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Abstract

The Eastern Mausoleum of Qin State is a significant component of the Qin Dynasty’s royal tombs, reflecting the social
development level during the Warring States period (475 BC~221 BC) in China. At the onset of our investigation, we
mapped the site’s boundaries utilizing Corona satellite imagery and employed the Normalized Difference Vegeta-
tion Index (NDVI) and Normalized Difference Moisture Index (NDMI) to identify archaeological features. Additionally,
this study is the first to propose the use of thermal infrared band data from the SDGSAT-1 satellite to explore thermal
archaeological traces, demonstrating their viability for archaeological site analysis. Subsequently, electromagnetic
(EM) prospection was utilized to validate the presence of an ancient burial chamber passage. Landscape monitoring
and analysis of the No.1 Mausoleum were performed using Corona and Google Earth images, revealing the accuracy
of the Geomancy Theory of Chinese mausoleums through dynamic remote sensing of surface changes. Furthermore,

prospecting

our employment of space-to-ground observational modalities and resultant Digital Elevation Models (DEM) have
been used to provided new insights into the application of Remote Sensing (RS) and Geomancy in archaeology,
thereby emphasizing the pivotal role of site selection in heritage preservation. This research underscores the prom-
ise of synergistic space-ground observations in both exploiting the archaeological riches of cultural heritage sites
and ensuring the enduring conservation of these irreplaceable patrimonial assets.
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Introduction

Recognizing the importance of heritage, the United
Nations’ Sustainable Development Goals (SDGs) include
Target 11.4, which aims to "Strengthen efforts to protect
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and safeguard the world’s cultural and natural heritage,"
thereby officially establishing heritage as an irreplaceable
SDG indicator. As a non-renewable resource, cultural
heritage serves as a testament to the evolution of human
civilization and ensures the continuation of cultural tra-
ditions. Its unique status has led to the sustainable pro-
tection and utilization of cultural heritage becoming a
focus in archaeological research [1-4].

China has gone through several dynasties and has a
vast amount of excavated both and unexplored cultural
heritage sites. The Eastern Mausoleum of Qin State
(hereafter referred to as the Mausoleum), as the first
large-scale feudal emperor’s tomb in Chinese history,
involves complex factors such as geography, geomancy,
politics, and culture in its site selection [5-8]. It holds
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significant archaeological importance, and studying it
can provide valuable insights for research on other sites.
Although extensive research has been conducted since
its rediscovery in 1986, comprehensive exploration of the
tomb’s interior has been limited due to excavation and
heritage protection constraints [9—11]. Therefore, there
is an urgent need to utilize archaeology for multi-dimen-
sional and multi-faceted exploration.

Over several decades, archaeology has evolved, with
current methodologies encompassing both remote sens-
ing and fieldwork. In Ref. [12—16]. Remote sensing tech-
niques, such as aerial photography, ground-penetrating
radar, and soil resistance surveys, offer multiple advan-
tages but also encounter limitations, including high costs
and spatial constraints. Advanced technologies such as
Airborne Light Detection and Ranging (LiDAR) and mul-
tispectral remote sensing remain somewhat underuti-
lized [17, 18].

RS endorsed by UNESCO, has been employed to
bridge the gaps in archaeological research, which serves
as an efficient monitoring tool, utilizing indicators like
land cover and land change analysis [19-22]. Numerous
studies have been conducted utilizing multi-mode, multi-
spectral image acquisition for information extraction and
site condition monitoring [23-27]. Additionally, archaeo-
logical signatures, such as vegetation, moist soils, and
thermal archaeological traces, are the primary methods
of site analysis. Archaeological features are often subtle
or even imperceptible; however, RS-based feature extrac-
tion and enhancement techniques assist in identifying
these anomalies. Among these, thermal infrared remote
sensing, which captures Earth’s surface radiative energy,
plays a pivotal role in regional temperature mapping
and archaeological studies [28]. The SDGSAT-1 satellite,
launched in 2021, provides high-resolution wide-field
Thermal Infrared Spectrometer (TIS) [29], but fewer
studies are currently putting them to use, which this
study leverage for investigating thermal anomalies in the
Mausoleum.

However, relying solely on space-based site exploration
is overly uniform. Geophysical prospection is a standard
method for detecting buried archaeological features and
structures, commonly used to validate the applicability of
vegetation, soil, and thermal archaeology traces[30], such
as using the GEM-2 electromagnetic exploration instru-
ment, complement RS techniques by detecting buried
archaeological features and structures. These methods
enable non-contact, non-destructive investigations, mak-
ing them particularly suitable for ancient heritage sites
[31, 32]. Changes in heritage conditions pose threats to
the authenticity and integrity of heritage properties [33,
34]; This study emphasizes the need for non-destruc-
tive exploration and cultural heritage preservation,
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combining remote sensing and field archaeology to
enhance research outcomes’ scientificity and reliability.

Currently, the integration of remote sensing and elec-
tromagnetic prospecting for identifying archaeological
markers at burial sites is infrequent, and studies of sur-
face temperature inversion predominantly utilize thermal
infrared data from the Landsat and MODIS series [35].
In addition to employing standard indices like NDVI
and NDMI to detect anomalies indicative of archaeo-
logical markers, this research utilized Corona satellite
imagery to delineate the site boundary and innovatively
applied thermal infrared band data from the SDGSAT-1
satellite to detect thermal anomalies at the Eastern Mau-
soleum of the Qin State, a method still underutilized in
archaeological research. Furthermore, the combination
of ground-based electromagnetic geophysical prospect-
ing with multi-mode satellite observations provides a
comprehensive understanding of the site, enhancing
the accuracy of archaeological investigations. This dual
approach confirms the viability of remote sensing tech-
nologies in archaeology and emphasizes the necessity of
dynamic monitoring for sustainable heritage conserva-
tion. Additionally, the utilization of DEM derived from
remote sensing data offers a novel perspective on the
site selection process, particularly in the context of Chi-
nese Geomancy Theory. This approach demonstrates the
potential of combining remote sensing with geophysical
techniques in heritage preservation and archaeological
research, laying a foundation for future studies in similar
contexts.

Materials and methods
Study site and data
Xi’an, formerly known as Xianyang in the pre-Qin and
Qin period before 207 BC, and as Chang’an during the
Han period from 202 BC to 220 AD and the Tang period
from 618 to 907 AD, boasts a history of over 3,100 years
of city building and more than 1,100 years as the national
capital of China. Thirteen dynasties, including the pre-
Qin State and Qin Dynasty, established their capitals
here. After nine capital relocations, Xianyang’s selection
as the capital secured the hegemony of the Qin State. Fol-
lowing the Bimo Cemetery in Xianyang, the Mausoleum
served as the royal tomb before the Mausoleum of the
First Qin Emperor during the Warring States period. As
the first large-scale feudal imperial tomb in Chinese his-
tory, the Mausoleum profoundly influenced tomb archi-
tecture and imperial funerals for generations. Its rigorous
architectural planning and massive engineering projects
set standards for subsequent feudal imperial tombs.

The Mausoleum, also known as the Zhiyang Mauso-
leum, is located at the western foothills of Lishan Moun-
tain in Lintong, Xi'an City, China. It stretches from
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Hongging Gully in the south to Wangpo Gully (Wujia
Gully) in the north, covering an area of approximately
24 square kilometers (Fig. 1). Archaeological prospect-
ing at this site is crucial for uncovering the civilization
of the pre-Qin period, which dates back two thousand
years. Due to the site’s vast dimensions, the No.1 Mau-
soleum was selected for focused investigation in this
study. The geographic coordinate system used is GCS_
WGS_1984, and the projection coordinate system is
WGS_1984_UTM_Zone_49N.

To enhance the identification of vegetation and soil
anomalies related to archaeological traces, a series of
multi-temporal Sentinel-2 images (30 m) from Google
Earth Engine (GEE) was utilized. These images provide a
spatial resolution of up to 10 m in the Blue, Green, Red,
and NIR bands, while the Vegetation Red Edge and SWIR
bands have a 20-m resolution. The image collection spans
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from January 2016 to December 2018 to avoid distur-
bances related to field excavations conducted since 2019.
Additionally, six scenes of thermal infrared spectrometer
images from SDGSAT-1, featuring a spatial resolution
of 30 m, were acquired during the summer and winter
seasons of 2022, and the spring of 2023. This approach
minimizes the influence of chance errors and enables a
comparison of inversion results across different seasons
and times. Synchronously, Level 1B Calibrated Radi-
ances-l1km (MODO02) and Terra Land Surface Tempera-
ture/Emissivity 5-Min L2 Swath 1km (MOD11_L2) data
were collected for NDVI calculations and to validate
inversion results. Additionally, two sets of RS images
were acquired to detect landscape changes. The first set
includes Corona imagery captured in May 1970, with an
approximate spatial resolution of 2 m, and the second set
includes high-resolution GEE imagery. Electromagnetic

(N34.35°,E109.19°)
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Fig. 1 The location of the Eastern Mausoleum of Qin State, and the No.1 Mausoleum was selected for the investigation; the background imagery

is from[36]
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prospecting with the GEM-2 instrument was conducted
to investigate the surface of a section of Tomb ZM2 in
the No.1 Mausoleum (Fig. 1), to cross-validate the occur-
rence of archaeological signatures in RS images of ancient
traces. This physical exploration covered a spatial range
of 70 m by 4.5 m on June 14, 2023. The GEM-2 multi-
frequency electromagnetism covers a frequency range
from 25Hz to 93kHz, and can operate simultaneously at
multiple frequencies. In this study, five frequencies were
selected for data collection: 3025Hz, 6325Hz, 13175Hz,
27525Hz, and 57525Hz, to obtain electrical conductivity
values from different depths, ranging from the surface to
several meters deep. Topographic and landscape analysis
was conducted using 1 arc-second Shuttle Radar Topog-
raphy Mission (SRTM) DEM data (30 m) to verify the
optimized site selection of royal tombs.

Method and data processing

In archaeological research, relying on a single observa-
tional method often presents limitations. Space-based
observation tools, such as satellite remote sensing, pro-
vide large-scale data that enable the identification of
surface anomalies, such as vegetation and soil moisture
changes, and can even detect subtle thermal anomalies
through infrared imaging. However, the resolution of
these tools may be constrained by sensor capabilities,
particularly when investigating subsurface structures.
Remote sensing data often lack the precision and depth
needed to directly reveal deeply buried archaeological
remains.

On the other hand, ground-based observation tools,
such as electromagnetic prospecting, offer more precise
localized information, especially for detecting subsurface
structures with higher resolution. However, their cover-
age is limited, making it difficult to provide a comprehen-
sive overview of large sites. Consequently, relying solely
on ground-based tools may overlook important macro-
level archaeological clues, particularly for large-scale
sites, where localized high-resolution detection fails to
capture the site’s overall characteristics.

To address these challenges, this study employs an inte-
grated approach that combines space-based and ground-
based observation tools. By first using space-based
observation tools for a wide-area preliminary survey,
we can quickly identify potential archaeological target
areas. These areas are then further explored with ground-
based electromagnetic prospecting tools for more pre-
cise and detailed investigation. This integrated approach
not only compensates for the limitations of single meth-
ods in terms of coverage and resolution, but also enables
multi-scale observation, from macro to micro levels.
The combination of large-scale spatial coverage with
localized high-resolution detection allows for a more
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comprehensive and accurate understanding of both sur-
face and subsurface features of the site.

To deepen the understanding of the archaeologi-
cal exploitation of the Mausoleum (Xian, China), an
integrated approach involving space-ground observa-
tions, feature extraction, and cognitive knowledge was
employed, as shown in Fig. 2.

Archaeological marks

Satellite remote sensing imagery can effectively detect
archaeological features on the surface and in shal-
low subsurface layers. Compared with the surrounding
areas, exposed and shadow-buried relics alter the physi-
cal, chemical properties, and other relevant parameters
of the observed surface, resulting in the albedo and
backscatter signature anomalies on the remotely sensed
images, characterized by regular geometric shapes and
image textures, which include soil dampness, vegetation,
and shadow archaeological marks [37-39]. As a result,
ancient surface landscapes have been subjected to cen-
turies of disturbance, leading to dynamic changes. To
effectively extract archaeological targets, it is necessary
to employ a variety of remote sensing image processing
and enhancement methods to capture subtle informa-
tion. Common remote sensing methods for archaeologi-
cal detection include histogram transformation [40], and
data fusion algorithms [41-44], as in the case of PCA
(Principal Component Analysis), HIS data fusion tech-
niques and Gaussian high-pass, which were utilized to
survey the site by enhancing weak archaeological infor-
mation. For this study, the 1970 Corona imagery was
employed for extraction in the area of the No.1 Mauso-
leum site.

NDVI is used to monitor the distribution, growth, and
health of vegetation, as well as changes in surface cover;
NDMI monitors soil moisture, surface moisture sta-
tus, and the relationship between vegetation and mois-
ture [45-48]. In this study, ensemble-averaged indices
of NDVI and NDMI were employed to characterize the
vegetation and soil marks associated with royal tombs.
While the depth of coffin chambers in royal tombs can
exceed 20 m, making related archaeological traces negli-
gible, other archaeological features, such as burial cham-
ber passage, are buried at shallower depths and may be
detected due to alterations in the physical properties of
rammed earth. To reduce cloud impact, geometric and
radiometric corrections were applied to a time series of
Sentinel-2 images using Google Earth Engine (GEE).
A total of 93 multispectral image scenes were analyzed
to calculate NDVI and NDMI, followed by temporal
averaging.
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Fig. 2 Working flowchart for the archaeological prospecting for the Eastern Mausoleum of Qin State

NDVI = (NIR — R)/(NIR + R) (1)

NDMI = (NIR — SWIR) /(NIR + SWIR) )

where NIR, R, and SWIR are the near-infrared, red, and
short-wave infrared bands of multi-spectral images,
respectively.

Thermal anomalies, which are inferred from satellite
thermal infrared data, represent another effective indicator
of archaeological features. Thermal infrared images from
SDGSAT-1 were analyzed using the single-window algo-
rithm for this study [49-52]:

Ty ={a(1—C—D)+[b(1—C—D)+C+D]T, — DT, }/C

(3)
C=re¢ (4)
D=(1-¢1+1-er1] (5)

where T, is the inverted surface temperature; 7, is the
brightness temperature obtained by the sensor; T, is the
mean atmospheric action temperature, equivalent to the
value of the time-air temperature obtained from histori-
cal weather data; a and b are the regression coefficients; C
and D are the intermediate variables, 7 is the atmospheric

transmittance rate, and ¢ is the surface emissivity. Refer-
ring to the results [53], the values of @ and b are taken
as -67.355351 and 0.458606, respectively. The formula for
calculating T, as well as the wavelength, gain, and bias
(calibration parameters) of the corresponding bands, is
recorded in the SDGSAT-1 satellite user manual[54]. The
downloaded thermal infrared images were pre-processed,
radiometrically calibrated, and the Digital Number (DN)
values were converted to radiance. Planck’s equation was
subsequently applied to convert the radiance into the sat-
ellite’s effective on-orbit brightness temperature.

Note that surface emissivity, which characterizes
the magnitude of emissivity, is one of the most criti-
cal parameters in surface temperature inversion, with
values ranging between 0 and 1. In this study, land use
types in the study area were categorized into four catego-
ries: water bodies, natural surfaces, towns, and bare soil,
using supervised classification. "Natural surface’ refers to
areas covered with vegetation, such as farmland, wood-
land, and grassland; while ’towns’ refer to urban and
rural areas with roads, houses, and buildings. Surface
emissivity values for vegetation, buildings, and bare soil
were assigned values of 0.986, 0.970, and 0.972, respec-
tively, while the surface emissivity for water was set at
0.995 [55-58]. Additionally, atmospheric transmittance,
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the ratio of the energy of surface radiation that passes
through the atmosphere to the remote sensor, was calcu-
lated. Considering the atmospheric water vapor content
was not obtainable from the TIS image, the channel ratio
method was applied to invert this indicator based on the
MODO02 band 2 and band 19 data [59, 60]. This calcula-
tion took into account the absorption and reflection of
atmospheric water vapor content [61].

The surface temperature was inverted using the calcu-
lated parameters mentioned earlier to identify any ther-
mal anomalies in the No.1 Mausoleum. Among various
geophysical exploration techniques, the electromag-
netic method offers significant advantages for shallow
geophysical exploration. In this study, electromagnetic
prospecting was performed using the GEM-2 instru-
ment to collect on-site physical probe data. Subsequently,
the Invertor software was employed to derive values for
apparent electrical conductivity and apparent magneti-
zation rate (milliSiemens per meter, mS/m). The use of
broadband, multi-frequency electromagnetic sensors
provide notable benefits. Utilizing multiple frequencies
is advantageous due to the skin-depth effect, which is
inversely proportional to frequency: low-frequency sig-
nals penetrate deeper into the conductive earth, reveal-
ing deeper structures, while high-frequency signals only
penetrate shallow depths, exposing near-surface struc-
tures. Therefore, scanning through the frequency spec-
trum is essential for depth detection. Figure 3 presents
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a nomogram that determines the skin depth for a given
frequency.

Change detection

The attainability of heritage sites faces challenges due to
the induced disturbance from the alteration of the cul-
tural landscape as well as the degradation of heritage
ontology, which threaten the authenticity and integrity of
heritage’s historical, artistic, or scientific values. Owing
to the macro, fast, objective, and quantitative observation
capability, RS has played an irreplaceable tool in cultural
heritage monitoring.

This study compared bitemporal Corona and GEE
images for cultural landscape change detection. Firstly,
the true-color GEE imagery was transferred into grey-
scale imagery. Then, Corona imagery was co-registered
with the GEE imagery using a second-order polynomial
function based on the manually extracted tie-points on
road intersections, historical building corners, and farm-
land corners. After that, the pixel-based change detection
approach was employed for the change patch detection
(note that, the salt-to-pepper noise and false noise due
to registration have been removed using the thresh-
old of changed patches). We further analyze the surface
change through the development trajectory of gullies. RS
extracted the alteration of the gully’s geometry in terms
of length, which in turn reveals the intensity of surface
change in the observation span.
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Fig. 3 Relationship among source frequency, ground conductivity, and penetration depth. For example, if the source frequency sweeps from 1
to 100 kHz, the depth of exploration(skin depth) ranges from about 0.18 m to 1.8 m [62]
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Landscape analysis for the site selection

Chinese Geomancy Theory, which was crucial in the
site selection of royal tombs in ancient China, can now
be thoroughly illustrated through celestial eye landscape
analysis. Firstly, environmental elements such as rivers,
lakes, wetlands, hills, mountains, and artificial features
like the capital city, main roads, and residential areas
are mapped using uniform geographical coordinates.
Secondly, the orientation relationships and intervisibil-
ity between these environmental elements and artificial
features are quantitatively analyzed by overlaying ortho-
images on terrain layers. Thirdly, the site’s resilience to
natural disasters, such as flooding, is intuitively demon-
strated using terrain data (i.e., relatively higher terraces)
coupled with hydrological analysis for flooding mitiga-
tion. Thus, the evidence supporting the optimized site
selection for tombs, adhering to Chinese Geomancy
Theory, can be vividly demonstrated with indicators for
viewing effect and disaster avoidance.

Results

Remote sensing archaeology

Initially, we used Corona images to extract and identify
the site, applying both the NDVI and NDMI to highlight
archaeological traces. Furthermore, we utilized ther-
mal infrared band data from the SDGSAT-1 satellite to
explore and reveal enhancements in thermal archaeologi-
cal signs. Subsequently, electromagnetic prospecting was
employed to confirm the presence of an ancient tomb
passage.
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Site extraction and identification

In the semi-humid continental monsoon climate of the
warm temperate zone where the Mausoleum is located,
the surface conditions vary significantly. Due to the com-
plex interactions between crop marks, surface cover, and
phenological periods, these marks may not be effective
for archaeological detection. Consequently, the follow-
ing image enhancement methods were sequentially uti-
lized. Figure 4 illustrates the results of applying high-pass
Gaussian filtering, Sobel edge detection, texture analysis,
and post-processing techniques like image thresholding
to Corona imagery[63]. The derived result clearly deline-
ates the boundary between the Mausoleum and the sur-
rounding areas, as indicated by the red line in Fig. 4b.
These results underscore the feasibility of using historical
imagery to detect ancient sites.

Vegetation and soil marks

Figure 5 illustrates the vegetation and soil archaeological
marks identified by the NDVI and NDMI indices, cal-
culated from multispectral Sentinel-2 images acquired
from January 2016 to December 2018. Artificial features
such as roads and buildings, as well as water bodies,
show lower NDVI values compared to crop areas. Gully
regions exhibit the highest values, attributed to the pres-
ence of trees. While not immediately apparent, the sub-
set in Fig. 5a shows a suppressed NDVI value near the
royal tomb of No.1 Mausoleum. The NDMI mark over
the royal tomb area is subtle, as shown in Fig. 5b, likely
due to the deeply buried cultural relics and the minimal
archaeological signature detectable from the surface.

Fig.4 Corona-based automatic extraction of archaeological sites. a original Corona satellite image from 1970; b after image processing

and enhancement
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Fig.5 Archaeological marks on the No.1 mausoleum of the Eastern Mausoleum of Qin State. a The vegetation mark with greener color indicates
greater NDVI values, and the subset imagery in the top-right shows the original resolution of average NDVI value; b soil mark with bluer color
indicates greater NDMI values, the subset imagery in the top-right shows the original resolution of average NDMI value covering the area of royal

tombs

Thermal marks

In addition to using NDVI and NDMI for identifying
vegetation and soil archaeological imprints, thermal sig-
natures were also examined. Following the single-win-
dow algorithmic principle, surface temperatures were
computed at six distinct acquisition times, each involv-
ing three bands of thermal infrared data, resulting in
a total of 18 thermal images processed using ENVI and
ArcMap software suites. Notably, the temperatures from
Bandl of the Thermal Infrared Sensor (TIS) showed
significant discrepancies compared to those from the
Moderate-resolution Imaging Spectroradiometer Land
Surface Temperature product (MODIS MODI11_L2).
Figure 6 illustrates the mean values of the surface tem-
peratures for Band2 and Band3 inversions in TIS. High
surface temperature values are primarily concentrated
in areas of rock formations, soil, and artificial structures
with strong thermal radiation characteristics, as observed
from the overlaid inverted surface temperatures and RS
images. During summer, urban areas exhibit higher sur-
face temperatures, while vegetated areas show lower
temperatures.

Surface temperatures at the No.1 Mausoleum predomi-
nantly show medium-low values with some scattered
medium-high temperatures (Fig. 6a, b). A similar pat-
tern is observed during the winter, despite the absence
of vegetation cover (Fig. 6¢c—f). Notably, most areas of
the No.1 Mausoleum in Fig. 6c display lower values,
highlighting thermal archaeological features. Typically,
the amplitude trend of temperature measurements is
reversed, with higher values in urban areas and lower

values in vegetated areas during the summer, and the
opposite during the winter (Fig. 6b, d). It is important to
note that temperature inversion may be influenced by the
accuracy of MODO2 data and cloud cover interference,
leading to consistently lower or higher temperature read-
ings (Fig. 6f). Overall, detecting temperature differences
due to archaeological features is feasible, as illustrated
in Fig. 6c, although the boundaries of hotspots may not
be distinctly marked. Moreover, selecting the appropri-
ate observation window for thermal images is crucial
in detecting thermal archaeological marks, especially
to mitigate potential aliasing caused by uneven daytime
irradiation and nighttime vegetation disturbances.

Since actual surface temperature measurements were
not available for the study area, MOD11_L2 data were
employed to validate the accuracy of the temperature
inversion. The spatial resolution of TIS temperature
images (30 m) was resampled to match the 1000 m
resolution of MODLT data. A statistical average was
used for the comparison, as listed in Table 1. In line
with previous studies[64], the surface temperatures
inverted using the single window algorithm generally
trend lower than those from MODLT. An exception
was observed on 9 July 2022, where a notable discrep-
ancy was noted, attributed to an anomalous MODLT
value of 40.19 °C in the early morning. Nonetheless, the
residual measurements between these two data sources
remain consistent, with differences ranging from
-5.28 °C to -3.28 °C.

Since NDVI, NDM], and thermal archaeological mark-
ers are present in the No. 1 Mausoleum, albeit in weak
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2022.12.27
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Fig. 6 Thermal archaeological marks on the No.1 mausoleum of the Eastern Mausoleum of Qin State: a) and b) measurements in summer seasons;
c—f measurements in winter seasons. The thermal archaeological mark is more evident in c). Figure 6 has the same scope as Fig. 5

intensity, a fieldwork expedition around it was under-
taken to confirm their suitability for the ancient tomb.

Field investigations
Figure 7 details the soil structure in the electromag-
netic prospecting area’s profile, highlighting the layers
and soil types with a color line distinguishing between
raw and compacted soils. Close-up images (Fig. 7b, c)
depict the texture and structure of these soils, while the
image maps (Fig. 7d) show the study area and specific
observation points. On-site observations reveal dis-
tinct soil stratification. The upper soil layer, lighter in
color and looser in texture, displays signs of prior col-
lapse, suggesting it is virgin soil. In contrast, the lower
soil layer is darker and more compact, with no collapse
signs, indicating human intervention and classifying it
as rammed earth.

Based on these observations, an electromagnetic pros-
pecting was conducted using the GEM-2 instrument
to evaluate the applicability of space remote sensing

Table 1 Comparison of surface temperature measurements
between SDGSAT-1 TIS and MODLT data

Time Temperature/C

SDGSAT-1 MODLT Difference
2022.06.15 pm 2148 24.77 -329
2022.07.09 am 28.57 40.19 —-11.62
2023.01.06 am —0.01 422 —-4.23
2023.01.19 pm 267 7.95 —-528

techniques in archaeology. The investigation, conducted
over an area measuring 70 m by 4.5 m, demonstrated that
the detection depth decreases with increasing frequency
when using the GEM-2 object finder. Figure 8a shows the
distribution of conductivity contours at frequencies of
3025 Hz, 6325 Hz, 13,175 Hz, 27,525 Hz, and 57,525 Hz,
generated using the Kriging interpolation method and
Surfer software.
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Fig. 7 Represents the soil conditions in the electromagnetic prospecting area. a represents a cross-sectional view of the soil at observation point
P, which corresponds to the left view of the electromagnetic prospecting area; b illustrates a more typical virgin soil; ¢ depicts a more typical
rammed earth; d presents an aerial view of the electromagnetic prospecting area, define the side where point P is located as the west side(W)

of the research area and the opposite side as the east side(E)

Apparent conductivity is a commonly used parameter
for interpreting electromagnetic data, offering a more
intuitive reflection of electrical variations in the subsur-
face compared to the original data and providing initial
model parameters for subsequent quantitative inver-
sion[65]. These conductivity contours are organized
based on their depth from the surface, from top to bot-
tom (Fig. 8).

When observed from point P, the conductivity distribu-
tion in the first and second layers follows a more regular
pattern, with low values in the middle and high values
at both ends. Most of the low values are concentrated at
one end of the observation area. The third layer through
the fifth layer does not exhibit a clear pattern, but the
majority of low values are located near point P. Theoreti-
cally, point P is situated in the middle of the layer, where
the conductivity contours are found. In theory, the face
where point P is located represents a cliff face, which is
more affected by sunshine and rainfall. Given that the
data collection occurred during summer, the conductiv-
ity should be lower on this side (west side). On the oppo-
site side (east side), which is less affected by higher water

content, the conductivity is higher. Figure 8b presents the
processed results of the physically detected points after
manual adjustments, includes removal of invalid points
and image processing, such as image enhancement and
stretching. It reveals a more pronounced pattern of elec-
trical conductivity distribution, consistent with theoreti-
cal expectations. The electrical conductivity of each layer
is lower on west side, and higher on the east side. Simi-
lar to Fig. 8a, the lower values are primarily concentrated
near point P, confirming the accuracy of the electromag-
netic geophysical probe.

Figure 9a presents averaged electrical conductivity
maps, showing measurements ranging from 28.5 mS/m
to 42.2 mS/m, Fig. 9b denotes the skin depths corre-
sponding to the frequencies. Three zones, Areas A, B,
and C, which are demarcated within the polygon shown
in Fig. 9, exhibit diminished conductivity levels. The
attenuated conductivity in these areas potentially arises
from reduced soil moisture content in compacted strata.
Unlike Areas A and C, Area B uniquely exhibits reduced
conductivity on its eastern flank, contrasting with the
heightened conductivity on the eastern fringes of Areas
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Fig. 8 Represents the conductivity distributions at five different frequencies, from bottom to top: 3025 Hz, 6325 Hz, 13,175 Hz, 27,525 Hz,
and 57,525 Hz. a'is the result of the processing of the collected raw data; b is the result of the processing after manual revision, highlighting

the occurrence of the tomb passage as marked by pink rectangles

A and C. Local archaeologists have linked this phenom-
enon to the presence of rammed earth on the west side
of the tomb passage detected in Area B. This phenom-
enon corresponds to the stratification of the soil shown
in Fig. 7.

For the No. 1 Mausoleum, Area B has been identified
as a tomb passage, and the compaction of the passage
with rammed earth occurred during the initial construc-
tion phase. To further support this conclusion, we ref-
erenced studies on the tomb of Qin Shi Huang, which
confirm that rammed earth was an essential component
in the original construction of large tombs and associated

structures[66]. Typically, once the mausoleum was con-
structed, layers of materials such as charcoal, sand, green
clay, and rammed earth—or a combination of these—
were used to seal the tomb to the surface. This technique
was widely applied in the Pre-Qin and Han periods.
Rammed earth was widely utilized in tomb construc-
tion, particularly for tomb passages, to ensure structural
stability and shield the chambers from environmental
stressors. The primary objective was to shield the burial
chamber from seasonal variations in temperature and
humidity, which could otherwise cause damage to the
structure. In most ancient tombs excavated in the Yellow
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Fig.9 The results of electromagnetic prospecting and the corresponding skin depths at different frequencies are presented. a Archaeological
evidence confirmed by electromagnetic prospecting is overlaid on the royal tomb, with the average conductivity measurements calculated for five
different frequencies, particularly highlighting Area B due to the presence of rammed earth. b The skin depth values corresponding to the five

frequencies used in the field electromagnetic prospecting

River basin, the tomb walls remain well-preserved, show-
ing minimal signs of damage from rainwater erosion or
thawing-induced collapse. This indicates that the tombs
underwent specific treatments either during or shortly
after excavation, forming part of the standard procedure
to ensure long-term preservation.

Remote sensing dynamic monitoring

RS has been proven to be an irreplaceable tool for detect-
ing and monitoring both natural and anthropogenic-
induced disturbances for the preventive conservation of
heritage sites [67—69]. This study reconstructs the con-
servation status and evolution of the No. 1 Mausoleum
of Qin State over several decades through environmental
change detection using Corona imagery from 1970 and
GEE imagery from 2018. Figure 10a displays the altera-
tion of the cultural landscape around the No. 1 Mauso-
leum (marked by green lines). It is evident that village
settlements have expanded, accompanied by the con-
struction of connecting roads, as highlighted by the red
rectangle. While these facilities improve the living quality

and convenience for local communities, they also pose
challenges for site safeguarding due to the enhanced
anthropogenic impacts, such as farming and industry.
Besides the boundary gullies, Wangpo Gully in the
north and Hanyu Gully in the south, several smaller gul-
lies have developed due to surface changes on the loess
ridge where the No. 1 Mausoleum is located. To assess
the intensity of these surface changes, smaller gullies
were identified using LiDAR-derived DSM data (Fig. 1).
Subsequently, we spatially overlaid the 1970 Corona
imagery with 2018 GEE imagery on DSM data, enabling
detection of changes in gully length from 1970 to 2018.
Figure 10b illustrates the spatial distribution of the
developed small gullies on the loess ridge (marked by
red lines). Only two sections showed actively develop-
ing trends (Table 2), with length increases of 70.3 m (line
5, extending from line 4) and 31.5 m (line 10, extending
from line 9), as indicated by the light-blue lines in Fig. 10.
These results indicate that surface alterations on the loess
ridge have been minimal or negligible over the past dec-
ades. Compared to the northwest of the loess plateau in
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Table 2 The length of each gully, of which there are both
constant and variable-length types

Situation Number Length(meters)

2616.7
220.5
430.5
610.8
358.1
158.8

unchanged 4
8
7
2
1
9
2 186.6
3
3
6
1
5
0

1
1

1 267.1
619.2
2719
2424

70.3

315

elongate
1

China, the loess particles at this study site (northeastern
edge of the Qinling Mountains) are smaller, resulting in a
more compacted soil layer that is more resilient to hydro-
logical changes. Additionally, field investigations have
revealed that surface changes have not been significant in
recent years, as evidenced by the residential houses con-
structed within these small gullies (Fig. 11); otherwise,
the residents’ lives and property would be at risk due to
potential flooding. This evidence once again confirms the
optimized site selection for the Mausoleum, taking into
account not only the high and open terrain characteris-
tics but also the skillful utilization of the natural environ-
ment to integrate the Mausoleum with the surrounding
mountains and water.

Evidence of the Chinese geomancy theory

Chinese Geomancy Theory emphasizes the importance
of selecting sites with favorable natural features, particu-
larly the principle of “mountain behind, water in front”
which symbolizes protection and prosperity. In this
study, we applied a combination of remote sensing data,
terrain analysis, and hydrological assessment to evaluate
the landscape and validate the application of Feng Shui
principles in the site selection of the No.1 Mausoleum of
the Eastern Mausoleum of Qin State.

Topography and Elevation: As illustrated in Fig. 12a,
the No.1 Mausoleum is located on the piedmont terrace
of Lishan Mountain, overlooking Xianyang City to the
West-North-West. This positioning aligns with the fun-
damental Feng Shui concept of having a mountain in the
rear, which provides natural protection. To further verify
the suitability of this site, we performed terrain analysis
using 1 arc-second SRTM DEM data, shown in Fig. 12b.
The elevation profile reveals a distinct topographical
advantage, with the mausoleum situated on a loess ter-
race elevated approximately 40 m above the gully floors,
significantly exceeding the burial depth of the tomb
chambers (less than 30 m). This elevated positioning not
only offers protection from potential flooding but also
aligns with the Feng Shui requirement of an elevated,
protected site, ensuring both security and symbolic
strength.

Water Features and Drainage: The proximity to four
major river channels, as shown in Fig. 12a, further sup-
ports the principle of “water in front” The Wei River,
flowing through Xianyang City and merging with the
Jing River, along with the Ba and Chan Rivers, traverses
the western foothills of Lishan Mountain. This hydro-
logical arrangement meets the Feng Shui criterion of a
site with beneficial water flow, symbolizing prosperity.
Additionally, hydrological analysis of the DEM data con-
firmed that the nearby gullies serve as effective drainage
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Fig. 11 Residential houses built on the gully observed from the field campaign in 2023, and the gullies has been eroded over the years but is not

deep, only about 0.5m deep

channels, minimizing the risk of water accumulation at
the tomb site. The strategic positioning of the mausoleum
on elevated ground, combined with the natural drainage
provided by the gullies, ensures protection against water
damage, which is critical in Feng Shui considerations for
site preservation and environmental harmony.

Discussion and conclusion

Space archaeological prospecting and dynamic monitor-
ing are crucial for exploiting the archaeological value and
ensuring the sustainable development of the Mausoleum.
These efforts address gaps in research and deepen under-
standing of the site. This study employed multi-modal
space-ground observations and derivative RS products
to test the viability of non-invasive RS technologies in
archaeology and site conservation. The site was deline-
ated using Corona imagery, yielding clear demarcations
between the Mausoleum and its surroundings. Fur-
thermore, multi-temporal Sentinel-2 data were used to
compute temporally averaged NDVI and NDMI indices,
highlighting emerging vegetation and soil archaeological
marks. Disturbances from ancient artifacts resulted in

suppressed NDVI values and traces of hydrological sig-
natures (NDMI values), particularly near the No.1 Mau-
soleum. Additionally, thermal anomalies were detected
using surface temperature data from SDGSAT-1 thermal
infrared images, emphasizing the importance of observa-
tion season and timing in identifying thermal archaeo-
logical signs. GEM-2 electromagnetic prospecting and
field investigations confirmed the effectiveness of RS in
archaeology, including the discovery of ancient tomb
passages corroborated by local archaeologists. Chinese
Geomancy Theory, which influenced mausoleum site
selection in ancient times, was evaluated through terrain-
based landscape analysis and hydrological investigation.
The results demonstrate that the royal tombs benefit
from splendid views and disturbance avoidance. The
No.1 Mausoleum, situated on the loess ridge at the west-
ern piedmont of Lishan Mountain, forms a natural bar-
rier that enhances the secrecy and defensiveness of the
site; its proximity to Xianyang, the Qin State dynasty’s
capital, facilitates ceremonies and other activities. The
surrounding complex topography, with undulating hills
and deep gullies, provides a natural defense against land
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use encroachment and potential natural disasters such as
flooding. Surface changes around the mausoleum on the
loess ridge have been too mild to affect the preservation
conditions, a fact confirmed by the physical characteris-
tics of loess (small particles and compact soil layers) and
by observing landcover changes from Corona and GEE
imagery over approximately five decades. This evidence
supports the optimal site selection for the mausoleum,
adhering to Chinese Geomancy Theory, particularly the
principle of harmony between humanity and nature.
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