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Open tombs in humid regions are highly susceptible to mural deterioration driven by microclimate
fluctuations, especially salt crystallization, condensation, and microbial growth. However, the
effectiveness of environmental control strategies in such settings remains insufficiently studied. This
study evaluates a buffer space-based environmental control system installed at Qinling Tomb, a 10th-
century tomb in southern China. The system comprises three doors and two rooms, one equipped with
air conditioning and a dehumidifier, regulating air exchange and incoming air properties. Compared to
2021 (pre-intervention), zones with the largest microclimatic fluctuations showed significant
reductions in 2022 —60% at 3.0 m in the front chamber for temperature, and 43% at 0.1 min the back
chamber for relative humidity. Moreover, the coverage of surface salt crystallization in winter and
condensation in summer was reduced by ~80%. This approach provides a scalable, adaptable
solution for preserving open tombs and other vulnerable heritage sites exposed to similar risks.

Murals in tombs are invaluable cultural heritage, offering direct insight into
ancient burial customs, social structures, and beliefs"”. While sealed
underground tombs originally maintained stable microclimates conducive
to mural preservation, archaeological excavation and subsequent public
access have disrupted these conditions™. Tombs in humid regions are
subject to intense rainfall and persistent humidity, which exacerbate mural
deterioration and introduce complex environmental conservation chal-
lenges. Abundant water and salt migration from surrounding soils induce
cycles of salt crystallization and dissolution, which mechanically stress and
deteriorate mural substrates’”. High ambient humidity promotes con-
densation within the tomb, resulting in liquid water formation on mural
surfaces and within materials’"", which critically facilitates fungal spore
germination and microbial colonization'*"". Collectively, these factors
contribute to accelerated deterioration processes in tombs, underscoring the
critical role of effective environmental control and conservation strategies.

In recent years, environmental regulation has been increasingly applied
to subterranean tombs across diverse climatic regions in response to
emerging conservation challenges. In arid regions such as Egypt, high
temperatures and low humidity generally contribute to the long-term

preservation of tombs. However, increased tourist influx leads to elevated
humidity, CO, concentrations, and dust accumulation, all of which accel-
erate deterioration. To mitigate these effects, visitor control and enhanced
ventilation have mitigated humidity spikes in tombs like the Tomb of
Nefertari Merytmut (QV66)"” and the Tomb of Tutankhamun in Egypt'*,
where relative humidity is maintained at ~60%, with daily fluctuations
limited to 20%. However, tombs in humid climates face more complex
conservation challenges due to abundant precipitation and pronounced
seasonal fluctuations. To stabilize environmental conditions, various pre-
servation strategies have been employed, such as site sealing and mechanical
climate control*™*'. These measures have relatively reduced environmental
fluctuations, however, attempts to maintain a temperature of 18 °C and
relative humidity of 90% with air conditioning in Tomb No. 6 (Songsan-ri,
Gongju, Republic of Korea) led to conditions that influenced the murals™*.
These cases highlight the need to tailor environmental control to the specific
material responses of heritage sites, especially in humid climates where
balancing microclimate stability with material tolerance is critical.

Open tombs accessible to the public face additional challenges. Public
access intensifies hygrothermal fluctuations due to unregulated air exchange
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and visitor-generated heat and CO,*". Artificial lighting used for display
can promote biofilm growth on mural surface, affecting the microclimate
and increasing deterioration risks”**. Current research on open tomb
conservation remains limited, often focusing on emergency restoration
materials’”, whose long-term effectiveness is uncertain®'. This highlights
the urgent need for preventive conservation strategies based on environ-
mental control, especially in humid regions, where a systematic framework
addressing hygrothermal dynamics, salt migration, and public access is
lacking.

This study investigates open tomb conservation in humid climates
using the Southern Tang Dynasty tombs in China as case studies (Fig. 1).
Building on our previous work on mural disease-environment correlations™
and hygrothermal modeling, an environmental control strategy is proposed
that combines an automated door system combined with a hygrothermal
buffering entrance zone. Through a two-year in situ experiment at Qinling
Tomb (one of the tombs of the Southern Tang Dynasty)—including one
year of baseline monitoring and one year of intervention—we analyze the
effectiveness of the system in reducing microclimatic fluctuations, salt
crystallization, and condensation. The findings provide a scientific basis for
targeted environmental control strategies in open tombs, supporting both
conservation and public exhibition.

Methods

Research site

Southern Tang Dynasty (937-975 AD), founded by Emperor Li Bian and
based in Jinling (present-day Nanjing, China), left behind notable imperial
tombs, among which Qinling Tomb stands as the largest and most repre-
sentative. Qinling Tomb is a south-facing subterranean structure consisting
of three main chambers and ten side chambers (Fig. 1a, b). Inheriting the
burial traditions of the Sui and Tang dynasties, it was constructed using
masonry that imitates timber structures, including columns, beams, and
arches. It is also adorned with colorful murals, warrior statues, and intricate
double-dragon motifs, vividly reflecting the ritual codes and artistic style of
Southern Tang Dynasty (Fig. 1c, d).

Excavated in the 1950s and opened to the public in the 1980s, the tomb
was fitted with an antique-style wooden door and has remained open daily
from 08:00 to 17:00 (Fig. le). To mitigate the water seepage in the tomb,
conservation interventions were carried out in stages: an impermeable

concrete dome over the tomb, waterproof curtain walls around the back
chamber, and drainage around the mound (Fig. 1a, b). While these measures
effectively mitigated groundwater infiltration, they failed to prevent
microclimatic fluctuations within the tomb. Nanjing is classified as a humid
subtropical climate (Cfa) according to the Kdppen system, with hot, humid
summers and mild winters. These climatic characteristics result in sig-
nificant seasonal and diurnal variations in temperature and relative
humidity inside the tomb. These conditions contribute to ongoing dete-
rioration risks, including salt crystallization, condensation, and microbial
growth on mural surfaces (Fig. 1f).

Qinling Tomb was constructed using diverse materials: the back
chamber is made of stone, while the other chambers use blue bricks. All
chambers were originally coated with white or red earthen plaster layers
(Fig. 1d). Analysis shows that the white earthen plaster layer consists mainly
of calcite, while the red layer contains both calcite and hematite, with quartz
and albite in both. Wall paintings mostly use red (Hg/Pb, composed of
minium and cinnabar) and green (Cu, composed of malachite) mineral
pigments. Salt in the tomb mainly appears as needle-like and powdery
substances. White needle-like crystals such as those on the east wall of the
front chamber, exhibit rod- and needle-shaped microstructures, composed
of Na, S, and O. These crystals are identified as sodium sulfate (Fig. 2ad).
White powdery salts (e.g., the salt on the west wall in the front chamber)
show rod-, needle-, and strip-like microstructures with Ca, S, and O, and are
identified as calcium sulfate (Fig. 2e-h). Given the low solubility and limited
climatic sensitivity of calcium sulfate (gypsum), this study focuses on
sodium sulfate. In addition, microbial sampling and sequencing conducted
in Qinling Tomb in 2020 identified phyla including Proteobacteria, Cya-
nobacteria, Bacteroidota, Acidobacteriota, Actinobacteria, Planctomyce-
tota, and Firmicutes. Among these, Cyanobacteria (29%-37.6%),
Proteobacteria (21.2%-34.7%), and Actinobacteria (5.2%-20.3%) were the
most dominant™.

Comparative experimental design and data analysis

To support the in-situ environmental control research on the Two Tombs of
the Southern Tang Dynasty, this study first conducted a comprehensive
environmental survey to establish the relationship between hygrothermal
fluctuations and mural distribution patterns. Temperature and relative
humidity were measured at multiple locations and heights inside the tomb

~ Waterproof walls

Fig. 1| Overview and deterioration features of the Qinling Tomb. a Top view of the tomb. b General layout plan. ¢, d Statues and murals in the middle chamber. e Exterior

view of the tomb entrance. f Typical deterioration phenomena in the tomb.
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Fig. 2 | Morphological and elemental composition of salt efflorescence on mural surfaces in the front chamber. a-d Photograph, SEM images, and EDS spectrum of salt
on the east wall. e-h Photograph, SEM images, and EDS spectrum of salt on the west wall.

Table 1 | Overview of environmental monitoring plan and sensor specifications

Location  Monitoring details Parameter Sensor/range (accuracy)
Outdoor 5.0 m above ground, Oct. 2020-Dec. 2022; measured every 30 min Air temperature and HOBO MX2301 (USA); Temperature: -40-70 °C

" Py Lt o). - 10%-909 [ 9
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Fig. 3 | Sectional view of the tomb and location of environmental monitoring points in the tomb.

(Table 1 and Fig. 3), with points labeled by chamber and height (e.g., F3.0
indicates 3.0 m height in the front chamber). Salt crystallization and con-
densation were documented through regular photography and mapped
seasonally using AutoCAD software to clarify their correlation with the
indoor environment™. The baseline survey showed that seasonal salt crys-
tallization and condensation in the tomb were strongly associated with air
exchange through the entrance: during summer, humid air infiltrated the
tomb, causing condensation on the walls with lower surface temperatures,
while in winter, dry air reduced relative humidity and promoted salt crys-
tallization. Based on heat and moisture coupled transfer theory™, a

heat-air-moisture (HAM) model was developed to simulate the effects of
different control strategies, including reduced ventilation, entrance tem-
perature and humidity control, and full tomb enclosure®. The simulations
indicated that fully closing the entrance door would be the most effective
way to minimize both salt crystallization and condensation inside the tomb,
as the indoor microclimate remained close to the annual mean temperature
with high relative humidity. This provided a basis for designing the in-situ
control system and comparative monitoring.

In subsequent experiments, the effectiveness of the environmental
control measures will be assessed by comparing hygrothermal conditions
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Fig. 4 | Schematic of the buffer space configuration. a Exterior view. b Sectional view with internal photographs.

and deterioration patterns before and after the intervention. Given that
sodium sulfate is the dominant soluble salt and its phase transitions are
sensitive to hygrothermal changes, a thermodynamic phase diagram was
used as an indicative reference to evaluate crystallization risk®. However, it
should be noted that the calculated number of cycles does not represent the
actual phase transitions occurring in the material.

Environmental control strategy and system setup

To mitigate salt crystallization and condensation risks within Qinling
Tomb, an environmental control system was installed at its entrance.
Hygrothermal monitoring and deterioration mapping were carried out
from 2021 to 2022. Data collected under natural conditions in 2021 served as
the control group, while data from 2022 under regulated conditions served
as the experimental group.

Asan open tomb, air exchange through the entrance was a major driver
of temperature and humidity fluctuations within the tomb. While full tomb
enclosure was the most effective way to reduce salt crystallization and
condensation risks®, complete isolation from the external environment was
not feasible due to the need for public access. To reconcile conservation
requirements with accessibility, a buffering system was developed to reg-
ulate both the intensity of air exchange and the air hygrothermal properties
of incoming air in the buffer zone. The system adopted a hybrid passive-
active strategy: passive control was achieved through door operation and
spatial configuration, while active regulation targeted the buffer zone air and
was implemented using an air conditioner and dehumidifier. To minimize
construction-related impacts on the tomb, a lightweight steel framework
with a modular design was adopted for easy on-site assembly and dis-
assembly (Fig. 4a).

The environmental control system was specifically designed to mitigate
the influence of external climatic fluctuations, thereby stabilizing the tomb’s
internal microclimate and reducing deterioration risks such as salt crystal-
lization and condensation. The structure consisted of two primary chambers
and three access doors, and was constructed from corrugated color steel
panels and glass curtain walls. The buffer zone measured 6.3 m
(length) x 3.3 m (width) x 3.2 m (height). Serving as a transitional interface,
the buffer space enabled controlled air exchange and facilitated targeted
temperature and humidity control. A sectional diagram of the buffer space is
shown in Fig. 4b.

Room 1 serves as the entry zone, allowing visitors passage while buf-
fering the tomb from direct external climatic influences (Fig. 4b). It mitigates
temperature and humidity fluctuations caused by visitors entering the tomb.
Room 2, adjacent to the tomb (Fig. 4b), is equipped with an air conditioner
(Xiaomi KFR-35GW/N1A3; 3500 W cooling, 4000 W heating, 650 m*/h
airflow) and a dehumidifier (Deye DYD-N20A3; 20 L/day capacity) to
precondition the incoming air. The buffering space includes three doors
(D1, D2, and D3). D1, managed by the tomb administration, remains open

Table 2 | Summer environmental control program

Period Daytime (06:00 ~ 22:00) Nighttime (22:00 ~ 06:00)

Caset D3 closed; air conditioner and D3 open; air conditioner on

(July dehumidifier off (16 °C), dehumidifier on (55% RH)
6-13)

Case2 D3 closed; air conditioner on D3 open; air conditioner on

July (16 °C), dehumidifier on (65% RH) (16 °C), dehumidifier on (55% RH)
13-20)

Case3 D83 closed; air conditioner on D3 closed; air conditioner off,
(July (16 °C), dehumidifier on (55% RH)  dehumidifier off.

20-27)

D1 remains open daily from 08:00 to 17:00. Door D2 remains closed.

daily from 08:00 to 17:00. D2 and D3 are sensor-operated and manually
adjustable to control airflow. D2 limits external climatic intrusion, while D3
modulates inlet air volume based on internal and external hygrothermal
conditions.

Winter environmental control strategy

In December 2021, an environmental control system was installed at the
entrance of Qinling Tomb. The experiment began the same month, testing
the effects of airflow by setting doors D2 and D3 to open for durations
ranging from 0 to 24 h. By early March 2022, as temperature and humidity
gradients between the tomb and external environment declined, both doors
D2 and D3 were kept fully open to promote natural equilibrium.

Summer environmental control strategy

Due to persistent condensation observed since May 2021, an adaptive
control strategy was implemented in May 2022. During the daytime, D2 and
D3 remained closed to limit heat and moisture ingress. To enhance envir-
onmental stability, air conditioning was introduced. From May 15 onwards,
the air conditioner operated nightly while D3 remained open, continuing
until early July when localized surface condensation reappeared.

In peak summer, intensified measures were adopted to manage
pronounced hygrothermal fluctuations. In July, the continuous
opening of D3 during visitor hours promoted air exchange, increasing
the risk of hot, humid intrusion and subsequent condensation on
tomb walls. To counter this, Room 2 was actively dehumidified to
stabilize internal conditions and reduce moisture influx. Additionally,
three different control scenarios (Table 2) were tested to evaluate the
effectiveness of buffer space configurations under summer conditions.
Comparative analysis of temperature, humidity, and condensation
patterns under different scenarios offered insights for optimizing
seasonal environmental control strategies.
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Fig. 5 | Microclimate inside the Qinling Tomb. Relative humidity
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Results

Seasonal variations in temperature, humidity, and deterioration
distribution

Figure 5a shows the monthly average temperature and relative humidity in
Qinling Tomb from October 2020 to December 2022. Before environmental
control (2021), temperature showed clear seasonal fluctuations—higher in
summer (June-August) and lower in winter (December-February). The
most pronounced fluctuation occurred at 3.0 m in the front chamber (F3.0),
ranging from 8.9°C to 28.6°C (A T=19.7°C). Following the imple-
mentation of control measures in 2022, the temperature range significantly
decreased, resulting in a more stable overall temperature. The temperature
range at F3.0 significantly narrowed to 12.8°C-19.9°C (A T=7.1°C),
marking a 64% reduction compared to 2021. Moreover, summer tem-
peratures became more uniform, aligning closely with the annual outdoor
average of 17.0°C. Regarding relative humidity, values remained con-
sistently high from May to September 2021, often nearing 100.0%. The
greatest fluctuation occurred at 0.1 m in the back chamber (B0.1), ranging
from 29.6% to 100.0% (A RH =70.4%). In 2022, relative humidity became
more stable and remained consistently above 90%. The annual range at B0.1
decreased to 59.7%-100.0% (A RH =40.3%), accompanied by a notable
increase in average humidity.

Figure 5b shows the kernel density plot of temperature in 2021 and
2022. The y-axis (density) represents the relative concentration of data near
a certain value, with the area under the curve indicating the probability of
values within a given range. In 2021, air temperature ranged from ~5.0 °C to
28.0 °C, exhibiting three distinct peaks corresponding to winter, transitional
(spring-autumn), and summer periods. By contrast, the 2022 data were
concentrated within a narrower band (13.0-20.0 °C), forming a single peak
near 17.0 °C, indicating more stable thermal conditions after environmental
control. Figure 5c shows the relative humidity density plot. In 2021, values

were heavily skewed toward 100.0%, though significant fluctuations were
observed at F3.0 and B0.1 (minimum values below 60%). In 2022, the range
narrowed substantially, with increased density in the high-humidity zones,
reflecting improved environmental stability.

Winter environmental control experiments
Qinling Tomb has a single entrance and notable depth and height. These
characteristics lead to significant hygrothermal gradients within the tomb.
In 2021, the largest annual temperature fluctuation was recorded at 3.0 m
height in the front chamber (F3.0), while the greatest annual humidity
variation observed at 0.1 m in the back chamber (BO0.1). Therefore, F3.0 and
B0.1 were selected as representative locations for assessing the effects of the
environmental control.

Figure 6a—c presents the fluctuation of temperature, relative humidity,
and absolute humidity in the front and back chambers from December 2021
to March 2022, alongside daily D3 door opening durations. In the initial
stage, different durations of door openings were tested. Results show that
with D3 closed, relative humidity remained above 90% in most zones. Upon
opening D3, indoor humidity rapidly declined to near outdoor levels within
1-2h, especially near the entrance, while changes were less pronounced
deeper inside. After door closure, the temperature and humidity gradually
returned to steady-state values. Daily D3 opening led to a gradual decline in
both temperature and humidity, with the lowest humidity recorded in
February (Fig. 8b, d). Figure 6e, f shows the temperature and relative
humidity kernel density graph at F3.0 and B0.1 before (January 2021) and
after environmental control (January 2022). The Y-axis represents data
concentration around specific values, with the area under the curve indi-
cating probability. The environmental control increased both temperature
and humidity while reducing daily fluctuations in January. Before envir-
onmental control, temperatures ranged approximately from 9.0 to 14.0 °C,

npj Heritage Science| (2025)13:570


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-025-02115-w Article

Fig. 6 | Environmental characteristics inside the - Outdoor F3.0 FO.1 BO.1 B3-OI
tomb and buffer space operations. a—c Tempera- 30,04 (
ture, relative humidity, and absolute humidity fluc- ’ 2)
tuations during winter. d Daily opening durations of R
door D3 in the buffer space. e, f Kernel density plots § 20.0-
of temperature and relative humidity at F3.0 and \9_-;
B0.1 before (January 2021) and after (January 2022) %
environmental control. E’_ 10.0 1
g
=
0.0+
100.
o~ g Al lHl,l“ ﬂ ““ ) ‘ )
S IR A1] I;‘ WL i1
< MHIH"IHIN H'””'lll 1 mm e e ’m“* il '! " "\
z W e il
S 80.0 l ‘ |l
E ~ |
2 |
£ HIL
2 60.0
=
Q
=4
40.0
(b)

15.0 (c)

. lmﬂwmm} w Wl lll]‘” ll H“U”;JI.‘, H‘il’lg"”.” i‘ﬂl,‘ ,l:il'\lmij\iﬂ}?'%iiﬁﬁl“

Absolute humidity (g/kg)

5.0
0.0
25 [ Open hours +— Accumulated hours @} 1250 —
- &
Z 20 -1000 =
3 %]
g g
g 15 L -750 2
= [ o 3
- 10 Al 1500 =
Q i =
& e £
5 F250 3
A .
0 : fete LRt I i 11
2021/12/1 2022/1/1 2022/2/1 2022/3/1 2022/4/1
1.0
----- F3.0 (2021) (| 0164 ----F3.0 (2021) ®
----- BO.1 (2021) 4 014 J£=--B0-1(2021)
0.81—F3.0(2022) ——F3.0 (2022)
——B0.1 (2022) :- 0.12 4——B0.1 (2022)
2061 L £0.10-
“ ' " 7]
§ S X
0.4 ,.' 'I. ”n E 0.06 4
A H ]
0.2 P 0.04
I‘: T .‘,‘I‘ ‘ 0.02 "
o0t =t A [ AL T AL e
8 10 12 14 16 18 20 30 40 50 60 70 80 90 100
Temperature (°C) Relative humidity (%)
with peaks near 11.0 °C and 13.0 °C; relative humidity fluctuated widely To assess the risk of salt crystallization before and after environmental

between 30.0% and 100.0%, with low density (below 0.04) across the range.  control, a sodium sulfate phase diagram based on a thermodynamic model
After environmental control, the temperature increased and concentrated ~ was used to analyze phase transitions. Figure 7 shows the potential risk of
between 14.0 and 18.0 °C, and relative humidity ranged from 70.0% and  sodium sulfate phase transitions driven by tomb environmental fluctua-
100.0%, with significantly higher density (above 0.15) in the humidity range  tions. The calculated cycles provide an indicative measure of crystallization
above 95%. risk rather than representing the actual number of phase transition events.
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Figure 7a shows that before environmental control, the temperature and
relative humidity in the tomb exhibited broader distributions, leading to
more frequent phase transitions, while the improved hygrothermal stability
after environmental control reduced this risk. Figure 7b shows that the
numbers of calculated phase transition cycles decreased by 24% at 0.1 m in
the back chamber (from 184 in 2021 to 140 in 2022) and by 36% at 3.0 m in
the front chamber (from 321 in 2021 to 206 in 2022). Overall, these results
suggest that environmental control substantially reduced the risk of sodium
sulfate phase transitions.

Figure 8 compares the distribution of salt crystallization on the west
wall before and after environmental control. In January 2021, extensive salt
crystallization was observed on the lower surface of the entrance, front, and
middle chamber walls. In January 2022, the affected area had decreased by
~88%, with only localized deposits remaining. A detailed comparison at
locations A (doorway), B, and C (west wall of the front chamber) confirms a
significant reduction in crystallization extent. However, due to the repeated
opening of door D3 during the environmental control period in winter, a
slight increase in salt crystallization was observed in February 2022 com-
pared to January.

Summer environmental control experiments
Figure 3 presents outdoor temperature and humidity in July 2021 and
July 2022. In July 2021, the monthly average temperature was 27.1 °C
(ranging: 21.5-40.2 °C) and relative humidity averaged 92.9% (ranging:
58.9-100.0%). In July 2022, these values were 29.5°C (ranging:
22.8-42.3°C) and 87.7% (ranging: 50.3-100.0%), respectively. The
similarity in outdoor conditions between the two years indicates that
interannual variation had minimal influence on experimental outcomes.

To evaluate the effectiveness of the buffer space in moderating internal
temperature, humidity, and condensation, hygrothermal conditions in the
back chamber were compared before and after environmental control. This
chamber was selected due to severe condensation observed in 2021. The
experiment applied three control conditions, each lasting seven days (Table
2). Over this period, temperature and humidity remained relatively stable,
with a noticeable reduction in condensation coverage (Fig. 9).

Figure 9 shows temperature, relative humidity, and absolute humidity
at F3.0 and BO0.1 in July 2021 (before environmental control) and July 2022
(after environmental control). Temperature fluctuations were significantly
reduced after environmental control (Fig. 9a). At F3.0, the temperature
fluctuation range decreased from 21.5-28.6°C (AT =7.1°C) in 2021 to
17.2-19.3°C (AT = 2.1 °C) in 2022. At B0.1, the fluctuation range decreased
from 19.9-22.5°C (AT =2.6 °C) to 16.6 °C-17.1 °C (A T = 0.5 °C). Relative
humidity remained near 100% in both years, though occasional daytime
temperature increases reduced relative humidity at F3.0 to 89.8% before
environmental control (Fig. 9b). Figure 9¢ shows that the mean absolute
humidity in July declined from 18.7 g/kg to 12.8 g/kg, and the maximum
daily fluctuation dropped from 5.3 g/kg to 1.5 g/kg. Absolute humidity had

smaller values and lower variability after environmental control, consistent
with temperature stabilization.

Figure 10 compares the condensation distribution in July 2021 and
2022. Before environmental control, condensation was widespread—cov-
ering the ceilings and upper walls of the entrance, front, and middle
chambers, as well as all walls of the back chamber. In July 2022, con-
densation was largely eliminated and limited to small areas on the back
chamber walls. The total condensation coverage decreased by ~78%. Fur-
thermore, in 2021, condensation persisted from May to October, whereas in
2022, it was restricted to July—August, indicating improved moisture control
following the implementation of environmental control.

Discussion

The conservation of tomb murals, especially those in accessible tombs, is
significantly challenged by environmental fluctuations that induce mold
growth, flaking, and other deterioration processes. The microclimate in
tombs is largely controlled by air exchange through the entrance and heat-
moisture transfer from surrounding rock or soil’>”. In large underground
spaces, environmental stability generally increases with distance from the
entrance®”. At Qinling Tomb, door openings were the dominant factor
driving fluctuations in temperature and humidity (Fig. 6), confirming that
airflow at the entrance was the principal source of environmental instability.
To address this, an automated door system and a temperature-humidity-
controlled buffer space were implemented. These measures effectively
reduced air exchange and minimized hygrothermal fluctuations in the tomb
(Fig. 5), demonstrating the critical role of buffer spaces in stabilizing tomb
microclimates.

Moisture is widely recognized as a primary agent of deterioration in
porous materials”. Repeated wet-dry cycles induced by environmental
fluctuations reduce fracture toughness**', and condensation, a key source of
moisture, triggers fungal spore germination and growth'”*. In Qinling
Tomb, condensation was mainly observed on ceiling and back chamber
surfaces during summer. This phenomenon is primarily caused by the
ingress of hot, humid outdoor air, which condenses upon contact with the
cooler interior wall surfaces™. To reduce moisture ingress, the door open-
ings were reduced to limit air exchange with the external air. Simulta-
neously, air conditioning and dehumidifiers in the buffer space cooled and
dried the incoming air, thereby reducing its absolute humidity. As a result,
the condensation coverage decreased by 78% following the implementation
of regulatory measures (Fig. 10). The low interior air temperature main-
tained relative humidity levels near 100%, despite a reduction in absolute
humidity following the intervention. Since condensation correlates linearly
with water vapor content difference, the lower absolute humidity difference
limited the phase transition from vapor to liquid”. In winter, localized
condensation was observed on the ceiling in the entrance chamber, con-
sistent with patterns observed in the Gaya tomb (Goa-ri, Goryeong-gun,
Republic of Korea)*. This was attributed to increased absolute humidity and
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the presence of thermal bridges at the entrance. To further reduce this risk,
supplementary measures such as heated glass doors* or improved insula-
tion should be considered.

Before the implementation of environmental control, salt crystal-
lization in Qinling Tomb showed clear seasonal variation, with significant
accumulation in the entrance and front chambers during winter. Sodium
sulfate (Na,SO,), the dominant soluble salt in Qinling Tomb and among the

most damaging to porous substrates>*’, undergoes crystallization that is

highly sensitive to microclimatic variations, causing frequent phase transi-
tions under fluctuating temperature and humidity”. Salt transport and
accumulation on murals are primarily driven by moisture fluctuations
originating from two sources: natural ventilation of humid or dry air, and
capillary rise of soil moisture due to rainfall and groundwater. Nanjing is
characterized by high annual precipitation and shallow groundwater levels.
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Due to the deep burial of Qinling Tomb, the surrounding soil maintains a
high water content. During winter, the ingress of cold, dry outdoor air causes
a marked decrease in indoor relative humidity, and a vapor pressure gra-
dient forms between the walls and the interior air, driving continuous
moisture evaporation from the walls. This evaporation facilitates the
migration and crystallization of soluble salts on mural surfaces. Compared
with January 2021, environmental control measures maintained indoor
relative humidity above 90% in January 2022, reducing surface evaporation
and limiting salt migration, which led to an ~80% decrease in salt crystal-
lization coverage. Additionally, the risk of sodium sulfate phase transitions
driven by temperature and humidity fluctuations was substantially reduced.
This strategy aligns with established conservation strategies for earthen
heritage, where maintaining high humidity delays salt crystallization and
reduces cracking risks***.

Microbial growth presents another threat to tomb murals. Before
environmental control, microbial proliferation in Qinling Tomb was pri-
marily localized to illuminated walls and gradually increased over time”,
reflecting the stimulatory effect of light on microbial activity’*'. This
highlights the importance of careful consideration of lighting design and
duration in heritage conservation. During environmental control, relative
humidity remained above 80%, a level generally favorable for microbial
growth; however, no significant spread of microbial colonization was
observed, with activity still restricted to areas near light sources. Microbial
proliferation depends on multiple environmental factors. While high rela-
tive humidity supports microbial viability, the presence of liquid water—
particularly from surface condensation—is often essential to trigger fungal
spore germination and growth'”"*. The implemented interventions effec-
tively reduced condensation coverage. Although the relative humidity
remained high after interventions, the decrease in air temperature lowered
the absolute humidity, thereby limiting water vapor condensation. The
long-term behavior of microbial communities under these regulated con-
ditions remains uncertain. Therefore, continued monitoring is crucial to

detect microbial shifts, and to evaluate the sustained effectiveness of

environmental control strategies.

The in-situ environmental control experiments at Qinling Tomb
validate buffer space as an effective tool for reducing salt crystal-
lization and condensation, offering practical reference for other tombs
in humid climates. Seasonal environmental control strategies are
proposed as follows:

(1) Winter (November-March): Minimize door openings to reduce
external air intrusion, stabilize the microclimate, and control salt
crystallization.

(2) Summer (June-August): Minimize door opening during peak tem-
perature and humidity, and simultaneously operate air conditioning
and dehumidifiers in the buffer space to cool and dry the incoming air,
thereby preventing condensation.

(3) Transitional seasons (April-May, September-October): Allow con-
trolled natural ventilation when indoor and outdoor conditions are
comparable.

This study demonstrated the effectiveness of buffer space interventions
in stabilizing the microclimate of an open tomb in a humid region. Over two
years of implementation, the system significantly reduced hygrothermal
fluctuations—temperature and relative humidity ranges decreased by ~60%
and 40%, respectively—while areas affected by winter salt crystallization and
summer condensation declined by around 80%. To enhance performance,
operational strategies should further limit door openings during extreme
seasons and enable controlled ventilation during transitional periods.
Thermal bridging at the entrance requires improved insulation, and
microbial activity should be continuously monitored to assess potential
long-term risks.

The environmental control system effectively mitigates the risks of salt
crystallization and condensation in open tombs located in humid regions
through a hybrid passive-active regulation approach. This approach
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provides practical guidance for conserving the Two Tombs of the Southern ~ Received: 27 February 2025; Accepted: 14 October 2025;
Tang Dynasty and other vulnerable heritage sites exposed to similar  Published online: 11 November 2025
microclimatic risks.
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