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Abstract

During summers with intensive rainfall, water droplets and/or rock moisture are observed in some of the ancient caves of
the Yungang Grottoes, northern China. There is debate on whether the water is derived from infiltrating precipitation or
from condensation of water vapor, and this restricts the choice of appropriate methods to alleviate weathering of the stone
carvings. By monitoring soil water content at the top of the vadose zone and analyzing responses to rainfall events, it is
found that the silt overlying the rock mass plays the role of barrier to rainfall infiltration. By monitoring rock moisture in a
cave wall at shallow depth, using frequency domain reflectometry, it was found that variations in rock moisture are directly
controlled by the fluctuating vapor concentration. Moreover, there is a significant linear relationship between the magnitude
of rock wetting (moisture addition) and the cumulative difference in vapor concentration between the inside and outside
of the cave. Thus, the condensation of water vapor, which leads to decreased vapor concentration in the cave atmosphere,
is the source of the rock moisture. Also, the period associated with rapidly increasing rock moisture and the highest rock
moisture corresponds to the period with occurrence of water droplets in some caves. This study confirms that the water vapor
is an important source of water which is responsible for weathering in caves, and indicates that the approach of estimating
groundwater recharge based on cave drip rates should be used with caution, especially in arid environments.
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Introduction

Many caves, either formed naturally or artificially, are sites
of tourism. Because caves are free from direct exposure of
rainfall, the causes leading to occurrence of water in caves
are of interest to the public. As early as in the fourth century
BC, Aristotle (384-322 BC), probably inspired by the wide-
spread cavernous limestone terranes in Greece, hypothesized
that atmospheric water vapor could penetrate into rocks and
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condense and gather into water drops owing to the low tem-
perature inside the rock, and he thought that condensation
water is the source of river water (after Meinzer 1934). In
the latter part of the seventeenth century, with contributions
from Pierre Perrault (1608-1680) and Edméand Mariotté
(1620-1684), rainfall was widely recognized to be the source
of river water and groundwater (after Meinzer 1934), which
is the cornerstone of modern hydrology. If there is plenty of
rainfall, precipitation would infiltrate through unsaturated
zones and arrive at caves, which would constitute seep-
age in caves. In the latter half of the twentieth century, the
occurrence of condensation water in caves in the warm sea-
son was revealed in caves in Russia (after Dublyansky and
Dublyansky 2000), Spain (Quindos et al. 1987), Romania
(Sarbu and Lascu 1997) and New Zealand (De Freitas and
Littlejohn 1987). The physics of condensation in the surface
of caves controlled by microclimate has been established
(Dublyansky and Dublyansky 1998; Gabrovsek et al. 2010).
Moreover, adsorption and capillary condensation could lead
to increased water content inside rocks even if the condition
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of condensation is not satisfied at the rock surface (Lu and
Likos 2004; Gregg and Sing 1982; Fisher et al. 1981). How-
ever, a clear understanding of condensation water in caves
is still restricted by the difficulty of observing condensation
water inside rocks in the field. Moreover, it is difficult to dif-
ferentiate whether water that occurs in caves is derived from
condensation of water vapor or infiltration of precipitation.

Because cave water from either seepage or condensation
would deteriorate cave features, identifying the source of
water is the precondition to develop protocols for minimizing
the side-effect of water (Gazquez et al. 2022). If sufficient
seepage or condensation water in caves can be collected,
physical and chemical methods can be used to establish its
relationship with precipitation or vapor. The relationship
between discharge rate of seepage water and precipitation
has been used to infer the hydrogeological conditions of the
unsaturated zone overlying the cave (Baker et al. 1997), and
the discharge rate has also been used to estimate the rate
of groundwater recharge (Baker et al. 2020; Mahmud et al.
2015, 2016, 2018; Nathan et al. 2011). Hydrochemical and
isotopic methods have also been widely used to establish the
relationship between precipitation and seepage water (Wu
et al. 2022), and to identify the sources of condensation
water (Gazquez et al. 2022). However, physical and chemical
methods are hardly applicable in arid regions due to the diffi-
culty of collecting the limited seepage water or condensation
water. In fact, as long as seepage water and condensation
water occasionally occur in caves, they can be absorbed by
the rock and their amounts can be reflected in rock moisture,
which is termed a ‘hidden component’ of the hydrological
cycle (Rempe and Dietrich 2018). Although a few studies
have monitored rock moisture and identified its response
to precipitation (Rempe and Dietrich 2018; Schmidt and
Rempe 2020; Sass 2005), to the authors’ knowledge, there
has been no study on the monitoring of rock moisture inside
caves. The available techniques for measuring rock moisture
provide an alternative approach for differentiating the source
of water from seepage or condensation.

The Yungang Grottoes in northern China, which have 252
caves and 51,000 statues (Fig. 1), were declared a World
Heritage Site by the UNESCO in 2001. Unfortunately, most
of the statues carved in the sandstone caves have suffered
severe weathering and deterioration (Fig. 1b-d). Water drop-
lets occasionally occur in some of the caves, and water may
also occur in the form of rock moisture because water can
be easily adsorbed by sandstone. It was long believed that
seepage from precipitation is the main source of water drop-
lets in these caves (Wang et al. 2012). However, a recent
geophysical study using time-lapse electrical resistivity
tomography revealed that infiltrating water cannot recharge
local groundwater and is not the source of water responsi-
ble for the weathering (Mao et al. 2022). Some researchers
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speculated that condensation water could be the source of
water droplets in the summer (Huang 2010; Cao et al. 2005;
Wan et al. 2012), and a recent laboratory study demonstrates
that the formation of condensation water inside the rock is
earlier than that at the rock surface (Huang et al. 2022).
However, there is no field evidence to support the control of
adsorption and condensation of rock moisture inside rocks
and water droplets on rock surfaces. The uncertainty of the
water sources in the caves restricts the choice of appropri-
ate methods to protect the stone carving art in the Yungang
Grottoes.

In this study, to identify the source of water droplets and
rock moisture in caves, the frequency domain reflectometry
(FDR) technique is chosen to continuously monitor rock
moisture in a shallow part of the cave wall. Soil moisture at
different depths of the topsoil overlying the caves were also
monitored for comparison. By examining the responses of
rock moisture to vapor concentration and the responses of
soil moisture to rainfall, and by observing occurrence of
water droplets in the rock walls, the source of water droplets
and rock moisture in the caves is found to be derived from
condensation of vapor.

Study area and field monitoring
Study area

The Yungang Grottoes (40°07' N, 113°08' E) site is located
in Datong City, Shanxi Province, in northern China (Fig. 2).
It is one of the greatest ancient stone-carving art treasures
in the world. As shown in Fig. 1b-d, many of the statues
carved in the caves that are free from direct exposure to sun
and rainfall have suffered strong weathering. Identifying the
sources of water responsible for the weathering is one of the
challenges facing the protectors of the stone carving art in
the Yungang Grottoes.

The park of the Yungang Grottoes has a semi-arid cli-
mate. The annual mean precipitation is 393 mm, and the
annual mean evaporation is 1243 mm (Ouyang et al. 2023).
The Shili River, with an elevation of around 1130 m above
sea level (Fig. 2a), is the discharge area of groundwater.
Because the river is less than 1 km away from the Yungang
Grottoes, the elevation of the water table in the Yungang
Grottoes approximates to 1130 m. The bottom of most caves,
with elevations being around 1140 m above the sea level,
is around 10 m above the water table, implying that water
resulting from capillary rise from the water table can be
excluded as a source of water in the caves.

Selected measurements of topography of the rock
mass show that the elevation of the topography ranges
from 1160.97 m to 1173.27 m. Therefore, the thickness
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Fig.1 (a) A photo showing some caves and statues in the Yungang Grottoes; (b-d) Photos showing the strong weathering of some statues in
caves. Photo a also shows that the caves are overlain by a thick unsaturated zone. All photos were taken by Xiao-Wei Jiang

of unsaturated zone is generally more than 30 m. The
unsaturated zone is mainly composed of sandstone inter-
layered with siltstone or mudstone, overlain by a layer
of silt at the top with a thickness ranging from 0.2 m to
7.8 m. Several boreholes drilled into the unsaturated zone
have revealed the occurrence of perched groundwater in
the rock mass.

On the walls of some caves, water droplets can be occa-
sionally observed in the summer (Fig. 3). For example,
in the summer of 2021, water droplets flowed downward
along the wall on 12 July (Fig. 3a) and could be observed
until 28 July (Fig. 3b, c¢). The disappearance of water
droplets on 2 August (Fig. 3d) did not guarantee that the
wall was completely dry. Similarly, although most walls
do not have water droplets throughout the year, there is
still hidden water, i.e., rock moisture, inside the rock

wall. Note that the color of some sandstone walls would
slightly change with the rock moisture.

Field monitoring

In recent decades, such techniques as time domain reflec-
tometry (TDR) (Sakaki and Rajaram 2006; Mollo and Greco
2011), frequency domain reflectometry (FDR) (Cooper
2016; Xie et al. 2021; Zhao et al. 2021), earth resistivity
tomography (Sass 2005), and neutron probes (Rempe and
Dietrich 2018) have been used to monitor soil moisture
and rock moisture. In this study, FDR sensors are chosen
to monitor soil moisture and rock moisture. Considering
that calibration of rock moisture is difficult (Sass 2005) and
calibration does not change the trend of temporal variations
of soil moisture and rock moisture (Leite et al. 2021; Xu
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Fig.2 (a) The locations of measurements of soil moisture, rock moisture, water level and meteorology in the Yungang Grottoes. (b) The location
of the Yungang Grottoes in China. The contour of 1150 m corresponds to the cliff of the rock mass for rock carvings

Fig.3 The sandstone with different colors due to different amounts of rock moisture in (a) Cave #5 and (b) Cave #9. Among the three days
shown, rock moisture was the highest on 17 August 2022 and the lowest on 21 July 2022

et al. 2012), the apparent soil moisture and apparent rock
moisture measured by the FDR-based sensors are directly
used to identify their responses to atmospheric conditions.
A FDR-based sensor (ECH, produced by DECAGON)
was installed at a shallow horizontal depth (3—8 cm) of the
north wall of the Cave #9 (R1 shown in Fig. 2a). To make
sure that the FDR sensor is in close proximity to the rock,
fine sand is used as infilling in the hole for installation. Two
soil moisture measuring facilities (yielding profiles S1 and
S2, shown in Fig. 2a) were installed in the silt overlying
the sandstone on 31 May 2021. Specifically, 6 FDR-based
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sensors (STE, produced by DECAGON) were installed at
profile S1 at six different depths (10 cm, 20 cm, 30 cm,
40 cm, 60 cm and 80 cm), and 6 FDR-based sensors were
installed at profile S2 at six different depths (10 cm, 30 cm,
50 cm, 75 cm, 130 cm and 220 cm).

Several boreholes tap the perched groundwater in the
unsaturated rock mass overlying the caves. To examine the
responses of perched groundwater to precipitation events,
the water levels are monitored in three boreholes (B2, B4
and B7, locations shown in Fig. 2a) penetrating the perched
groundwater occurs at different elevations.
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Data on precipitation, air temperature and relative humid-
ity outside the caves are available from a meteorological
station installed at the park. Moreover, air temperature and
relative humidity are monitored inside the Cave #9, to exam-
ine their control on rock moisture.

Calculation of vapor concentration

Vapor concentration, which is the mass of water vapor per
unit volume of air, is a function of air temperature and rela-
tive humidity. To determine vapor concentration, the first
step is to obtain the saturated vapor pressure, u, g, (kPa), at
the corresponding temperature, 7' (K), and the second step is
to calculate the actual vapor pressure, u, (kPa), based on the
measured relative humidity, RH. The formulae for calculat-
ing u, g, and u, for air with a temperature of 7 are (Lu and
Likos 2004; Lawrence 2002):

T—-2732
MV’Sat = 06116Xp(1727T_—36> (1)
u, = uv,sal -RH (2)
The formula for calculating vapor concentration is:
C, =217 —=*
v T -273.15 )

where C, is vapor concentration (g/m>).

Results and discussion

The dynamics of soil moisture and the water level
of perched groundwater

The response of soil moisture in the overlying silt
to precipitation

If rainfall can shortly reach a specific depth below the
land surface, there would be an abrupt rise in soil mois-
ture, accompanying a peak in soil moisture. For profile
S1 (Fig. 4a), there are clear soil moisture peaks induced
by rainfall in the shallow part (10 cm and 20 cm), but no
rainfall-induced fluctuations in soil moisture in the deep part
(from 30 to 80 cm). Moreover, in the rainy season from June
to mid-November, there is a trend of decreasing soil mois-
ture in the vadose zone, indicating the dominant control of
soil evaporation over rainfall infiltration on soil moisture.
In the winter, soil freezing leads to decreased soil liquid
water content at all depths. In the spring and early summer
of 2022, soil thawing and rainfall infiltration lead to a trend
of increasing soil moisture.

For profile S2 (Fig. 4b), only the sensor at 10 cm below the
land surface is sensitive to the rainfall. Probably because of
the low permeability of the silt at profile S2, all other sensors
have trends of stable soil moisture. In the winter, soil freezing
lead to decreases in soil liquid water content at 10, 30, 50 and
75 cm, but no changes in soil liquid water content at 130 cm,
indicating that the freezing depth is less than 130 cm.
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Table 1 The lag times of soil-moisture rise in response to precipita-
tion at 10 cm below land surface in the two profiles

Date Rainfall ~ Potential evapo- Lag time, Lag time,
(mm/d) ration (mm/d)  profile S1 profile S2
() ()
6/13/2021 18 3.6 26 23
6/23/2021 14 4.0 20 6
7/16/2021 21 5.1 14 13
8/18/2021 13 34 18 11
10/5/2021 7 1.2 19 6

The lag time of soil-moisture rise can be used as an
indicator of the time needed for precipitation infiltra-
tion. Table 1 lists the lag time of soil moisture rise
to 5 rainfall events with rainfall intensity exceeding
7 mm/d in the warm season of the year 2021. The lag
time ranges from 14 to 30 h at profile S1, and ranges
from 6 to 23 h at profile S2, indicating that it is difficult
for precipitation to infiltrate into the overlying silt due
to such factors as low permeability and low preexisting
soil water content.

To sum up, based on the limited responses of soil
moisture at deep parts of the two profiles, it can be con-
cluded that as long as the thickness of the overlying silt
is large enough, the silt can be a barrier for precipitation
infiltration.

The stable water level of perched groundwater

Seasonal or multi-day scale water level fluctuations induced
by infiltrating precipitation is a common phenomenon in the
field (Healy and Cook 2002; Jiang et al. 2017). In the three
boreholes tapping perched groundwater, as shown in Fig. 5,
there are trends of continuous water level decline from 1
April 2021 to 1 June 2022, but no seasonal water-level rise
induced by infiltrating precipitation. The absence of seasonal
rises in water level and soil moisture is probably due to the
low precipitation intensity (with a maximum of 13.05 mm/
day, corresponding to a mean intensity of 0.544 mm/h) and
low cumulative precipitation (189.01 mm) during the year
2021.

In borehole B7, accompanying the precipitation event with
an amount of 19.6 mm on 14 June, there is a multi-day scale
water-level rise from 11 June 2021 to 15 June 2021 (Fig. 6).
In fact, it is the trend of decreasing atmospheric pressure
that causes the rising water level. As shown in Fig. 6, daily
and multi-day scale fluctuations in atmospheric pressure both
lead to daily and multi-day scale fluctuations in water level.

The dynamics of rock moisture
The seasonal cycle of rock moisture addition and depletion

In the Yungang Grottoes, the sandstone walls and statues
outside the caves are quite dry due to direct or indirect
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of perched groundwater in three - - B2 —_
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effects of sunshine. However, water droplets could occa-
sionally occur on some walls of selected caves (Fig. 3). In
the north wall of Cave #9, although there is no occasional
occurrence of water droplets, the color of the sandstone
walls would change slightly in the summer due to changes
in rock moisture. As shown in Fig. 7, the apparent rock mois-
ture maintains at around 0.013 cm®/cm? in spring each year,
and rises to 0.024 cm® cm?® on 8 August 2020 and 0.029
cm® cm?® on 17 July 2021, showing trends of rock moisture
addition in the summer. From mid-summer to autumn each
year, there is a trend of rock moisture depletion, and the
apparent rock moisture returns to around 0.013 cm*/cm? in
December each year. The seasonal cycle of rock moisture
addition (wetting) and depletion (drying) is responsible for
both physical and chemical weathering (Hall and Hall 1996;
Sumner and Loubser 2008; Turkington and Paradise 2005).

In the winter, the negative wall temperature leads to
another cycle of rock moisture rise and fall. The rock mois-
ture rise is a result of freezing-induced water migration,
whereas the rock moisture fall is a result of transformation
of liquid water into ice in pores. The freezing—thawing cycle
is directly responsible for physical weathering (Deprez et al.
2020; Matsuoka and Murton 2008; Sun and Scherer 2010).
Detailed analysis of these processes is beyond the scope of
the current study. The freezing-induced water migration
reflected in the rising apparent rock moisture also indicates
that the low rock moisture stored in the sandstone in spring
and winter belongs to mobile water, which is still responsi-
ble for chemical weathering.

The source of rock moisture in caves

The cycle of rock moisture addition and depletion in the
warm season corresponds to the rainy season as well as
the period with high vapor concentration (Fig. 7). In previ-
ous studies, rock moisture addition derived from infiltrat-
ing precipitation has been observed (Rempe and Dietrich
2018). In this subsection, the source of rock moisture in
caves is identified by examining the direct controlling fac-
tor of rising rock moisture.

In the period from 1 June to 20 October, there are six
peaks of precipitation-induced soil moisture at 10 cm
below the land surface (Fig. 4). For each stage of soil
moisture addition, there is also a trend of rock moisture
addition, however, rock moisture measured at around 5 cm
inside the wall rises much earlier than soil moisture meas-
ured at around 10 cm below the land surface (Fig. 8). The
much earlier rises of rock moisture than soil moisture
indicate that it is impossible for infiltrating precipitation
to be the direct cause of rock moisture addition inside
the cave.

Although precipitation is not the direct cause of rock
moisture addition, the six stages of rock moisture rises are
correspondent to precipitation events. In fact, as shown
in Fig. 8, increases in rock moisture occur sooner after
increases in vapor concentration, which are brought about
by precipitation events. Therefore, condensation of vapor
brought about by precipitation is the direct source of rock
moisture in the studied cave.
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concentration, wall temperature 50024 ’I"
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Table 2 Comparison of average apparent rock moisture, vapor concentration, and total rainfall in the period of the typical cycle of rock moisture

addition and depletion between the warm season of 2020 and 2021

Year Mean apparent rock moisture Max. apparent rock moisture ~ Cumulative rainfall Mean C, in the cave Mean atmos-
(cm?/ cm?®) (cm’/ cm®) (mm) (g/m3) pheric C, (g/
m’)
2020 0.0163 0.0245 252.41 7.32 7.87
2021 0.0185 0.0287 166.03 9.36 8.91

As shown in Fig. 3, water droplets could be observed in
Cave #5 during the period from 9 to 28 July. Figure 8 shows
that the apparent rock moisture rises significantly from 9
July, reaches a peak on 15 July, and maintains at high values
until 28 July. Therefore, the rising rock moisture and the
high rock moisture measured in Cave #9 during the period
from 9 to 28 July demonstrate that water droplets observed
in some caves are derived from condensation of water vapor.
The physics of adsorption and condensation of water vapor,
which leads to increasing rock moisture, can be found in the
literature (Gabrovsek et al 2010; De Freitas and Schmekal
2003, 2006; Camuffo 1998). How vapor concentration dif-
ference between inside and outside of caves reflects conden-
sation of water vapor is to be examined in section 3.3.

The yearly difference in rock moisture

As shown in Fig. 7, the precipitation intensity in the year
2021 is much lower than that in 2020, but the apparent rock
moisture in the year 2021 is higher than that in 2020. For
convenience of statistical comparison, the period from 1
April to 1 December (with a duration of 244 days) of each
year is selected to calculate mean apparent rock moisture,

Fig.9 The relationship between

cumulative precipitation, and mean and maximum vapor
concentrations in the atmosphere and inside caves.

As shown in Table 2, the precipitation intensity in the
year 2021 is much lower than that in the year 2020, and the
cumulative precipitation in the typical period of 2021 is only
around two thirds of that in the year 2020. However, the
maximum and mean apparent rock moisture in 2021 are both
higher than that in 2020. The negative correlation between
rock moisture and precipitation in the two years also indi-
cates that it is impossible for precipitation infiltration to be
the direct control factor of rock moisture.

The relationship between vapor concentration
difference and rock moisture addition

Dublyansky and Dublyansky (1998) pointed out that
whether vapor condensation has occurred in the cave can be
estimated by measuring the vapor concentration difference
between the wall and the atmosphere. The vapor concen-
tration difference, AC,, is defined as C,, in the atmosphere
minus C, near the cave wall. As shown in Fig. 9, as long as
AC, is maintained at positive values for a specific duration
of time, the apparent rock moisture begins to rise; when
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Fig. 10 The linear relationship between A of shallow rock surface
and cumulative AC, during the 15 typical stages of apparent rock
moisture addition

AC, changes from positive to negative, the apparent rock
moisture begins to decline. The coincidence of positive AC,
and rock moisture addition indicates that water condensed
from vapor can be adsorbed by sandstone instantaneously.

There are 15 stages with clear trends of rock mois-
ture addition; each is dominated by positive AC,, and has
cumulative AC, being higher than 10 g/m®. As shown in
Fig. 10, among the 15 stages, there is a good linear relation-
ship between the magnitude of rock moisture addition, A6,
and the cumulative AC, (p-value=2.6E-11, significance
F=8.6E-11, R?=0.923). This supports that water vapor is
the source of rock moisture in the cave. In a subsequent
study (Ouyang et al. 2023), the relationship between rock
moisture and C, has been established by using a machine
learning method, which quantitatively reveals that water
vapor is the source of rock moisture in the cave.

Conclusions

Whether the source of water in the caves in the Yungang
Grottoes responsible for physical and chemical weathering
is derived from rainfall infiltration or vapor condensation is
a long-standing controversial issue. In this study, soil mois-
ture measurements confirm that rainfall infiltration through
the silt is a slow process and rainfall infiltration can only
reach the very shallow part of the silt, whereas rock moisture
measurements inside a cave indicate that the rising vapor
concentration in the summer is the direct source of rock

moisture. Moreover, the duration with occurrence of water
droplets in some caves (like Caves #5) coincides with the
time with increasing or high rock moisture.

To the authors’ knowledge, this study is the first suc-
cessful monitoring of rock moisture in caves and enhances
understanding of condensation water in caves. Since some
studies have tried to use measured cave drip rates to esti-
mate groundwater recharge, the findings in the current
study reveal that if condensation water is not correctly
identified, groundwater recharge would be easily overes-
timated. The findings of this study indicates that meas-
ures controlling vapor condensation, instead of control-
ling seepage through the sandstone rock mass, should be
proposed to alleviate weathering in caves.
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