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Abstract

Geochemical analyses of groundwater samples and water—rock interaction experiments were conducted to elucidate the
hydrochemical process of the water—rock interactions in the Nankan mountainside. Additionally, the mineralogy and micro-
structure of field sandstone samples were analysed to explore the microweathering behaviour of minerals in the Nan-
kan Grotto. The results indicated that the cations in the groundwater followed the concentration order of Ca’* >Mg** =
Na® > >K*, while the anion concentrations were in the order of HCO;~ > >NO;~ >S0,>~ ~ CI". The Piper, Gibbs, and
ion correlation diagrams suggested that the groundwater was characterized as HCO;-Ca type. Three stages, the calcite dis-
solution stage (Stage I), feldspar weathering stage (Stage II), and faint—weathering stage (Stage III) were observed in the
water—rock interaction experiments. Based on microscopic petrographical analysis, the dissolution of calcite released bulk
Ca’* and HCOj;™, and this was the primary hydrochemical process that accounted for the HCO;-Ca type groundwater. The
weathering of biotite to chlorite-(Mg) introduced Mg?* and K*. The weathering of albite and plagioclase-TIMA to sericite
or other clay minerals released Na*™ and Ca* into the solution. Slight weathering of K-feldspar released minor amounts of
K* into the solution. The abovementioned weathering processes resulted in the poor cementation and loose microstructure
of the sandstone, leading to the macroscopic deterioration of the sandstone heritage site. Our research revealed the deteriora-
tion mechanisms of the sandstone in the Nankan Grotto, which paves the way for the subsequent conservation of sandstone
heritage sites.
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Introduction

Stone monuments reflect the diverse artistic, historical,
and scientific achievements of humans and are often
closely connected with natural landforms (Bonomo et al.
2020). Sandstone is a common sedimentary lithology used
for monuments worldwide, and it develops striking relief
features in heritage sites (Siegesmund and Snethlage 2011;
Sun and Zhang 2019). The sandstone of heritage sites is
generally dense and hard due to excellent cementation in
the calcareous or siliceous matrix (Sun and Zhang 2019).
However, sandstone monuments have undergone various
degrees of degradation over long geological timescales
due to the combined influences of petrography, petrophys-
ical properties, the environment, and anthropogenic distur-
bances (André et al. 2012; Germinario et al. 2020; Hatir
et al. 2018; Paradise 1995; Sabbioni and Zappia 1992;
Zammit and Cassar 2015).

The weathering mechanisms identified in previous stud-
ies of sandstone heritage sites can be classified into those
caused by geological factors and those caused by environ-
mental factors. Environmental factors have been extensively
addressed in studies on weathering mechanisms, includ-
ing salt-induced decay (Cardell et al. 2003; Hosono et al.
2006; Siedel 2018), biological or microbiological damage
to monuments (Levett et al. 2020; Liu et al. 2020; Xu et al.
2018), and air pollution (Cardell et al. 2003; Grgntoft and
Cassar 2020; Sabbioni and Zappia 1992; Williams and
Robinson 2000). Notably, research on the environmental
factors leading to sandstone decay has been greatly con-
cerned with the chemical and mechanical effects of infiltrat-
ing water (Germinario and Oguchi 2022; Yan et al. 2022).
It is very important to further comprehend the weathering
mechanisms driven by water—rock interactions in sandstone
strata to provide appropriate protections for sandstone herit-
ages. However, the microscopic weathering processes that
are driven by water—rock interactions in sandstone herit-
age sites have not been thoroughly studied. Previous studies
have mainly focused on conducting accelerated weathering
experiments to ascertain the physical-mechanical proper-
ties of sandstone, such as its weight, porosity, water absorp-
tion characteristics, ultrasonic wave velocity, hardness, and
compressive/tensile stress before and after reactions with
chemical solutions (Dursun and Topal 2019; Rothert et al.
2007; Ruedrich and Siegesmund 2007; Sun and Zhang 2019;
Yu and Oguchi 2010). A better understanding of the micro-
scopic behaviour of minerals and major elements involved
in water—rock interactions can promote an understanding of
the microweathering process and deterioration mechanisms
of sandstone heritage sites.

The Nankan Grotto is an exquisite sandstone monument
representing Buddhist and Taoist grotto art from the Sui
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and Tang dynasties, and it has undergone severe weathering
over more than 1300 years. The typical deterioration pat-
terns and processes of the sandstone in the Nankan Grotto
have been preliminarily explored from the perspective of
micropetrography, and we noticed that infiltrated water,
including rainwater and groundwater, was an indisputable
factor in the sandstone deterioration process. However, the
detailed microscopic process of water—rock interactions
in the Nankan Grotto is still unclear. Therefore, we further
collected groundwater and rainwater for hydrochemical
analysis, and collected fresh and weathered solid sam-
ples for mineralogical analysis from locations that were
frequently exposed to rainfall or groundwater. We also
conducted two water—rock interaction experiments to
investigate potential geochemical interactions. The main
objectives of this study were (i) to analyse the hydrochemi-
cal characteristics and trace the sources of major ions in the
groundwater, (ii) to investigate the microweathering behav-
iour of minerals and elements in the sandstone of the Nan-
kan Grotto, and (iii) to elucidate the deterioration mecha-
nisms of sandstone caused by water—rock interactions in
the Nankan Grotto. This study provides new evidence for a
better understanding of the weathering processes and dete-
rioration mechanisms of sandstone grotto heritage sites.

Study site

The Nankan Grotto is located at the Nankan mountainside
in Bazhong city, Sichuan Province (Fig. 1). The cave of
the Nankan Grotto was dated to the Sui dynasty and was
mainly engraved in the Tang dynasty. It is a well-preserved
large-scale grotto in a sandstone cliff, and it was included
in the third batch of major historical and cultural sites at the
national level by the State Council in 1988. Bazhong city
features a subtropical humid mountain climate that is con-
trolled by the Asian monsoons. The average annual tempera-
ture and precipitation in the study area are approximately
16 °C and 1117.2 mm, respectively (http://www.cnbz.gov.
cn). The annual relative humidity varies from 64 to 84%.

The strata exposed in the Nankan Mountain area consists
of the Cretaceous Cangxi Formation (K,c), Cretaceous Bail-
ong Formation (Kb), and Quaternary sediments (Fig. 1). The
Cangxi and Bailong Formations are subhorizontal strata dom-
inated by siliceous and calcareous sandstone. The structure of
Nankan Mountain is a gentle syncline (Fig. 1). Groundwater
flows from the axis to the limbs of Nankan Mountain. The
recharge for groundwater is derived from the infiltration of
precipitation, and the groundwater discharges as cold springs.
Bedrock fissure water is a significant component of the
groundwater in the Nankan Mountain area. The groundwater
in the study area is mainly unconfined water.
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Fig. 1 Topographical and geological map of the study area around the Nankan Grotto heritage site and groundwater sampling sites (G1-G7)

Methods
Field water sample collection and analysis

Groundwater samples were collected from 7 sites around
the Nankan mountainside on April 26-27, 2022 (Fig. 1).
Samples G1, G2, G5, and G7 were from cold spring water.
The sampling sites of G3, G4, and G6 were existing bore-
holes with sampling depths of 5-10 m. Groundwater in the
boreholes was pumped for more than 20 min to remove the
stagnant water in the pipeline and sampled until the in situ
parameters (pH, electrical conductance (EC)) of pumped-
out groundwater were stable. All of the groundwater
samples were shallow phreatic groundwater. Groundwa-
ter samples G1, G3, G5, and G7 were collected from the
boundary of the Bailong and Cangxi Formations. Samples
G2 and G6 were collected from the Cangxi Formation.
Sample G4 was collected from the Bailong Formation.
Seven groundwater samples were collected from differ-
ent formations to explore the differences in hydrochemical
characteristics. One rainwater sample (R1) was collected at
the Nankan Grotto on April 27, 2022, using an automatic
rainwater collector (GH-200, China).

The water samples were filtered through 0.45 pm nylon
filters at each site after collection and then separated into
two aliquots. One was stored in a prerinsed polyethylene
bottle for measuring anions. The other was stored in a
precleaned polyethylene bottle and acidified with ultrapu-
rified HNOj; to pH <2 for measuring cations. All the sam-
ples were stored in potable incubators at a temperature
of 4 °C and transported to the laboratory within a week.
The pH, EC, and total dissolved solids (TDS) of the sam-
ples were measured in situ using a portable multimeter
device (HANNA HI98129, Italy). Major cations (Ca*t,
Mg?*, Na*, K*) were determined by inductively coupled
plasma—optical emission spectrometry (ICP—OES, Perkin
Elmer 8300). Major anions (CI ™, 5042_, NO;™) were meas-
ured using ion chromatography (IC, Dionex ICS-1100,
Thermo Fisher Scientific Inc., USA). HCO;™ was detected
by acid—base titration in the laboratory. Measurements
were carried out on standard and parallel samples, and
the relative deviation (RD) and relative error (RE) of the
ICP—OES and IC measurements were less than 5%. The
charge balance error (%CBE) was calculated to assess the
accuracy of all chemical analyses of water samples. The
%CBE was computed using the following equation:

@ Springer
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Y Cations — Y. Anions

%CBE =
’ Y Cations + Y, Anions

X 100% (1)

with total concentrations of cations (Ca** +Mg?** +Na* +K*)
and the total concentrations of anions (HCO;~™ +CI™ +
SO,?~ +NO;"). The %CBE results show that all water samples
in the Nankan area are within the permissible limit of + 10%
(Adimalla et al. 2020a).

Field solid sample collection and analysis

The sandstone of the Nankan Grotto has a reddish colour
and belongs to the Lower Cretaceous Bailong Formation.
Three parallel deposit sequences are presented, named
Bedding-3, Bedding-2, and Bedding-1, from the top of the
ground surface to the bottom of the grotto (Fig. 2). Solid
samples were collected from locations that were exposed to
rainfall or seepage. Samples SW1-3 were weathered sand-
stone samples from Bedding-1 (Fig. 2a—b). Samples SW4
and SW5 were weathered sandstone samples from Bed-
ding-2 and Bedding-3, respectively (Fig. 2c). Samples SF1
and SF2 were fresh sandstone samples from Bedding-1 and
Bedding-3, respectively.

After collection, the solid samples were dried in an oven
at 65 °C for 24 h in the laboratory. Then, the samples were
pulverized to silt-sized particles using an XQM-0.4A ball
mill with a zirconia ball. The pulverized samples were
ground using an agate mortar and a pestle, and then passed
through a 200-mesh sieve (<75 pm) before laboratory analy-
sis. The mineralogical compositions of the powdered whole
rock samples were determined via X-ray diffraction (XRD),
with a Bruker D8 DISCOVER diffractometer (Germany)
equipped with Cu-Ka radiation (A =1.54059 A) operated
at 40 kV and 40 mA. The XRD patterns were recorded at
20 angles from 5° to 45° with a step size of 0.02°/sec. The
mineral concentrations were quantified using whole pat-
tern fitting and Rietveld refinement. The relative standard

Fig.2 Sampling sites of the
sandstone samples. a Sampling
sites of weathered samples
SW1-2. b Sampling site of
weathered sample SW3. ¢ Sam-
pling sites of weathered samples
SW4-5

@ Springer

deviation (RSD) was less than 10%, and the lowest detection
limit was 0.1 wt.%.

The unpolished samples (SF1, SW2-4) were coated with
platinum (Emitech SC7620 sputter coater) prior to observa-
tion. The microstructure of the above samples was observed
via a tungsten filament scanning electron microscope (SEM,
JSM-IT500, Japan) with an accelerating voltage of 15 kV.
The elemental compositions of the selected mineral grains
were analysed via an Oxford ULTIM Max 40 EDS system.

Prior to observation, the sandstone samples were polished
using a polishing machine (UNIPOL-1200 M) to obtain flat
surfaces and then coated with carbon. Backscattered electron
(BSE) images were obtained by SEM at an accelerating volt-
age of 15-25 kV. EDS was used to identify the mineralogi-
cal compositions of the observed grains. The compositional
maps were obtained using the TIMA system.

The morphological and textural alteration of minerals and
elemental composition were visualized by a TESCAN Inte-
grated Mineral Analyser (TIMA, Czech Republic). TIMA
is an integrated system equipped with a field emission
scanning electron microscope (TESCAN MIRA-3, Czech
Republic), four energy dispersive X-ray spectroscopy (EDS,
EDAX Element 30), and the corresponding software for data
analysis. The TIMA instrument was equipped with MAC
standard 12,925 to automatically calibrate the instrument
before each chemical analysis. MAC standard 12,925 is an
authoritative mineral reference material and was provided
by the instrument manufacturer (Czech Republic). The cur-
rent and backscattered electron (BSE) signal intensity were
calibrated on a platinum Faraday cup using the automated
procedure. The calibration set point was 600 kcps. The EDS
performance was checked using a manganese standard. In
addition, 10 standard mineral samples, which were made
from high purity materials, were used to calibrate the TIMA
instrument each quarter. Therefore, quantitative chemical
analysis is accurate and reliable.

In XRD pattern identification, plagioclase cannot be
subdivided and includes albite, oligoclase, andesine,
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labradorite, bytownite, and anorthite. However, albite can
be clearly identified from the TIMA system. Therefore, the
plagioclase symbol in the TIMA system included only oligo-
clase, andesine, labradorite, bytownite, and anorthite. To dif-
ferentiate between the plagioclase identified from the XRD
and TIMA techniques, plagioclase from the XRD analysis is
labelled plagioclase-XRD and that from the TIMA analysis
is labelled plagioclase-TIMA.

Water-rock interaction experiments

A cyclic water—rock interaction experiment for sandstone
was designed to elucidate the microscopic weathering mech-
anism of the sandstone in the Nankan Grotto (Fig. 3). Fresh
sandstone sample powders (< 150 pm, 50 g) were placed in a
funnel containing filter paper with pore diameters < 6—8 pm.
Then, 4 L deionized water was slowly injected into the fun-
nel to react with the sandstone powders, so the solid:water
weight ratio was 1:80. The funnel was sealed with a polyeth-
ylene plastic film to prevent evaporation. After each cycle,
the interacting solution was collected in a polyethylene tank
for pH/conductivity/TDS tests (HANNA HI98129, Italy),
and then reinjected into the funnel for the next cycle (Fig. 3).
After cycles 10, 20, 30, 40, 50, and 60, 5 mL of reaction
solution was sampled and acidified with ultra-purified

HNOj; for the ion concentration test (ICP-OES, Perkin
Elmer 8300), and here, the impact of the next reaction cycle
was neglected (Sun et al. 2021). The total duration of the
experiment was 60 days.

To explore the whole process of sandstone weathering in
the Nankan Grotto, an additional acid-accelerated weath-
ering experiment was designed. In this experiment, HNO,
solution was used to provide H without inducing the forma-
tion of crystalline salts. In each cycle, 0.25 L of the HNO,
solution (pH =3) was poured into 40 g of fresh sandstone
powders (< 150 pm), which were placed on filter paper with
pore diameters < 6—8 pm in a funnel. The solid:water weight
ratio was 16:100. The funnel was sealed with a polyethylene
plastic film to prevent evaporation. The interacting solution
was completely collected at the end of each cycle and a new
0.25 L of HNOj solution (pH =3) was decanted into the fun-
nel for the next cycle. At the end of each acid water— rock
interaction cycle, the interacting solution was tested using a
calibrated pH/conductivity/TDS meter (HANNA HI98129,
Italy). After cycles 1, 9, 19, 29, 39, 51, and 67, 5 mL of
reaction solution was sampled and acidified with ultra-
purified HNO; for the ion concentration test (ICP-OES,
Perkin Elmer 8300). The total duration of the experiment
was 67 days. The initial physicochemical characteristics of
the two experiments are shown in Table 1.

Results

pH, EC, TDS values and ionic concentrations
of the field water samples

In the groundwater samples (G1-G7), the pH values ranged
from 7.84 to 8.15, showing slightly alkaline characteristics
(Table 2). The EC and TDS values were in the range of
403-557 ps/cm and 201-278 mg/L, respectively. The con-
centration of major cations was in the order Ca** >Mg?>*
~ Na™ > >K*. The abundance of major anions was in the
following order: HCO;~ > >NO;~ >S0,°~ ~ CI". Even
though groundwater samples G1-G7 were collected from
different formations, the hydrochemical differences between
them were not obvious. Notably, sample G4, which was

Table 1 Physicochemical
characteristics for the water—
rock interaction experiments

Name Powder grain

Solid:water
size weight ratio

Reactive solution Experimental mode Duration (days)

Cyclic
water—rock
interaction
experiment

Acid-
accelerated
weathering
experiment

<150 pm

<150 pm 1:80

16:100

deionized water cyclic experiment 60 d

pH=3 HNOj; solution single experiment 67 d
for each cycle

@ Springer
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Table2 pH, EC, TDS values and ionic concentrations of water samples.

Description Sample pH EC TDS K* Na* Ca?* Mgt CI- S0~ NO;~ HCO;~
(psfem)  (mg/L)  (mgL) (mg/L) (mg/L) (mgL) (mg/L) (mg/h) (@mgL) (mg/l)

Groundwater Gl 8.15 557 278 0.56 19.70 159.90  25.06 20.35 35.93 22.83 245.90
G2 8.0 505 252 1.16 20.57 14130  22.04 31.98 36.83 42.58 212.30

G3 7.84 472 236 1.63 12.96 113.10 16.90 6.90 9.34 23.57 257.00

G4 8.06 519 259 10.24 19.04 121.75 12.55 32.73 12.51 93.91 212.30

G5 8.15 481 240 1.32 30.31 170.40  33.26 18.85 22.19 40.80 257.00

G6 8.06 403 201 1.64 20.18 124.50 16.99 6.02 14.50 28.03 201.20

G7 791 526 263 1.45 25.54 131.20  21.62 20.17 20.72 30.38 212.30

Rainwater R1 6.84 17 8 0.75 0.73 16.61 2.44 0.52 0.46 4.46 40.30

collected from the Bailong Formation, showed the highest
concentrations of NO;~, C1™, and K*. Sample G5, which was
collected from the boundary of the Bailong and Cangxi For-
mations, showed the highest concentrations of Na*, Ca’*,
Mg?*, and HCO;™. The concentrations of Ca’*, Mg®*, Na*,
K*,NO;~, and CI~ in the Nankan area were in ranges similar
to those in the Nanchong area (Zhang et al. 2021), which
is adjacent to Bazhong city and has the Cretaceous Cangxi
Formation (K,c) and Bailong Formation (K,b). However,
the concentrations of HCO;~ and SO,>~ in the Nankan area
were lower than those in the Nanchong area.

In rainwater sample R1, the EC and TDS values and ion
concentrations were much lower than those in the ground-
water samples (Table 2). The pH, EC and TDS values were
6.84, 17 ps/cm and 8 mg/L, respectively.

Mineralogy of the sandstone

The XRD analysis results of the solid sandstone samples are
shown in Table 3 and Fig. S1. Here, we used plagioclase-
XRD as the symbol for XRD analysis, and it includes albite,
oligoclase, andesine, labradorite, bytownite, and anorthite.
In the fresh sandstone samples (SF1-2), the quartz concen-
trations were the highest (63.0-66.6 wt.%), followed by

plagioclase-XRD (12.3-20.1 wt.%), clay minerals (6.7-9.8
wt.%), K-feldspar (4.2-5.4 wt.%), calcite (3.6-4.9 wt.%), anker-
ite (0.7-1.3 wt.%), and hematite (0.4—1.0 wt.%) concentrations.

In the weathered sandstone samples (SW1-5), the quartz
concentrations were the highest (68.0-72.6 wt.%), followed
by plagioclase-XRD (7.8-13.7 wt.%), clay minerals (6.4—7.9
wt.%), K-feldspar (3.8-8.7 wt.%), and calcite (2.8-8.5 wt.%)
concentrations. Hematite and ankerite were observed only
in sample SW3, with concentrations of 0.5 wt.% and 0.7
wt.%, respectively.

Microscopic observations for sandstone

The SEM micrographs of the unpolished samples (SF1,
SW2-4) are presented in Fig. 4. In fresh sample SF1, the
microstructures were intact (Fig. 4a). The mineral surfaces
were smooth, and the mineral grains were tightly cemented
(Fig. 4a). As the weathering degree increased, the mineral
grains were corroded and loosely cemented in weathered
samples SW2 and SW3. Moreover, microcracks were widely
spread along the mineral boundaries (Fig. 4b, c¢). Mineral
fragments were loosely scattered on the mineral surfaces or in
the gaps between the minerals in sample SW2 (Fig. 4b). Crys-
tals of secondary calcite were observed to have precipitated

Table 3 Mineral concentrations (wt.%) of the solid samples obtained via XRD

Description Bedding Sample Quartz Plagioclase- K-feldspar Calcite Hematite Ankerite Clay mineral
XRD

Fresh Bedding-1 SF1 63.0 20.1 42 49 04 0.7 6.7
Bedding-3 SF2 66.6 12.3 54 3.6 1.0 1.3 9.8

Weathered Bedding-1 SW1 72.1 12.1 5.1 2.8 - - 79
Bedding-1 Sw2 70.7 13.7 3.8 4.8 - - 7.0
Bedding-1 SW3 72.6 7.8 4.7 8.5 - - 6.4
Bedding-2 Sw4 70.3 11.8 4.1 52 0.5 0.7 7.4
Bedding-3 SW5 68.0 11.7 8.7 4.6 - - 7.0

@ 2

ite, bytownite, and anorthite
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indicates a concentration below the detection limit of 0.1 wt.%. The term “plagioclase-XRD” includes albite, oligoclase andesine, labrador-
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Fig.4 SEM micrographs and representative EDS spectra of the
unpolished samples (SF1, SW2-4). a SEM image of sample SF1. b
SEM image of sample SW2. ¢ SEM image of sample SW3. d SEM

on the mineral surfaces in sample SW3 and were grouped in
small clusters (Fig. 4c, e). In weathered sample SW4, EDS
point analysis indicated that lamellar clay minerals were
attached to the skeleton mineral surfaces (Fig. 4d, f).

BSE micrographs of the weathered samples (SW1-5) are
presented in Fig. 5. In the TIMA system, the symbol for
plagioclase is plagioclase-TIMA, and it includes only oligo-
clase, andesine, labradorite, bytownite, and anorthite; albite

image of sample SW4. e EDS spectra of spot 1 in sample SW3. F
EDS spectra of spot 2 in sample SW4. Qz=quartz, Pl=Plagioclase-
XRD, Kfs=K-feldspar, Cal =calcite

can be identified in the TIMA system. In weathered samples
SW1 and SW2, lamellar clay minerals were detected on the
albite surface (Fig. 5a, c). Ca, Fe, Mg, and K were included
within the clay mineral lattice (Fig. 5b, d). Microcracks were
widely observed along the cleavage planes of calcite in sam-
ple SW3 (Fig. 5e—f), corresponding to the highest calcite
concentration of any sample (Table 3). The albite displayed
a rough surface, with some erosion pits and grooves on its

@ Springer
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Fig.5 BSE micrographs and
representative EDS spectra

of the weathered samples
(SW1-5). a-b BSE image and
EDS spectra of sample SW1.
c—d BSE image and EDS
spectra of sample SW2. e-f
BSE image and EDS spectra of
sample SW3. g-h BSE image
and EDS spectra of sample
SW4. i—j BSE image and EDS
spectra of sample SW5
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surface (Fig. 5e). In sample SW4, Fe?* in biotite was altered
to ilmenite, whereas the residue was altered to chlorite-
(Mg) (Fig. 5g). In sample SW5, lamellar clay minerals were
observed on the plagioclase-TIMA grain (Fig. 5i). Fe, K and
Mg were included within the clay mineral lattice (Fig. 5j).

The BSE micrograph, mineral map, and element maps
of fresh sample SF1 and weathered sample SW1 are shown
in Fig. 6. In the fresh sample SF1, the minerals were tightly
cemented by aluminosilicate materials, resulting in the intact
microstructure of the sample (Fig. 6a—b). The mineral map
shows abundant amounts of quartz, followed by albite, K-feld-
spar, plagioclase-TIMA, and calcite. In addition, minor amounts
of biotite, muscovite, and chlorite were also observed in the
mineral map but were not detected by XRD (Fig. 6b). K was
mainly present in K-feldspar, muscovite, and biotite (Fig. 6¢).
Minor amounts of K were present in clay minerals. Fe was clus-
tered in hematite, biotite, and chlorite (Fig. 6d). Mg was mainly
enriched in chlorite and partly distributed in biotite (Fig. 6e).

In weathered sample SW1, the mineral margins were cor-
roded into rough edges (Fig. 6f). Furthermore, microcracks
were widely developed in quartz and feldspar (Fig. 6f). The
mineral grains presented loose cementation, and the matrix
dissolved to form pores as weathering proceeded (Fig. 6g).
The most apparent change was the complete dissolution of
calcite, which generated many macromouldic pores over
100 mm in size (Fig. 6g). The albite grains were weathered
with densely distributed erosion pits, and sericite occurred
on their surfaces (Fig. 6g). The weathering of K-feldspar and
plagioclase-TIMA was also observed with some pits and
unclassified minerals (speculated to be a mixture of clay min-
erals) on their surfaces (Fig. 6g). Biotite and chlorite were
rarely observed in sample SW1, whereas the clay mineral
content significantly increased (Fig. 6g). K was mainly found
in K-feldspar, sericite, and clay minerals (Fig. 6h). Fe and Mg
were mainly distributed in clay minerals in the weathered
sample (Fig. 6ij).

Results of the two water-rock interaction experiments

In the cyclic water—rock interaction experiment, the pH val-
ues decreased slightly and showed alkaline characteristics.
However, the EC values increased steadily from 7 ps/cm
to 119 ps/cm, and the TDS values increased from 3 mg/L
to 59 mg/L (Fig. 7a). The concentration of ions was in the
order Ca’* >Mg?** >Nat ~ K* ~ SO,2~. The concentration
of Ca®* increased steadily from 20.9 mg/L to 157.4 mg/L
(Fig. 7a). The concentration of Mg?* increased slowly from
2.1 mg/L to 28.3 mg/L. The concentrations of Na*, K*, and
SO,*~ were in the range of 0-2.1 mg/L and showed little
variation in this experiment (Fig. 7a).

In the acid-accelerated weathering experiment, three
stages were observed (Fig. 7b). In Stage I (cycles 1-18), the
EC, TDS, and ionic concentrations for each cycle showed

clear decreasing tendencies. The pH values showed slight
alkaline characteristics, with a range of 7.04-7.84. The
Ca** concentration was the highest, followed by the Mg**
concentration, and the Nat, K*, and SO42_ concentrations
were the lowest (Fig. 7b). The Ca** and Mg?* concentrations
were highest in the first cycle at 123.9 mg/L and 21.3 mg/L,
respectively, and then presented decreasing trends. In Stage
II (cycles 19-51), the EC and TDS values remained steady,
with ranges of 62—101 ps/cm and 31-50 mg/L, respectively,
which were much lower than those in Stage I. The pH values
presented neutral characteristics in Stage II. The Ca®* con-
centration showed a slight decreasing trend from 52.2 mg/L
to 8.8 mg/L. The Na*, K*, and SO,>~ concentrations were
below 4.0 mg/L and showed little variation (Fig. 7b). In
Stage III (cycles 52—67), the EC and TDS values presented
large fluctuations. The pH values fluctuated between 3 and
4, showing acidic characteristics. The Ca** concentrations
were in the range of 8.2-8.8 mg/L. The Mg?*, Na*, K*, and
S0,2~ concentrations were below 1.0 mg/L (Fig. 7b).

Discussion
Hydrochemical characteristics of groundwater

The Piper diagram was utilized to identify the hydrochemi-
cal groundwater types. The rainwater sample R1 showed
much lower ion concentrations than those in the groundwater
samples (Fig. S2). The hydrochemical differences between
the groundwater samples collected from different formations
were not obvious (Fig. S2), which can be attributed to the
similar lithologies of the Bailong and Cangxi Formations.
All groundwater samples and rainwater sample from the
Nankan mountainside are in the HCO;-Ca zone (Fig. S2),
which corresponds to the highest concentrations of Ca®*
and HCO;™ (Table 2). The HCO;-Ca dominance of all the
samples suggests that water—rock interaction is the preva-
lent hydrochemical process driving groundwater chemical
composition (Adimalla et al. 2020a, b; Zhang et al. 2021).
The Gibbs diagram is an efficient method for distinguish-
ing the natural processes in groundwater chemistry, which
includes three natural mechanisms: evaporation, water—rock
interaction, and atmospheric precipitation (Gibbs 1970).
Here, the ion ratios of Na*/(Na* + Ca?*) of groundwater
samples were in the range of 0.09-0.22, which showed a
small difference. The ion ratios of CI7/(C1~ +HCO;")
of groundwater samples were in the range of 0.04-0.21
(Fig. S3). Moreover, samples G3 and G6 showed the two
lowest ratios of C17/(Cl~ + HCO;"™), which can be attributed
to their lowest C1™ concentrations. Sample G4 showed the
highest ratio of CI7/(CI” + HCO;") compared to the other
samples, which can be attributed to its highest C1~ concen-
tration (Table 2). Sample G4 was near a residential area and
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may be contaminated by domestic sewage, resulting in its
highest NO;~, Cl™, and K* concentrations. All the ground-
water samples are distributed in the rock dominance area,
indicating that water—rock interactions controlled the hydro-
chemistry of the Nankan groundwater system.

The correlations of major ions are analysed to clarify
the mineral contributions to the water—rock interactions
(Adimalla et al. 2020a). The ion ratios of Mg**/Na*, Ca2*/
Na*, and HCO; /Na* are effective indices for the rock types
that interacted with water (Gaillardet et al. 1999). The field
groundwater samples from the Nankan mountainside are
distributed in the transition area between silicate rocks and
carbonate rocks (Fig. 8a, b), indicating that the groundwater
chemical compositions were derived from the dissolution
of carbonate and silicate minerals in the sandstone, such as

calcite, albite, and plagioclase-TIMA. The ratios of (Mg2+/

Na™) versus (Ca**/Na™) and (HCO; /Na*) versus (Ca**/
Na™) are far from those observed in areas with evaporitic
rocks, which is consistent with the lack of evaporites and
salt rocks in the Nankan area (Table 3). The y=x line in
the (Ca** +Mg?*) versus (HCO;~ +S0,%*7) and Na* versus
Cl diagrams suggests that the dissolution of carbonate, sul-
fate, and halite minerals was the main source of the chemical
composition of the groundwater. The groundwater samples in
the Nankan mountainside plot beyond the y =x line (Fig. 8c,
d), indicating that the excess Na*, Ca®*, and Mg>* concen-
trations were derived from the dissolution of albite and pla-
gioclase-TIMA. The cation exchange process was verified
by the chloro-alkaline indices CAI-I (=(Cl~ —(Na™ +K%))/
CI7) and CAI-II (=(CI~ —(Na* +K™"))/(HCO,~ +S0,*~
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+C04>~ +NO;")), which can indicate the type and inten-
sity of cation exchange. The CAI-I and CAI-II values of
the Nankan groundwater samples are mostly less than zero,
suggesting that Mg?* and Ca* in the groundwater replaced
Na* and K* in the minerals (Fig. 8¢) (Gao et al. 2020; Liu
et al. 2021). The saturation index (SI) represents the equilib-
rium status of the minerals in the groundwater system and is
calculated as follows (Zhang et al. 2021):
IAP

SI = log—

K,

@

where IAP is the ion activity product, that is, the product
of the anion and cation activity of a mineral in an aqueous
solution, and Ksp is the solubility product constant. The SI
values of calcite and dolomite are higher than zero in the
Nankan groundwater system, suggesting that calcite and
dolomite reached an oversaturated status and had precipita-
tion tendencies (Fig. 8f). However, the SI values of gypsum
and halite are far lower than zero, indicating that they are

@ Springer

in an unsaturated state and show tendencies for continuous
dissolution (Fig. 8f).

Insight into microscopic weathering behaviour
of primary minerals in the Nankan area

The dissolution of calcite was clearly presented in the
mineral maps of the fresh and weathered rock samples
(Fig. 6b, g). Abundant quantities of Ca** and HCO;~ were
discharged from the calcite and calcareous cement to the
solution, which is in accordance with the hydrochemi-
cal HCO;-Ca type background of the Nankan groundwa-
ter system (Fig. S2). In addition, calcite has reached the
oversaturated status in the Nankan groundwater system
(Fig. 8f), which also supports the dissolution of calcite
from the sandstone. Therefore, calcite dissolution, as
shown below (Eq. 3), was the primary hydrochemical
process driving the groundwater chemical compositions.

CaCO; + H - Ca** + HCO; 3)
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The concentration of Mg?* in the solution of cyclic
water—rock interaction experiment also showed an increas-
ing trend (Fig. 7a). Mg was mainly concentrated in chlorite
and biotite in the fresh sample SF1, as evidenced by its
elemental map (Fig. 6e). Mg?* was verified to be released
during the weathering of biotite and the weathering of
chlorite-(Mg) (Buss et al. 2008; Murphy et al. 1998).
Therefore, the processes of biotite alteration to chlorite-
(Mg) and the weathering of chlorite-(Mg) were the main
sources of Mg?" in the Nankan groundwater system. The
weathering of biotite in the Nankan Grotto is described by
Eq. (4), and the weathering of chlorite-(Mg) in the Nankan
Grotto is described by Eq. (5). The primary mineral for-
mulas of sandstone in the Nankan Grotto was calculated
by EDS elemental composition analysis (with the TIMA)
based on the stated oxygen number (Behrens et al. 2021).

10K g(Fe; 4MgpgTig2)(Al) 65159)0,9(OH),
+22.4H* + 20.8H,0 — 8Al,Si,0s(OH), + 13H,SiO,
+9K* 4+ 9Mg** + 5.6(Fe, sTiy,)0; + 0.88Ti**
)
2(Fey oMg, 5)(Al, ¢Sy 5)0,(OH)g + 2.6H*
+5.6H,0 — 2A1,Si,05(OH), + 5H,SiO, )
+8.4Mg** + 1.8FeO(OH) + 1.2A1**

Sericite and other lamellar clay minerals were observed
on the surfaces of albite and plagioclase-TIMA (Fig. 51, j;
Fig. 6g). During the weathering process of albite and pla-
gioclase-TIMA alteration to clay minerals, Na* and Ca*
could be released into the solution (Brantley et al. 2007; Ji
et al. 2004; Wei et al. 2021; White et al. 1998). Therefore,
Na® in the Nankan groundwater system was due to the
weathering of albite and plagioclase-TIMA. The weather-
ing of plagioclase-TIMA was also an additional supple-
ment of Ca>*. The weathering of albite in the Nankan area
is described by Eq. (6) and the weathering of plagioclase-
TIMA in the Nankan area is described by Eq. (7).

10Na, ,Al, (SiyoOq + 14H* + 41H,0 ;
—~ 5ALSi,O5(OH), + 19H,Si0, + 12Na* ©)

10(Na, ¢Ca, ,)AL 5Si, ;04 + 16H* + 34H,0
— 6A1,Si,05(OH), + 15H,Si0, + 2Ca** + 8Na* + AI’*
(N
During the process of biotite alteration to chlorite-(Mg),
K was depleted from biotite (Dong et al. 1998; Murphy
et al. 1998). Therefore, the weathering of biotite released
K™ into the solution (Eq. 4). In addition, the slight weath-
ering of K-feldspar released minor amounts of K* into the
solution in the Nankan groundwater system (Eq. 8).

2K, 3Al;;Si;05 + 2H" + 9H,0
— ALSi,O5(OH), + 4H,Si0, + 1.6 K* + 02aP" ®

Deterioration mechanism of the Nankan sandstone
heritage site

In the cyclic water—rock interaction experiment, the concen-
tration of Ca®* increased sharply, the concentration of Mg>*
increased more slowly with increasing interaction time, and
these ions were the dominant contributors to the increases
in EC and TDS (Fig. 7a). The Ca®* and Mg** dominance of
the interacting solution was consistent with the field Nankan
groundwater characteristics (Table 2). These results suggest
that the major reaction was calcite dissolution in the cyclic
water—rock interaction experiment, while feldspar dissolu-
tion was minor. Therefore, an acid-accelerated weathering
experiment was necessary to explore all possible processes
of sandstone weathering. In the acid-accelerated weather-
ing experiment, three weathering stages could be classified:
calcite dissolution stage (Stage I), feldspar weathering stage
(Stage II), and faint—weathering stage (Stage III) (Fig. 7b). In
Stage I, calcite was preferentially weathered (corresponding
to Fig. 9a, b). This stage released bulk Ca®* into the interact-
ing solution, which contributed to the high EC and TDS val-
ues. The H* in the added solution was completely consumed
in the interaction with calcite in each cycle, so the pH values
showed slight alkaline characteristics (Fig. 7b). At the end of
Stage I, the calcite was completely dissolved from the sand-
stone powder (Fig. 9b). In Stage II, the weathering of feldspar
was dominant (corresponding to Fig. 9c, d). Because feldspar
had a lower weathering rate, it released fewer ions into the
interacting solution, which led to lower EC and TDS values
in Stage II. The pH values presented neutral characteristics,
suggesting that the H* in the added solution was also com-
pletely consumed in Stage II (Fig. 7b). In Stage III, almost
no reaction occurred (Fig. 7b), as demonstrated by the pH
values of the interacting solution being close to the pH of the
original added HNOj solution (pH=23).

In general, the deterioration of sandstone can be attrib-
uted to the weathering of primary minerals. Calcite was
the most vulnerable to the acid solution during the weath-
ering process (Fig. 9a-b), which was supported by the
complete depletion of calcite in the mineral map (Fig. 6g)
and the rapid dissolution of Ca** in the water—rock inter-
action experiment and acid-accelerated weathering exper-
iment (Fig. 7). In biotite, Fe?* was oxidized to ilmenite,
and the residue was altered to chlorite-(Mg) (Fig. 5g). The
weathering of biotite was verified to be faster than plagio-
clase because of the preferential oxidation of structural
Fe(II) in biotite (Behrens et al. 2021). The weathering of
biotite was also an important cause of sandstone deterio-
ration in the Nankan Grotto (Fig. 9b, c), even though the
concentration of biotite was very low and not detected
by XRD. Moreover, sericite and other lamellar clay min-
erals were observed on the albite surfaces, as directly
verified by the BSE images and mineral map (Figs. 5a, ¢

@ Springer



356 Page140f16

Bulletin of Engineering Geology and the Environment (2023) 82:356

(a)

—

O Quartz D Albite

= Clay minerals

[O) Plagioclase

[CJK-feldspar /7 Calcite
@ Erosion pits and groves

&= Biotite

@ Chlorite
>< Microcracks

e [Imenite

hSilicatc cement

@ Macro pores

Corresponding to Stage | inthe acid-accelerated weathering experiment

Corresponding to Stage II in the acid-accelerated weathering experiment

In the parent rock, the micro-structure was
intact and minerals were tightly cemented,
and there were almost no obvious micro-
cracks in calcite or other minerals.

Microcracks were widely spread along the
cleavage planes of the calcite. The biotite
was slightly weathered to ilmenite and
chlorite-(Mg).

The fragmented calcite was depleted and
created macro-moldic pores. The biotite
was severely oxidized to ilmenite, and the
residue was altered to chlorite-(Mg).

The albite and plagioclase were weathered,
with clay minerals attached on their surface.

The K-feldspar was slightly altered, with
mild pits on its surfaces. The microcracks
were observed in the quartz. The loose
micro-structure of the sandstone resulted
inadecrease in rock strength and further
deterioration of entire sandstone.

Fig.9 Schematic diagram of the microweathering processes of the minerals in the Nankan Grotto sandstone

and 6g). Clay minerals were also observed in the plagio-
clase-TIMA (Figs. 5i, j and 6g). However, the degree of
K-feldspar weathering was slight (Figs. 5 and 6), as evi-
denced by the lowest concentration of K* in the Nankan
groundwater system (Table 2). The weathering of plagi-
oclase-TIMA and albite to clay minerals occurred prior
to that of K-feldspar (Ji et al. 2004; Middelburg et al.
1988; White et al. 1996). Consequently, the acid solution
attacked the primary minerals in the Nankan Grotto sand-
stone, promoting their alteration to secondary minerals.
The main processes included the dissolution of calcite,
the weathering of biotite to ilmenite and chlorite-(Mg),
and the alteration of albite and plagioclase-TIMA to clay
minerals. These processes created microcracks in the min-
eral grains and generated macrocracks or pores between
the minerals (Fig. 9d), leading to the poor cementation
of the minerals (Ling et al. 2018; Molenaar et al. 2021).
The loose microstructure of the sandstone resulted in a
decrease in rock strength and a further deterioration of
the sandstone in the Nankan Grotto.

Conclusions

The hydrochemical characteristics of the groundwater
were investigated and micro-observations were undertaken
for the sandstone in the Nankan Grotto. In addition, two
water—rock interaction experiments were designed. The
main conclusions can be summarized as follows.
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1. The groundwater samples around Nankan Mountain
displayed HCO;-Ca dominance, which was mainly
derived from the dissolution of carbonate and silicate
minerals. Combined with the microscopic petrographi-
cal analyses for solid sandstone samples, we can draw
the following conclusions: Ca** was mainly discharged
by the weathering of calcite, and minor amounts of Ca**
were released from the weathering of plagioclase-TIMA.
Mg** was discharged by the weathering of biotite and
chlorite-(Mg). Nat was released by the alteration of
albite and plagioclase-TIMA to clay minerals. K* was
released by the weathering of K-feldspar and biotite.

2. The two water-rock interaction experiments and the
microscopic observations for minerals demonstrated
the weathering sequence for the minerals in the Nan-
kan Grotto sandstone. The deterioration mechanism of
sandstone can be attributed to the weathering of primary
minerals. The main processes included the dissolution
of calcite, the weathering of biotite to ilmenite and chlo-
rite-(Mg), and the alteration of albite and plagioclase-
TIMA to clay minerals.

3. The abovementioned mineral weathering processes led
to poor cementation of the microstructure and to fur-
ther deterioration of the sandstone in the Nankan Grotto.
The three methodologies, that is, field water analysis,
microscopic observations for sandstone, and water—rock
interaction experiments, provided compelling evidence
and complemented each other, thereby synergistically
clarifying the deterioration mechanisms of sandstone
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caused by water—rock interactions in the Nankan Grotto.
In addition to the conclusions being evident and univer-
sal, they pave the way for the subsequent conservation
of the Nankan Grotto. The research methodology in this
study can also be applied to research and conservation
of other sandstone heritage sites.
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