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Abstract: Magnetic surveys have been widely used in archaeological field investigations. However,
conventional survey methods are often restricted by complicated field conditions and ambiguities in
data interpretation. In this study, a novel magnetic survey system was designed for pre-archaeological
investigation (preliminary survey prior to the archaeological excavation) based on a modified quadro-
tor unmanned aerial vehicle (UAV) and was successfully applied to an archaeological area with
a complex landform in Huizhou, China. Results show that the target anomaly identified by UAV
aeromagnetic survey corresponds well to the location of a potential archaeological site. Subsequent
soil analyses further confirm the archaeological value of UAV aeromagnetic results and provide
strong constraints on the interpretation of target anomalies. This study demonstrates that the newly
proposed UAV aeromagnetic system can adapt to the various field conditions with the advantages of
flexibility and efficiency, which has great potential for future archaeological investigations.
Keywords: unmanned aerial vehicle; pre-archaeological investigation; integrated method;
aeromagnetic survey; soil analyses

1. Introduction

Pre-archaeological investigations (e.g., geophysical survey and soil analysis) [1-3] are
crucial for archaeological studies [4-6]. As a non-destructive, efficient, and repeatable geo-
physical method, magnetic surveys based on the magnetization contrast between the target
and background have been widely used in archaeological exploration [2,5,7-11]. More
specifically, archaeological sites often exhibit distinct magnetization characteristics com-
pared to the natural background because of alterations by human activities [12-15]. There-
fore, potential archaeological targets can often be detected by magnetic anomalies [16-18].
However, conventional magnetic surveys in archaeological practice mainly use manual
ground-based survey methods, which are often restricted by complicated field conditions
and the ambiguities inherent in data interpretation [2,6,19].

In terms of the soil properties, soil analysis is also an intuitive survey method in
archaeological studies [20]. Ancient human activities can modify the natural sedimentary
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processes and then alter soil properties [3,14,15,21]. Therefore, it is possible to identify
ancient human traces by analyzing changes in soil properties. However, soil properties
are often complex because of the various different archaeological site types (e.g., walls,
houses, and stoves) reflecting different human activities [2,3,21]. Systematic soil analyses
are needed to precisely determine the origin of the soil and provide more constraints to
interpret magnetic survey data.

With the development of advanced equipment and soil analysis methods, pre-archaeo-
logical surveys can be further improved. For example, as an emerging flight platform,
unmanned aerial vehicles (UAV) equipped with magnetometers for aeromagnetic surveys
adapt to complex field conditions, with the advantages of intelligence, flexibility, automa-
tion, and efficiency [22-26]. New analytical methods from multiple disciplines can extract
the diverse properties of soil samples (e.g., rock magnetism, environmental magnetism,
sedimentology, and geochemistry) [3,20,21,27-29]. More importantly, a combined approach
by integrating these multidisciplinary techniques can efficiently reduce ambiguities in data
interpretation of any single method [6,19].

In this study, we combine UAV aeromagnetic surveys and soil analyses for archaeo-
logical field investigation. To test the feasibility of the method, aeromagnetic scanning was
performed in a potential archaeological area in Huizhou, China. Rock magnetic proper-
ties, sedimentary environment, and provenance information of the soil profiles from both
the potential archaeological site and the background area were conducted. Our results
demonstrate the potential archaeological value of this target, as well as the success of the
combined method for pre-archaeological surveys.

2. Geological and Archaeological Background

Huizhou, located in the southeastern Guangdong Province (22°24’ N-23°59' N, 113°51
E-115°28' E), is the northeastern part of the Pearl River Delta (Figure 1). This region has a
well-developed water system, fertile soil, and abundant mineral and forest resources [30].
Tectonic activities in Huizhou have been limited since the late Quaternary [31,32], and
Huizhou is strategically important for the eastern development of the central plains civiliza-
tion and a battleground for military strategists [33,34]. The Fulou state was once established
in the ancient Huizhou area, but its city site and territorial area were only roughly recorded
in the ancient texts and thus further detailed research is required. Magnetic surveys and
archaeological research in this area will thus help to further uncover the mystery of the
ancient Fulou civilization that disappeared thousands of years ago [35].

13 114 115° 116
L 1

Mei zhou

e
1

et
A -

Dongguan = %
g

/]

T T T T
13 14 15 116

Figure 1. Topography and location of the study site. (a) Topographic of Huizhou: the blue block is
the Huizhou area, the red circle indicates survey location; (b) location of the study area in the world:
the blue star indicates relative position.
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3. Materials and Methods
3.1. UAV Aeromagnetic System

The magnetic survey mode was designed according to the actual situation and en-
vironment of the study area. This area is located in a potential archaeological site with a
subtropical monsoon climate, and the landform is covered by tall vegetation and dense jun-
gle. There are also several private plantations in this region. These complex environments
make it extremely difficult to carry out conventional ground surveys. Therefore, in this
study, a flexible and intelligent UAV platform is selected to overcome the complex land-
forms. After official authorization and approval, the aeromagnetic surveys were designed
and carried out under the premise of ensuring safety (at the minimum safe altitude for
UAV flying in the survey area).

A GTK-RF-M300 UAV aeromagnetic system developed in conjunction with GTK
Technology Co., Ltd. (Shenzhen, China) was used in this study (Figure 2). This system
consists of different modules: data acquisition, flight platform, ground base station, data
processing, and quality control (Table 1). The DJI M300 RTK multi-rotor UAV is equipped
with a horizontal carbon fiber tube (Figure 2a), and it is optional to mount one (at either end
of the tube) or two (at both ends of the tube) magnetometers. In this study, the single (chip-
level atomic optical pump) magnetometer mode (Figure 2c) was used for the aeromagnetic
survey, while the other magnetometer was installed on the ground in the magnetic survey
area as a magnetic diurnal station for data post-correction processing. The data acquisition
module is hard-connected with the UAV through a carbon fiber tube (Figure 2b), and the
direction the UAV faces is kept consistent during each aeromagnetic survey.

\ Optional installation positions

for magnetometer

Figure 2. Multi-rotor UAV aeromagnetic system GTK-RF-M300. (a) Automatic flight mode of
aeromagnetic system; (b) integration module; (c) magnetometer.

Table 1. Performance of the UAV aeromagnetic system.

Module Index Performance
Type Total magnetic field intensity
Resolution 0.0001 nT
Sensitivity Better than 0.02 nT//Hz
Range 1000 nT-100,000 nT
. Gradient tolerance Maximum 100 nT/cm
Magnetic module Blind Sinel torial plane +7 d
(magnetometer) ind zone ingle equatorial plane egrees
Mount position At the end of carbon fiber tube (1.5 m)

Noise level (hover state)
Sampling rate
Power consumption
Operating temperature

0.02 nT (fourth-order difference)
Four optional modes (1, 2, 5, 10 Hz)
5V,3W
-30 °C to +60 °C
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Table 1. Cont.

Module Index Performance

Horizontal +1.25 m (GPS)
Vertical 0.1 m (laser altimeter)

Positioning accuracy
Flight platform

module Flight enduljance ’ Maximum 55 min
(UAV) Takeoff weight Maximum 9 kg (recommend)

Wind resistance Maximum 15 m/s

Obstacle avoidance Vision and infrared

The raw aeromagnetic data (Tpeasureq) are corrected according to the international geo-
magnetic reference field (IGRF) and diurnal variation to calculate the aeromagnetic anomaly
AT = Teasured — TIGRF — Tdiurnal variation- 1IGRF is calculated by the IGRF model [36] at the
survey location, which is used to remove the background value of the (Earth’s) internal
magnetic field. The ground base station measures diurnal variation synchronously with
the aeromagnetic surveys, and the amplitude of diurnal variation at the corresponding
(survey) time is extracted as Tgjurnal variation tO €liminate geomagnetic field variation and
external interference (e.g., solar activity) [37]. Data from individual survey lines were
subsequently interpolated (minimum curvature) onto a regular grid for visualization, and
reduction-to-the-pole (RTP) was used to eliminate the effect of oblique magnetization [38].

3.2. Field Sampling

Based on the aeromagnetic survey and field exploration results (Figure 3a), field
sampling sites were selected. The location of the magnetic anomaly G corresponds well to
a special square area (Figure 3c,d). Therefore, anomaly and background areas were selected
in and outside the special square area to study the potential archaeological target and the
natural (background) sediments, respectively. Previous excavations of the surrounding
sites indicate that the depth of the archaeological sites generally did not exceed 2-3 m
below the surface. To conduct a more in-depth investigation of the target area, we used
archaeological probes (Figure 3b) to collect deep samples at selected sites. In this study, two
representative cores were drilled from the anomaly area (3 m below the surface, blue star
in Figure 3¢,d) and background area (3.5 m below the surface, green star in Figure 3c,d),
respectively. After recovery, samples were sorted, standard packaged, weighed, and then
analyzed by laboratory experiments (magnetism, sedimentology, and geochemistry).

3.3. Experimental Methods

Mass-specific magnetic susceptibility (x) values were measured at dual frequencies,
low-frequency X (xi, 976 Hz) and high-frequency X (xn¢, 15,616 Hz), by using a multi-
function Kappabridge system (MFK2-FA, AGICO Ltd.). Frequency susceptibility (x¢q%) is
defined as x¢4% = (x1f — Xnf)/ X1 X 100%. Anhysteretic remanent magnetization (ARM) was
determined by a direct current (DC) biasing field (0.05 mT) superimposed on a smoothly
decreasing (100 mT as peak) alternating field (AF). Anhysteretic susceptibility (xarm) Was
calculated by ARM/DC (0.05 mT). Isothermal remanent magnetization (IRM) was acquired
by a DC field (induced by a 2G model 660 pulse magnetization meter). The saturation
IRM;1 (SIRM) was imparted at 1 T, and then was demagnetized at 100 mT (IRM_g 1) and
300 mT (IRM_q3t), respectively. S-ratio (5_¢ 31) was defined as IRM_q 37/SIRM.

Temperature-dependent magnetic susceptibility (x-T) curves were measured by an
alternating field of 200 A/m at 976 Hz frequency from room temperature to 700 °C under
an argon atmosphere (MFK2-FA, AGICO Ltd.). A vibrating sample magnetometer (VSM)
8600 system (Lake Shore Cryotronics, Inc., Westerville, OH, USA) was used to measure
hysteresis loops, IRM acquisition curves, back-field demagnetization curves, and first-order
reversal curves (FORCs). Saturation magnetization (M), saturation remanent magnetiza-
tion (Mys), and coercivity (B.) were extracted from the hysteresis loops, and the coercivity
of remanence (B.r) was obtained from backfield demagnetization curves (between +1 T
and —1 T). IRM acquisition curves were measured with nonlinear field steps up to 1.5 T,
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and then decomposed by the pyIRM software [39]. FORCs were measured with a field
increment of 2 mT, and then processed by FORCinel v3.06 software [40].

20
1

(meters)

nT
—187.548 153228 —137.058 124254 —111.153 _—95.808 75,546

Figure 3. Sampling procedures and sites. (Green star indicates sampling site in background area; blue
star indicates sampling site in anomaly area.) (a) Field exploration in complex environment; (b) ar-
chaeological probe; (c) sampling sites in aerial photo; (d) sampling sites in RTP magnetic anomaly.

Grain-size distribution (median grain size) was determined by a laser particle sizer
(Malvern Mastersizer 3000). Soil samples were processed following the standardized
pretreatment (land samples) before the measurement of grain-size distribution, the H,O,
and HCI were used to remove organic matter and carbonates, respectively. All chemical
pretreatments were carried out in the water bath state with full reaction. After each step of
pretreatment, deionized water was used to remove reagent residues.

The concentration index for hematite and goethite was obtained by visible diffuse
reflectance spectroscopy (DRS) measurements. A Varian Cary 5000 spectrophotometer
equipped with a BaSO4-coated integrating sphere was used to scan samples from 400 to
700 nm wavelengths (0.5 nm steps, 300 nm/min scan speed rate), and BaSO4 was used as
the white standard. The DRS data was processed and calculated by the Varian instrument
software with smoothed (Savitzky-Golay method), raw data was transformed into Kubelka—
Munk (K-M) functions by [(1 — R)?/2R], where R is the reflectance [41]. Second-derivative
curves of the Kubelka-Munk functions were used to extract characteristic coordinates and
the concentration index for hematite and goethite.

For geochemical analyses, samples were dissolved before the measurements. First,
sample powder (0.05 g) and reagents (0.5 mL HF, 0.5 mL HNO3, and 1.5 mL HCI) were
digested in a Teflon bottle; second, bottles were sealed and placed on a hot plate (120 °C)
for heating for about 12 h; third, when the sample powder was heated to dryness, reagents
(1 mL HNOj and 1 mL H,O) were added; and fourth, bottles were sealed again and placed
on a hot plate (150 °C) for dissolving the residue phase for about 12 h. Major elements
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were analyzed by a Thermo-Fisher IRIS II Intrepid XSP ICP-OES. Trace elements and rare
earth were measured by a PerkinElmer ELAN 9000 ICP-MS (inductively coupled plasma
mass spectrometry). Internal calibration reference materials (GBW07315, GBW(7316, BCR-
2, BHVO-2, GBW07295, GBW07296, NOD-P-1, and NOD-A-1) were used to correct the
measured data.

The experimental analyses of soil samples were carried out by laboratory instrumenta-
tions. Geochemical measurements were performed at the Institute of Oceanology, Chinese
Academy of Sciences. All other measurements were performed at the Southern University
of Science and Technology, China.

4. Results
4.1. UAV Aeromagnetic Anomaly

The study area, designated by the archaeological cooperation team, is outlined by regu-
lar edges that form a square shape (Figure 4b,d), which is consistent with the specifications
and concepts of ancient Chinese cities and walls [42,43]. To further investigate this area,
two aeromagnetic surveys (line spacing 5 m, data interval along line 1.6 m) were conducted
along different directions (20 survey lines each in the north-south and west—east directions).

nT
~187.543 15328 137.058 124254 111153 _—95.808 —75.546

Figure 4. Aeromagnetic results and anomaly identification of the survey area (yellow lines indicate
survey lines). (a) Distribution of RTP magnetic anomalies along the north-south survey line; (b) dis-
tribution of landforms, architecture, and north—south survey line in the aerial photo; (c) distribution
of RTP magnetic anomalies along the west-east survey line; (d) distribution of landforms, architecture
and west—east survey lines in the aerial photo.
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During the aeromagnetic measurement, the UAV was set at a constant cruise speed
to ensure the accuracy of data intervals along lines, and the flights were executed in mild
weather to reduce wind interference. Flight sensors collected, recorded, and outputted
data synchronously. Comprehensive quality control of the aerial survey data (Table 2) was
performed by monitoring the statistics of flight speed, number of output data per second,
survey line spacing, data interval along a line, average flight height, altitude standard
deviation (including vegetation), and the dynamic noise (referring to the combined noise
during aeromagnetic surveying).

Table 2. Statistics of flight quality index.

. . Survey Along Survey Along
Flight Quality Index North-South Line West-East Line
Average flight speed (m/s) 8 8
Number of output data per second 5 5
Survey line spacing (m) 5 5
Data interval along line (m) 1.6 1.6
Average flight height (m) 28.3 28.3
Altitude standard deviation 4.5 42
Dynamic noise (nT) 0.0973 0.0954

After data processing, the square geomorphic G area appears as an isometric negative
(compared with background) anomaly center in the RTP magnetic field with a consistent
morphological position (Figure 4a,c). The consistent response of two surveys (along
different directions) supports the fidelity of the magnetic anomaly related to the square
landform (G area).

4.2. Magnetic Mineralogy

Magnetic mineral concentrations can be quantified by X, xarm, and SIRM, with high
values indicating higher concentrations of magnetic minerals. x is contributed to by all
kinds of magnetic minerals (diamagnetic, paramagnetic, ferrimagnetic, and antiferrimag-
netic) in the sediment [44]. x arM is sensitive to the concentration of ferrimagnetic minerals
in stable single domains (SSD) and fine pseudo-single domains (PSD) [28], while SIRM is
carried by magnetic particles coarser than the nano-sized superparamagnetic (SP) parti-
cles [27]. For each area, X, xaArm, and SIRM have similar trends, which indicates that these
parameters are controlled dominantly by magnetic mineral concentrations (Figure 5a—c). In
the background area, the magnetic mineral concentration peaks at approximately 25-50 cm
below the surface (cmbs). In contrast, in the anomaly area, the elevated magnetic mineral
concentration occurs at lower depths (at 80-125 cmbs), which results in a strong contrast of
magnetic mineral concentrations at the corresponding depth.

Xtd% and x Arm are excellent proxies for superparamagnetic (SP) and SSD particles [45],
respectively, while SIRM and x are sensitive to coarser particles. Thus, xArm/SIRM and
XARM /X can be used to reflect magnetic grain size changes [46]. As shown in Figure 5d-f,
the magnetic mineral grain size is relatively finer at 50-80 and 80-125 cmbs in the back-
ground and anomaly areas, respectively.

Antiferromagnetic minerals can be detected by the S-ratio and hematite (Hm) and
goethite (Gt) index (Figure 5g—i). The S-ratio indicates the relative proportions of antifer-
romagnetic (high coercivity, e.g., hematite and goethite) and ferromagnetic minerals (low
coercivity, e.g., magnetite). The higher S-ratio value corresponds to the higher proportion
of low-coercivity magnetic minerals, and vice versa [47]. Variations in S-ratio values indi-
cate that the proportion of high coercivity has multiple peaks in the background area but
basically keeps a low value in the anomaly area between 25-125 cmbs. Variations in the
Hm and Gt index mirror that of the S-ratio.
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Figure 5. Variation of magnetic concentrations, grain size, and mineralogy parameters with depth.
(Green lines represent samples from the background area; blue lines represent samples from the
anomaly area. The gray shadings are used to distinguish sections.) (a) x; (b) xarm; (¢) SIRM; (d) Xtq9%;
(e) xarMm/SIRM; (f) X ARM /X5 (8) S-ratio; (h) Gt—goethite index; (i) Hm—hematite index.

On the basis of the magnetic properties, the whole profile can be divided into six
sub-sections (Figure 5). Section 1 (0-25 cmbs) exhibits no uniform relationship between the
parameter changes, probably because of the surficial disturbances. Section 2 (25-50 cmbs) is
characterized by elevated concentration-dependent parameters and coarser grain sizes for
the background area. Section 3 (50-80 cmbs) can be regarded as a transition zone between
Sections 2 and 4. Compared with Section 2, Section 4 (80-125 cmbs) has higher ARM, x4 %,
and xarm/ X Values for the anomaly area, which indicates the presence of a higher number
of nano-sized SP and SD magnetic particles. The parameters gradually tend to be similar in
Section 5 (125-150 cmbs), which can also be regarded as a transition zone. For Section 6
(>150 cmbs), samples from the anomaly area and the background both have comparable
and lower x, xarm, SIRM, and x4 % values. This indicates that Section 6 can be attributed
to the C-horizon for typical soil profiles.

4.3. Rock Magnetism

To further determine the magnetic characteristics, representative samples from Sec-
tion 2 (35 cmbs), Section 4 (90 cmbs), and Section 6 (150 cmbs) were selected. x-T curves
are used to identify the type of magnetic minerals (Figure 6b—g) [48]. In Sections 2 and 4,
the heating curve of the background sample decreases significantly at 580 °C and ~700 °C,
which indicates the co-existence of magnetite and hematite. In contrast, the heating curve
for the anomaly sample indicates the dominance of magnetite. In Section 6, the similar
thermomagnetic behavior for both soil profiles indicates similar magnetic mineralogy.
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Figure 6. Rock magnetic results of the selected depths (red dashed lines represent selected depths).
(a) x; (b—g) x-T curves; (h-m) IRM acquisition curve decomposition (blue, orange, green, and red
curves indicate components 1, 2, 3, and the sum of components, respectively); (n-s) magnetic
hysteresis loops; (t-y) FORC diagrams.

The decomposition of the IRM acquisition curves can determine the distribution
of mineral remanence coercivity [49]. All curves can be fitted with three components
(Figure 6h—m). In Sections 2 and 4, the coercivity of the dominant components in the
background area is higher than that in the anomaly area. Compared to samples from
Sections 2 and 4, in Section 6, the IRM curves are carried by higher coercivity minerals.

Hysteresis loops provide information on both the coercivity and particle size of mag-
netic minerals (Figure 6n-s) [50]. Generally, in Sections 2 and 4, the lower coercivity values
indicate that ferrimagnetic minerals are dominant. In contrast, the wasp-waisted hysteresis
loops indicate the coexistence of both ferrimagnetic and antiferromagnetic minerals [51].

FORC diagrams can reflect the domain state and interaction of magnetic particles
(Figure 6t—y) [52]. In Section 2, the FORC diagram of the background area shows lower
coercivity (<10 mT) with a wider vertical distribution, which indicates that MD particles are
dominant, while that of samples from the anomaly area elongates horizontally with vertical
spreads (B. = 0), which indicates the existence of PSD particles. In Section 4, the FORC
diagram of the background area shows higher coercivity (>20 mT) and vertical spreads
(Bc = 0), which may indicate PSD particles, whereas the FORC diagram of the anomaly
area is characterized by two independent contours, which indicates the coexistence of
minerals with two different coercivities. One has a low-coercivity peak at ~5 mT, which
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indicates fine-grained SD particles, and the other has a smoothly closed contour peak at
10-30 mT, which indicates the presence of stable SD magnetic particles. In Section 6, the
FORC diagrams are similar from both areas, which have weak signals and all show a
combination of a slender horizontal spread and ultra-low-coercivity vertical distribution,
indicating the occurrence of PSD particles or a mixture of SD and SP particles.

4.4. Sedimentary Environment and Provenance

The median particle size of sediments is controlled mainly by the depositional envi-
ronment, transportation mode, and provenance (Figure 7a) [29]. Overall, samples from
both soil profiles have finer grain sizes below 125 cmbs. At shallower depths, the grain
sizes increase and show more fluctuated features.

Median grain size 0.08 - 140 i
(um) CIA (d) (9) (i)
Fine Coarse Weak Strong o8 : 1307
0 40 80 120 160 92 94 96 98 B E 3
0 L 1 1 1 1 L 1 1 1 % .04 + W o0
(a) (c)
J 0034 LR
Section 2 I i
50 —— © . ) 5
003 004 DOS 006 007 008 009 10 12 14 16 18 20 Zr
TvAl HREE
—~100 o 0.06 - 140 4
() .
3 Section 4 I (e) (h) " (k)
]
=]
a 0.05 « 120 A
2: 150 T = i R *
2 Top of 2o ™~ x
5 Section 6 ' -
g - 0.03 4 B0 4 ‘
S 200
5
3 T & —
= 003 004 005 008 007 008 000 12 14 18 1w 2 Zr
= "
2, TitAl HREE
5 250 —
0.08 = Wa .
(f) (i) (1)
05 4 120 4
300 4 [/
- N s/ % 3
< 004 W opg ®
4 x L
° @
b i ] . 1 @%
350 ( ) X “1 9% LR
| D P —
540 560 580 600
002 ®0

Substitution

DRS band positions

Pure 003 004 D05 008 007 008 008 1 12 14 18 18 20 zr

Blue lines represent samples Twal HREE

from anomaly area
@ Section 6 (anomaly)
Section 6 (background)

A Section 4 (anomaly)
Section 4 (background)

+ Section 2 (anomaly)
Section 2 (background)

Figure 7. Index of sedimentary environment and provenance. (a) Median grain size; (b) DRS hematite
band position; (c) CIA; (d-f) K/Al vs. Ti/Al; (g-i) LREE/HREE; (j-1) Zr-Th-Sc.

The DRS band position (peaking coordinates) of hematite is affected by the substitution
of isomorphous cations associated with the depositional environment; the higher the
degrees of substitution, the lower the coordinate values [53]. Our results show that the
band position of hematite is at approximately 580 nm for samples from Section 6, which
indicates the presence of relatively stoichiometric hematite (Figure 7b). However, the
upper samples have the hematite band position at around 550 nm, which strongly indicates
that the hematite particles in the shallower depths are isomorphously substituted. The
inconsistent features of the hematite band position for samples from the shallower depths
between two soil profiles indicate that they could either be formed in different depositional
environments and/or have distinct provenance origins.

The chemical index of alteration (CIA) can quantify the degree of chemical weathering
(Figure 7c) [54]. The CIA values of the background soil profile rapidly increase at 0-90 cmbs
and then stabilize, whereas those of the anomaly area slowly increase at 0-125 cmbs and
start to stabilize at 125 cmbs. CIA values of sediments from Sections 2 and 4 are different in
the anomaly area and background area, which indicates chemical weathering differences.
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Geochemical methods can effectively reveal provenance changes via the migration of
active elements and enrichment of stable elements [20,55]. Among the major elements, Ti
has very low solubility and strong weathering resistance, basically does not migrate during
sediment transport and accumulation, and retains the characteristics of the original rock.
Similarly, Al solubility is also low and generally does not migrate. The Ti/Al ratio can thus
eliminate the interference of particle size sorting and reflect source rock information [56].
The K/ Al ratio also shows significant differences for different minerals and can indicate
the intensity of chemical action and, therefore, the provenance. Rare earth elements (REE)
are ubiquitous in various rocks and reflect different sources and formation mechanisms.
REE are generally stable and tend to change very little during weathering, transport, and
deposition. REE can be divided into light rare earth elements (LREE) (La, Ce, Pr, Nd, Pm,
Sm, and Eu) and heavy rare earth elements (HREE) (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y).
The LREE/HREE ratio can reflect the degree of REE differentiation, which is an indicator
of provenance. Among the trace elements, Zr is mainly enriched in zircon with a strong
resistance to weathering and remains basically unaffected by weathering during transport
and deposition. Th and Sc are also stable elements with low mobility and generally do
not leach under extremely strong weathering conditions. Zr, Th, and Sc are also relatively
insoluble during weathering, erosion, transfer, and deposition, and do not significantly
fractionate; thus, their combination is suitable for indicating provenance. K/Al versus
Ti/ Al (Figure 7d—f), LREE/HREE (Figure 7g—i), and Zr-Th-Sc (Figure 7j-1) for samples in
Sections 2 and 4 from the background and anomaly areas belong to different scopes with no
intersection, which reflects different provenances, while that in Section 6 from both areas
are very similar and overlap, which indicates consistent provenance.

5. Discussion

Integrated methods and interdisciplinary research have achieved optimistic results in
some large-scale prospecting projects (e.g., geological structures and commercial mineral
development) [57-62]. However, the application of an integrated concept still needs further
development and innovation in archaeological exploration [2,10,63], mainly owing to the
scale and attributes of the detected targets. Compared with mineral deposits, magnetic
anomalies caused by archaeological sites generally have smaller scales and lower intensities.
In addition, archaeological sites often show regular shapes and distributions [9,15,21].
These features not only impose higher accuracy requirements for the detection equipment,
but also require more diverse experimental methods to provide constraints on the target
analysis. With the advancement of detection equipment, as well as the development of
scientific and technological archaeological concepts, the effectiveness and efficiency of
instruments have continuously improved and the analysis methods and indicators have
been constantly enriched [4,24,64-66]. These improvements provide favorable conditions
for the application of method integration in archaeological research.

This research is a new attempt at applying integrated methods and interdisciplinarity
to the field of archaeology in cooperation with the archaeological team. We hope to establish
comprehensive pre-archaeological exploration by integrating advanced magnetic surveys
and various sample analyses. This integrated mode has the following advantages. (1) The
UAV aeromagnetic system can overcome the complex landforms to carry out magnetic
surveys in the study area. The survey results may be restricted by ambiguities in data
interpretation, but they can provide positional guidance for further exploration and soil
sampling. (2) The vertical sampling technology with small-caliber probes can quickly and
flexibly obtain soil samples from different depths in potential target areas (identified based
on magnetic survey results or archaeological sites). (3) Comprehensive analyses of soil
samples can provide multiple constraints on UAV magnetic survey results. On the one
hand, rock (mineral) magnetic results can further verify the magnetic difference between
the aeromagnetic anomaly area and the background area and also provide constraints on
the depth of difference. On the other hand, a sedimentary environment and the provenance
information can provide constraints for the archaeological interpretation of aeromagnetic
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anomalies. (4) The integrated mode has a progressive process; the use of different disci-
plines gives consistency to the archaeological study and validity to the magnetic alterations
detected by the UAV.

The integrated pre-archaeological survey has been successfully applied to an archaeo-
logical area in Huizhou. The results provide multiple lines of evidence for identifying and
evaluating potential archaeological targets. First, two repeated aeromagnetic surveys (along
different directions) confirm the existence and consistency of the position of anomaly G. Sec-
ond, rock magnetic analysis shows that the anomaly G and background areas have different
magnetic mineral properties (e.g., concentration, grain size, and type) at the target depth
horizon (0-150 cm), which is consistent with past archaeological cases [1-3,10,12-15,18,21].
Third, sedimentology and geochemical analyses show that the anomaly G and background
areas may have experienced different sedimentary environments, and there are also differ-
ences in the provenance information.

Recent archaeological progress has verified the reliability of integrated pre-archaeolo-
gical surveys (Figure 8) and the discovery of ancient city walls further confirms the archaeo-
logical value of anomaly G. The field survey found a section of an ancient city wall exposed
on the northern edge of the square (Figure 8a), and its location and extension direction are
consistent with the square edge (Figure 8b). The other edges of this square are also regular
and covered with sparse vegetation (Figure 8d), which differs from the dense vegetation
on both sides. This phenomenon might be due to the inhibitory effect of the city wall on
plants and can be considered as “crop-marks”.

archaeological |
| protection area |

Figure 8. Archaeological progress and discoveries in G area. (a) The ruins of the ancient city wall
are located on the northern edge of G area; (b) the special square landform of G area with sampling
sites and locations of ruins; (c) an archaeological protection area has been established in this region;
(d) difference in vegetation at the southern boundary of G area.

Previous studies showed that archaeological sites may produce either positive or
negative anomalies [2,67,68]. In this study, integrated analysis of rock magnetism and
geochemistry provide more constraints and evidence to discuss the possible causes of
anomaly G. Geochemical proxies indicate that the provenance of soil in potential archaeo-
logical site (G) is different from that in the surrounding background region. This difference
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can significantly result in distinct magnetic properties for soil samples from the archaeo-
logical site and further affect the induced and remanent magnetization [2]. Specifically,
the induced magnetization is mainly affected by susceptibility. Most topsoil exhibits an
enhancement of magnetic susceptibility in a natural environment; this phenomenon may
be caused by climate (e.g., rainfall and wind) and sedimentary processes [69,70], especially
the subtropical monsoon climate (warm and high precipitation) in our studied area. In
contrast, the materials of an archaeological structure might come from other regions with
low susceptibility and thus cause negative anomalies (induced magnetization). Moreover, a
negative magnetic anomaly could also appear whenever there is an excavated pit that was
immediately refilled by different materials [2,67], and this process often occurs in the con-
struction of ancient city and archaeological structures. The original sedimentary formation
may be randomized by the reburial process and, hence, diminish the remanent magnetiza-
tion, and it would be more pronounced when filled by weak magnetism (e.g., ARM, SIRM)
material similar to this study. In addition, there are also many kinds of remanence that can
affect magnetic anomalies in archaeological sites [10,12,13,21]. However, more information
on the buried structures is required to explore the exact connection between the anomaly
and archaeological site [2]; further archaeological excavation would be helpful, but is not
allowed at this stage.

This new integrated pre-archaeological survey provides an interdisciplinary concept
for archaeology study, but we note that the exact application of methods should be adjusted
according to the actual conditions of the survey areas. For example, when the survey area is
difficult to access and, thus, ground survey work is not feasible, using UAV drone-mounted
magnetometry for magnetic reconnaissance is achievable, and this method is more rapid
and flexible than the traditional aeromagnetic survey. However, it is required to fly at a safe
height to avoid hitting obstacles, which could limit its accuracy and make it difficult to map
individual buried structures. When the survey area has suitable terrain (open, flat, and
lacking vegetation), aeromagnetic surveys can be performed at different altitudes to obtain
more detailed data. In terms of soil sample analysis, abundant drillings (soil samples) and
pertinent excavations can provide more information and direct evidence for interpreting
survey results, but sampling (excavating) work should be carried out with permission
and in conjunction with archaeological exploration planning. In summary, the integrated
method suggested in this study is flexible and has great application potential. In future,
more advanced equipment and diversified analytical experiments can be further integrated
for pre-archaeological surveys and provide more efficient and comprehensive support for
tracking human civilization.

6. Conclusions

In this study, a comprehensive pre-archaeological exploration conducted by integrating
advanced magnetic surveys and soil analyses has been performed on a potential archae-
ological site in Huizhou, China. Aeromagnetic analysis identified a negative magnetic
anomaly in the studied area. Soil analyses verify that the negative magnetic anomaly area
is magnetically and geochemically different from the surrounding areas, in particular at the
shallower depth, which indicates that soil in the magnetic anomaly area is likely to have an
exotic material source and, thus, be of archaeological value. The success of a UAV magnetic
survey in identifying a potential archeological site, together with its superior flexibility
and efficiency, makes it worthy in archaeological investigations. In future, more advanced
solutions and analytical methods will contribute to comprehensive pre-archaeological
surveys and provide more support and information for archaeological investigation.
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