Then, the pore volume was measured via the 
intrusion of mercury at discrete pressure steps until the 
maximum pressure of 110 MPa was reached.

Sulfur (δ34S) isotope analysis
Sulfur (δ34S) isotope analyses were conducted on the 
six samples to trace the possible sources of the sulfur. 
First, the sulfur was separated from the matrix and pre-
cipitated as  BaSO4. The sulfur isotopic composition was 
measured using a stable isotope ratio mass spectrometer 
(Finnigan MAT 253, Germany) coupled to an elemental 
analyzer (Costech ECS 4010, Italy). The δ34S values were 
calculated by normalizing the 34S/32S ratio of the sample 
to that of the Vienna Canyon Diablo Troilite (VCDT) 
international standard. The relative standard deviation 
(RSD) of the measurements was less than 0.03%. The low-
est detection limit was 0.1‰. The analytical precision for 
the δ34S value was reproducible to 0.2‰.

Microscopic petrographic analysis
The unpolished samples (S0 and C0) were coated with 
platinum (Emitech SC7620 sputter coater) prior to obser-
vation. The microstructures of samples S0 and C0 were 
observed using a field emission scanning electron micro-
scope (FE-SEM; TESCAN MIRA 3, Czech Republic). 
Before the observations, sandstone samples S1, S2, C1, 
and C2 were polished using a polishing machine (UNI-
POL-1200 M) to obtain flat surfaces. Then, backscattered 
electron (BSE) images of samples S1, S2, C1, and C2 were 
obtained via FE-SEM. The instrument was operated at an 
accelerating voltage of 20 kV. The element compositions 
of the observed grains were analyzed via energy disper-
sive X-ray spectroscopy (EDS; EDAX Element 30).

Results
Mineralogy of the sandstone
The XRD analysis results of the samples are shown in 
Table  1  and Fig.  3. For the subflorescence samples (S0, 
S1, and S2), the quartz contents (60.7–79.4 wt.%) were 
the highest, and the calcite contents (0.5–9.2 wt.%) were 
the lowest. The other minerals were feldspar (13.3–14.6 
wt.%) and clay mineral (4.5–8.5 wt.%). Thenardite was 
only observed in sample S0 in this set of samples (8.3 
wt.%). For the clay minerals, the illite-smectite mixed 
layer contents were the highest (2.1–2.9 wt.%), followed 
by the mica/illite contents (1.4–2.1 wt.%). The chlorite 
contents (0.3–0.5 wt.%) and kaolinite contents (0.2–0.5 
wt.%) were much lower.

The crust samples (C0, C1, and C2) had the high-
est quartz contents (64.1–74.1 wt.%), followed by the 
feldspar (10.3–15.0 wt.%), calcite (6.1–15.1 wt.%), and 
clay mineral (5.4–8.2 wt.%) contents. Gypsum was only 
observed in samples C0 and C1 (1.3–2.3 wt.%). For the 
clay minerals, the illite-smectite mixed layer contents 
were the highest (3.4–6.0 wt.%), followed by the mica/
illite (0.6–1.3 wt.%), chlorite (0.3–0.4 wt.%), and kaolinite 
(0.4 wt.%) contents. The calcite and illite-smectite mixed 
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Table 1 Mineral contents (wt.%) of the samples by XRD.

Qz = quartz, Fsp = feldspar, Cal = calcite, Gp = gypsum, Thn = thenardite, Ilt-Sme = illite-smectite mixed layer, Mca/Ilt = mica/illite, Kln = kaolinite, Chl = chlorite

- indicates that the concentration is below detection limit (0.1 wt%); / denotes not analyzed

Deterioration pattern Sample Weathering State Qz Fsp Cal Gp Thn Clay minerals

Total Ilt-Sme Mca/Ilt Chl Kln

Subflorescence S0 Salt crystals 60.7 13.3 9.2 - 8.3 8.5 / / / /

S1 Weathered 79.4 13.8 0.5 - - 5.4 2.9 2.1 0.3 0.2

S2 Fresh 78.9 14.6 2.0 - - 4.5 2.1 1.4 0.5 0.5

Crust C0 Salt crystals 64.1 10.3 15.1 2.3 - 8.2 / / / /

C1 Weathered 67.6 15.0 8.7 1.3 - 7.4 6.0 0.6 0.4 0.4

C2 Fresh 74.1 14.4 6.1 - - 5.4 3.4 1.3 0.3 0.4

Fig. 3 X-ray diffraction mineral analysis results for the rock samples. a Whole rock sample. b Air-dried condition for clay fractions. c Ethylene glycol 
treatment for clay fractions. d Thermal treatment for clay fractions. The mineral symbols are the same as in Table 1
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layer contents of rock samples C1 and C2 were much 
higher than those of samples S1 and S2.

Major element compositions
The major element compositions are summarized in 
Table 2. For the subflorescence samples (S1, S2), the  SiO2 
contents (80.53–81.30%) were the highest, followed by 
the  Al2O3 (7.95–8.18%),  Fe2O3 (1.72–3.01%), CaO (0.70–
2.27%),  K2O (1.69–1.86%),  Na2O (1.48–1.62%), and MgO 
(0.81–0.92%) contents. Sample S1 had the highest  SiO2 
content (81.30%) and the lowest CaO content (0.70%), 
corresponding to the abundance of the quartz and the 
sparsity of the calcite. The contents of the other oxides, 
such as MnO (0.04%),  P2O5 (0.05–0.07%),  SO3 (0.01–
0.03%), and  TiO2 (0.41–0.43%), were all less than 1.0%.

For the crust samples (C1, C2), the major element oxide 
contents were as follows:  SiO2 (74.72–76.47%),  Al2O3 
(7.52–7.63%), CaO (5.34–5.73%),  K2O (1.70–1.71%), 
 Na2O (1.48–1.59%),  Fe2O3 (1.06–1.21%), and MgO (0.75–
0.93%). Sample C1 had the highest  SO3 content of all of 
the samples (1.88%), as a result of the precipitation of 

gypsum. The MnO (0.04%),  P2O5 (0.04–0.05%), and  TiO2 
(0.20–0.23%) contents were less than 1.0%.

Porosity
The porosity and pore size distribution frequency results 
are shown in Fig. 4. At the subflorescence site, the poros-
ity increased from sample S2 to sample S1 (from 13.58% 
to 16.55%). At the crust site, the porosity showed less 
variation from sample C2 to sample C1 (from 9.29% to 
9.61%). In general, the porosities and the proportions 
of macropores (> 1  μm) at the subflorescence site were 
much higher than those at the crust site.

Sulfur (δ34S) isotope analysis
The sulfur (δ34S) isotope results of samples S0, C0, and 
C1 from the Nankan Grotto are shown in Table  3. The 
sulfur contents of samples S1, S2, and C2 were too low 
to conduct sulfur (δ34S) isotope analysis. The δ34S values 
of samples S0, C0, and C1 were +14.9‰, +10.0‰, and 
+8.8‰, respectively.

Table 2 Major element compositions (%) of the samples from the different sites

Deterioration pattern Sample SiO2 Al2O3 CaO TFe2O3 K2O Na2O MgO MnO P2O5 SO3 TiO2 LOI

Subflorescence S1 81.30 8.18 0.70 3.01 1.86 1.48 0.81 0.04 0.07 0.01 0.41 1.71

S2 80.53 7.95 2.27 1.72 1.69 1.62 0.92 0.04 0.05 0.03 0.43 2.82

Crust C1 74.72 7.63 5.73 1.21 1.70 1.59 0.93 0.04 0.04 1.88 0.23 5.96

C2 76.47 7.52 5.34 1.06 1.71 1.48 0.75 0.04 0.05 0.01 0.20 5.24

Fig. 4 Porosity and pore size distribution frequency results of the rock samples. a Porosity and pore size distribution frequency of sample S1. b 
Porosity and pore size distribution frequency of sample S2. c Porosity and pore size distribution frequency of sample C1. d Porosity and pore size 
distribution frequency of sample C2. Samples S0 and C0 were too fragmented to conduct porosity measurements on
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Microscopic observations
In the subflorescence site, the quartz and feldspar sur-
faces were smooth in fresh sandstone sample S2 and the 
micro-structures of the minerals were intact (Fig. 5). The 
cement was mainly composed of siliceous materials. As 
the weathering progressed, the matrix was significantly 
dissolved in weathered sample S1. Sample S1 exhibited 
a more porous structure with looser contacts and less 
cementation between adjacent particles. Obvious micro-
cracks had developed in the quartz and feldspar, mak-
ing them more fragmented. Chlorite was observed on 
the edges of the feldspar, exhibiting an acicular texture. 

Table 3 Sulfur (δ34S, ‰) isotope analysis results for the samples 
from the Nankan Grotto

- indicates below the detection limit (0.1‰)

Deterioration pattern Sample δ34S (‰)

Subflorescence S0 14.9

S1 -

S2 -

Crust C0 10.0

C1 8.8

C2 -

Fig. 5 SEM and BSE micrographs and representative EDS spectra of the samples from the subflorescence site. a–c BSE images and EDS spectra 
of sample S2. d–f BSE images and EDS spectra of sample S1. g–i SEM images and EDS spectra of sample S0
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In salt crystal sample S0, clusters of spherical crystals of 
thenardite had precipitated on the mineral surfaces in a 
cauliflower-like shape.

The calcite contents of samples C1 and C2 from the 
crust site were much higher than those of samples S1 
and S2 from the subflorescence site, which was con-
sistent with the XRD results (Fig.  6). In fresh sample 
C2, the surfaces of the mineral grains were flat and 
well-bonded, so the micro-structures of the miner-
als were intact. The cement material in sample C2 was 

mainly composed of siliceous materials. Calcite was 
widely observed in the gaps between the minerals. As 
weathering proceeded, the mineral grains were loosely 
scattered, and trans-crystalline cracks were widely 
developed in the calcite and feldspar in weathered 
sandstone sample C1. The feldspar grains were severely 
altered, with densely distributed dissolution grooves 
and sericitization of the feldspar surfaces. In crust sam-
ple C0, the euhedral gypsum crystals exhibited tabular 
or clubbed shapes and were attached to the mineral 
surfaces.

Fig. 6 SEM and BSE micrographs and representative EDS spectra of the samples from the crust site. a–c BSE images and EDS spectra of sample C2. 
(d–f ) BSE images and EDS spectra of sample C1. g–i SEM images and EDS spectra of sample C0
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Discussion
Microscopic weathering mechanism of the subflorescence
Based on the mineralogical analyses (Table 1) and micro-
scopic observations (Fig.  5), the development of the 
subflorescence was likely related to the salt crystalliza-
tion. Compared to fresh rock sample S2, sample S0 had 
the highest calcite content in the subflorescence site 
(9.2 wt.%; Table  1), indicating that its calcite was a sec-
ondary precipitate. The calcite crystallization stress was 
sufficient to split the quartz grains and exceed the over-
burden load [23, 24]. Sample S0 also had a high thenar-
dite  (Na2SO4) content (8.3 wt.%; Table  1), which was 
also visible in the microscopic observations (Fig.  5g–h). 
This indicated that thenardite crystallized in the sub-
florescence site. There are two stable phases in the 
 Na2SO4-H2O system: thenardite  (Na2SO4) and mirabilite 
 (Na2SO4·10H2O). Thenardite  (Na2SO4) has been reported 
to precipitate directly from a solution at a temperature of 
> 32.4 °C, and it dissolves at a relative humidity of > 70% 
(20 °C). Below this temperature, the stable phase is mira-
bilite  (Na2SO4·10H2O), and mirabilite rapidly dehydrates 
to thenardite at a relative humidity (RH) of < 71% (20 °C) 
[25–27]. Long-term changes in the temperature and 
relative humidity can lead to dissolution-crystallization 
cycles between mirabilite and thenardite. The precipi-
tation of mirabilite or thenardite from a supersaturated 
solution would exert a large crystallization stress, which 
could exceed the tensile strength of sandstone [28]. Sam-
ples S2 and S1 had higher porosities and proportions of 
macropores (> 1 μm) (Fig. 4), which provided convenient 
channels for solution transportation and important sinks 
for salt precipitation. The cations (e.g.,  Ca2+ and  Na+) and 

anions (e.g.,  CO3
2−) that formed calcite and mirabilite/

thenardite were released from the weathering of primary 
minerals:  Ca2+ and  CO3

2− were released from the disso-
lution of calcite, and the weathering of albite and plagio-
clase to sericite or other clay minerals released  Na+ and 
 Ca2+ into the solution [29]. The  SO4

2− in the solution was 
exogenous, as discussed in Sect.  Possible sulfur sources 
for subflorescence and crust in the Nankan Grotto.

In addition, the clay mineral contents (mainly illite-
smectite mixed layer and mica/illite) increased from 
sample S2 to sample S0 (Table 1), because of the weather-
ing of the feldspar. Chlorite was also observed attached 
to the feldspar edges (Fig.  5e). The swelling clay miner-
als inflicted strong swelling/shrinking stress on the min-
eral boundaries, further widening the previously formed 
microcracks when they were hydrated and dehydrated 
[30, 31]. The crystallization stress of sodium sulfate and 
calcium carbonate was the main cause of the detachment 
of the outer rock layer, and the swelling/shrinking stress 
of the clay minerals was a secondary cause. As a result, 
subflorescence became visible on the newly exposed rock 
surface. The microscopic weathering mechanism of the 
subflorescence is shown in Fig.  7, and the development 
stages can be summarized as follows.

Stage I (Fig.  7a): The initial rock mass was fresh and 
complete, with no fissures. Water or vapor penetrated 
into the superficial rock, and then evaporation occurred, 
creating an area (a few centimeters deep) that repeatedly 
suffered dry-wet cycles.

Stage II (Fig.  7b): As the weathering proceeded, the 
weathering of the calcite and feldspar released cati-
ons (e.g.,  Ca2+,  Na+) and anions (e.g.,  CO3

2−) into the 

Fig. 7 Schematic diagram of the weathering processes of the subflorescence in the Nankan Grotto. a Stage I. b Stage II. c Stage III. d Stage IV
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solution [29]. There was also some  SO4
2− in the solution. 

The dissolution of the calcite and feldspar generated con-
venient channels for solution transportation. In addition, 
the alteration of the feldspar generated many clay miner-
als attached to the feldspar surfaces.

Stage III (Fig.  7c): During the evaporation process, 
thenardite/mirabilite and calcite crystallized in the pore 
spaces and inflicted crystallization stress, resulting in 
the formation of microcracks in the rock mass. Swelling/
shrinking stress was created by the hydration/dehydra-
tion of the clay minerals, which aggravated the expansion 
of the microcracks.

Stage IV (Fig.  7d): The abovementioned stresses con-
tributed to the detachment of the outer rock layer, and 
subflorescence was visible on the newly exposed rock 
surface.

Microscopic weathering mechanism of the crust
In the crust site, gypsum was detected in samples C0 and 
C1 (Table 1) and was observed in sample C0 (Fig. 6g, h). 
Calcium sulfate generally occurs as anhydrite  (CaSO4) 
under unsaturated solution conditions, and it is hydrated 
to gypsum  (CaSO4·2H2O), which is accompanied by 
increased volume and hardening [32, 33]. Compared to 
the calcite content of fresh rock sample C2, sample C0 
exhibited the highest calcite content (15.1 wt.%; Table 1), 
suggesting that secondary calcite was re-precipitated in 
the crust. The calcite generally coexisted with the gyp-
sum, as an intermediate layer between the surface gyp-
sum and the host rock [2].  Ca2+ and  CO3

2− were released 

from the dissolution of calcite, and the weathering of 
plagioclase also released  Ca2+ into the solution [29]. The 
precipitation of calcite and gypsum on the rock surfaces 
led to the formation of the crust. The microscopic weath-
ering mechanism of the crust is shown in Fig. 8, and the 
development stages can be summarized as follows.

Stage I (Fig.  8a): The initial rock mass was fresh and 
complete. The rock surface was subjected to frequent 
dry-wet cycles because of water or vapor penetration and 
evaporation.

Stage II (Fig. 8b): As weathering proceeded, the weath-
ering of the calcite and feldspar released  Ca2+ and  CO3

2− 
into the solution [29]. There was also some  SO4

2− in the 
solution. The dissolution of the calcite generated conven-
ient channels for solution transportation.

Stage III (Fig. 8c): The  Ca2+ migrated from the interior 
toward the outside of the sandstone during the drying 
process, and it combined with  CO3

2− and  SO4
2− to pro-

duce calcite and gypsum on the sandstone surfaces.

Possible sulfur sources for subflorescence and crust 
in the Nankan Grotto
The sulfur contents of fresh samples S2 and C2 were too 
low to conduct sulfur (δ34S) isotope analysis. Therefore, 
the sulfur in the subflorescence and crust was exogenous. 
There are three main sources of exogenous sulfur: region-
ally-transported sulfur (such as sea salt sulfur), natu-
ral biogenic sulfur, and anthropogenic sulfur. The δ34S 
of sea salt sulfur is + 21.0‰ [34]. The contents of the S 
species originating from sea salts were consistently very 

Fig. 8 Schematic diagram of the weathering processes of the crust in the Nankan Grotto. a Stage I. b Stage II. c Stage III
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low because the Sichuan Basin is located approximately 
700 km inland from the coast of China [35]. Biogenic sul-
fur can be supplied by marine and terrestrial sources, and 
it is mainly released in the forms of  H2S and dimethyl-
sulfur (DMS). Biogenic sulfur released from soils and 
wetlands was depleted in 34S [36]. The δ34S values of the 
biogenic sulfur reported in southern China have a narrow 
range of −3.0 to −2.0‰ [37]. Therefore, sea salt sulfur 
and biogenic sulfur were not possible S sources for the 
subflorescence and crust in the Nankan Grotto.

Anthropogenic emissions of sulfur from industrial and 
consumer processes generally exhibit a wide range of 
δ34S values depending on the sources (coal, oil, or gas). 
In southern China, coals usually have low δ34S values 
[37]. Coal has been reported to have a δ34S range of −6.1 
to +7.4‰ in the Sichuan Basin [38]. In contrast, crude 
oil sampled from the four largest Chinese oil fields had 
higher δ34S values, ranging from +7.2 to +24.2‰ [39, 40]. 
The natural gas in Sichuan Basin had a high  H2S content, 
and its δ34S value was about +17.4‰ [41]. The δ34S values 
of samples C1, C0, and S0 are within the δ34S value ranges 
of oil and natural gas. The sulfur contained in chemicals 
can also be classified as anthropogenic sulfur. The δ34S 
values of the fertilizers utilized in the Sichuan Basin were 
between −5.6 and +7.7‰ [38], which are lower than the 
δ34S values of samples C1, C0, and S0. The δ34S range of 
detergent was characterized by rather high δ34S values 
of +15.2 to +17.2‰ [38], which are consistent with the 
δ34S value of sample S0. There are many residents liv-
ing on the Nankan mountainside, and their waste water, 
which contains detergent, was discharged directly into 
the groundwater. Therefore, the thenardite formed in the 
subflorescence site and the gypsum formed in the crust 
site were most likely derived from the soluble  SO4

2− from 
detergents and the combustion of oil and natural gas.

Petrographic and environmental influences 
on the differential development of the subflorescence 
and crust
At the subflorescence site, the salts were thenardite and 
secondary calcite, which were secondary precipitates 
in the interior pores or fissures in the sandstone. At the 
crust site, the salts were gypsum and secondary calcite, 
which were secondary precipitates on the rock surface. 
What is the reason for such a difference? The authentic 
calcite content in the crust site was much higher than 
that in the subflorescence site (Table 1), providing more 
 Ca2+ to preferentially form gypsum in the crust site. 
Previous studies have shown that thenardite generally 
crystallizes within pores [25], while gypsum generally 
precipitates on surfaces [10]. This contrasting behav-
ior of the two sulfates can be explained by considering 
the differences in the flow dynamics of solutions within 

porous materials [42]. The solubilities of calcium sulfate 
and sodium sulfate at 25 °C are 0.21 g and 27.9 g in 100 g 
of distilled water, respectively [43]. This means that the 
saturated sodium sulfate solution had a higher viscosity 
than the calcium sulfate solution. Therefore, the calcium 
sulfate solution had a higher flow rate in the pores and 
reached the stone surface faster to precipitate gypsum. 
However, the saturated sodium sulfate solution might 
precipitate mirabilite or thenardite in the pores before it 
reaches the stone surface during evaporation.

When the solution transports one salt through a pore 
system, the salt might accumulate beneath the stone sur-
face when the pores are small. However, the petrographic 
characteristics of the subflorescence and crust sites dem-
onstrated that there were two different salt solutions at 
each site: a sodium sulfate solution was present in the 
pores of the subflorescence site, while a calcium sulfate 
solution was present in the pores of the crust site. Sam-
ples S2 and S1 had higher porosities and greater propor-
tions of macropores (> 1  μm) than samples C2 and C1 
(Fig.  4). Even though the microstructures were impor-
tant in controlling the transport of salt solutions and the 
location of subsequent salt crystallization, the different 
physical properties of the calcium sulfate and sodium 
sulfate solutions at each site had crucial influences on 
the dynamics of the solution migration and evapora-
tion, which resulted in thenardite crystallizing within 
the pores [25], while gypsum precipitated on the surface 
[10]. In addition, the macropores in the subflorescence 
site provided convenient channels for solution movement 
and important sinks for salt precipitation. In conclusion, 
the higher authentic calcite content in the crust site com-
pared to the subflorescence site determined that gypsum 
 (CaSO4·2H2O) precipitated in the crust site whereas 

Fig. 9 The δ34S values of the samples from the Nankan Grotto 
and from references
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mirabilite/thenardite  (Na2SO4·10H2O/  Na2SO4) precipi-
tated in the subflorescence site.

In addition, the environments (i.e., the temperature, 
relative humidity, and airflow) of the subflorescence and 
crust sites determined the evaporation rates, which fur-
ther influenced the super-saturation degree of the salt 
solution and the crystal growth rate [16]. The microenvi-
ronment in the Nankan Grotto might have influenced the 
distinct development of the subflorescence and crust pat-
terns. Long-term microenvironmental monitoring will be 
conducted at the two sampling sites to adequately eluci-
date the influences of the environment on the different 
sandstone deterioration patterns. Therefore, the different 
petrographies, microstructures, and outside environ-
ments led to the differences in the types, amounts, and 
locations of the salt crystallization, thus jointly control-
ling the thenardite crystallization within the pores in the 
subflorescence site and the gypsum precipitation on the 
surface in the crust site.

Conclusions
Mineralogical, major element, sulfur isotope, and micro-
structure analyses were conducted on samples of the 
sandstone in the Nankan Grotto. The main conclusions 
are as follows.

(1) The mineralogical compositions of the samples from 
the subflorescence and crust sites were quartz, feld-
spar, calcite, and clay minerals. The calcite content in 
the crust site was much higher than that in the sub-
florescence site. The porosities and the proportions 
of macropores (> 1  μm) at the subflorescence site 
were much higher than those at the crust site.

(2) According to the mineralogical and microscopic pet-
rographic analyses, thenardite and calcite crystallized 
inside the rock, resulting in the formation of the sub-
florescence. The precipitation of gypsum and calcite 
on the surface resulted in the formation of the crust.

(3) The sulfur isotope analysis revealed that the sulfur 
in the subflorescence and crust sites was most likely 
derived from anthropogenic sulfur, such as deter-
gents and the combustion of oil and natural gas.

(4) The differences in the mineralogy (especially the cal-
cite content) of the sandstone laid the foundation for 
the distinct development of subflorescence and crust 
patterns. The different physical properties of the cal-
cium sulfate and sodium sulfate solutions had crucial 

influences on the dynamics of the crystallization of 
these salts. In addition, the microstructure and envi-
ronment influenced the thermodynamic conditions 
of the solutions. These factors ultimately leaded to 
the distinct development of subflorescence and crust 
patterns. This research revealed the microscopic 
weathering mechanism of the subflorescence and 
crust patterns from various perspectives, which pro-
vides a foundation for further investigation into the 
salt weathering mechanisms of stone heritage sites 
around the world.
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